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Editor’s Letter

T

his issue of the Journal on Policy and Complex Systems (JPCS) is a collection of papers presented at the Complexity and Policy Studies (CAPS)
conference held on April 18–20, 2018 at the George Mason University facilities in Arlington, VA. The CAPS conference is organized annually by the JPCS
in the Washington DC area, and is often co-sponsored by universities in the area.
We are grateful that this time George Mason University was the co-sponsor of the
conference.
Just like the journal, the conference is devoted to the creation of a field that
is at the intersection of complexity theory and policy studies. Each paper has to
include a treatment of a complex aspect of a social issue, including, but not limited
to, politics, economy, healthcare, education, defense, sport, art, or culture. In addition, papers must address some elements of a computational model that is devised
to quantify the analysis of the issue at hand.
Papers presented at the Complexity and Policy Studies Conference (CAPS)
cover a range of interesting topics and ideas, including tools for foreign policy,
a modeling framework for urban policy contexts, methods to increase content
dissemination among the highly ranked influencers in social media, a modeling
platform, a treatise on the nature of complexity, methods for matching students to
schools, a network model for firm location, modeling an economic interdependence in deterrence using serious games, a complexity theory of power, a position
paper on the future of complexity and policy, and expending science and advancing reflexive government.
These papers offer an interesting mix of ideas and approaches that are necessary for the field of complexity and policy (i.e. complexity-driven policy) to start
defining its scope, scientific methods, and research methodologies. We hope that
the group of researchers who will provide the critical mass for this effort will also
devote some time to creating a repository of data sets, models, and best practices
that will eventually lead to field-defining standards.
Mirsad Hadžikadić
Editor, JPCS

E

ste número de Journal on Policy and Complex Systems (JPCS) es una colección de documentos presentados en la conferencia de Complejidad y Estudios de Políticas (CAPS) celebrada del 18 al 20 de abril de 2018 en las
instalaciones de la Universidad George Mason en Arlington, Virginia. CAPS es
v
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organizado anualmente por el JPCS en el área de Washington DC, y a menudo es
copatrocinado por universidades en el área. Estamos agradecidos de que esta vez
la Universidad George Mason fuera la copatrocinadora de la conferencia.
Al igual que la revista, la conferencia está dedicada a la creación de un campo que
se encuentra en la intersección de la teoría de la complejidad y los estudios de
políticas. Cada documento debe incluir un tratamiento de un aspecto complejo de
un problema social, que incluye, entre otros, política, economía, salud, educación,
defensa, deporte, arte o cultura. Además, los documentos deben abordar algunos
elementos de un modelo computacional que está diseñado para cuantificar el análisis del tema en cuestión.
Los documentos presentados en la conferencia CAPS abarcan una variedad de temas e ideas interesantes, incluyendo herramientas para la política exterior, un marco
de modelado para contextos de políticas urbanas, métodos para aumentar la difusión de contenidos entre los influyentes altamente calificados en las redes sociales,
una plataforma de modelado, un tratado sobre la naturaleza de la complejidad, los
métodos para unir a los estudiantes con las escuelas, un modelo de red para la ubicación firme, modelar una interdependencia económica para disuadir utilizando
juegos serios, una teoría de la complejidad del poder, un documento de posición
sobre el futuro de la complejidad y la política y avanzando el gobierno reflexivo.
Estos documentos ofrecen una mezcla interesante de ideas y enfoques que son
necesarios para el campo de la complejidad y la política (es decir, la política impulsada por la complejidad) para comenzar a definir su alcance, métodos científicos
y metodologías de investigación. Esperamos que el grupo de investigadores que
proporcionará la masa crítica para este esfuerzo también dedique algo de tiempo a
la creación de un depósito de conjuntos de datos, modelos y mejores prácticas que
eventualmente conducirán a estándares de definición de campo.
MirsadHadžikadić
Editor, JPCS

本期《政策和复杂系统期刊》（ Journal on Policy and Complex Systems，JPCS）所收录的文章来源于2018年弗吉尼亚州乔治梅森大学举办的复杂性
和政策研究（Complexity and Policy Studies，CAPS）会议。JPCS每年都会
在华盛顿特区举行CAPS会议，会议通常由该区域的不同学校进行赞助。我
们很感激乔治梅森大学对这次会议的赞助。
CAPS会议和JPCS期刊一样，致力于在复杂性理论和政策研究的交汇处建
vi
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立一个领域。本期刊中，每篇文章都研究了一个社会问题的某个复杂方
面，后者包括但不限于政治、经济、医疗、教育、国防、运动、艺术和文
化。此外，所有文章都须研究一个计算模型的某些原理，此模型用于对眼
前问题的分析进行量化。
CAPS会议呈现的文章涵盖一系列有趣的话题和想法，包括提出用于外交政
策的工具、用于城市政策背景的建模框架、用于“提高社交媒体中高排名
影响者之间内容传播”的方法、建模平台、研究复杂性本质的论文、将学
生和学校进行匹配的方法、用于公司选址的网络模型、使用严肃游戏对威
慑情况下的经济相互依赖性进行建模、权力的复杂性理论、复杂性和政策
的未来趋势、以及扩大科学和提高反思性治理。
这些文章将想法和途径进行了有趣的结合，这对于复杂性和政策领域（即
由复杂性进行驱动的政策）而言尤为必要，继而能定义其范围、科学方法
和研究法。我们希望那些将为此提供关键努力的研究者同时也能抽出时间
建立一个用于收集数据集、模型和最佳实践的储存库，这将最终形成定义
领域的标准。
Mirsad Hadžikadić
编辑，JPCS
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Complexity Analytics and Public Policy:
Cautions and Opportunities Going Forward
Claudia C. Pharis, Ph.D.
Affiliate Faculty, Schar School of Policy and Government
George Mason University
cpharis@catalystdc.org

Abstract
The establishment and solidification of complexity science as a field
depends upon practitioners’ ability and willingness to discipline
and stabilize its definitions, vocabulary, and methods for effective
and consistent cross-disciplinary application. Relevant systems dynamics range from quantum to Newtonian mechanics, contributing fields range from molecular biology to spatial econometrics,
and interdisciplinary agreement on fundamental concepts such as
“what is space” must be achieved. This paper seeks to make progress against such odds and suggests a research agenda designed to
further that progress.
Keywords: systems analysis, adjacency, complexity science, phase
space, topology, evolutionary models, networks, social space

Análisis de complejidad y política pública:
precauciones y oportunidades avanzando
Resumen
El establecimiento y solidificación de la ciencia de la complejidad como un campo depende de la capacidad y disposición de
los practicantes para disciplinar y estabilizar sus definiciones, vocabulario y métodos para la aplicación interdisciplinaria efectiva
y consistente. Las dinámicas de sistemas relevantes van desde la
mecánica cuántica a la newtoniana, los campos de contribución
van desde la biología molecular hasta la econometría espacial, y
1
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se debe alcanzar un acuerdo interdisciplinario sobre conceptos
fundamentales tales como "qué es el espacio". Este documento busca avanzar en contra de tales probabilidades y sugiere una
agenda de investigación diseñada para avanzar en ese progreso.
Plabras clave: análisis de sistemas, proximidad, ciencia de complejidad, espacio de fase, topología, modelos evolutivos, redes, espacio
social

复杂性分析学和未来公共政策的注意事项及机遇
摘要
将复杂性科学作为一种领域进行建立和加强——这取决于从
业人员在提炼相关定义、术语和方法，进而用于有效并持续
的跨学科应用时的能力和意愿。相关的系统动力学包括量子
力学和牛顿力学，它们对不同领域做出了贡献，包括分子生
物学到空间计量经济学。与此同时，各学科之间必须就“何
为空间”这一基本概念达成一致。本文试图在遭遇相关研究
困难的情况下取得进展，并提出了一项研究议程，用于推动
进展。
关键词：系统分析；邻接；复杂性科学；相空间；拓扑学；
演化模型；网络；社交空间

Introduction

power of complexity analytics for social
good is to realize, accept, and adhere to
he social sciences have been the fact that the analysis of complexexperiencing a new awakening ity is a state space proposition. As we
under the bright light of com- proceed on this mission, there are two
plexity theory that has been shining on fronts on which we will need to exercise
them and galloping through their in- special care: (1) the dimensionality of
tellectual space in recent years (Arrow, any imaginable social space is unimag1988; Arthur, 2014; Beinhocker, 2006; inably infinite; and (2) our knowledge
Colander, Holt, & Rosser, 2004; Wal- and understanding of the topology of
drop, 1992). The key to unleashing the social space is at best embryonic.

T
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in these instances and what additional
manifestations does that definition allow? Is it possible to imagine a definition of phase on a social space where a
discontinuous change would lead to an
energetically different, yet still ordered
state? Are we looking at the right variables in our efforts to understand phase
in social systems?

State space is a representation of
all possible combinations of all possible values of all state variables, and the
relationships among them. A point in
state space is a complete description of
the system at that point. Phase space is
a snapshot in time of the simultaneous
movement of the system through the
values of all state variables. A mapping
of phase space displays a manifold of
phase lines which show the combined
values of state variables where phase
changes in the system occur. Phase
space is also useful in that excluded
regions of state space are displayed.
Fractal geometry is used to describe the
phase space of complex adaptive systems because it is the only mathematical
language we know that can encompass
the phase lines of such systems which
do not overlap, do not repeat, and do
not settle into a steady state (Mandlebrot & Hudson, 2004).

Phase space refers to currently accessible regions of state space. It
captures the coupling of state variables.
Interaction among or coupling of system parameters could create excluded
regions of state space. A phase space
mapping would identify these excluded regions and their changes over time.
Phase space maps the evolution of system properties with collective changes in the values of state parameters. In
simple mechanical or chemical systems,
points in phase space correspond to
manifestations of physical characteristics like the arc of a pendulum, or the
liquid, solid, or gaseous state of water.
In social systems, this correspondence
is not so clear both because of lack of
precision in the definition of system parameters, and because of the historical
practice of representing social systems
as linear and static. A phase change is
not just a change of position in state
space. A phase change is the crossing of
boundaries in phase space that mark the
limits of the combination of values of
state variables associated with the manifestation of specific system behavior
and properties. Inside those boundaries, the system can experience a change
in state without undergoing a phase
change. The familiar example of phase
change is the transition of water from

A phase change is a discontinuous change in the state of the system.
It indicates the crossing of a physical
boundary between two different regions of phase space (one of those manifold lines referred to earlier). Phase
changes are reversible and moving from
one phase to another fundamentally alters the energy relationships among the
system components or agents. What
phases a system can occupy is a function of the physicality of system. We are
accustomed to solid, liquid, and vapor
phases of elements; but there is also
plasma, glass (colloidal), and crystalline phases. There seems to be a growing acceptance of phase change in social systems as associated with system
collapse. How have we defined phase
3
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nderstanding the dynamics of
phase in social systems is the
sine qua non of our ability to
develop and implement meaningful
and effective policies in the realm of
complex adaptive social systems. Researchers have, correctly in my opinion,
focused on events involving “spontaneous disassembly,” like stampedes and
riots (Colander, et al., 2004), because of
the theoretical observation that a phase
change involves a radical and spontaneous change in system structure.

of that parameter changes continuously,
the system can at certain points undergo discontinuous changes, radically altering the behavioral properties of the
system. The same system can go from
simple and stable to complex and chaotic, depending upon the value of this
driving parameter. As the value of this
parameter changes, the system becomes
unstable until it bifurcates and becomes
once again stable and the process begins again. This process can produce an
infinite series of bifurcations; however,
the range of the value of the bifurcation
variable over which the system remains
stable diminishes as the value of this parameter increases, so there is a limit to
the number of times a bifurcation can
occur that will result in stable states.
This limit is a function of the physicality of the system, but systems where it
goes beyond three are rare. Beyond that
point, the system is chaotic (May & Oster, 1976).

It is important to remember,
however, that change in system structure itself has an underlying cause: the
crossing of a physical boundary, a phase
line, in phase space. Phase lines appear
where bifurcations occur. A bifurcation in the analysis of complexity is not
the simple splitting of a whole into two
parts, or the branching of a network. A
bifurcation is the doubling of the number of values that a state variable can
occupy. Bifurcations occur under the
influence of a “bifurcation parameter,”
the value of which is system-specific
and reflective of the physicality of the
system. A change in its value is usually
associated with a change in the total energy available to the system. As the value

Identifying the bifurcation parameter would seem to be the prime
objective of research in complex social
systems. It would seem to me that enormous progress could be made on this
question by a retrofit of existing data
on social systems. Repositories are full
of data on social systems. Much of it
has been collected under the assumption that the relationships among the
variables are time invariant and linear,
which we now know is not true; but so
much is known about these systems already, that taking another look simply to
determine the existence of bifurcations
could be very productive. The modern
frenzy over Big Data is also fortuitous.
Care would have to be taken in mining

vapor to liquid to solid. In regional development, would the transition from
agricultural to industrial to informational to networked stand the definition
of phase change given here? These are
often referred to as phases of economic
development, but in what sense would
such developments be reversible?

The Centrality of Phase Space

U
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these data, though, because this would
not be an exercise in statistics. Some Big
Data databases are simply indiscriminate amalgams of huge amounts of data
from wherever. In looking for bifurcations, the data must be FROM the systems being analyzed, so matching data
to source is another bit of retrofitting
that would be required.

landscapes because such landscapes
cannot help but be arbitrarily carved
out of segments of state space with little or no discipline imposed by an understanding of the underlying topology. In fact, the topology is created by
the researcher’s a priori understanding
of the nature of the system. Complexity science treats the system and its
environment as one interactive pheWhat I am suggesting is that
nomenon from a dynamic state space
searching existing databases and social
perspective. To correctly integrate syssystems research archives for bifurca- tem components, we need to undertion occurrences could lead to new and stand the topologies of the spaces the
exciting discoveries about the phase various system components occupy.
space of social systems. It could also unThe topologies of physical spaccover volumes about orthogonality and
other aspects of the topology of social es are well understood; however, our
awareness and understanding of the tospace and help unravel the mysteries of
pology of social space is in its embryonic
attractors giving us access to points of
stage at best. Best efforts to understand
stable and unstable equilibrium in the
the topology of social spaces have fophase space of complex adaptive social
cused on networks and have associated
systems with all the associated predicthe topology of social spaces with nettive value.
work topology. That direction is interesting and promising. This is less probModeling Complex
lematic for agent-based models (Axtell,
Adaptive Social Systems
2000; Batty, 2005; Reggiani & Nijkamp,
2009). While it is true that agents, enenetic modeling is a state space- vironments, and rules of interaction
based tool of complexity ana- are selected, designed, and defined by
lytics that is very satisfying researchers, the map between these
to the purist as it requires doing very elements and the real world is much
little damage to the assumptions of more apparent. Conceptually, howevcomplexity science. Modeling complex er, the grids on which agents move in
systems is a conundrum, however, es- agent-based models are usually mathepecially in the case of complex social matically defined distributions that do
systems analysis, in that the research- not begin to capture the deep structure
er is creating the dynamics being ob- of real social space. Underlying social
served and attributing to the results networks, on the other hand, are maps
some meaning for real-world complex of reality and they provide powerful
systems (Miller & Page, 2007). This insights into the diverse topologies of
is particularly problematic for fitness social space (Epstein & Axtell, 1996).

G
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If at the level of the organism, its state is
represented by the bit string

These topologies are fundamentally relational and accommodative of the embedded deep structure of social space.
It is not clear what techniques would
support the translation of such relational dynamics to mathematically defined
environments, how these topologies
affect fitness landscape potentials, and
what that means for the movement of
agent across them. An extremely useful
contribution to the field would be a research program aimed at understanding whether, and if so how these three
techniques might be combined.

0011010100100011
that evolutionary change is incremental and random would be captured by a
single change (called a mutation) in any
single bit to something like
0011010101100011
where the two are called “nearest neighbors” in state space, and the “neighborhood” consists of all states that can be
represented by a one bit change from
the original. If you add to this the understanding that the bits represent
genes or characteristics of the organism, and that the bit string represents a
chromosome, it becomes apparent that
a change in a bit carries with it a change
or an evolution in the physical characteristics of the organism.

In evolutionary models, the important system characteristics are not
averages. They are adjacencies. The
coding of state space is binary, and under normal (non-chaotic) conditions,
evolutionary movement is between adjacent states (Kauffman, 1993). In evolutionary modeling of social systems,
the art will be in the specification of
state space and in learning to appreciate
the definition, characteristics, and dynamics of social systems as emergent.
Regression analysis of social phenomena is problematic because of our lack of
understanding of the topology of social
space. In state space analyses, the topology is moot because the system evolves
that topology and evolves in that topology all the time in real time and over
time. The topology of the space is created by the evolutionary rules.

Our bodies are governed by
genes which are embedded in chromosomes which are embedded in cells
which are embedded in tissue which are
embedded in organs .... Thinking about
the many different types of tissue that
make up our bodies—liver tissue, brain
tissue, heart tissue, nerve, skin, muscle,
... —and all of the interactions, processes, chemicals, and bodily fluids that
combine to support life, makes it hard
to believe that it is all orchestrated by
random fluctuations at the level of the
Evolutionary models have prov- gene. Turns out that this unfathomable
en extraordinarily useful. Stuart Kauff- process repeats itself in the emergence,
man’s fitness landscapes are an import- development, and functioning of all
ant example of this tool. According to complex adaptive systems.
Kauffman (1993), the origin of order is
Starting with the bit string proevolutionary movement in state space. cess described above, Kauffman has
6
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fashioned a model which captures that
process called the NK Fitness Landscape Model. The evolutionary process
is obviously far more complex (and
complicated!) than I have describe, but
there is just one more piece of the story
that needs to be added to enable us to
move forward. The state space of the bit
string consists of every possible combination of zeros and ones of length N
(the length of the string—this is the N
in Kauffman’s NK Fitness Landscape
model). Since there are two possible
values at each position, there are 2N
possible configurations of this state
space. This number grows very large
very quickly, and it is only the increasing availability of increasingly fast computers with increasingly large and inexpensive storage space that makes these
kinds of models possible. The collection
of all such configurations is in this case,
65,536 (216) different strings representing all possible unique configurations
of zero and one in a16 bit long string.

cess creates a “rugged” landscape. Peaks
and valleys in the landscape represent
high and low fitness values. So, a fitness
landscape is a surface over state space
that offers a measure of the probability
of evolutionary success at each point.

Networks

N

atural laws are neither necessarily correct nor immutable
as given. They are nothing
more than the best approximation we
can make now. The earth is careening around the sun, the sun is careening around the galaxy, and the galaxy
around the universe all in coupled orbits held in balance by “gravity.” There
is no known universal fixed point of reference in time or space.1 Everything is
defined relative to something else. Our
scientific systems of thought, whether
explicitly or not, are fundamentally interdependent and relational. Mass has
no independent existence and is technically defined as energy at rest. MeasureThe process of evolution is ran- ment of time and space depend on your
dom. It is, however, possible for it to be frame of reference. The effects of major
constrained. Constraints are created by force fields can be simply transformed
so-called alleles which are combinations away, and who knows what the recent
of genes that tend to evolve together, validation of dark energy and dark matlike brown skin and curly hair, or blond ter portend?
hair and blue eyes. The extent to which
Complexity science is completethe evolutionary process is constrained ly comfortable with this set of circumis captured by the K in Kauffman’s NK stances, and most sciences have begun
Fitness Landscape model. Fitness is a converting themselves to a complexity
measure of the probability of evolution- motif (Quantum Hamiltonian Comary success. Fewer constraints lead to plexity, Complex Systems Biology,
fewer bumps in the road and a smooth- Mathematical and Computational
er landscape. A highly constrained pro- Chemistry ... ). We have just taken a look

1

Though the dark matter-related discovery that the universe is expanding faster suggests that we
might be able to project that process backwards to the physical location of the Big Bang.
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distances, and network circumferences
... All of this is the “stuff ” of network
theory and combines to create powerful
tools to control the spread of disease,
trace terrorist activity, identify and skirt
potential network failure, design proteins, and in some cases, just have fun!
Its importance here, though, is that every node in every network is an adjacency, and by Kauffman’s model, a place
where something evolutionary and developmental can happen. Research can
be published; electricity can flow; children can be conceived; treaties can be
made; proposals can be shared; ideas
can go forward; ... Conversely, without
adjacency, nothing can happen. There
are even those who have argued that
the topology of the network IS the topology of the space it spans. For example, your motivation and behavior is
very different in a conflict space that involves your child than in one that does
not. The very shape of that space and its
force upon you is determined by your
relationship to those involved, and that
force is something that you physically
feel through to your bones.

at fitness landscapes, one of the most
important tools of complexity analysis,
and we have seen that it is profoundly
relational, providing a mechanism for
conducting searches among “nearest
neighbors.” Fitness landscapes are becoming a generalized optimization tool
used across industries from finance to
materials science to quality control.
Adjacency is the star of the fitness landscape story, and it is a curious circumstance that a mathematical description
of the biological process of evolution
should find applicability in such diverse
arenas.

Networks are another one of
nature’s favorite ways of operating: ant
colonies, circulatory systems, nervous
systems, highways, railroads, the Internet .... Yes, these latter are man-made;
but remember we are a part of nature
(ant colonies at a larger scale!). Network theory is also an important tool of
complexity analysis, and it is, by definition, relational. It is interesting that the
adjacency matrix (or adjacency list) is
the starting point for the rendering of a
network. Networks are maps or graphs
of connected relationships. They are
garnering much attention lately, and The Deep Structure
theory has built up around them de- of Social Space
scribing what their structure says about
enerations of emergence have
the nature of the underlying relationcreated an embedded history
ships being mapped.
in the psyches of individuals,

G

Networks consist of connected
edges and nodes. Network structures
include random, scale-free, smallworld, hierarchical, ... Nodes and links
have degree, density, betweeness, centrality, connectivity ... Links can combine through nodes to create paths,

the structure and operations of institutions, and the tenets of cultures that
play a role in constructing their ability
and willingness to participate in new
possibilities, even in shaping their perceptions of what new possibilities are
(Holland,1998). Kauffman has shown

8
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affinity was that they were all Haitian,
not that they had all gone through the
earthquake. A normalcy evolved, they
were able to rebalance themselves emotionally and their behavioral and academic problems disappeared.

that change in complex systems is evolutionary and incremental. That is, given a system in a state, moving that system to a different state is most likely to
be accomplished state by adjacent state.
Understanding the structure of social
space is crucial to understanding the
dimensionality of adjacency, which dimensions are most important in a given
change process, and which participants
are where along each dimension.

Another story. There is a Harvard–MIT Atlas of Economic Complexity which, operating from what they call
the “product space” ranks the countries
of the world according to economic
complexity. The index they use measures the complexity of the products the
countries produce. Their objective is to
enable countries to be more efficient
in the economic development choices
they make. If your country is currently
functioning at complexity level A and
you want to move to complexity level
B, this Atlas will tell you what the products are at the next level enabling you to
choose a development path that makes
maximum use of your existing workforce and physical infrastructure. This
was the genius of the move of Akron
into plastics when their rubber industry
grew legs and walked.

Where this discussion is going
is toward the suggestion that an “adjacency analysis” be constructed for all
public policy enterprises. Just as adjacency portends positive evolutionary
possibilities, so also does widespread
lack of adjacency in intervention design
provide an explanation for failure. Haiti, race relations in the United States,
failed development strategies, U. S.
training of troops in Iraq—these all suffer from the same dislocation: there is
insufficient adjacency among the states
of all the players, given the scope of
the enterprise. Adjacency analyses will
minimize the distortions caused by our
lack of knowledge about the interactions of the diverse topologies of social
space because movement will be from
state to state in the case of fitness landscapes and along topological lines in
the case of network analyses.

Education in America is another
example of “American Exceptionalism”
(Lipset, 1996). Whereas most countries have one national school system,
in America, there are 51 state systems
and 13,000 local school districts. The
An example might help to clari- Economic Policy Institute has pubfy the power of this approach. A group lished a study titled, “Bringing it back
of Haitian immigrant boys in Brook- home: Why state comparisons are more
lyn displaced by the 2010 earthquake useful than international comparisons
in Haiti were having severe behavioral for improving U.S. education policy”
and academic problems in school. They (Carnoy, Garcia, & Khavenson, 2015).
were brought into a community of oth- Carnoy et al. (2015) argues that iner Haitian teenage boys with whom the stead of being riveted by international
9
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and economics are orthogonal concepts
that require thorough and separate explication before they can be successfully combined. Perroux (1950) speaks of
the need to dissociate “economic space”
from “human space” and proceeds to
lay out the dimensions along which economic space might usefully be defined.
“Economic Space: Theory and Applications” is an fascinating piece and could
very well provide a model, or at least a
starting point for the explication of “social space.”

comparisons, American policymakers
would be better served by disaggregating national data and analyzing the
differences among states, particularly
neighboring states where performances differ markedly. His thought is that
neighboring states are more likely to
share characteristics that will make policy innovations in one state relevant to
the circumstances in the other. Korean
parents pay many thousands of dollar
for students to cram for national exams.
Finland has a nationwide, five-year preschool program and a homogeneous,
relatively high-income population.
Such national practices are not relevant to the circumstances in the United States with its wide range of diverse
student subgroups and diverse regions.
It would be much more helpful to Connecticut to know what the policies were
that neighboring Massachusetts adopted that have enabled Massachusetts to
so consistently outpace Connecticut in
student gains over the past seven years.

There are two things we know
about this space: we know what adjacency means, and we know what networks are. These two characteristics determine what can happen in the space
in which the complex system is embedded. What we do not know is whether
the space itself has a context (like gravity for the cosmos) and if so, what the
nature of that context might be. Further, we do not know how the dimensionality of the system’s adjacency affects its behavior. Do these dimensions
combine in interesting ways? These are
the questions of the topology of social
space which is a major component of
the research program presented in the
Conclusion where three tools are highlighted: network analysis, the adjacency
matrix, and fitness landscapes. The first
two are familiar, but the latter might require some new learning. Also, the pressure for change is not an isolated phenomenon. Many disciplines are feeling
the same pressure and opportunities
for collaboration abound in the areas of
sharing mathematical models, sharing
data, and sharing problem definitions
(imagine this pumping station is a heart

Adjacency has dimensionality that is tied to the deep structure of
social space. The Haitian boys felt like
fish out of water in the Brooklyn school.
Joining a community of other Haitian
boys gave them “nearest neighbors” in
an evolutionary sense, creating a connectivity that enabled them to make
positive developmental choices.
The definition, nature, and dynamics of space have been an issue
for quite some time. In 1950, Francois
Perroux pointed out that the grasp of
space as an abstract phenomenon had
not yet permeated economics (Perroux,
1950). It could very well be that space
10
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muscle, for example). Social scientists
need to look to their own rich history;
resurrect and reexamine some of their
own problem definitions, datasets, and
analyses and retrofit them to the new
understanding of social dynamics. If
this is done from inside a framework
established to accommodate the analysis of complexity, as a beginning strategy, this might help us build our intuition about what operating from inside
such a framework means.

ing no space between them!). This is the
realm of quantum entanglement. What
is important about this is the identity of
the mathematical formalisms. We have
learned that that implies scaling of a
natural phenomenon. This helps to solidify the ground beneath us as we continue to examine the role of networks in
shaping space.
In responding to the upheavals
in economics, we must be careful not to
throw the baby out with the bath water. Leading economists caution against
this very thing in discussing the future
of economics education (Rosser, 2000).
Quantum mechanics is a very different
paradigm from Newtonian mechanics,
and from the perspective of quantum
mechanics, there is much about Newtonian mechanics that is wrong; however, in growing physicists, we don’t start
them out on a diet of quantum mechanics. The pabulum of classical mechanics nourishes them for years and it’s not
until they have Newtonian mechanics,
optics, and electro-magnetism under
their belts that they are introduced to
solid food. We are in a very exciting
period of massive scientific dislocation.
It is exciting because just as many citadels are being challenged, so also are
many new ideas emerging (Gell-Mann,
M., 2009; Gleick, 1987; Kaku, 1994).
However, just as now happens with
Newtonian mechanics, the correction
of the ways in which the old thinking
is incorrect can happen in the context
of higher learning as we gradually adjust the pedagogies of inculcating in the
discipline’s professionals the issues, language, methodologies, and culture of
the social sciences.

Complexity science is conceptually huge, but we have some guideposts
going forward. I believe these are the
self-similarity of nature (e.g. the inverse
square law), nature’s preference for certain modus operandi (e.g. clusters, orbits, networks ... ), and the power and
consistency of mathematics in revealing both (e.g. the standard equation of
particle physics). Witness the fact that
network scientists have defined a quantity which they call the “network energy.” On this quantity, they have further
defined the “network Hamiltonian.”
The Hamiltonian in physics is the total system energy. This mathematical
sleight of hand brings together in one
concept, the Hamiltonian, unimaginably distant scales—one at the human
scale and beyond (I say beyond because
there are networks of telescopes in
space), and the other at a scale so small
that interactions occur at speeds faster
than the speed of light. At this scale,
signals can be transmitted galactic distances at speeds that can only be measured as simultaneous—that is, no time
passes between the initiation and the
reception of the signal (and given the
space–time equivalency of general relativity, that can also be read as there be11
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Proposed Research Framework

Further, despite the significant
upheavals in economics of late, the science has been extremely useful all these
years. Complexity science offers new
perspectives, new ways to understand
what’s been going on, and new avenues for research. For example, Stiglitz
(2015) has likened both the adjustment
of the Great Recession and that of the
Great Depression to a phase change in
the economy. Now this begs the question of how one defines a phase change
in social systems, but Stiglitz’ description certainly makes sense. The latter
phase change was from an agricultural to an industrial economy, and the
former was from an industrial to an
information-based economy. Both necessitated structural changes and major adjustments to the size of the labor
force. Does that mean that phase diagrams like those drawn for water, for example, can be drawn for social systems?
That would be an amazingly powerful
policy tool! What system parameters
are involved in the ramp up to a phase
change? In water, they are temperature,
pressure, and volume. Are we looking
for analogs to these parameters in social systems, or something completely different. And do we expect to find
only three phases? Remember, a phase
change is a radical alteration of the
structure or state of the system created
by a relatively small change in the value
of relevant system parameters, and the
system structure is defined by the value
of these parameters (e.g. at atmospheric
pressure, liquid water becomes solid at
zero degrees Celsius). What a potentially fruitful avenue of research!

Five research directions are proposed:
1. Search Big Data and social science
research archives for opportunities
to rigorously extend natural laws
into the arena of social systems:
What is the meaning for social systems of co-evolution, phase change,
... ? What are the controlling oscillators? Is it possible to quantify the
magnitude and direction of a “social
field” and any associated “force”?
What does dimensional analysis tell
us? Can we meaningfully define a
“social Hamiltonian”?
2. Build precisely calibrated materials-based models of social systems
to test attribute theory.
3. Conduct further inquiries into the
topology of social space: What is the
dimensionality of social space; does
each dimension have its own topology, how do these dimensions and
topologies combine, if at all? If networks capture the topology of social
space, does that not imply that such
space has no independent topology but is completely dependent on
frame of reference? Are there analogs to this in the natural sciences? Is
there a corollary of this that suggests
that each interaction has its own topology defined by the network in
which the interaction is embedded?
4. Examine the dynamics of adjacency: What is the significance of multidimensional adjacency? Are some
adjacencies more important than
others?
12
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5. Can spatial econometrics be mod- seem to feel the need to question what
ified to serve the purposes of the it is about space that makes that so. At
analysis of complexity?
the scale of human communities, it’s
the opposite problem from looking for
high-energy particles. It could be that
Conclusion
we are unable to perceive the effects on
he power of a change in parspace of social relationships and interadigm can get muted by the
actions because the dimensions of our
need that those involved in and
investigations are too crude. Think of
committed to the old paradigm feel to
keep things as they are. In complexity scaling in the opposite direction in the
science terms, this is called “lock-in”. search for high-energy particles. We
Lock-in can also occur when the con- build highly tuned accelerator to inceptual barriers to implementing the vestigate quantum spaces. What if the
new paradigm are too high. That is, that relevant dimensions of social space are
the changes required can create circum- global and the relevant wavelengths are
stances that are so radically different Leontief (Kurz & Salvadori, 2000; Lefrom the traditional patterns that the ontief, 1986)? There is an interesting
institution undergoing this change is challenge for Big Data! If we want to see
in danger of becoming unrecognizable these effects, we must build the right
to its current adherents. Conferences kind of accelerator. It could be somelike this can help social scientists avoid thing as simple as defining what kinds
acting as barriers to embracing the new of networks are relevant, mapping them
paradigm of complexity science; they out, populating them with data, and
can help identify places to begin; and tracing their interactions. Scaling and
they can suggest several paths forward self-similarity work in both directions.
that would add value without unduly Physics has quite a head start, so the acdestabilizing the field.
tion down-scale is quite well developed.
A big part of the effort here has The proposal embodied herein is that
been to expand the field’s definition of the social science disciplines go upscale
space to include social space, and to in a disciplined fashion using what we
place the topology of social space at have learned from complexity science
the center of the field’s research agen- and examine these effects disaggregated
da. We have centered on the characterand at a larger scale. It could have interistic of adjacency as a defining feature
esting implications for world peace.
of complex adaptive systems of all sizes
and envisioned adjacency having a key
role to play in problem solving in policy analysis. We currently have a kind
of “mean field” approach to social space
and it is not at all clear that it is correct.
Because everything clusters, we do not

T
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Abstract
Public policy involves proposing changes to existing practices, alternatives, and new habits. Citizens and institutions react accordingly, accepting, refuting, or adapting. Agent-based modeling is a
tool that can enrich the policy analysis package explicitly considering dynamics, space, and individual-level interactions. This paper presents a modeling platform called PolicySpace that models
public policies within an empirical, spatial environment using data
from 46 metropolitan regions in Brazil. We describe the basics of
the model, its agents and markets, the tax scheme, the parameterization, and how to run the model. Finally, we validate the model
and demonstrate an application of the fiscal analysis. Besides providing the basics of the platform, our results indicate the relevance
of the rules of taxes transfer for cities’ quality of life.
Keywords: agent-based model, ABM platform, public policy, fiscal
analysis, municipalities, metropolitan regions

PolicySpace: una plataforma de modelado
Resumen
La política pública implica proponer cambios a las prácticas existentes, alternativas y nuevos hábitos. Los ciudadanos y las instituciones reaccionan en consecuencia, aceptando, refutando o adaptándose. El modelado basado en agentes es una herramienta que
puede enriquecer el paquete de análisis de políticas considerando
explícitamente la dinámica, el espacio y las interacciones a nivel
individual. Este documento presenta una plataforma de modelado
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llamada PolicySpace que modela las políticas públicas dentro de un
entorno empírico y espacial utilizando datos de 46 regiones metropolitanas en Brasil. Describimos los conceptos básicos del modelo,
sus agentes y mercados, el esquema de impuestos, la parametrización y cómo ejecutar el modelo. Finalmente, validamos el modelo y
demostramos una aplicación del análisis fiscal. Además de proporcionar los conceptos básicos de la plataforma, nuestros resultados
indican la relevancia de las reglas de transferencia de impuestos
para la calidad de vida de las ciudades.
Palabras clave: modelo basado en agentes, plataforma ABM, políticas públicas, análisis fiscal, municipalidades, regiones metropolitanas

政策空间：一个建模平台
摘要
公共政策包括为现有实践、替代办法、新习惯等提出改变方
案。公民和相关机构则会做出相应回应，即接受、反驳或
适应。基于agent模型是一项工具，这项工具能丰富政策分
析，它清晰地考量了动态、空间和个人层面上的互动。本文
提出一项建模平台，名为“政策空间”，它通过使用巴西46
个都市区域的数据，在一种实证的空间环境内对公共政策进
行建模。笔者描述了该模型的基础、主体和市场、税收计
划、参数化，以及该模型的使用方法。本文最后印证了此模
型（的合理性），同时展示了财政分析的应用。研究结果除
了提供平台基础之外，还显示了税收转移规则对城市生活质
量的相关性。
关键词：基于agent模型；ABM平台，公共政策，财政分析，
市政当局，大都市地区
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1. Introduction and Literature

costly and often impractical within the
social sciences realm.

T

his paper conceptualizes, justifies, and validates a policy-modeling platform: PolicySpace,
which is available for download and
immediate application. As such, the paper focuses on presenting the possibilities and potentialities of the platform
itself, detailing how to run and test simulations with an added brief application
of fiscal analysis.1

Applications of ABMs for social
science have been around for some time
(Epstein & Axtell, 1996; Schelling,
1972). However, recent handbooks have
further defined the concepts and applications (Wilensky & Rand, 2015) and
evaluated models for specific domains of
social sciences, from economics (Boero, Morini, Sonnesa, & Terna, 2015)
and social science in general (Edmonds
& Meyer, 2013; Helbing, 2012) to political science (Geyer & Cairney, 2015),
geography (Heppenstall, Crooks, See,
& Batty, 2012), and spatial analysis
(Batty, 2011).

Public policy diagnostics, proposals, implementation, and evaluation
are complex tasks. They involve several
different groups and interests, over idiosyncratic, spatial regions with consequences through varying time-span.
As a norm, a given policy proposal will
affect citizens, institutions, and firms;
cities and provinces, immediately or in
the long range with a multitude of levels
of magnitude.

All of them consider ABM as a
computational artificial tool that provides an environment in which agents
(of all sizes and shapes) interact among
themselves and with the environment
in a continuous time-driven direction.
On top of such artificial construct, all
kinds of experimentation can be made
with considerably easy changes and
tweaks using a relatively wide range of
possible tools (Abar, Theodoropoulos, Lemarinier, & Ohare, 2017).

Complex systems, in turn, focus
on a high number of agents that interact
over time and space providing emerging, nonlinear results. Thus, complex
systems methodologies are designed
to handle exactly such interactions and
the unfolding and unraveling of such
Applications of policy are relsystems.
atively fewer, but have been tried in
Agent-based modeling (ABM) transportation (Erath et al., 2012) and
is one of the methodologies of com- economics (Baptista et al., 2016). Mostplex systems that may shed some light ly, applications have been praised as
into policy comprehension. Flexible likely potential applications (Colander
and cost-effective, ABM helps delineate & Kupers, 2016; OECD, 2009) or they
ex-ante policy analysis that anticipates have been used for specific markets and
effects evaluate alternatives, working context, such as the labor market (Neuvery much as experiments, which are gart & Richiardi, 2018), financial anal1

The platform is thoroughly detailed in Furtado (2018).
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ysis, and interbank dependence (Tabak,
Cajueiro, & Serra, 2009) or macroeconomics (Dosi, Fagiolo, & Roventini,
2010). Comprehensive models of the
whole economy are typically simple
(Gaffeo, Gatti, Desiderio, & Gallegati,
2008; Lengnick, 2013) or too complex
(Dawid, Gemkow, Harting, Van der
Hoog, & Neugart, 2018).

from an abstract earlier version (Furtado & Eberhardt, 2016), we have no
information of other AB models that simultaneously cover municipalities, economic markets, and agents as presented
here. Specifically, the contribution of
this paper is to provide an overview to
the platform that enables the interested
reader to its understanding, usefulness,
PolicySpace is an open AB mod- and usability. Besides this introduction,
el that has been designed and custom- the text describes the platform and its
ized for the analysis of Brazilian metro- validation and concludes with a list of
politan regions, more precisely, Areas alternatives for further developing polof Concentrated Population (ACPs).2 icy applications.
PolicySpace includes citizens, families,
firms, and municipalities’ government 2. PolicySpace
that interact in three markets: goods,
he description of the model
labor, and real estate. It also enables fisin Furtado (2018) follows the
cal analysis (via implementation of five
ODD protocol (Grimm et al.,
different taxes), territorial experimen2010). Here, we describe the intuition,
tation, as well as tweaking of 20 differthe entities, and the schedule, providing
ent parameters that govern behaviors
a general idea of the sub-models. We
in the firms, families, government and
then go on to detail the parameters and
the markets. Finally, PolicySpace has
how to run the model.
been through extensive validation and
proved itself robust both to the variation 2.1 Intuition
of parameters, rules or ACPs while simultaneously providing useful insights. The platform mimics the politically
Nevertheless, the modularity of PolicyS- administrative municipalities as geopace and its continuous in-development graphically spatial and fiscal entities.
status certainly provide room for im- Families and firms are the main agents
provements. PolicySpace is intended as that interact among themselves. This
a simple model that covers the economy configuration of municipalities, famibut that also offers alternative analysis lies, and firms enables the labor market
for urban mobility, territorial fiscal anal- and a goods market along with the colysis, and real estate understanding, all lection of three relatively large taxes: on
in an interconnected manner. Although labor via salaries, on consumption via
PolicySpace departs from Gaffeo et al. sales and on production and profits via
(2008) and Lengnick (2013) and then firms. Additionally, a real estate mar-

T

2

ACPs are called functional urban areas by the OECD (Ahrend, Farchy, Kaplanis, & Lemcke,
2017).
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to collect taxes and invest them, given
their population at each month.

ket provides further interaction among
families that are mobile and free to
move about among the municipalities.
The real estate market then enables the
tax on properties via residents and taxes on estate transactions whenever they
happen.

Firms are also fixed and engage
in monthly production, which is directly proportional to the number of employees and their qualification (Gaffeo
et al., 2008). Firms observe their stock
in order to decide on prices (Hamill &
Gilbert, 2016; Seppecher, Salle, & Lavoie, 2018), their revenue and general unemployment to decide on wages
(Dosi et al., 2010), and their profits to
decide on hiring and firing (Neugart &
Richiardi, 2018).

2.2 Agents
PolicySpace is built in Python and follows the object-oriented programming
paradigm. As such, there are five classes
of agents: citizens, families, residences,
firms, and municipality governments.
The proportions of each agent are based
on actual data for the year 2000.

Finally, municipalities are spatial
entities (Grimm et al., 2010) that manage taxes collected within their boundaries and invest them into improved quality of life weighted by their population.

Citizens work and commute individually. However, their consumption, housing, and saving decisions are
made together as a family. Citizens have
distinct ages, qualification, and gender.
They are important, respectively, to enter the labor market, to qualify its level
of production, and to allow for birth
giving. In the current configuration, the
only attribute that changes dynamically is the agents’ ages. New citizens are
born following official fertility rates for
female agents and are incorporated automatically to the mothers’ family. In
addition, according to official data, citizens of all ages pass away, given their
ages, state of residence, and gender.

2.3 Schedule and Markets
Before the simulation, all agents described above are generated provided
that a population percentage, an average family size, and an estimate of house
vacancy and the official data input have
been set. Before the actual simulation
starts, a labor market round is set in
motion so that the level of unemployment for January 2000 is achieved.
Henceforth, the simulation runs on a
monthly and sequential basis.
1. Production is deterministically calculated from the number of employees for each firm and their level
qualification and a productivity parameter alpha.

Families are mobile moving occasionally from house to house depending on their savings and employment
capabilities. Houses are fixed throughout the simulation with a given quality,
surface, and location. However, house
prices vary depending on the success
and rate of their municipalities’ ability

2. Demographics is then processed
with agents aging, dying, or having
children.
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3. Next, families go out to consume.
house, given their quality, location,
Firstly, families decide on how
and surface. The matching is made
much to consume, following a beta
sequentially with transaction prices
parameter on propensity to conbeing averaged between bid and ofsume. Money not set to consume
fering. Estate transaction taxes are
in a given month is saved without
collected during the sale.
liquidity to be later invested in the
real estate market. Families decide 7. Once all markets have run, the taxes distribution takes effect and each
on a sample of firms to consume by
municipality invests their quote dieither cheapest price or closest firm.
rectly on quality of life.
Firms offer the amount of goods
demanded by each family on a first
8. All data are saved, and a new month
come first served basis if they have
begins until the number of months
goods in stock. Companies collect
set by the modeler.
taxes on consumption.
The model is set to start in the
4. Once consumption has finished,
year 2000 and run for a maximum of
firms have all elements to decide on
30 years, constrained by available data
prices, salaries, and firing or hiring.
projections. However, typical runs are
5. The labor market follows with all for 20 years (or 5,040 working days).
unemployed agents of age applying
and all firms that have profits hiring. 2.4 Tax Analysis
Firms paying higher salaries choose
PolicySpace contains four alternative
first. They may hire the best qualiways to distribute the taxes collected.
fied of the pool of candidates or the
They are implemented using two pacandidate that lives the closest, folrameters: Alternative0 and FPM distrilowing a parameter.3
bution. The default configuration has
6. In the real estate market, vacant both set as true. Alternative0 refers to
houses are always on the market, the fact that municipalities are autonowhereas families enter the market mous and receive taxes according to the
occasionally, following a set pa- rules in place. When false, this paramerameter. The simulation always has ter implies that all the municipalities of a
more houses than families and thus given ACP are considered as one for fissome families own more than one cal distribution purposes. This hypothhouse. The family with the high- esis is supported by the fact that largest savings makes the first bid on er municipalities are more efficient in
the demand side. Offering prices their spending (Gasparini & Miranda,
are hedonically calculated for each 2011) and receive a larger proportion
3

That decision follows observed patterns for the Brazilian market in which the cost of transport
is partially a responsibility of the company. It has also been proved robust in a sensitivity analysis (Furtado, 2018).
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of taxes per capita (Furtado, Mation, &
Monasterio, 2013). Furthermore, less
fragmentation of municipalities leads
to more productivity (Ahrend, Farchy,
Kaplanis, & Lemcke, 2017). FPM distribution, in turn, sets the rules of FPM

(a municipal tax transfer) in effect or
not. The combination of the four alternatives and the criteria for distribution
along with the allocated percentage of
taxes can be seen in Table 1.

Table 1. Alternative distributions of collected taxes among municipalities
Options

Alt0:True

Alt0:False

Alt0:True

Alt0:False

FPM:True

FPM:True

FPM:False

FPM:False

Mun.

State

1

1

1

1

1

1

1

1

1

1

Locally

Equally

Taxes

Mun.

State

Consumption

.1875

.8125

Labor

.765

Transaction

FPM

State
1

.235

.765

1

Firms
1

Criteria

Locally

.235

1
.765

Property

FPM

.235

.765

.235

1
Equally

FPM

Equally

FPM

Notes: Depending on the Set of Rules, Taxes are Distributed Equally Among All Municipalities, Locally, So That a Municipality Receives Only What was Collected Within the Municipality, According to FPM Transfer Rules, or a Combination of Them

2.5 Running PolicySpace

a single ACP, a single configuration, and plotting and
saving the results.

As the idea of the paper is also to present the platform, we describe the basics of running PolicySpace GitHub.
com/BAFurtado/PolicySpace (Furtado,
2018). Once installed, you can run the
web version with the command: python
main.py web and open the model in a
browser: http://127.0.0.1:5000/.

(b) The option “sensitivity” automatically varies any of
the parameters. If they are
booleans, only the name of
the parameter will suffice.
However, when the parameter is a quantity, the modeler needs to set the first
value, the last value, and the
number of times the parameter is going to be divided,

1. Run type: four alternatives are
available:
(a) The first: “run” is the running of a single model, for
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mines whether municipalities function as they are
presently (true) or as if they
are together, as a single unit
for fiscal purposes.

separated by colons, as such:
python main.py sensitivity
ALPHA:.04:.94:7.
(c) The “distributions” option
tests and plots the four automatic alternatives of taxes
distributions together.

(c) BETA: is the parameter of
propensity to consume for
the families. A high beta implies in more consumption
of the family and less money saved for the real estate
market.

(d) Finally, the “acps” type runs
the model for each one of
the 46 ACPs available in the
model, at least once for each
one.

(d) F P M D I S T R I B U T I O N :
FPM is a municipal transfer
tax in Brazil. FPM as “true”,
the default, means that taxes follow FPM distribution
rules.

2. Number of runs per config: on top
of any of the runs selected in the
first option, the modeler may set the
number of runs for each configuration to consider stochasticity. For
example, if the modeler is running
a sensitivity analysis on ALPHA, for
seven different values, then she may
choose to run four times for each
value. That means that PolicySpace
will run 28 times for this example.
The output is organized as such that
the plots and files will manage averages and folders.

(e) HOUSE VACANCY: is the
parameter used when generating houses that determines the amount of houses
that will exceed the number
of families in a given simulation configuration.
(f) LABOR MARKET: is the
frequency the firm makes
decisions on the labor
market.

3. Number of cores to use: is a typically operational decision. The default
(−1) is to run on all cores of your
machine.

(g) MARKUP: is the percentage
the firms use when they decide to raise prices.

4. Here, we discuss the main parameters briefly:

(h) MEMBERS PER FAMILY:
is also a parameter used to
construct the agents.

(a) ALPHA: is an exponent applied to the years of qualification of employees to qualify productivity.

(i) PCT DISTANCE HIRING:
is the percentage of the sample of candidates in a given

(b) ALTERNATIVE0 t a kes
“false” or “true” and deter24
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5. The sensitivity params box is the
place where you insert which parameters to test.

month that will be selected
via the distance to the firm
criteria. The remaining of
the sample is chosen by
qualification.

6. Run config: is the box related to the
saving, plotting, and printing of information from the simulations.
SAVE DATA can include extra saving of details of “agents”, “grave”,
“house”, “family”, and “house”,
which includes “firms”.

(j) PERCENTAGE ACTUAL
POP: is the size of actual
population to be included
in the model.
(k) PERCENTAGE
CHECK
NEW LOCATION: is the
sample of families at each
given month that decide to
enter the real estate market.
(l) PROCESSING ACPS: is the
choice of ACP to be simulated.

3. Validation and Illustration

A

s a dynamic platform, PolicySpace is capable of replicating
and maintaining the heterogeneity urban configuration of Brazilian
metropolis as read from initial data.
That means poorer, sparser housing,
and less dynamic firms in the outskirts
and livelier, richer occupation in the
core municipalities (Figure 1). Furthermore, PolicySpace can maintain basic
level macroeconomic indicators such
as inflation and unemployment within windows of expected values despite
significant variation on parameters and
rules.

(m) SIZE MARKET: is the number of firms that families
check when deciding on
where to make purchases.
(n) STICKY PRICES: is the
factor that controls the frequency in which the firms
evaluate whether to raise
prices.

Considering that a key usability of
PolicySpace is to allow for fiscal analysis
among municipalities, main validation
of the model comes from its capacity to
replicate the aggregated behavior of taxes for the set of all ACPs. Simulating all
46 ACPs (333 municipalities) and using
official data, PolicySpace maintains a
proximal equivalence of magnitude with
actual taxes (Figure 2). A Kolmogorov–
Smirnov test (Kolmogorov, 1968) does
not reject the hypothesis that the two
samples may have come from the same
distribution.

(o) TAXES STRUCTURE: those
are approximations to the
percentage of taxes that are
distributed or transferred.
(p) TAXES: five taxes rates can
be adjusted.
(q) WAGE IGNORE UNEMPLOYMENT: is the rule
that tells the firms to either
consider unemployment as
a factor when deciding on
wages (true) or not (false).
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Figure 1: Firms’ profits for Belo Horizonte’s ACP at the end of the simulation. Notice that there are a smaller number of firms outside the capital and that they also
have smaller profits. Firms on the northwest municipality benefit from the distance
to the main city and achieve average profit performance.

Figure 2: Total tax collection by ACPs: real data in blue and simulated data in green.
This graph shows that the model can replicate closely the taxes collections of the
set of ACPs modeled. A Kolmogorov–Smirnov test does not reject that the samples
come from different distributions.
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Figure 3: Evolution of Quality of Life indicator (QLI) for Brasília, 1% of population.
The graph shows true and false for Alternative0, given that FPM transfer rule is False.
Results suggest that Alternative0 as false (in blue), i.e. the municipalities are considered as one for fiscal distribution purposes, gives a positive boost to QLI which is
equivalent to that obtained when the FPM transfer rule is in effect.

Figure 4: Results for all possible configurations of tax distribution for Rio de Janeiro’s ACP, 2% of population. When all distribution alternatives are tested together, the
best result (in purple) happens when municipalities are considered as one for taxes
purposes and the FPM transfer rule is in effect, although that is only marginally better than the observed status quo (in red). The worst scenario would be not to have
the FPM transfer rule and maintain the municipalities separated (in blue).
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There are some differences, however. When comparing simulated and
real data as the percentage of total taxes,
we see that:
•

•

ed its main parameters and usage and
illustrated the model with an application of alternative taxes distribution
testing. However, part of the appeal of
PolicySpace is that other modelers and
Property taxes are more concenresearchers may use the model and
trated in actual cases, whereas the
change, adapt, or evolve it for their own
simulated results are slightly more
interests and research questions. Tendispersed.
tatively, we can think of at least some
Transactions taxes on the other suggestions:
hand are a bit more concentrated in • Further detailing the firms, prothe simulated data when compared
viding them with differentiated
to actual data.
sectors and products, testing deci-

The illustration of taxes analysis
(see Figure 3 and Figure 4) clarifies the
•
relevance of the two tax distribution
schemes tests. First, the existing FPM
rule should be enforced as it helps increase the QLI in all scenarios. The test
of the municipalities been together (Alternative0:False) or separate (Alternative0:True) for tax purposes, however,
showed that when FPM is in place, the
gain of the fusion of the municipali- •
ties is marginal. On the other hand, if
there were no FPM in place, having the
municipalities together would have an
equivalent effect to the FPM transfer.
Overall, the best theoretical and simu- •
lated result, which is consistent across
different ACPs, is the one in which both
the FPM transfer is present, and the
municipalities are considered as one,
for tax purposes.

4. Concluding Considerations
and Further Development

sion-making strategies.

Making full use of the transversal
and economically integrated commuting demand embedded in the
model, considering that families
are mobile and geocoded and that
workers move employment among
firms and that commuting is already computed within the model.
Make full use of all the data generated, especially real estate housing
data, agents, families, firms, population dynamics, and municipalities.
In addition, deeper testing and empirically detailing of taxes analysis
and trickle effects within municipalities.
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Abstract
A complexity theory of power combines power theory and complexity theory in an effort to develop a framework for the empirical
analysis of political power conflicts. The proposed theory correlates
the power to dominate (Dahl, 1957; Lukes, 1974) with disorganized complexity (Weaver, 1948) and the power to collaborate (Arendt, 1969, 1986; Parsons, 1963) with self-organized complexity.
In this view, power exercised by one party to dominate another is
a disorganizing process and power exercised by different parties
to collaborate with one another is a self-organizing process. This
perspective makes it possible to interpret a wide variety of power
conflicts as instances of political complexity. Empirical examples of
power clashes I touch upon here include a mugging, struggles over
the expansion and contraction of suffrage in the United States, the
Montgomery bus boycott, the authoritarian breakdown of democratic regimes, and transitions from authoritarian to more open
political systems.
Keywords: political complexity, self-organization, complexity theory, power theory, authoritarian, democratic, domination, collaboration, equilibrium, nonequilibrium
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Una teoría de la complejidad del poder
Resumen
Una teoría de la complejidad del poder combina la teoría del poder y la teoría de la complejidad en un esfuerzo por desarrollar un
marco para el análisis empírico de los conflictos del poder político. La teoría propuesta correlaciona el poder de dominar (Dahl,
1957; Lukes, 1974) con la complejidad desorganizada (Weaver,
1948) y el poder de colaborar (Arendt, 1969; Parsons, 1963) con
una complejidad autoorganizada. Desde este punto de vista, el
poder ejercido por una de las partes para dominar a otra es un
proceso desorganizador y el poder ejercido por las diferentes partes para colaborar entre sí es un proceso de autoorganización.
Esta perspectiva hace posible interpretar una amplia variedad de
conflictos de poder como ejemplos de complejidad política. Los
casos empíricos de choques de poder que menciono aquí incluyen un atraco, luchas por la expansión y contracción del sufragio en los Estados Unidos, el boicot a los autobuses de Montgomery, el colapso autoritario de los regímenes democráticos y las
transiciones de sistemas políticos autoritarios a más abiertos.
Palabras clave: teoría del poder, complejidad, conflictos de poder,
teoría de la complejidad del poder

关乎权力的复杂性理论
摘要
权力的复杂性理论结合了权力理论和复杂性理论，它致力提
出一项框架，用于政治权利冲突的实证分析。该理论显示了
使用无组织复杂性（Weaver, 1948）的主导权（Dahl, 1957;
Lukes, 1974）、和使用自组织复杂性的合作权之间的联系。
依据此观点，使用权力主导另一方的党派被视为一个无组织
的过程，而使用权力进行合作的党派被视为自组织过程。该
观点使得将一系列权利冲突诠释为政治复杂性一事成为可
能。笔者论及的权利冲突实证案例包括：行凶抢劫、美国投
票权扩大和缩减的斗争、联合抵制蒙哥马利公车运动、专制
32

A Complexity Theory of Power

政权对民主制度的瓦解、以及从专制体系到更加开放的政治
体系的转变。
关键词：权力理论，复杂性，权力冲突，权力的复杂性理论

Introduction

something exercised over others or with
others. Is it a matter of domination or
collaboration? In the former, sometimes referred to as “power-over,” party
A exercises power over party B in one
manner or another. Dahl suggests, for
example, that “A has power over B to the
extent that he can get B to do something
that B would not otherwise do” (1957,
pp. 202–203). Similarly, Lukes proposes that “A exercises power over B when
A affects B in a manner contrary to B's
interests” (1974, p. 30). In the latter,
sometimes called “power-with,” parties
A and B exercise power in a cooperative manner.1 Such collaborative power
has been defined by Arendt as “the human ability not just to act but to act in
concert” (Arendt, 1969, 1986, p. 64) and
by Talcott Parsons as “the capacity of a
social system to mobilize resources to
attain collective goals.”2

A

complexity theory of power
combines power theory and
complexity theory in an effort
to develop a framework for the empirical analysis of social and political power
conflicts. The task of bringing views of
power and complexity together on the
same analytical terrain needs to start
with the acknowledgment that clear
definitions of these concepts have eluded analysts. There is, as Steven Lukes
put it, “an endemic variety of concepts
of power” (1977, p. 5). And the Santa Fe
Institute’s Melanie Mitchell notes that
“... neither a single science of complexity nor a single complexity theory exists
yet” (2009, p. 14). So, any attempt to develop these concepts whether separately or in tandem must start by selecting
certain approaches over others.

This essay favors broadening the
scope of power to include both powmong the many issues that have er-over and power-with, an approach
divided power theorists, one developed in some feminist theories
of the most fundamental has of power (e.g., Allen, 1998; Townsend,
been the question of whether power is Zapata, Rowlands, & Mercado, 1999).

Power

A
1

2

In order to sharpen the significance of the exercise of power-with as an essentially collaborative
process, an important qualification is needed. Collaboration often occurs for purposes ultimately
intended to exercise power over others. In this essay, all references to the exercise of power-with are
intended to denote processes whose end-purpose is cooperative, what might be called “power-withnot-over.”
Quoted by J. Habermas in “Hannah Arendt’s Communications Concept of Power” in Lukes, 1974,
p. 76.
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Although dynamics of collaboration
and domination are clearly distinct and
require different analytical strategies,
depicting them as competing categories
of power cuts short some lines of inquiry. If, for example, the exercise of power
always refers to A exercising power over
B, it is not possible to explain instances
in which B exercises power—as, for example, when B becomes democratically
empowered. And the power to dominate or coerce becomes an oxymoron
for those who would make collaboration the exclusive domain of power.
In order to fashion a broader
focus on power, it is useful to view all
power-related phenomena on a continuum or spectrum ranging from domination-oriented to collaboration-oriented processes. Such a continuum
accounts not only for both oppressive
and collaborative processes per se but
for transitions from one end of the
power spectrum to another, whether
from powerlessness to democratic empowerment (i.e., democratization) or
from democratic openness to authoritarian closure (the breakdown of democratic regimes). Along this continuum,
many of the classical views of power become properties rather than definitions
of power.

of discussing the merits of and issues
posed by the varied views of complexity
theory in this short space, I will go directly to an approach I believe to be the
most promising for fusing complexity
and power theory and address, in that
context, some differences over how to
define complexity.
Complexity theory incorporates
a scientific revolution in physics which
involves the clash of diametrically opposed views of order and disorder (Figure 1).3 In the traditional Newtonian
view, the view of classical physics, order is based on equilibrium. From a
complexity perspective, however, order
emerges out of far from equilibrium
conditions. Fritjof Capra put it this way:
This new perception of order
and disorder represents an inversion of traditional scientific
views. According to the classical
view ... order is associated with
equilibrium .... In the new science of complexity ... , we learn
that nonequilibrium is a source
of order .... In living systems the
order arising from nonequilibrium is far more evident, being
manifest in the richness, diversity, and beauty of life all around
us. Throughout the living world
chaos is transformed into order
(1996, p. 190).

Complexity

A

s with efforts to understand
power, attempts to cast light on
the nature of complexity raise a
host of contentious questions. Instead

3

That is, order has polar opposite meanings depending on whether it is associated with equilibrium or nonequilibrium.

Useful insights can be gained by distinguishing order from organization and disorder from disorganization. See, for example, Morin’s discussion on how organization emerges from the interplay of
order and disorder (1977, pp. 132–133). At the high level of generality of this essay, however, I am
using “order” interchangeably with “organization” and “disorder” with “disorganization.”
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Figure 1. Clashing views of physical order and disorder.

The first level, problems of simplicity, corresponds with the largely
two-variable problems characteristic of
Newtonian science and for which Newton needed to invent calculus. In Newton’s so-called clockwork universe, nature is a machine, operating perfectly,
a deus ex machina following absolutely
certain laws. In this realm, disorder and
uncertainty are anomalies. In an order
that is perfect, there can be no disorder.
Where certainty is absolute, there can
be no uncertainty.

Each of these conflicting views
of order has a corresponding view of
disorder and these views are also diametrically opposed to one another. In
the mechanical view, nonequilibrium
is a source of disorder. In the complex
view, disorder is associated with equilibrium.
The complexity view of nature
effectively turns the tables on mechanistic Newtonian science.
We can situate complexity within
this framework using the three levels of
complexity identified by mathematician
Warren Weaver (1948) in his seminal
essay “Science and Complexity.” Weaver identified three successively more
complex levels of problems: problems
of simplicity, problems of disorganized
complexity, and problems of organized
complexity. Each level corresponds to a
new stage in the history of science and
each requires a new type of mathematics.

By the end of the last century,
pioneers like Boltzmann and Gibbs realized that, in order to analyze millions
or billions of variables (as with, say, the
particles in a ball of steam), absolute
certainty would have to be abandoned
in favor of a probabilistic, statistical
approach. Such phenomena, distributed in “in a helter-skelter, that is to say
a disorganized, way” (Weaver, 1948,
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pp. 537–538) represented what Weaver
called problems of disorganized complexity. For these purposes, the calculus of Newtonian mechanics gave way
to the probability-oriented statistical
mechanics of closed system thermodynamics, challenging in the process the
absolute claims of Newtonian science.
As Jacob Bronowski put it “One aim of
the physical sciences has been to give an
exact picture of the material world. One
achievement of physics in the twentieth century has been to prove that that
aim is unattainable” (1973, p. 353). This
break with an absolutely certain and
perfect natural order represents one of
the great reality breakthroughs of science. In this view of reality, disorder
and uncertainty can never be eliminated; they can only be reduced.

facturers, or a racial minority?” For
these kind of phenomena, neither minimal-variable nor statistical techniques
apply (1948, pp. 539–540).
Some novel patterns that were
just beginning to come into view when
Weaver was writing in 1948 have since
become clear. The complexity Weaver
called “organized” is now more commonly referred to as “self-organized.”
The new math needed to analyze organized complexity is nonlinear.
While Weaver clearly associated
disorganized complexity with the statistical mechanics of closed thermodynamic systems, his essay contains no
hints of the developments in thermodynamics that would soon revolutionize the study of organized complexity,
namely the use of nonlinear mathematics to understand open thermodynamic systems. Notable among physical
scientists who have advanced this area
of inquiry was Ilya Prigogine (1996).
In awarding Prigogine its 1977 Chemistry Prize, the Nobel Prize committee
noted that Prigogine’s thermodynamics
offered ways to bridge the physical and
social sciences.4 Prigogine identified a
self-organizing dynamic in seemingly inanimate matter that has inspired
novel ways of comprehending self-development processes in living systems.
Coupled with the dynamics of closed
thermodynamic systems, such an approach offers new ways of modeling
opening and closure processes that can
be tested not only at physical levels but
at the levels of human social systems.

Missing in this picture was what
Weaver called problems of organized
complexity. He defined these as “problems which involve dealing simultaneously with a sizable number of factors
which are interrelated into an organic
whole” (1948, p. 539, italics in original). Such problems, touched in one
way or another by the wild card of life,
introduced elements not only of the
improbable but of the unpredictable,
something beyond the comfort zone of
scientists just beginning to master the
realm of the probable. And patterns of
human organization posed these problems like none other. “How” he asked
“can one explain the behavior pattern
of an organized group of persons such
as a labor union, or a group of manu4

“Thus Prigogine’s researches into irreversible thermodynamics have fundamentally transformed
and revitalized the science, given it a new relevance and created theories to bridge the gaps between
chemical, biological and social scientific fields of inquiry” (Nobel Prize Award Committee, 1977)..
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Prigogine’s core concept, the dissipative structure, has become widely
used in complexity theory. Dissipative
structures are open far from equilibrium thermodynamic systems with
both opening and closing potential.
Importing energy from and dissipating
waste into their environments, they are
self-organized in the sense that they can
persist or maintain themselves in a dynamic state of equilibrium for extended
periods. In the face of structural crises,
resulting from stressful interactions of
internal and environmental processes,
such systems reach bifurcation points
whereupon they may evolve into more
complex, more self-organized structures or break down through thermodynamic closure, diminishing in
self-organization and complexity.

absolutely certain and perfect universe.
About every organized complex system,
one needs to ask “How disorganized is
it?” About any system’s organized complexity, one needs to ascertain its degree
of disorganization. Any complex system
is in this sense a marble cake of organization and disorganization, a view that
permeates Morin’s pioneering work on
complexity (1977).

Another great advance in twentieth-century physical science that inspires some currents of complexity
theory is Claude Shannon’s information theory (Morin, 1977, pp. 291–312;
Shannon & Weaver, 1949, 1998). The
question of information theory’s relationship to thermodynamics is debated
but made unavoidable by the curious
fact that it measures uncertainty with
Some question whether Weav- the very same mathematical formuer’s notion of disorganized complexi- la that closed system thermodynamty has withstood the test of time. That ics uses to measure entropy. It defines
complexity might ever be disorganized information as the reduction in unclashes with the view that ties com- certainty, the reduction in entropy, or
plexity exclusively to the emergence of negative entropy. Mathematically, it is
greater organization.
physics’ entropy with a negative sign in
Whether or not a definition of front of it.
complexity needs to incorporate “disorThese chameleon-like shifts from
ganized complexity” is a debate worth one apparent meaning to another have
having. But the argument in this essay made information theory a source of
does not rise or fall on how this issue many analogies, some relating to orgets resolved so long as a substantive der and disorder (or organization and
focus on disorganization remains. The disorganization). For example, Norbert
fact that organization emerges out of Wiener observed that, “Just as entropy is
disorganization makes the concept of a measure of disorganization, the infordisorganization an indispensable part mation carried by a set of messages is a
of complexity theory.
measure of organization” (1950, p. 31).
One of the issues that inextricably Information theory also offers an entrée
ties organization with disorganization into notions of freedom of choice. As
is complexity’s historic break with an Warren Weaver noted, “ ... information
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is a measure of one’s freedom of choice
The mathematical views of enwhen one selects a message” (Shannon tropy and negative entropy help define a
& Weaver, 1949, 1998, p. 9).
probability boundary that distinguishes
Combining these analogies, we open from closed systems. To one side
may assert another possibility, that or- of the boundary, phenomena exhibitganization is a function of freedom of ing greater probability, increasing dischoice and disorganization is a func- organization and diminishing choice
tion denial of choice. This is suggested indicate entropic closure. To the other
by one of the classic insights of infor- side, phenomena exhibiting decreasing
mation theory. It stems from consid- probability, greater self-organization,
ering the difference between the single and enhanced choice indicate negenpossible outcome of a two-headed coin tropic opening.
toss and the two possible outcomes of
a regular coin toss. Because the choice
presented by the two-headed coin is a
foregone conclusion, it really poses no
choice at all. A two-headed toss provides no news, no information. A regular coin toss, on the other hand, creates
uncertainty. It presents a choice. The result of the toss makes news. It produces
information.

A Complexity Theory of Power

A

complexity theory of power
combines power theory and
complexity theory in an effort
to develop a framework for the empirical analysis of political power conflicts.
Briefly, the proposed theory correlates
the power to dominate (Dahl, 1957;
Lukes, 1974) with disorganized comPlugging the number of possible plexity (Weaver, 1948) and the power
outcomes into Shannon’s mathematical to collaborate (Arendt, 1969, 1986; Parmeasure of information, the logarithm sons, 1963) with self-organized comfor the two-headed toss, log (1) to any plexity. In this view, power exercised by
power, always equals 0. The logarithm one party to dominate another is a disfor the regular coin, log (2) to any pow- organizing process and power exercised
er, always has some value greater than by different parties to collaborate with
one another is a self-organizing process.
zero.
This perspective makes it possible to interpret a wide variety of power conflicts as instances of political
complexity. These processes can occur
across scale. Whether at the level of interpersonal, national, or global politics,
self-organizing is a democratizing process through which the disorganizing
effects of domination and authoritarianism can be countered and overcome.
And, of course, in a complex world, the

Or, viewing information as a
measure of organization as Norbert
Weiner (1950) suggested, the regular
toss, because it presents us with some
choice, measures some organization.
The absence of choice posed by the
single possible outcome, on the other
hand, measures zero organization. This
has political (albeit analogical) implications—to be made explicit later and
tested with empirical examples.
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How then build an analytical
fact we are capable of achieving greater
political self-organization is no guaran- framework for this purpose? First, let’s
tee that we actually will.
make political order and disorder anaIn order to make a formal prop- logues of physical order and disorder.
osition about a complexity theory of Such analogies between the physical and
political may be made explicit simply by
power, here are two hypotheses.
inserting the word “political” into the
First, power exercised as the
framework. This poses the question of
choice of one person or group imposed
whether or not these conflicting views
on another is homologous to the equiof physical order and disorder can offer
librium-oriented process of increasing
insights into similarly conflicting views
entropy in a closed thermodynamic
of political order and disorder and their
system. Power exercised to dominate
associations with equilibrium or nonothers has a disorganizing effect on
equilibrium.
human relationships in the sense that
This anchors each view of politdisempowering actions directed at B by
A have disorganizing consequences for ical order and disorder to its distance
B. In this view, the chief consequence from equilibrium. Politically, it suggests
of authoritarian political systems is the an inversion of the meanings of order
and disorder similar to what occurs
disorganization of political life.
with the conflicting physical views of
Second, power exercised as muorder and disorder. In this schema, a
tual choice not ultimately imposed on
complexity perspective associates poothers—or power exercised with not
litical disorder with equilibrium, the
over others—is homologous to the proinverse of the mechanical correlation
cess of self-organizing in an open, far
with nonequilibrium; a complexity apfrom equilibrium thermodynamic sysproach to political order similarly turns
tem. From this perspective, the primary
a mechanistic approach on its head
consequence of democratizing political
systems is a greater degree of self-orga- by correlating it with nonequilibrium
rather than equilibrium.
nization.
A framework for analysis of empirical instances of this type of power
conflict begins to emerge when we map
to this schema the hybrid power-over/
power-with approach to power. This approach places clashing perspectives over
what constitutes order and disorder at
the core of power conflicts (Figure 2).

This theory can be refuted by
demonstrating that political power is
merely analogous and therefore not homologous to physical processes in the
manner suggested. By the same token,
if, after rigorous testing with empirical
data, such comparisons between the
physical and political resonate with an
explanatory power extending beyond
mere analogies, then the hypotheses
may stand, subject to further review
and testing.

From the mechanical perspective, the viewpoint of the party imposing power emerges. It is a mechanistic
ideology of order and disorder. From
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Figure 2. A complexity theory of power.

the viewpoint of A resulting in what
Paulo Freire called “a culture of silence”
(Freire, 1972). When, however, B calls
the inequity of the situation into question, A’s imposition of power comes to
be viewed as the inverse of an orderly
process. It is incapacitating and disorganizing. While the order produced
by imposed power is quite real, it is a
mechanistic human order. It mechanizes human relationships. It is degrading,
much as Frederick Douglass suggested
when speaking of “the blighting and
dehumanizing effects of slavery” (2008,
p. 29). Equilibrium instead of being a
condition of political order is a source
of political disorder.

A’s point of view, order ensues as long
as B responds obediently and without
question. Power imposed achieves a
very real equilibrium-oriented order.

As in the Newtonian schema,
absolute certainty is the premise upon
which A claims to have unquestionable authority. The mechanistic order
is backed by an absolute moral certitude about its legitimacy, one that fuels
intolerance of dissent. As John Stuart
Mill wrote “To refuse a hearing to an
opinion, because they are sure that it is
false, is to assume that their certainty is
the same thing as absolute certainty. All
silencing of discussion is an assumption of infallibility” (Mill, 1859, 1975,
p. 24, italics in the original). Dissent is
From this perspective, the absocrushed in the interest of “truths” that lute approach to certainty becomes a
rise above questioning.
liability. “There is no absolute knowlSuch power regimes may persist edge,” Bronowski warned. “And those
for lengthy periods. B may internalize who claim it, whether they are scientists
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or dogmatists, open the door to tragedy” (1973, p. 353). It leads to a thermodynamic-like closure whose enforced
conformity only succeeds in draining
the life from political life, moving it
toward a stifling predictability, an entropic-like process of the increasingly
probable. As mathematician Robert
Marks noted,

disorder are anomalies. Unquestioning obedience is the norm. In the eyes
of A—the party imposing power—any
display of nonconformity on the part
of B is an expression of anarchy or
chaos. It produces social and political
disorder. It introduces nonequilibrium. Dissent, questioning, or any other
challenge to the megamechanical order
disrupts equilibrium. As the mere part
of a machine, B cannot exhibit activity
of any sort; autonomous action by B is
intolerable. For a machine part to exercise freedom of choice is intolerable.
The Greek root of the word choice is
αἵρεσις or heresy. Choice as heresy lies
at the core of the ideology of mechanized human order. As Adam Pzerworski has noted, “Under authoritarianism,
there is no choice” (Pzerworski, 2003,
p. 266). In a realm of absolute certainty,
the mere exercise of choice, the recognition of uncertainty, the act of questioning signifies insubordination and
chaos. For A to question in a climate
intolerant of questioning is to risk engagement with the enforcers of conformity and perhaps with violent forces
of repression. For A, the restoration of
order requires some way of neutralizing any who dare question. (In China,
one of the favorite terms of the Chinese
Communist Party is a surrogate for the
word order, namely harmony. Bloggers
in China who fall victim to censorship
speak of being “harmonized.”)

Social repression, under whatever slogan, is social inefficiency,
an inhibition of feedback, disruption in the communication
net. A self-steering system that
blocks its internal information,
its capacity for the nursing of
novelty and innovation, loses its
ability to meet new situations
successfully. It diminishes in intelligence. It foredooms its strivings toward attainable goals in a
universe of change. And it ends
like the societies of the Mayans
and the Medes, in probable extinction. This is not a prophecy,
but a probability statement. It is
statistical mechanics applied to a
social net (Marks, 1964, p. 277).

Although claiming that extinction is the probable result of social repression is an overstatement, the more
interesting claim here is that statistical
mechanics, the mathematics of closed
thermodynamic systems, is well applied
to human society when describing reA’s mechanical view of political
pressive policies. It is a direct assertion order and political disorder fits what
that the oppressive exercise of power might be called a human mechanization
has an entropic-like effect.
model. In the eyes of A, order persists if
In the perfect absolutely cer- B, like a cog in a machine, conforms to
tain Newtonian order, uncertainty and the wishes of A. In A’s view, failure by B
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Figure 3. A political complexity model.

Democratization in this view is
a path of political growth that complements growth in the physical or natural
world. As such, it holds lessons for how
we approach nature. As Capra notes,

to conform is to sabotage the machine.
Inasmuch as the effect of pursuing these
ideals of order and disorder is to move
the system so governed toward equilibrium, toward the probable, toward the
entropic, the entire human mechanization model is best situated within the
domain of equilibrium-oriented order
or disorganized complexity (Figure 3).

Instead of being a machine, nature at large turns out to be more
like human nature—unpredictable, sensitive to the surrounding
world, influenced by small fluctuations. Accordingly, the appropriate way of approaching nature
to learn about her complexity
and beauty is not through domination and control, but through
respect, cooperation and dialogue (1996, p. 193).

Democratization occurs when
party B successfully contests the inequality resulting from power imposed
by A on B. Such a development is typically preceded by a far from equilibrium
bifurcation crisis—here interpreted as a
power restructuring crisis. If B succeeds
in exercising power on equal terms with
A, in overcoming the domination of A,
an enhanced state of self-organization
is achieved. Such transformation from
the mechanistic exercise of power by A
over B to the mutual and collaborative
exercise of power by A and B mirrors
self-organizing patterns in nature.

For A (humanity) to exercise power over B (nature) is a course
fraught with peril. The very conditions
of life on earth are at stake in eschewing
the conquest of nature and fully engaging in nature’s dance of self-organization.
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A Complexity Theory
of Power Applied

a sleepy side street of the Upper West
Side of New York City in my normal
carefree “far from equilibrium mode of
self-organization.” The mugger jumped
out from behind a parked car, flashed a
knife in my face, and demanded money. This action suddenly thrust me
into a mechanical, equilibrium-oriented power relationship. One moment I
was free to move as I wished; the next
I was stopped dead in my tracks, not
permitted to take another step. And I
had become the mugger’s ATM. Like an
ATM, I was expected not to question or
talk back but to simply hand over some
money. In the eyes of the mugger, my
obedience was essential to keeping this
mechanical order intact or in a state
of equilibrium. From my perspective,
however, the inverse was happening. To
be forced into the mugger’s clockwork
universe was to experience not order
but disorder or disorganization. I was

P

ower dynamics cut across scale.
A and B could be contesting nations, groups in a workplace conflict, or any two people involved in a
personal interaction. Here are several
examples that give a sense of what happens when we test this framework with
empirical data.

Example 1: Getting Mugged
As we walk the streets where we live, if
we are fortunate not to live amidst violence, we may feel a seamless freedom
roaming where we wish. But all that can
change on a dime.
Consider an instance of getting
mugged (Figure 4). I’ve been mugged
once in my life. (That it has only been
once I am grateful). I was strolling down

Figure 4. A political complexity example: getting mugged.
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sis that pitted an absolute, closed system against a new order of inclusion.
As each new order emerged, it persisted for many years in a state of dynamic
equilibrium, eventually becoming the
old order to be challenged by new forces of inclusion. Each franchise system
had its own ideology of inclusion and
exclusion (Figure 5).

being incapacitated. I could disobey
and throw the mugger’s design into a
state of disorder, into disequilibrium. If
I was successful in foiling his plan, we
would be equal partners in power. But I
was afraid. I felt the paralyzing fear that
often occurs with the threat of violence.
My will gave way to what Hannah Arendt referred to as “... the ‘unquestioning obedience’ that an act of violence
can exact—the obedience every criminal can count on when he snatches my
pocketbook with the help of a knife
or robs a bank with the help of a gun”
(1969, 1986, p. 63). The knife in my
face had the intended effect. I obeyed.
I handed over whatever money I had in
my pocket.

The electoral system established
in 1789 by the Constitution gave eligible
voters an unprecedented influence in
the selection of a chief executive, even if
that influence was indirect through an
Electoral College. It produced partisan
competition and, worldwide, marked
the birth of modern political parties.
But the vote was restricted to white male
property owners. The ideology of exclusion was Locke’s notion of “life, liberty
and property.” Men without property,
the logic went, had insufficient responsibility to be trusted with the vote. It
was an absolute line. Men thus excluded
saw this as an injustice, an imposition
of power, a type of disorder. Under the
banner of “Universal Manhood Suffrage,” a bifurcation crisis, a restructuring process occurred. It included major
conflicts such as the Dorr Rebellion in
Rhode Island in which disenfranchised
state militiamen attacked the state arsenal. The following year Rhode Island
amended its constitution to enfranchise
all free men, regardless of race. In 1856,
North Carolina became the last state
to drop the property qualification for
white male voters.

Example 2: Suffrage Expansion
and Contraction in the United
States
A historical sequence that lends itself
well to the proposed bifurcation model of democratization is the politics of
expansion and contraction of suffrage
in U.S. presidential elections since the
country’s founding. The original U.S.
electorate was made up largely of white
males with property. Over time, legal
voting eligibility expanded to include,
successively, all white males, black
males (the 15th constitutional amendment in 1870), women (the 19th amendment in 1920), and adults 18 and over
(the 26th amendment in 1971). In practice, these efforts to create a more open
and inclusive electorate very often have
been hampered by voting restrictions at
state and local levels.

The racist ideology of white superiority caused the all male voter regime to persist as a closed system excluding, outside of New England, most

Each new system emerged out of
a far from equilibrium bifurcation cri44
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Figure 5. A political complexity example: suffrage expansion
and contraction in the United States.

free black males from voting. The Civil
War, ultimately understood as an attack
on slavery, was a most violent bifurcation crisis. It laid grounds for opening
this system constitutionally in 1870.
But, soon after the post-war “Black
Renaissance” (in which the first blacks
were elected to the U.S. Congress), closure and disenfranchisement set in.
Almost a century later, when the black
Civil Rights Movement created a bifurcation crisis all along the color line
that defined the boundary of a racially
closed system, significant reopening
occurred. The 1965 Voting Rights Act
provided legal activists with tools to dismantle the most egregious mechanisms
of black voter exclusion and empower
blacks as voters.

lying the persistence and equilibrium
of the exclusively male voting regime
until 1920. Violators of this absolutism,
the generators of nonequilibrium and
a bifurcation crisis, included Susan B.
Anthony who was arrested for voting in
a presidential election in 1872 and the
likes of Alice Paul who engaged in a civil disobedience campaign leading up to
the 19th amendment.
Another closed suffrage system
formed around the premise that anyone
under 21 years of age was not mature
and responsible enough to have the
right to vote. This presumption came
under attack during the Vietnam War
when 44% of the more than 58,000
American war casualties were under 21
years old.5 Denunciation that someone
could die for their country but not be
permitted to vote prompted another bi-

The ideology of male superiority
served as the absolute doctrine under5

Percentage calculated using table data listed in “American Casualties by Age Group” in “Vietnam
War Casualties (1955–1975).” Accessed July 8, 2018 at https://www.militaryfactory.com/vietnam/
casualties.asp.
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point would have to stand in spite of
any empty seats remaining in that row.
If, on the other hand, blacks filled up
the last empty row and a white rider got
on the bus, all blacks in that row had to
vacate their seats to let the white rider
sit down. This was the circumstance on
At each step in the expansion of December 1, 1955, when Rosa Parks
the suffrage, resistance formed to an defied this practice.
The behavior dictated by the Jim
old closed equilibrium-oriented order
defending an ideology of exclusion. Crow culture on public buses shared
The agitators pried the system open the mechanistic dynamics of Newby generating nonequilibrium. But the tonian order in several respects. For
exclusiveness of the newly inclusive whites who believed in their racial susystem was made more apparent over periority over blacks, the inequality evtime by new contenders for inclusion. ident in this machine-like protocol reEach franchise expansion constituted flected an unquestionable natural order
a broader, more diverse, more complex of things. It was a genuine type of order
but a mechanistic one. Its participants,
electoral system.
like parts of a machine, had to follow
Example 3: The Montgomery
a strict, ritual-like script. The premise
of absolute certainty characteristic of
Bus Boycott
During the Jim Crow era, blacks in the mechanical model was embodied
places like Montgomery, Alabama, had in Jim Crow’s ideology of white superito give up their seats on public buses to ority. For A, crossing the color line was
whites if all other seats were occupied. tantamount to violating deeply held reThe Jim Crow method for seating on ligious beliefs. For B, under the threat
public transit in Montgomery followed of violence for any insubordination,
a strict racial protocol, the inequality mechanical obedience and conformity
evident as whites filled buses up front became the norm. As long as all parties
to back and blacks filling them back obeyed the strictures of Jim Crow, the
to front. Blacks had to pay in the front mechanical equilibrium prevailed (Figof the bus then get out and reenter the ure 6).
furcation or power restructuring crisis
over the scope of the franchise. In 1971,
the 26th amendment to the constitution
relaxed the boundary of the system, so
that all citizens from 18 to 20 years old
became eligible to vote in presidential
elections.

For blacks who had come to deplore racial segregation, the bus ritual
was a degrading experience. The Jim
Crow equilibrium was the inverse of order; it was a type of disorder, one that, by
denying choice, produced a type of disorganization. Automatically assigning
a contested seat to a white and forcing

bus through a back door. The inequality evident in this ritual came into even
sharper relief when only one row remained empty. If at that point a white
rider got on the bus and occupied one
of the seats in the empty row, the entire row became a row for whites only.
A black rider entering the bus at that
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Figure 6. A political complexity example: Montgomery bus boycott.

a black to stand was like the two-headed coin toss—it raised no uncertainty,
it presented no choice, and it reflected
zero organization. On that day in 1955,
when Rosa Parks stayed put instead of
giving her seat up to a white passenger,
she was exposing and calling attention
to equilibrium-oriented disorder. At the
same time, she introduced uncertainty
into a climate of absolute certainty, exercising choice where there had been
none, defying the absolute, unquestionable megamechanical order of Jim Crow.
In mechanistic terms, she had become a
source of far from equilibrium disorder,
triggering, of course, the punitive forces aimed at the restoration of Jim Crow
order. What else was there to do but to
arrest her and book her as a criminal in
the local police station?

er restructuring crisis whose outcome
was to open and socially democratize
a closed system. Anyone who enters a
public bus in Montgomery today will, I
trust, find that seating arrangements are
racially equitable and self-organized.
With equally exercised power, the question of, say, whether a white person or a
black person will get the last empty seat
on the bus poses real uncertainty and
real freedom of choice regarding a resolution. And, like a regular coin toss, the
resolution measures a certain degree of
organization.

Example 4: System Transitions as
Probability Crossings

The military overthrow of democratically elected civilian regimes, as occurred in many Latin American counFrom a complexity perspective, tries from the 1960s into the 1980s, can
the year-long bus boycott by blacks that be described in terms of probability
followed created a bifurcation or pow- transitions, or the crossing of probabil47
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Figure 7. A political complexity example: breakdown of democratic regimes
and transitions from authoritarian rule.

became subject to one or another form
of censorship. In complexity terms, the
transition from tolerance to intolerance
Chilean society, for example, crossed a of the improbable is analogous to the
political probability boundary from the shift from an open far from equilibrium
improbable to the probable as a result thermodynamic system to a closed equiof the 1973 military coup. Draconian librium-oriented system (McCullough,
measures of political repression insti- 1977, 8-9).
Brazilian society crossed a simituted after the coup created a climate
of fear in which political expression be- lar probability boundary with the milicame highly probable relative to what tary overthrow of civilian government
it had been prior to the coup. This was in 1964, a process that became even
evident throughout Chilean society, more striking when military hardlinparticularly in the media and the arts. ers staged a “coup within the coup” in
Newspapers and publishing houses of December 1968, several weeks after
political opponents were closed down. I arrived with the Peace Corps for a
Books seized in military raids on book- stay that would last almost three years.
stores, libraries, and private residences During that time, the military regime
were burned in public. Many people regularly produced and displayed proeven destroyed their own books for paganda posters all around the counfear of being caught with them. News- try. One of these, I recall, was a simple
papers, books, magazines, TV, radio, poster of the Brazilian flag—but it had
plays, movies, songs, and even poetry one tiny change to the national motto
ity boundaries—as can the transitions
back from authoritarian rule to more
open political systems (Figure 7).
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Brazil under military rule offers
abundant examples of the disorganizing
function of authoritarianism through
denial of choice, whether in terms of
banning elections or suppressing organized political activity.

“Ordem e Progresso” which means “Order and Progress.” There was an inflection over the “e” thereby changing the
“and” to an “is.” It read “Ordem é Progresso” meaning “Order is Progress.”
For the military rulers, order was
not a mere motto; it was an ideology.
Anyone who lived in Brazil at the time
can vouch to the monotonous regularity with which the regime publicly portrayed itself as a champion of “order”
that had rescued the country from “chaos.” And the political order that the dictatorship produced during its 21 years
in power was a very real and tangible
type of order—but only by mechanistic,
equilibrium-oriented standards. The
sources of chaos, the disequilibrators,
in this clockwork universe were many—
the voters not considered “responsible
enough” to elect presidents and the editors, students, academics, artists, labor
leaders, and politicians whose exercise
of free expression threatened system
equilibrium in the eyes of the military.
Suspension of elections, censorship,
prohibiting labor strikes, canceling citizenship rights of selected individuals for
10 years (cassação), arbitrary arrest, and
the systematic use of torture of political
opponents were kind of tools needed by
the military to chase after its particular
Holy Grail of order and equilibrium.
From a complexity perspective, however, these measures removed the heart
of political life. Their chief effect was to
keep citizens disorganized or to disorganize the political system. The political
repression effectively pushed the system
toward an equilibrium-oriented thermodynamic-like state of closure.

Consider the situation of the
Brazilian electorate during the 21-year
reign of the military dictatorship. There
were six presidents during that time,
all Army generals, all dictated by the
Armed Forces, none of whom ever had
to face voters in an election. It was as if
the military Joints Chiefs of Staff in the
United States suspended elections and
took it upon themselves the power to
appoint the president. For Brazilian voters, it was in other words, a no-choice
choice—just like a series of two-headed
coin tosses. By analogy, we can say that
the imposed choice reflected a state of
political disorganization, whereas the
national elections that have been held
since 1985 in the country reflect some
state of political organization. This certainly makes sense if we think concretely about the organization of Brazil’s
electorate. A national electorate which
has no choice to make, nothing to do
for 21 years, clearly lacks organization.
It is incapacitated. An electorate, on the
other hand, which has elections to participate in and actually votes in those
elections, clearly, by comparison, possesses some qualities of organization.
The analogy applies equally as
well to more particular sectors of Brazilian society during that were at the time
similarly “disorganized” and to various
degrees politically incapacitated by the
dictatorship—the mass media which
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openings to far from equilibrium climates, friendly to uncertainty or questioning and favorable to “improbables”
like censor-free daily news stories. The
aberturas that have managed to persist were bifurcation crises resulting in
relatively greater degrees of political
self-organization systemwide.

often had to face police censors in editorial rooms (some offending newspapers were forced to pay the salary of the
censors), artists whose songs or works
in other media were banned, students
whose organizations were made illegal,
labor organizers whose activities were
criminalized and so forth.

The term “opening” was widely used to describe transitions in re- Conclusion
cent decades away from authoritarian
n setting forth his views on probrule toward more democratic political
lems of organized complexity in
systems in Latin America and other
1948, Weaver issued an urgent call
regions. Over the course of these tranto the scientific community.
sitions, there were many short-lived
openings commonly referred to as abThese new problems, and the
erturas in Portuguese or aperturas in
future of the world depends on
Spanish. These aberturas took place in
many of them, require science to
Brazil on several occasions when milmake a third great advance, an
itary softliners gained the upperhand
advance that must be even greaton hardliners and announced the reer than the nineteenth century
laxation of repressive measures like
conquest of problems of simplicpress censorship. Amidst such abertuity or the twentieth century vicras, there was a tangible sense of relief
tory over problems of disorgaamong journalists, a feeling of being
nized complexity. Science must,
freed from asphyxiating conditions,
over the next 50 years, learn to
like coming up for breath after being
deal with these problems of orgaforcibly pushed under water. But when
nized complexity (1948, p. 540)
media outlets tested the military’s lib... A revolutionary advance must
erality, publishing, for example, articles
be made in our understanding of
about the torture of political prisoners,
economic and political factors
the censors returned.
(1948, p. 544).
Within the proposed schema,
Learning to deal with organized
these politically repressed systems were
thermodynamic-like closed systems, complexity is, in other words, not merepressed toward an asphyxiating equi- ly a new line of investigation open to relibrium-oriented probability, closed to searchers; it is a requirement for taking
uncertainty recognition (i.e., political a historic next step in the advance of
questioning). The political aberturas or science, an advance that, among other
aperturas—which eventually became things, needs to revolutionize our unsystemic—were thermodynamic-like derstanding of economics and politics.

I
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the long view of evolution about how
growth occurs in nature. As theoretical
biologist Stuart Kauffman notes “... the
emerging sciences of complexity ... offer
fresh support for the idea of a pluralistic
democratic society, providing evidence
that it is not merely a human creation
but part of the natural order of things”
(1995 p. 5). Viewed in this context,
democratization is a form of political
development that reflects self-development patterns in the natural world.
A physically-integrated view of politics that aligns the human passion for
freedom with the indeterminism at the
heart of matter can hopefully set us on
the path to building genuinely self-organizing social, political and economic
structures. In learning how to exercise
power with, not over, others, we can integrate ourselves with the self-organizing pulse of nature.

But now, well beyond Weaver’s 50-year deadline, it is clear we are
still far from ushering in the new era
of science Weaver hoped for, especially in realms of human complexity like
economics and politics. A major stumbling block has been the epistemological divide separating the physical and
human sciences. This essay has proposed a complexity theory of power as
one tool to assist in bridging this divide.
Drawing analogies between political
phenomena and complexity-informed
physical processes, this theory builds
a political complexity lens with which
to view social and political power conflicts. Turning the lens on four empirical instances of power conflicts, it postulates that clashing views of political
order (Figure 2) are not merely analogous but homologous to clashing views
of physical order (Figure 1). In this
view, power imposed through a mugging, racial segregation, or the dictates
of military rule reveals a unique type of
physical disorganization. By contrast,
the mutual exercise of power resulting
in expansion of the suffrage or racial
desegregation generates a unique type
of physical organization. Although the
four examples presented here in no way
prove these homologous connections, I
submit that the relatively good analytical fit provided by the proposed framework makes such ties plausible enough
to merit further testing.
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Abstract
Computational tools have already shown their benefit to aid foreign policy and the social sciences in everything from data analysis to modeling. Unlike the multitude of other disciplines which
rely on computation to aid them, however, social science has never
developed a repository of algorithms to share across their disciplines. “Mesa Packages” is a nascent attempt to create a repository
of algorithms social scientists can employ to create rigorous and insightful models of complex systems. An exhibition of the inaugural
algorithm, the bilateral Shapley value (BSV), as applied to the ongoing Libyan conflict provides a detailed example of the benefits of
computational tools. The results provide insights into the situation
in Libya as well as possible implications for foreign intervention.
As the BSV is one approach among many, a rich repository of social science algorithms may prove invaluable to foreign policy and
social science advancement.
Keywords: Libya, intervention, foreign policy, analysis, agentbased models, computation
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Integrando herramientas computacionales
a la política exterior: Presentando paquetes
mesa con un algoritmo de coalición
Resumen
Las herramientas computacionales ya han mostrado su beneficio para la política exterior de la ayuda y las ciencias sociales en
todo, desde el análisis de datos al modelado. Sin embargo, a pesar
de la multitud de otras disciplinas que dependen de la computación para asistirles, las ciencias sociales nunca han desarrollado un
repositorio de algoritmos para compartir en todas las disciplinas.
Los “paquetes Mesa” son un intento nuevo de crear un repositorio de algoritmos que los científicos sociales pueden emplear para
crear modelos rigurosos e informativos de los sistemas complejos.
Una exhibición del algoritmo inaugural, el Bilateral Shapley Value,
como se aplica en el largo conflicto Libio, proporciona un ejemplo
detallado de los beneficios de las herramientas computacionales.
Los resultados proporcionan información de la situación en libia,
así como las posibles implicaciones para la intervención internacional. Ya que el Bilateral Shapley Value es un método de muchos,
un rico repositorio de algoritmos de ciencias sociales podría ser invaluable para la política pública y el avance de las ciencias sociales.
Palabras clave: Libia, intervención, política exterior, análisis, modelos basados en agentes, computación

将计算工具融入到外交政策：通过一
种联盟算法介绍Mesa Packages
摘要
从数据分析到建模，计算工具早已在帮助外交政策和社会科
学一事上发挥了作用。然而和许多其他依靠计算的学科所不
同的是，社会科学从未开发出一个用于在学科间进行共享的
算法库。“Mesa Packages”是一个还处于发展时期的举措，
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用于创造一个社会科学家能运用的算法库，从而创造严谨
且有深度的复杂系统模型。双边夏普利值（Bilateral Shapley
Value）是对上述初期算法的一种展示（该值被应用于不断攀
升的利比亚冲突）。它详尽体现了计算工具带来的好处。计
算结果对利比亚形势和外交干预的意义提出了见解。正如双
边夏普利值是众多措施中的一种，一个资源丰富的社会科学
算法库也可能对外交政策和社会科学进步产生宝贵价值。
关键词：利比亚，干预，外交政策，分析，基于主体建模，
计算

Computational Tools,
Mesa Packages and an
Inaugural Model

weather system.1 While data science
has rich libraries of open source code
which allows practitioners to employ
the wide diversity of artificial intellixperiences in the first 18 years of gence tools, combine them in novel
2
this century from Afghanistan ways or even submit improvements.
to the Arab Spring have shown The simple question this situation posthe daunting challenges facing for- es is why is there not a repository of
eign policy. Computational tools have social science algorithms researchers
the potential to mitigate some of these and practitioners can use to share their
challenges through the expanded use knowledge, aid reproducibility and
of data analysis but also through the build more robust models?
ability of modeling to recreate and ex“Mesa Packages” is a nascent
plore complex phenomenon in support effort to develop a repository of social
of policy development. Computational science algorithms to aid in policy demodels are already in use throughout velopment (Figure 1). Mesa Packages
the U.S. Government. However, social is based on the Python programming
science models are often proprietary or language and the agent-based model
custom developed by a team of experts (ABM) library, Mesa (Kazil & Masad,
and inaccessible to others in the field. 2018). Although the choice of language
This situation stands in sharp contrast is highly debatable, Python is arguably
with data science or even the climate the number one programming language
community. The climate communi- (Cass, 2017) and is a comparatively
ty has four coupled publicly available easy to learn object oriented language
models to explore the earth’s complex (Sonmez, 2017), an essential feature

E

1
2

The climate models are available at http://www.cesm.ucar.edu/models/ccsm4.0/.
AI libraries are too numerous to mention but two examples are SciKit Learn at http://scikit-learn.
org/stable/index.html and TensorFlow at https://www.tensorflow.org/.
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the BSV (Abdollahian, Zinig, & Nelson,
2013; Ketchpel, 1995). This algorithm is
from the field of coalition game theory and can be employed in any context
where individuals or groups may form
a coalition from voting to civil conflict.

for modeling. Critically, Python has a
rich ecosystem which includes highly
developed and wide ranging libraries.
This ecosystem will allow foreign policy practitioners to easily intertwine
tasks such as web scraping, geospatial
dynamics, data analysis and modeling
to address the unique complexities of
their situation and the available information. Mesa Packages is then intended
to further expand these capabilities by
providing a repository of social science
based algorithms.

A demonstration of Mesa Packages through the BSV then proceeds in
four parts. The second section provides
background by discussing why the focus on ABMs and a quick overview of
the ongoing conflict in Libya. The third
section uses Libya as an example to discuss the qualitative assessments and
explains the BSV algorithm. The fourth
section applies the BSV algorithm using
the Libya assessment and discusses the
verification, the results of the model,
and the validation of BSV as applied to
a real-world situation. The fifth section
is a discussion from two perspectives,
(1) the use of the BSV as an aid to foreign policy practitioners and (2) how to
expand and grow Mesa Packages.

To demonstrate how foreign policy professionals can employ computational tools and how Mesa Packages can
serve as a repository, this article conducts an exhibition of a foreign policy
model based on the question “What impact would a major foreign intervention
in Libya have on alliance formation?”
As the term major foreign intervention
is subjective, for this use it includes a
foreign military presence (e.g. U.S.,
E.U., Russia) as well as an influx of foreign aid, which would be comparable
to at least half of Libya’s gross domestic
product (GDP). This question is significant because the alliances and relative
strength of those alliances will shape
the conflict, its outcome, and the future path of Libya. This question is also
combinatorically intensive. The model
examines 128 tribes and assesses their
optimal alliance choices, dynamically.
As the tribes form alliances then their
preferences and power change causing
other tribes to reassess whether or not to
attempt an alliance. The core algorithm
is a specific instantiation of the Shapley
value, a widely applicable and well respected algorithm (Roth, 1988), called

Background
Why ABMs?
Mesa Packages was tied to an ABM approach for two reasons. First, ABMs are
able to look at entities within the foreign
phenomenon of interest. This allows the
policy practitioner to see how different
groups may react to different policy
choices. This provides greater understanding as the combination of agent
choices may produce unexpected emergent phenomenon which is counterproductive to policy goals. This knowledge
can then enable additional and targeted policy actions. Only ABMs take this
56

Figure 1: Mesa Packages Web Pages (left) Mesa Packages Repository Page https://github.com/projectmesa/mesa/wiki/Mesa-Packages
(right) Mesa Packages Tutorial Page http://mesa.readthedocs.io/en/latest/packages.html.
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practitioners. Despite the absence of
some of the features commonly seen in
ABMs, this model does meet the minimum criteria for an ABM model as
self-contained agents interact with other agents. This interaction changes their
attributes and viewpoints, which then
changes the nature of their future interactions (Gilbert & Troitzsch, 2005).
This dynamic produces bottom up phenomenon as local interactions produce
the emergent nature of the country.

bottom up approach while other model
approaches such as Systems Dynamics
and Microsimulation are top down to
varying degrees (Gilbert & Troitzsch,
2005). Second, ABMs scale more easily.
Agents can be individuals in a village or,
as in this model, groups within a nation.
It is also possible to link ABMs together to have hierarchies within a model
where individual dynamics can feed
group behavior, which in turn produce
a national emergent behavior (e.g. conflict, dictatorship, theocracy). Scaling is
crucial when trying to coordinate the
analysis of large diverse organizations
looking at the foreign population from
many different levels. ABMs were selected as the approach to enable computational support to foreign policy development because it provides greater insight
into choices of foreign entities and the
impact policy approaches may have on
those choices at numerous levels.

Libyan Civil War
To appreciate the potential of computational tools supporting foreign policy context is essential to both show an
example and validate the approach. To
demonstrate the real world applicability
of such an approach the BSV is applied
to recent events in Libya. The Arab
Spring, a series of popular uprisings
in Arab countries, began in Tunisia in
December 2010 and spread to Libya in
February 2011. In February, a popular
revolt started against Muammar Gaddafi’s despotic government, which had
been in place since 1969. Gaddafi responded by trying to violently suppress
the uprising. In March 2011, the United Nations voted for a no-fly zone over
Libya to protect civilians. The North
Atlantic Treaty Organization executed
the no-fly zone tipping the balance of
power against Gaddafi’s security apparatuses.

It is important to note that the
following demonstration does not have
many of the features seen in typical
ABMs such as time steps, although it is
possible to add these features. This was
done intentionally to create a malleable
building block which other models can
use through the Mesa Packages repository. The reason for this is the BSV and
coalition game theory does not specifically require ABMs. Coalition game
theory is concerned with the combinatorics of coalition formation (Yoav &
Leyton-Brown, 2009). The large numbers of groups and their possible alliances and compromises requires computation to explore these combinations
efficiently and ABMs as an abstraction,
arguably, make it more accessible to

By August 2011 Gaddafi’s rule
was effectively over as the General National Congress (GNC) took control
of the government from the National
Transition Council. On October 20,
58

Figure 2: Timeline of events in Libya. (Boduszyński, 2015; “Libya profile—Timeline—BBC News,” 2017)
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2011 Gaddafi was captured and then killed.
Libya continued the difficult process of forming a
new government, only to
erupt in a second phase
of civil war beginning in
2014. Elections in June
2014 resulted in a defeat
for the Islamist dominated
GNC, who refused to step
down. The elected House
of Representatives (HoR)
tried to assume control of
the government resulting
in conflict between these
two groups and their supporting militias. In addition, Islamic extremists,
such as Al-Qaeda and the
Islamic State, had taken
or took control of the cities of Sirte, Benghazi and
Derna. Through the resulting conflict the HoR
fled from Tripoli to Tobruk.
In January 2016,
the United Nations tried
to broker a peace agreement which produced the
Government of National Accord. The HoR and
GNC do not recognize
this new government although the international
community recognizes it
as the official government
of Libya. Since 2016 the
HoR, allied with General
Haftar who commands
the Libyan National
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Army (LNA), made steady progress
eastward from Tobruk fighting extremists in Benghazi and Derna as well as securing the major oil revenue pipelines
(Figure 2). As of this writing, the LNA
is stopped outside of Sirte, and major
push into Sirte would signify the beginning of a third phase of conflict between
the LNA and the powerful Misratan militias, who seized Sirte from extremists
in late 2016.

the BSV, to help guide their assessment
and analyze the situation.
As an example of the qualitative
assessment a practitioner may have to
do, trying to assess the impact of a foreign intervention on Libya coalition development then serves as a ready example. Libya has approximately 140 tribes
and although Gaddafi tried to eliminate
the tribes as a part of Libyan identity
they still offer a fair representation of
the different views of Libyan society
(Eriksson, 2016; Hatitah & Al-Awsat,
2011; Tempelhof & Omar, 2012). Based
on this information, the tribal level was
selected as the appropriate level of analysis. As there is no recent comprehensive study of Libyan tribes, I developed
a list of 128 groups through a variety
of studies. In addition, several studies
described local tribes and their dynamics during the civil war. These studies
did allow for a qualitative assessment
for several tribes in each of the major
regions of Libya (Boduszyński, 2015;
Cole & Mangan, 2016; Cole & McQuinn, 2015; Eriksson, 2016). A challenge arose when these tribal groups
and their estimated size were compared
with population estimates of Libya.
There are several areas, particularly in
the more densely populated west, for
which there was not detailed information. To account for these populations
I made inferences based on geographic
alignment and historic coalitions. I also
accounted for groups of people who are
not affiliated with any major tribe and
which are aligned with various ideologies in urban centers. This process gave
me a list of 128 groups.

Computational Model
Qualitative Assessment of
Libyan Groups
The demonstration model looks at
the Libyan civil conflict from the perspective of how foreign support could
influence the decision making of the
major tribes as they seek to maximize
their situation and shape the emerging
order. This approach is consistent with
civil wars as highly fluid situations of
changing coalitions and local fights,
where participants leverage the warring
factions for their own ends (Kalyvas,
2006). The challenge is there is little data
on how each Libyan perceives the situation, what emergent power structure
they may support, and under what conditions they will support different coalitions. As foreign policy assessments
must use the best information available
and infer many details, this qualitative
assessment represents the heavy-lifting required by foreign policy analysts.
Computational algorithms can then aid
this heavy-lifting by allowing these analysts to test their inferences by growing
the phenomenon in silico as well as providing access to rigorous tools, such as
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and civil war. Groups need economic
resources to distribute public and private goods (Bueno De Mesquita, Smith,
Siverson, & Morrow, 2003) and need
a monopoly of force to maintain their
power (Weber & Dreijmanis, 2008).
Economic resources were based on a
group’s geographic location and assessed access to major revenue sources
also on 100 point scale from 0.0 to 10.0.
Qaddafi had a large government which
by some estimates employed up to 80%
of the population (Elgazzar et al., 2015).
Post-Qaddafi Libya has two major revenues sources, trade between Europe
and Africa (much of it illicit) and oil
(Shaw & Mangan, 2014; U.S. Energy
Information Administration, 2016). An
assessment of the group’s access to trade
revenue and oil revenue accounting for
damaged infrastructure as of spring
2017 formed each group’s economic resources value.

Throughout the process of identifying the major groups, it was also
necessary to determine two attributes
for the BSV algorithm, preference and
power. For preference, this was the
group’s ideological affinity. This was
assessed using the ubiquitous one dimensional political spectrum prevalent
throughout modern politics and dating
back to the French revolution (Ferris,
2011). Ideological affinity was assessed
on a 100 point scale ranging from 0.0
to 10.0. A value of 0.0 represents an
ultra-nationalist who is secular and is
concerned for the stability of Libya even
if another dictator is in charge. A value
of 10.0 represents an Islamic extremist,
such as those embodied by the Islamic
State ideology. Based on the historical
background there were three points on
this spectrum which are representative
of the various competing ideologies.
First, an affinity score near 3.0 represents nationalists. Groups who had
more secular leanings and generally
looked to historical precedent to shape
their views of Libya’s future. Second,
6.0 represents fundamentalists. Groups
who wanted a more religious society
were closer to 6.0, with more fundamentalist groups that followed Salafist
traditions (Islamic tradition most closely associated with Saudi Arabia) had
higher scores closer to 7 or 8. Islamic
extremists, most closely associated with
zealots such as Al-Qaeda or the Islamic
State had scores at 9 and above.

For military capability, I was
unable to find detailed descriptions of
different militia organizations, military hardware (tanks, planes, etc.) and
leadership (ability to leverage these
resources and command a following)
which would be used for a traditional
military assessment. Therefore, each
group’s military capability value was
assessed based on demonstrated capability and known foreign support. For
example, Egypt provided air support
to LNA actions against extremists in
Derna and generally appears to proThe average of two other vari- vide minor military support to the LNA
ables, economic resources and military (“Egypt Launches Strikes in Libya after
capability, was used to assess a group’s Minya Attack | Egypt News | Al Jazeera”
power. The two variables were selected 2017; “Khalifa Haftar Forces Capture
based on research of political survival Key Libya Oil Terminals | Libya News |
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Figure 3: Flow diagram of computational model.
Al Jazeera” 2017). Military capability Formation. Due to the challenges of
was also assessed on a similar 100 point data these assessments can be subject to
scale.
intense discussion. This situation is the
A complete listing of all tribes, critical point, analysts regularly must
their affinity, military capability and make such assessments in data sparse
economic resources values are located environments. These assessments are
on this model’s GitHub page at https:// an immense challenge and the focus
github.com/tpike3/Libya-Coalition of much analytic effort. Computation62
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Figure 3 continued: Flow diagram of computational model.
al tools can then help analysts test and
explore their assessments supported by
rigorous theories.

(5) Output (Figure 3). The algorithm
can constitute the primary purpose of
the model as in the Libya case of this
paper or it can be instantiated at different points in a more complex model.
For example, agents dispersed geospatially may only assess their 30 nearest
neighbors to form groups of agents and
then those groups of agents may look

The BSV Algorithm
The BSV algorithm has five steps: (1)
Setup , (2) Coalition Formation, (3)
Form New Agent, (4) Check Coalition,
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at their 30 nearest neighbors and so on.
The BSV algorithm is a way to assess
the most beneficial coalitions in groups
of agents, and the size of those assessments can be tuned by the modeler
based on the context of their problem.

affinity value is normalized over the
range of inputs and stored as the agents
original preference value. The user
could also specify how agent attributes
combine to produce the power or preference variables. For the Libya example,
the military capability and economic
resource value are normalized over the
range of inputs and then averaged together to form the power value.

Setup
The first step determines the agent population for assessment and inputs the
compromise and marginal effectiveness
parameters. This could be done by either reading in a data file as in the Libya example or it could also be deciding
which agent should be included in the
algorithm using a nearest neighbor type
scenario as mentioned earlier. Each

Coalition Formation
Step two of the algorithm is to form coalitions. To do this, each pair of agents
(A, B) has an expected utility for forming an alliance. The expected utility is
calculated:

Where ε is the marginal effectiveness
parameter and v(AB) is the expected
utility of the relationship (Abdollahian

et al., 2013). The expected utility is then
used to calculate the BSV of the agent:

Where BSV(A) is the bilateral Shapley
value (BSV) for agent A. If the BSV for
both agents is higher than their own
power value then the BSV is stored as
a potential coalition. After all potential
coalitions are assessed then each agent
is paired with the best possible coalition
and a new agent is formed (Ketchpel,
1995).

Form New Agent
Step three forms a new agent based on
the pairwise coalition formation. This
requires calculating the new agents
power and preference attributes. The
new agent preference is calculated:

Where C is the new agent which has parts based on the compromise paramformed. Joining a coalition influences eter. The preference of the agents comthe preference value of its component ponent agents is updated by:
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Where γ is the inputted compromise group’s affinity values. The new power
parameter determining how much of this group is:
of an affect the new coalition has the

Where C represents the new agent’s
power and ε represents the marginal
effectiveness parameter. After the new
agents form, steps two and three repeat
themselves until no new coalitions are
formed.

ulation of agents which continue to take
action. The agents which emerge from
this process will then exist at two levels,
the coalition level, with each coalition
agent containing a power and preference values as well as the individual
agents within these coalitions with their
updated preference and values. The
BSV is available for incorporation in
ABMs and is available at https://github.
com/tpike3/bilateralshapley or can be
accessed through the Mesa Packages
Repository.

Check Coalition
In step four each agent reassesses whether they should remain based on the coalition agent’s changing preference and
power values as it formed coalitions
with more agents. Each agent in the
coalition and the coalition as an agent
computes (1) their expected utility and
(2) their respective BSV. If the value of
being in the coalition (BSV) is higher in
the coalition for both the coalition agent
and the individual agent, then the individual agent remains. Otherwise, the
individual agent removes itself from the
coalition agent and two new agents are
formed. The coalition without the group
and the group as an agent. The preference and power of the coalition agent
is recalculated using equations (3) and
(5), while the power of the departing
agent reverts to the original input. The
preference of the departing agent is not
recalculated as civil conflict has shown
that impact on ideologies continues to
remain even after groups are no longer
aligned (Malamud-Goti, 1996).

BSV Verification and
Libya Results
Verification
To ensure the algorithm was running as
intended I performed two verification
procedures with the Libya model to
provide a more robust context to assess
the algorithm. First, I tested each function as it was being built to ensure it behaved as expected and did not produce
any errors. Second, I inputted extreme
parameters to see if they produced the
expected results. This included inputting a marginal effectiveness parameter
of 1.0 and below. As expected, no agent
formed a coalition with any other agent
since there was no benefit. Similarly, I
inputted a marginal effectiveness parameter above 2.0. The expected result
from these inputs were the formation
of a grand coalition which contained all
agents (Yoav & Leyton-Brown, 2009).

Output
After this final step the modeler can
then save a data file or have a new pop65
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This algorithm successfully produced
this result. I also tested the compromise
parameter. If the compromise parameter was 1.0, the agents should all adopt
the preference of the coalition agent and
no agent should defect from the coalition. In addition, if the compromise parameter is 0.0 then no agent should alter their preference and there would be
defections. For both values the expected results occurred. To further test the
code, I also conducted these tests using
generic data over uniform and power
law distributions. In each case the expected result was produced. Although,
the BSV algorithm acted as expected,
the question remains, can it provide
useful insights to real-world problems?

A compromise parameter of 0.1 means
groups will alter their preference only
slightly when joining an alliance, while
a 1.0 compromise parameter means
they will alter their preferences to that
of the coalition. The marginal effectiveness parameter consisted of 15 values
ranging from 1.1 to 3.0. The marginal effectiveness parameter determines
how much additional benefit each coalition gets by working together.
The marginal effectiveness parameter had the most impact over a
small range. A marginal effectiveness
parameter from 1.1 to 1.6, while any
compromise parameter above 0.4 produced a significant increase in coalition
formation. A low compromise parameter of less than 0.3 combined with a
marginal effectiveness parameter between 1.1 and 1.4 shows the greatest
variability both in different numbers
of agent formations. The marginal effectiveness parameters of 1.2, 1.3, and
1.4 and compromise parameter of 0.1,
0.2, and 0.3 showed the most variation in the results. Figure 4 shows the
results of the three policy choices over
all parameter runs. As indicated in the
upper left quadrant, a marginal effectiveness parameter from 1.2 to 1.4 and
a compromise parameter from 0.1 to
0.3 produced results which were most
consistent with observations of Libyan
alliances.

Libya Results
The Libya model was run for 450 iterations which consisted of 150 runs over
varying parameters for three different
foreign policy options, (1) no support
or intervention, (2) massive support
to one nationalist group, (3) support
to three groups, nationalist, nationalist-fundamentalist, and fundamentalist.
Each of these three policy options was
run over a range of parameter inputs,
with greater focus on ranges which produced realistic results.

Impact of Parameter Variation
As noted in the third section, the algorithm has two parameters the compromise parameter and the marginal effectiveness parameter. The compromise
parameter determines how far agents
will alter their preferences when they
join a coalition. The model was run
with 10 values ranging from 0.1 to 1.0.

Parameter inputs of 1.1 for
marginal effectiveness and 0.1–0.3
showed the highest spread of groups
with roughly three fringe groups who
are non-allied groups on the extreme
(preference > 9.0 or < 1.0) and then two
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Figure 4: Plots of parameter impact on coalition formation (upper left) general description of results using no foreign support (upper right) coalition formation with
no foreign support (bottom left) coalition formation with support to one group
(bottom right) coalition formation with foreign support distributed to three groups.
Color was used to show relief in plot, but has no additional significance.

rameter was to bring fringe groups into
larger coalition formations.

to four medium sized groups spread
across the rest of the spectrum. A marginal effectiveness setting of 1.2 and a
compromise setting of 0.2 would result
in seven fringe groups and three large
groups, with a moderate affinity (0.56)
as the largest (48) and most powerful
(108.84). Increasing the compromise
parameter to 0.3 reduced the fringe
groups. The reduction of fringe groups
by increasing the compromise parameter also occurred with an increase in the
marginal effectiveness parameter, indicating the effect of the compromise pa-

Parameter variation also impacted the preference of the coalition
majority. The increase of the marginal
effectiveness parameter results in a majority of fundamentalists or nationalists
depending on the parameter. At a 1.3
marginal effectiveness parameter, the
fundamentalists have the majority and
at a 1.4 marginal effectiveness parameter the nationalists have a majority.
Based on these results additional runs
at value of 1.35 and 1.45 where con67
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Libya foreign military support fundamentally shifted the balance of power,
whether in the operations which defeated Gaddafi or in providing support to
defeat extremists in Sirte. Based on this
rough metric, substantial aid represents
nearly the entire economic power of the
country and military power represents
an unmatched capability being provided to various coalitions. To replicate
this overwhelming advantage, foreign
support was simulated as 99.0 for economic and military power.

ducted. The nationalist only obtained a
majority at 1.4 losing it again at 1.45. By
1.5, a near grand coalition was reached
where the ideology was centrist at a 0.56
preference and all but the fringe groups
were part of the coalition (as shown in
Figure 5). Runs at 1.25 and runs at 1.55
showed no significant change. These results are all under conditions of no foreign support.

No Foreign Support Results
A marginal effectiveness parameter of
1.3 and a compromise parameter of 0.1
arguably reflects the general situation of
Libya (Figure 5—upper left). A smaller nationalist coalition in the East and
larger more fundamentalist coalition
in the West with ultra-nationalist and
religious extremist groups. Critically,
minor variations in the marginal effectiveness parameter can change the balance of power from fundamentalist to
moderate, with differing minorities. As
will be discussed later in the Validation
section, the tribes which make up these
alliances do replicate known alliances
within existing Libyan coalitions.

For the support to one group, AlUbaidat, the most powerful nationalist
group received an economic and military boost to 99.0. The results of this
policy focus on the parameters which
appear closest to the Libyan situation
with no foreign support, a compromise
parameter of 0.1 and a marginal effectiveness parameter of 1.3, 1.4 and 1.5.
Similar to the no foreign support results, the results with foreign support
were highly sensitive to the parameters.
In each case foreign support was not
able to create a nationalist majority. The
best result was under a marginal effectiveness of 1.3 where the nationalist alliance increased from 32 tribes to 49 and
became slightly more moderate (Figure
6—upper left). This impact, however,
nearly reversed with a marginal effectiveness of 1.4. The results replicated no
foreign support parameters of compromise at 0.1 and marginal effectiveness
at 1.3 (Figure 5—upper left), but the
nationalist minority was reduced from
37 to 29 and much less powerful, while
the fundamentalist majority increased
from 83 tribes to 90, and gained power
(Figure 6—upper right). Increasing the

Impact of Foreign Support
To simulate possible impacts of foreign
support a substantial increase of power was provided to one group and then
three groups. U.S. support to Afghanistan served as a rough metric of substantial foreign aid. According to the world
bank the Afghanistan GDP in 2011 (the
peak of U.S. support) was 17.93 billion
dollars. U.S. foreign aid provided was 13
billion dollars (USAID, 2018). This does
not include military support which is
harder to measure quantitatively, but in
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Figure 5: Impact on the majority agent preference (ideology)
with a compromise parameter
of 0.1 and varying marginal effectiveness parameters. (top left)
Marginal effectiveness of 1.3,
more fundamentalist majority—0.65 preference. (top right)
Marginal effectiveness of 1.4,
more moderate majority—0.49
preference. (bottom left) Marginal effectiveness of 1.45, more
fundamentalist majority—0.71
preference. (bottom right) Marginal effectiveness of 1.5, moderate majority, near grand coalition—0.56 preference. Mean of
tribe size is the average number
of groups within the coalitions.
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Figure 6: Impact of a foreign
support (upper left) Major support (al-Ubaidat—red coalition)
to one group with a 0.1 compromise parameter and a 1.3 marginal effectiveness. (upper right)
Major support to one group (alUbaidat—red coalition) with a
compromise parameter of 0.1
and a marginal effectiveness of
1.4. (bottom left) Major support
to one group (al-Ubaidat—red
coalition) with a compromise parameter of 0.1 and a marginal effectiveness of 1.5. (bottom right)
Major support to three groups
with a compromise parameter of
0.1 and a marginal effectiveness
of 1.5. Mean of tribe size is the
average number of groups within
the coalitions.
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in the trading networks ally with the
more moderate majority. These results
are consistent with the Tuareg role as an
ethnic minority, who will opportunistically ally to serve their own purposes
(Cole & Mangan, 2016).

marginal effectiveness to 1.5, resulted
in two alliances of the same size (Figure
6—bottom left). Providing substantial
support to one nationalist group did
not create a moderate majority, but instead created a powerful minority or at
best a coalition of equal size, but with
much more power.

In Bani Walid, the model replicates the coalition choices of the feuding
Trying to mitigate a powerful na- five Warfalla sub-tribes (Sa’dat, Jmamtionalist minority the model then simu- la, Sabayi and two Mtarfa tribes). The
lated support to a nationalist minority as Mtarfa tribes align with the more exwell as two moderate tribes (Sadat and treme fundamentalists coalitions while
Awlad Sulaiman), dividing 99.0 military the Sa’dat, Jmala, and Sabayi align with
and economic support equally among more moderate nationalist or fundaall three. The result mainly mirrored mentalist configurations based on the
the results of no foreign support except changing situation (Cole, 2015; Cole &
with foreign support to three groups the Mangan, 2016).
marginal effectiveness needed to higher
In addition to replicating the
before the groups would compromise known agent level alliances, the model
and form a near grand coalition (Figure also replicates the macro level impact
5 bottom right, Figure 6 bottom right). of foreign intervention on coalition dySupporting multiple groups effectively namics. The impact of foreign aid to one
caused the same results as no support, major group (al-Ubaidat) stylistically
the marginal effectiveness needed to in- agrees with macro-level experiences
crease before the groups would form a in Afghanistan, where financial and
near grand coalition.
military aid to a specific group makes

them more powerful, but can decrease
the number of groups with whom they
are incentivized to ally while increasing
the number of groups in an adversarial
coalition (Kilcullen, 2010). This impact
provides further evidence that such a
policy may be counterproductive by
making a minority coalition against
whom a majority coalition forms. The
model also demonstrates the most effective policy may not be increasing
a group’s power, but instead increasing their marginal effectiveness. This
recommendation agrees with the civil
conflict literature (Galula, 2006; Kaly-

Validation
The results of the model were validated
in two ways. First, the model replicates
known alliances in different parts of
Libya. In Tobruk, Sa’ada tribes (which
includes the al-Ubaidat) have a coalition with the Murabitin tribes (which
includes Qunashat, Habun, Qutan and
Mnaffa). This coalition of major tribes
and sub-tribes is consistently replicated
in the model over numerous parameters. In Sabha, the model shows coalitions with Awlad Sulaiman and Masrata
tribes, while the Tuareq who are active
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vas, 2006; Kilcullen, 2010), but presents
challenges for practical policy implementation. Model validation occurs at
two levels, first on the replication of
known alliances at the agent level and
second on the macro level impact of
foreign aid to specific groups.

Discussion
Potential as a Tool for
Foreign Policy
The Libya exhibition provided a detailed
exploration of the numerous groups
whose emerging interdependencies will
shape the future of Libya. By examining how 128 different groups may react
to a large influx of outside support this
model assumed a fundamentally different perspective in which foreign actions
influence the inner workings, decisions
and evolution of the foreign population. Computing the optimal coalitions
of 128 groups, each examining every
other possibility as each new coalition
changes their preference and power is a
non-trivial task which is made efficient
through the aid of computation. As the
BSV algorithm can take different numbers of groups, from any population, in
any time period, the model offers much
greater flexibility in analyzing the formation of coalitions and what aspects
of the various groups affected those coalitions. This approach offers significant
new possibilities in which to explore
the dynamics of foreign populations.

first section and shown through the
Libya exhibition, it can be implemented
easily and is available through the Mesa
Packages repository.3 With this module, any analyst can quickly incorporate
it (assuming a basic knowledge of python). This allows the analyst to focus
on the challenge of understanding what
is happening in a foreign population
and not on the intricacies of coding. If
other algorithms from social science
were also readily accessible then analysts could combine them to create richer models able to explore a wider variety of phenomenon. For example, the
use of the BSV and conflict onset theory were combined to explore the impact
of climate variability and civil conflict
(Zinig & Zagorowski, 2017). This use
makes it similar to parametric machine
learning algorithms in wide spread use
today, but with the added advantage of
being able to take in qualitative as well
as quantitative assessments.

Future Research
Although the BSV algorithm can be
improved and is open for individuals
to submit issues or improvements, this
section will focus on a future path for
Mesa Packages. The first challenge is
getting individuals and research teams
to contribute. Two dynamics can help
incentivize contributions. First Mesa
Packages is a way to aid reproducibility. Sharing one’s algorithm will allow
others to use it in their research. Each
application of an algorithm to a data set
which produces the expected results,
will provide supporting evidence for the

Not only can the BSV algorithm
aid understanding, as discussed in the
3

A detailed description of the module and an example implementation is available at https://github.
com/tpike3/bilateralshapley/blob/master/README.md.
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theory embedded in the algorithm. Second, governments as a major research
funding source can require that critical
algorithms developed through research
are placed in such a repository. This will
have the direct benefit to the government of making the research it paid for
directly available to its practitioners.

rithms, practitioners will be able to employ them, this dynamic will essentially
turn the repository into a validating
entity. A validating repository offers the
potential for a new medium to transfer
knowledge to aid the advancement of
social science.

The challenge for Mesa Packages
is how to set up its infrastructure. This
challenge is itself a research project, but
an initial assessment would indicate at
least three needs. First, an easy-to-use
intuitive interface, so researchers can
find and present algorithms with little
upfront cost. Second, standardized requirements for linking into the repository, which include explanations of how
the algorithm works, the research on
which the algorithm is based and used,
and a licensing dynamic. The licensing
dynamic is critical to allow researchers
to benefit from their work while also
allowing others to employ and validate
it. Third, a requirement for individuals
employing algorithms to provide results, so evidence for or against an algorithm can be collected. The infrastructure for Mesa Packages is critical to its
success as an enabler for research.

D

Developing Mesa Packages into
an respected and widely used repository has the potential to be a paradigm
shifting event for social science. Such
a repository will reduce the obstacles
of knowledge transfer across the research and practitioner worlds. Instead
of trying to replicate what one reads,
researchers will be able to leverage the
same code across different research
questions. In addition, as more evidence gathers to support certain algo-

Conclusion

eveloping Mesa Packages as a
repository has the potential to
revolutionize how we understand and engage the world. The Libya
exhibition showed computational modeling of even one algorithm can replicate
aspects of real-world dynamic, which
can advise policy decisions. Extending
this capability, by creating a robust ecosystem of social science theories will
enable the creation of more complex
models and allow easier reproducibility. Such a repository will also provide
practitioners access to advanced and
rigorous theories. This enhanced reproducibility, exploration, and application
of different theories has the potential to
cause a paradigm shift as it will enhance
the search for unifying algorithmic theories that govern complex adaptive systems (Grimm et al., 2005).
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Abstract
This paper explores some of the factors that make complex systems complex. We first examine the history of complex systems. It
was Aristotle’s insight that how elements are joined together helps
determine the properties of the resulting whole. We find (a) that
scientific reductionism does not provide a sufficient explanation;
(b) that to understand complex systems, one must identify and
trace energy flows; and (c) that disproportionate causality, including global tipping points, are all around us. Disproportionate causality results from the wide availability of energy stores. We discuss
three categories of emergent phenomena—static, dynamic, and
adaptive—and recommend retiring the term emergent, except perhaps as a synonym for creative. Finally, we find that virtually all
communication is stigmergic.
Keywords: complex systems, reductionism, energy flows, tipping
points, emergence

In Memoriam
David Pines, co-founder of the Santa Fe Institute, passed away May 3,
2018. An obituary on the Santa Fe Institute website (2018a) describes him
as follows.
Pines was a longtime advocate for describing the properties of systems that arise from the behaviors of their underlying components
in terms of “emergence.”
He is best known for his contributions to understanding the phenomena that emerge from the complex interactions of the elementary constituents of matter.
Although I never met him, the numerous warm and admiring remembrances make it clear that Professor Pines made significant contributions
to many fields; his founding and continuing support of the Santa Fe Institute was just one of them. One can get a sense of him as a person from a
lecture he gave a year and a half before his death (Pines, 2016).
77
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In his honor, this paper includes a number of extracts from his work about
emergence. I don’t agree with everything he said, but I want to offer an
additional minor platform for his voice.

¿Qué hace que los sistemas
complejos sean complejos?
Resumen
Este documento explora algunos de los factores para hacer que los
sistemas complejos sean complejos. Primero examinamos la historia de los sistemas complejos. Según Aristóteles, la forma en que se
unen los elementos ayuda a determinar las propiedades del todo resultante. Encontramos (a) que el reduccionismo científico no proporciona una explicación suficiente; (b) que para comprender sistemas complejos, uno debe identificar y rastrear los flujos de energía;
y (c) esa causalidad desproporcionada, incluidos los puntos de inflexión a nivel mundial, nos rodean. La causalidad desproporcionada resulta de la amplia disponibilidad de tiendas de energía. Discutimos tres categorías de fenómenos emergentes-estáticos, dinámicos
y adaptativos-y recomendamos retirar el término emergente, excepto tal vez como sinónimo de creativo. Finalmente, encontramos que prácticamente todas las comunicaciones son estigmáticas.
Palabras clave: sistemas complejos, reduccionismo, flujos de energía, puntos de inflexión, emergencia

是什么让复杂系统变得复杂？
摘要
本文探索了一些使复杂系统变得复杂的因素。笔者首先检验
了复杂系统的历史。亚里士多德认为，各种因素的结合方
式帮助确定了起决定作用的因素的性质。笔者发现，（a）
科学还原论没有提供一个充足的解释；（b）为理解复杂系
统，则必须识别并追踪能量流；（c）不成比例的因果关
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系，包括全球临界点，都围绕在人们身边。不成比例的因果
关系是由能量储存的广泛可获得性所导致的。笔者探讨了突
发现象的三种类型——静态、动态和适应，并提出淘汰“突
发”这一术语，转而用创造性代替。笔者结论发现，几乎一
切沟通都具有共识主动性（ stigmergic）。
关键词：复杂系统，还原论，能量流，临界点，突现

1. Introduction

acterizes nearly all communication.
That section highlights the inevitable
early three and a half decades material traces associated with commuafter the founding of the Santa nication. Section 6 looks back over the
Fe Institute—year zero for the paper and offers a summary.
modern study of complex systems—
there is still no widely accepted defini- 2. A Brief History of the
tion of what a complex system is. Yet Idea of Complex Systems
interest in the field continues, as evidenced by the titles both of this journal Quite a few steps were required to flesh
and of the conference from which the out the idea of a complex system.
papers in this edition sprang. This pa2.1 Aristotle
per continues the exploration of what
makes complex systems complex. It Aristotle took one of the earliest. In the
begins with a brief history of complex Metaphysics (350 BCE), he asked what
systems—in Section 2—and then ex- it is about an integrated “whole,” what
amines three broad categories of factors we might call a system, that distinguishthat contribute to complexity. Section 3 es it from a pile of its parts. His answer
examines disproportionate causality— was that a whole consists of both matthe phenomenon that a spark can start ter and design, which he calls form. He
a fire. Examples include global (e.g., cli- said that the way a whole’s components
mate) tipping points, control systems, are organized and joined together conswitches, symbolic causes, and the pre- tributes both to its properties and to its
requisite to it all, available energy. Sec- persistence as a unified entity. Over the
tion 4 returns to what seems like a well- years, this has been compressed to the
worn area: emergence. It proposes three whole is more than the sum of its parts—
fairly clean-cut subcategories of emer- i.e., structure and design matter.
gence, static, dynamic, and adaptive,
Was this a new insight? Wheels
and concludes that adaptive emergence with axels were known for five millenis a synonym for the creative process. nia prior to Aristotle (see Gasser, 2003).
Section 5 suggests that stigmergy char- Wheels with axels certainly incorporate

N
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design features. And they have properagents. No mere summing up
ties their components lack individualof the separate actions of its elly. So the principle that design matters
ements will ever amount to the
was known—at least intuitively—long
action of the living body itself.
before Aristotle. Yet, an explosion of
Greek technology occurred in the cen- 2.3 British Emergentists
tury after Aristotle. Did Aristotle help In the early twentieth century, British
trigger it? I know of no research on that emergentists postulated that the world
question.
is divided into discrete strata ar2.2 Science, Reductionism, and
ranged in order of increasing ...
Anti-Reductionism
complexity. Fundamental physics is the base level, followed
One can trace the birth of modern sciby chemistry, biology, and psyence, and with it reductionism, to the
mid-sixteenth century. By the mid-sevchology (and possibly socioloenteenth century, Hooke (1665) expectgy). To each level corresponds a
ed the microscope to show us “all the sespecial science, whose task is to
cret workings of Nature [managed as if]
elucidate [the laws of] that level.
by Wheels, and Engines, and Springs.”
—O’Connor (2015)
Soon afterwards, Fontenelle (1686) exIn other words, nature builds uppressed the common view that “the universe is like a watch, only bigger.” Yet he wards by developing coherent and inwas skeptical (see letters, 1766) that the ternally consistent levels.
The emergentists picture of a
clockwork universe metaphor extended
to biology.
multi-layered world is more relevant
than they imagined. Computational
Suppose animals are machines.
systems are indeed developed along
When you put Monsieur Dog
these lines. The lowest level consists of
Machine and Mlle. Dog Machine
programs written in the language of the
together, soon you have litbare computer. Operating systems, e.g.,
tle Puppy Machines. But two
Window, Unix, MacOS, and higher levWatches might lie together all
el programming languages follow until
their lives without ever producwe reach user applications.
ing a puppy watch.
Modern technology also fits the
By the mid-nineteenth century, emergentist mold. The cell phone inMill (1843, Bk. III, Ch.6, §1) was more corporates devices that depend on an
direct.
enormous number of technologies.
A flaw in the emergentist vision is
The phenomena of life bear no
analogy to any of the effects that the levels are not a strict hierarchy.
produced by the components of For example, the bacterium Ideonella
the body considered as physical sakaiensis lives on Polyethylene tere80
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phthalate (PET), the primary material
used in the manufacture of single-use
plastic beverage bottles (Yoshida et al.,
2016).

the environment. Thus, living
systems, [maintain] themselves
in a steady state by the importation of materials rich in free
energy.

2.4 General System1 Theory,
Autopoiesis, and Dissipative
Structures

Arguably, von Bertalanffy was
the first to take the next step. He asked
what, if anything, do self-sustaining entities have in common? This led him to
General System Theory (1972).

Schrödinger (1944) and then Von Bertalanffy (1968) added another insight:
the importance of open systems and the
importation of energy.

Originally von Bertalanffy focused on biological systems. As early as
In What is life (1944) Schröding1928 he wrote,
er wrote the following.
Since the fundamental character
The device by which an organof the living thing is its organizaism maintains itself stationary at
tion, the customary investigation
a fairly high level of orderliness
of the single parts and processes
... consists in continually sucking
cannot provide a complete exorderliness from its environment.
planation of the vital phenomena. The chief task of biology
Von Bertalanffy (1968) elaboratmust be to discover the laws of
ed and extended this idea.
biological systems (at all levels of
Living systems are open systems,
organization).
maintaining themselves in exOne can characterize General
change of materials with enviSystem
Theory as an attempt to give
ronment, and in a continuous
building up and breaking down Aristotle’s notion of a form a scientific
footing. What organizing principles enof their components. ...
able systems to survive and function?
But in an open system, and esWork in the field blossomed after
pecially in a living organism, not
World War II. von Bertalanffy (1949–
only is there entropy production
1951) wrote that one must maintain a
owing to irreversible processes,
system-level view while not giving in to
but the organism feeds, to use
the mysticism of holism.
an expression of Schrödinger’s,
from negative entropy, importBiology, psychology, sociology
ing complex organic molecules,
and other sciences generally acusing their energy, and rendering
knowledge the central position of
back the simpler end products to
the concept of wholeness. What
1

One often sees both General System Theory and General Systems Theory. Von Bertalanffy favored
the singular, but he didn’t object to the plural.
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is meant by this concept is ininfer the properties of the whole.
In the face of complexity, an
dicated by expressions such as
in-principle reductionist may
system, gestalt, organism, interbe at the same time a pragmatic
action, the whole is more than
holist.
the sum of its parts, and the like.
These concepts have often been
Schrödinger (1944) asked about
misused and are of a vague and
linking physics and chemistry to biolsomewhat mystical character.
ogy.
General System Theory attempts
to formulate these concepts in an
Present-day physics and chemisexact language.
try cannot account for what happens within a living organism.
Soon, others began publishing in
All atoms are constantly in mothe field. Attempting to integrate genertion due to heat. Any lawfulness
al system theory with the then-popular
and orderliness that one might
quasi-discipline of cybernetics, Ashthink of is made inoperative by
by (1957), wrote:
the unceasing heat motion.
Cybernetics offers a method for
the scientific treatment of systems in which [a system’s very
complexity] is too important to
be ignored.

How much heat motion? Hoffmann (2012, p. 145) compares it to a car
in a windstorm.
Every molecular machine in
our bodies is hit by a fast-moving water molecule about every
10-13 seconds. [The] power input from the random pounding
of water molecules is a hundred
million times larger than the
power output of our machines!
[For a windstorm to have the
same effect on a car,] the storm
would need a wind speed of an
astounding seventy thousand
miles per hour!

Rapoport and Horvath (1959)
proposed the notion of “organized complexity,” situated between “organized
simplicity” and “chaotic complexity”—
anticipating the notion of complexity
as residing at the edge of chaos. Simon
(1962) proposed an early definition of
complex system.
A complex system consists of a
large number of parts that interact in a non-simple way. In such
systems, the whole is more than
the sum of the parts, not in an
ultimate, metaphysical sense, but
in the important pragmatic sense
that, given the properties of the
parts and the laws of their interaction, it is not a trivial matter to

To defend against such disorder,
biological organisms continually rebuild and repair themselves. In a review
of Maturana and Varela’s (1980) autopoiesis, Luisi (2003) argued that all biological organisms have “a semipermeable chemical boundary within which
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between “disorder” and “order”
is narrower than it was thought
before. Complexity is no longer limited to biology or human sciences: It is invading the
physical sciences and appears
deeply rooted in the laws of nature. The basic characteristics of
complexity are irreversibility and
stochasticity.

they are capable of self-maintenance
by self-generation of their components
from within.”
Although the term autopoiesis
has been dismissed as lacking scientific
rigor, it may be understood to refer to
such self-maintenance activities. Generalizing further, social systems—i.e.,
groupings of living organisms such as
families, packs, corporations, countries,
etc.—also hold themselves together.
For social systems autopoiesis may be
understood as self-maintenance within a self-created social boundary (Luisi, 2014). The boundary may consist of
means to determine whether an entity
belongs to an organization—e.g., distinctive markings or odor.

For a long time, the interest of
thermodynamics concentrated
on isolated systems at equilibrium. Today, interest has shifted
to non-equilibrium, to systems
interacting with their surroundings through an entropy flow.
This interaction means that we
are dealing with “embedded”
systems [such as] towns or living
systems, which can only survive
because of their embedding in
their environment.

Somewhat more controversially,
Prigogine developed and popularized
the notion of dissipative structures.
Typically, a dissipative structure develops in systems of partially constrained
materials through which energy is
pumped. Prigogine’s idea was that systems that remain in a steady state but
far from equilibrium develop internal
structures as a way to dissipate the energy that flows through them. His “Exploring Complexity” (1987) lays out his
overall perspective.

There is [a] basic difference with
classical mechanics in which the
world appears as a museum that
conserves everything, including
information. The world of thermodynamics is a world of processes, destroying and creating
information. Think of the evolution of temperature, the inhomogeneity of which disappears
without leaving any trace.

[We] are obliged to acknowledge the existence of stochastic
processes if we want to avoid the
paradox of referring the variety
Prigogine is known in some cirof natural phenomena to a procles
as
“the poet of thermodynamics.”
gram printed at the moment of
He was awarded the 1977 Nobel Prize
the Big Bang. ...
in Chemistry “for his contributions
It appears now that the gap be- to non-equilibrium thermodynamics,
tween “simple” and “complex,” particularly the theory of dissipative
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to import and use energy. Dissipative
structures make no such “choices.” Energy is pushed through them.

structures.” Yet Anderson and Stein
(1987) argue that
dissipative structures in real,
physical, open systems unconstrained by artificial boundaries
will be chaotic and unstable and
are not well suited for the production of stable emergent activity.

2.5 Agents and Evolutionary
Processes

The goal of understanding complex systems remained elusive. Little progress
was made until 1984 when the foundAnother concern is that biologi- ing of the Santa Fe Institute re-enercal organisms “choose” when and how gized the field (see German, 2018).

Figure 1. Frequency of appearance of complex adaptive system in published books.
The vertical axis shows the percentage of books in which the term appears—starting at 0%. The raw numbers are not of interest. What matters are the relative values.
The Ngram search looked for complex adaptive systems. The term complex system is
so generic that it appears in contexts that are not about the sorts of complex systems
we are discussing.

Figure 1 shows a Google Ngram
plot of the appearances of complex
adaptive system in published books. An
early peak appears two years after von
Bertalanffy’s summary work (1968) followed by a rebirth due to the Santa Fe
Institute (SFI). Ngram data goes only
through 2008. Manual searches suggest
that usage continued to grow through
2012 but has since declined.

interest in adaptation, and more generally in evolutionary processes. John
Holland’s genetic algorithm (1975,
1992) lays out a straightforward approach to applying the insights of evolution to a wide range of problems. The
genetic algorithm and its derivatives
have become widely-used approaches to problems with very large search
spaces, and Holland’s ideas were incorporated into the SFI view of complex
adaptive systems.

The Santa Fe Institute created an
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Viewing
complex
systems
through an evolutionary lens brings insight to phenomena that are otherwise
difficult to understand. Arthur explains
(2015a, 2015b) how an evolutionary
perspective changes the way one thinks
about economics.

always-defect is not an effective long
term strategy. The best feasible strategy
is for agents to cooperate with cooperating partners—even though there is no
mechanism for making promises about
future behavior.

The behaviors of individual agents produce system-level
patterns. The agents respond to
those patterns by altering their
individual behaviors. The altered
behaviors produce changed patterns, etc. We need to see social
and economic systems ... as a
web of incentives that always induce further behavior.

So far, we have seen complex systems
come into focus in a number of ways.

2.6 Review So Far

1. Aristotle observed that a system has
different properties from an aggregation of its components. This typically occurs when component organization makes a difference.
2. Mill and others observed that even
when components are put together
in well thought-out ways, it seems
unlikely that one can construct a
living system.

One of the best known agentbased example is Prisoner’s Dilemma.
Two agents chose, privately, whether
to cooperate with or to defect on each 3. The British emergentists suggested
other. The payoffs are so arranged that
thinking in terms of layers in which
mutual defection leads to meager but
higher levels are developed from elpositive results for both agents. Mutuements of lower levels.
al cooperation produces better results
for both agents. The catch is that if one 4. Schrödinger, von Bertalanffy, Maturana, and Prigogine observed that
agent cooperates and the other defects,
biological organisms—and hence
the cooperator does worse than mutual
complex systems in general—must
defection while the defector does better
be open to their surroundings. They
than mutual cooperation. In such an
import energy and materials and
environment defection is the only raexport waste energy and materials.
tional choice.
In what is known as Iterated 5. The Santa Fe Institute added a focus
Prisoner’s Dilemma, agents interact
on agents and adaptation. Systems
multiple times. The best possible result
consist of individual agents, each
would be achieved by an agent that reof which is capable of pursuing its
peatedly defects against a continually
own ends. The combination of these
cooperating partner. But in environindividual activities produces macments in which such “sucker” partners
ro-scale patterns. Agents may obare eliminated by evolutionary pressure,
serve the patterns they created and
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•

modify their behavior to achieve
better results. Such adaptations may
change the macro patterns, leading
to further adaptations, etc.
Even given these insights, most
complexity scholars agree that there is
no standard definition for a complex
system. But many mutually consistent
characterizations—if not definitions—
have been proposed. Recent characterizations follow Simon’s lead. A complex
system consists of:
•

large networks of components,
lacking central control, that give
rise to complex collective behavior
by following simple rules of operations.—Mitchell (2009)

•

many interacting parts whose collective behavior is more than the
sum of the individual behaviors.—
Newman (2011)

•

an ensemble of many elements,
which are interacting in a disordered way, resulting in robust organization and memory.—Ladyman,
Lambert, and Wiesner (2013)

•

•

a number of components that interact in such a way that it is difficult
to determine, ex ante, by simply
concentrating on the components,
what the aggregate behavior of the
overall system will be.—Axtell et al.
(2016)

systems in which many agents interact and adapt to one another
and their environments. These interactions and adaptations result
in evolutionary processes and often
surprising “emergent” behaviors at
the macro level.—Santa Fe Institute
website (2018b)

Common to the above is the
observation that when many elements
interact the result is often not easily
predictable. One contributing factor,
known as disproportionate causality,
involves situations in which a system’s
response to a stimulus dwarfs the stimulus itself. Section 3 explores this area.
Section 4 discusses emergence, interactions among many elements that produce macro patterns. Section 5 generalizes the notion of stigmergy, i.e.,
communication through traces left in
the environment. Each contributes to
complexity in its own way.

3. Disproportionate Causality

P

oli (2017) suggests a “golden
rule” for distinguishing between
(a) complex problems and systems and (b) problems and systems that
are merely complicated.
Complicated problems [and systems] originate from causes
that can be individually distinguished; ... for each input to the
system there is a proportionate
output. ... On the other hand,
complex problems and systems
result from networks of multiple interacting causes that
cannot be individually distinguished; ... small inputs may

many interacting parts that produce
collective behaviors that exceed and
even transcend the capabilities of
the constituents.—Center for the
Study of Complex Systems, U. Mich.
(2017)
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result in disproportionate effects.
[Emphasis added]

A direct tip occurs when a gradual change in the value of a variable leads to a [discontinuous]
jump in that same variable in the
future. A contextual tip occurs
when a gradual change in one
variable leads to a discontinuous
jump in another.

This section discusses three categories of disproportionate causality:
tipping points, switches, and symbolic
effects. It also discusses the enabling
mechanism: energy storage and accessibility.

The Fire Model (Wilensky, 1997)
packaged with NetLogo (Wilensky,
Lamberson and Page (2012) define a 1999) explores the effect of tree density
tipping point as “a discontinuity be- on the spread of fires. If a fire starts at
tween current and future states of a sys- the left edge of the forest (see Figure 2),
how much of the forest will it destroy?
tem.”

3.1 Macro Tipping Points

Figure 2. The NetLogo Fire Model.

The NetLogo Behavior Space exploration tool allows one to run a model with different values of the driving
variables—density in this case. When
applied to the Fire Model, the tool produced the results in Figure 2. There is a

contextual tipping point between density values 59 and 60.
Tipping points frequently mark
a boundary between attractor states.
The attractors in the fire model are
(a) the fire burns out relatively quickly
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should avoid disrupting it at all
costs.

and (b) the fire spreads to most of the
forest.

Climate change is pushing the
To conclude this section, I would
world toward a catastrophic tipping like to discuss a case in which the violapoint (Spooner, 2018).
tion of a tipping point was at least partThe [Atlantic meridional over- ly corrected. During the early-twentiturning circulation (AMOC)] is eth-century wolves were eliminated from
like a giant conveyor belt of wa- Yellowstone park. As reported by Kuhne
ter. It transports warm, salty wa- (2018) their disappearance allowed the
ter to the north Atlantic where it elk population to explode. Since elk
gets very cold and sinks. Once in browse on willows, the additional elk rethe deep ocean the water flows duced the number of willows, the food
back southwards and then all source for the beaver, causing those aniaround the world’s oceans. This mal to abandon smaller streams.
conveyor belt includes the Gulf
The loss of beaver ponds ...
Stream and is one of the most
lowered water tables and comimportant transporters of heat in
pressed the area of bare, moist
the climate system.
substrate needed for willow establishment. ... Thus, the loss of
Caesar, Rahmstorf, Robinson,
wolves ... caused multiple changFeulner, and Saba (2018) reports on rees in the ecosystem’s biological
cent findings.
and physical processes, creating
[The AMOC] is a highly nonan alternative state where herbalinear system with a critical
ceous vegetation dominated rithreshold. ... In recent years the
parian corridors, where willows
AMOC appears to have reached
were predominately sparse in
a record low, [an unprecedented
distribution and short in stature,
event in the past millennium]. ...
and where beaver, once abundant, were absent.—Marshall,
Continued global warming is
Thompson Hobbs, and Cooper
likely to further weaken the
(2013)
AMOC, via changes to the hydrological cycle, sea-ice loss,
In 1995 and 1996, 31 Canadian
and accelerated melting of the wolves were reintroduced to YellowGreenland Ice Sheet.
stone (Phillips & Smith, 1997). During
the following decade, the wolf populaRahmstorf, one of the investigators, explains the concern (Carrington, tion shot up to about 170 and then declined to about 100. During the same
2018).
period, the elk population declined
We don’t know where [the from about 19,000 to about 5,000. These
AMOC] tipping point is and are now stable and sustainable popu88
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lations (Smith et al., 2016). However,
the prior elimination of the wolves had
pushed the system into a different attractor, which turned out to be resilient
(strange use of that word in this context) to wolf restoration. Beavers have
not returned to their previous population level, and willows are not as tall as
they were before wolves were eliminated (Marshall et al., 2013). So this story
is only a partial success.

nature. Briefly, genes are sequences of
DNA that code (indirectly) for proteins.
To produce the protein associated with
a gene, RNA polymerase binds to the
DNA at a location known as a promoter, which is near the start of the gene.
It then transcribes the gene to produce
messenger-RNA (mRNA), which is decoded by ribosomes to produce the associated protein.

A control system allows one to
control the operation of a device or process through the expenditure of minimal amounts of energy. Think of a car
with power steering. Turn the steering
wheel, and the car changes direction.
Consider how much energy would be
required to change a car’s direction if
the only option were the application of
a force to one side or another. So a car
with power steering produces a significant effect with minimal causal input.

the switch to the on setting, and the light
goes on; turn it to the off setting, and
the light goes off. The amount of energy
required to move the switch from on to
off can be minimal. Yet the effect can be
arbitrarily large, depending on what the
switch controls. The switch is the prototypical example of disproportionate
causality.

Between each promoter and the
gene sits another sequence of DNA
3.2 Everyday Tipping Points:
known as an operator. When a represSwitches and Other Control
sor binds to an operator it blocks RNA
Mechanisms
polymerase from transcribing the geIf the tipping points discussed above netic DNA and switches off the producrepresent dramatic ecological transi- tion of the protein. This is a gene switch.
tions, the world familiar to most peoGene switches are vital to biologple includes many quotidian tipping ical organisms. They provide a means
points. The triggering of these familiar for organs to manufacture the proteins
tipping points is essential both to our needed for their own functioning and
survival as biological organisms and to make it possible for some cells to bethe smooth running of society. They all come eyes while others become feet.
reflect disproportionate causality. This
Perhaps an even more striking
section examines some familiar exam- example of disproportionate causality is
ples of disproportionate causality: con- the everyday switch. Imagine a switch
trol systems and switches.
that controls, say, an electric light. Turn

Of course switches are also important in another context: computing.
The transistor is essentially a switch.
In computing, switches matter not because of their disproportionality effect

Gene switches provide an interesting example of a control system in
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but because they can be organized to
control each other.

ing mechanism, a putative energy store
would release its energy spontaneously—and would not be a useful store.

3.3 Sources of Easily Accessible
Energy

In short, energy is received from
the sun and converted to more staSwitches involve two energy sources. ble forms for storage. Stored energy
One flips the switch; the other is the en- is accessed and released as needed for
ergy flow the switch controls. Switches life processes or for other uses such as
can exist only if there are such energy transportation, manufacturing, houseflows.
hold needs, computation, etc.
To explain energy flows, we start
We live in a world with myriad
with a brief overview of our planetary energy stores. Each biological organenergy flows. The earth as a whole is an ism, human beings included, is such a
open system. It receives energy from the store. Technology provides others such
sun. Most of the energy used on earth is as batteries and fuels.
solar energy captured via photosyntheThe existence of many energy
sis. The average rate of energy capture
by photosynthesis is about three times stores creates the possibility of chain
the power consumption of civilization. reactions. Explosion chain reactions
of are all too familiar—and we do our
Besides energy captured by phobest to protect against them. But we are
tosynthesis, we capture solar energy in
less successful controlling other chain
the form of wind energy, hydroelectric
reactions. Examples include a crowd
energy, and biomass energy. We also
becoming a mob, an online message
capture solar energy with solar technol“going viral,” a style becoming a fad, or
ogies. Non-solar energy sources include
public opinion swinging to a “stronggeothermal energy and wave and tidal
man” in response to a terrorist threat.
energy.
Governmental structures, such as a
Whatever its source, energy is constitution and separation of powers,
generally stored before it is used. Ener- help throttle such chain reactions. But
gy captured by photosynthesis is stored they do not always succeed. Systems
initially as glucose. Energy from other with many easily tapped stores of enersources is either already stored, e.g., as gy are of necessity less stable and more
fossil fuels, or is stored in other ways. complex.
To be useful, an energy store must release energy on demand. By definition, 3.4 Symbolic Causes and
an easily tapped store of energy can re- Autonomous Causality
lease more energy than is required to The preceding sections discussed distrigger it and represents potential dis- proportionate causality in situations in
proportionate causality.
which the cause was perhaps physically
quite small. This section explores symbolic causality.

Triggering mechanisms make energy stores possible. Without a trigger-
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symbol—e.g., a car’s driver attaches
a meaning to a traffic light’s color. To
connect a symbolic cause to a physical
effect requires an interpreter to transform a symbol into physical action.
The agent that responds to the symbol
determines the effect. I call this autonomous causation (Abbott, 2018).

Pearl (2000) and Woodward
(2003) independently defined what is
called interventionist causality, a formalization of the intuition that if wiggling X results in Y wiggling, then X has
a causal relationship to Y. Unlike physical causality (Dowe, 2000)—in which
a physical quantity, such as momentum, is transferred from cause to effect
(think one billiard ball hitting another)—interventionist causality does not
require such a transfer. Consider our
light switch example. The causal mechanism is clear—a switch controls an energy flow—but no physical quantity is
transmitted from the agent that flipped
the switch to the light.

Notice how extraordinary this is.
Laplace (1814) famously wrote (emphasis added),
The present state of the universe
is the effect of its past and the
cause of its future.

Laplace was talking about the laws
of physics. Laplacian causality leaves no
Symbolic causes are even further
room for symbolic causes: you don’t exremoved from direct physical causality.
pect a rock to respond to a traffic light.
A traffic light changing color causes cars
Instead of the laws of physics pushing
to start/stop. The color change is a symthe world around, autonomous agents
bolic cause.
“choose” how to respond to symbols.
Following are the primary propThis doesn’t negate the laws of
erties of symbols.
physics. It simply establishes two sourci. Symbols are abstract, and by defini- es of causation. For example, walking
tion, causally inefficacious (Rosen, uphill involves both the force of grav2014).
ity and a decision to walk against that
force. This sort of two-pronged causaliii. Symbols have no intrinsic prop- ty typifies autonomy.
erties. Interchanging symbols in a
Nor is it an argument for dualmathematical or logical argument
ism. It is a recognition that the forces at
has no formal consequences.
play in the informational world are typiii. A symbol’s only property is that it ically small compared to those at play in
can be distinguished from other the physical world.
symbols.
When a driver, human or autonomous,
sees a traffic light, she (it) conHow can an abstract and causally inefficacious symbol be a cause? A verts the photons to a symbol: RedLight
symbol produces an effect only when or GreenLight. She (it) responds to that
the element on the “effect side” of the symbol by pressing the brake or accelerrelationship attaches a meaning to the ator, which causes her (its) vehicle to act
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may be to predict the behavior of some
physical systems—because of chaos, attractors, tipping points, etc.—predicting the behavior of autonomous agents
is more difficult still. Systems that include interactions among autonomous
agents are often quite resistant to predictions about how they will play out.

in the world. In purely physical terms,
the photons from the light caused the
car to stop or go—an extreme case of
disproportionate causality.
Dual causality makes unraveling
the causes of an autonomous agents’ actions potentially quite difficult. What do
we know about how an agent will choose
to behave? In the case of human agents,
we may not know very much. A person’s
response to a symbol depends on both
her inborn decision-making processes
and how experience, including schooling, modified those decision-making
processes. Without a person’s history,
her response to a symbol may be undiscoverable except by giving her the symbol and watching what she does.

4. Emergence

S

o far we have examined the history
of complex systems and how disproportionate causality contributes to complexity. This section looks at
phenomena often labeled emergent.
There tend to be two lines of
thought about how broad a view to take
of emergence.

Notice how different this is from
physical causality. When one object
is struck by another, the struck object
receives transmitted momentum and
reacts as expected. It has no choice in
the matter. When an agent is “struck”
by a symbol it is up to the agent how
to respond. (Not stopping at a red light
has consequences, but it is still up to the
agent.)

4.1 Emergence Involves
Autonomous Agents
This perspective focuses on autonomous agents and their interactions.
Refer back to the characterizations of
complex systems at the end of Section
2. In those and similar examples, the
agents are typically either humans or
biological organisms—as, for example,
in flocking. They are considered autonomous because each agent determines
for itself how it will act. It makes that
determination based on its environment and on the actions of its neighbors. Autonomy is understood as the
ability of an agent to decide for itself
how to act: it is self-governing.

Even knowing an agent’s decision-making processes doesn’t necessarily mean that one knows how the
agent will behave. Consider AlphaGo,
the computer program that beat the
world Go champion (Moyer, 2016; Silver et al., 2016.) We know exactly how it
was programed, how it was trained, and
the process it uses to select a move. Yet
no one is able to predict its moves except by running the program. After all,
it picks better moves than anyone else.

4.2 Emergence Includes the
Interaction of Entities in Purely
Non-Symbolic Ways
An alternative is to take a broader view.
Recall the Santa Fe Institute obituary

The lesson is that difficult as it
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for David Pines. For Pines emergence
does not require autonomous agents.
Interacting elementary particles may
produce emergence. Pines (2014) elaborated his position.

roughly characterize the shared
meaning thus: emergent entities
(properties or substances) “arise”
out of more fundamental entities
and yet are “novel” or “irreducible” with respect to them.

When electrons or atoms or individuals or societies interact with
one another or their environment, the collective behavior of
the whole is different from that of
its parts. We call this resulting behavior emergent. Emergence thus
refers to collective phenomena
or behaviors in complex adaptive
systems that are not present in
their individual parts. [emphasis
added]

Anderson also takes a broad view
of emergence. In his celebrated “More is
Different” (1972), he applies the notion
of emergence, if not the word itself, to
elementary particles.
The behavior of large and complex aggregates of elementary
particles ... is not to be understood in terms of a simple extrapolation of the properties of
a few particles. Instead, at each
level of complexity, entirely new
properties appear. ... The whole
becomes not merely more, but
very different from the sum of its
parts. [emphasis added]

Examples of emergent behavior are everywhere, from birds
flocking, fireflies synchronizing,
ants colonizing, fish schooling,
individuals self-organizing into
neighborhoods in cities—all with
no leaders or central control—to
the Big Bang, the formation of galaxies and stars and planets, the
evolution of life on earth from
its origins until now, the folding of proteins, the assembly of
cells, the crystallization of atoms
in a liquid, the superconductivity
of electrons in some metals, the
changing global climate, or the
development of consciousness in
an infant. [emphasis added]

Also with elementary particles
in mind, Stein and Newman (2013) associate emergence with behaviors such
as phase transitions, which are not predictable at the level of individual particles. They note in addition that since
salt is not a complex system but does
exhibit this sort of abrupt phase transition, emergence is not confined to complex systems.

4.3 Reconciling These Perspectives

These perspectives can be reconciled
by generalizing the notion of autonomy. Barandiaran, Di Paolo, and Rohde
Emergence is a notorious philo- (2009) define agent in a way that allows
sophical term of art. ... We might a bacterium to be an agent.

O’Connor (2015) sketches a similarly broad position.

93

Journal on Policy and Complex Systems

The problem is that it must align with
the lower right top and anti-align with
the top at the upper left. But the tops at
the lower right and upper left must each
align with the top at the upper right,
which requires that they align with each
other. So this set of constraints cannot
I suggest a similar definition but all be satisfied at once. That’s true even
without the viability conditions. To ex- if some or all of the tops flip their spins.
plain, I’ll first present a cartoon version
How does this relate to autonof spin glasses (adapted from Stein and
omy?
Each
top is autonomous in the
Newman).
sense that it has a choice—in some
Imagine a surface in which tops
sense—about whether to spin clockwise
are fixed to the corners of a square. Each
or counter-clockwise.
top may set its spin to be either clockCertainly this is a minimal level
wise or counter-clockwise. In Figure 3,
of
autonomy.
But it’s not very different
three of the tops are spinning clockwise.
The spin of the fourth is shown as un- from the level of autonomy of flocking
known. If this were a simulation, each boids (Reynolds, 1987). Each boid has
top would be able to set (or reverse) its the ability to change its velocity by a
small amount at each time step. That
spin once each time step.
level of autonomy seems comparable to
the ability to flip one’s spin. So although
each top represents a relatively primitive physical entity, it has sufficient autonomy to adjust its coupling with its
environment.
An agent is an autonomous organization capable of adaptively
regulating its coupling with the
environment according to the
norms established by its own viability conditions.

The same holds for other examples in which interactions among
relatively elementary entities produce
emergent results. Although the entities
Figure 3. A cartoon spin glass example.
may be limited in their capabilities, each
Suppose the surface imposes couples with its environment according
constraints requiring some spins to to internal rules, which it follows indealign, indicated by the = sign, and some pendently. These internal self-directing
to be opposite each other, which I’ll call rules make these entities self-governanti-align, indicated by the ≠ sign. In ing, i.e., autonomous.
Figure 3, three of the spins (top left, top
Spin glasses are relevant to the
right, and bottom right) must align.
study of complex systems in that, among
other things, complex systems tend to
have partially incompatible constraints.
When a constraint prompts one ele-

Given these constraints, there is
no way for the lower left top to select a
spin that will satisfy all the constraints.
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include the transformation of sodium
and chlorine to salt (natural) and the
construction of most engineered artifacts (human). Static emergence tends
to occur over a defined and limited time
span, which is typically short compared
to the lifetime of the resulting product.
In most static emergent processes, our
interest centers on the products produced. For example, Markvicka, Bartlett, Huang, and Majidi (2018) report
on the development of self-healing
electronic materials.

ment to modify how it relates to its environment, that change may lead some
of its neighbors to change, which may
lead some of their neighbors to change,
etc., producing a cascade of changes
that may ripple across the entire system.
Effects of this sort appear in flocking.
When one boid changes course to avoid
an obstacle, others act in response, etc.
Such effects also appear in Schelling’s
famous segregation model (1971) and
elsewhere.
The conclusion is that autonomy
requires little beyond a certain level of
internally-driven rule-based behavior.
Complex interactions may occur when
even simple autonomous entities interact. With this broader view of autonomy, the two versions of emergence no
longer conflict.

In some important cases, though,
the focus is on energy. Static emergence
is usually exergonic: energy is released.
But photosynthesis, also a form of static emergence, is endergonic: energy is
captured. Two other energy-related
instances of static emergence are also
central to modern civilization. The energy that photosynthesis captures is
produced on the sun through hydrogen
fusion, a static emergent process which
converts hydrogen to helium. That conversion releases enormous amounts of
energy, which we experience as sunshine. Were it not for that static emergent solar process, photosynthesis
would have no energy to capture.

4.4 Static Emergence
Given Pines’ view of emergence—in
which every galaxy, every solar system, every chemical compound, every
biological organism, every ecological
system, every social organization, and
every engineered object is emergent—
does the term have any meaning left?
Abbott (2015) concluded that given its
burden of intellectual baggage there is
little reason to continue to use it. Yet,
the term retains a useful sense. To get
at it, this section and the following two
examine three categories of emergence:
static, dynamic, and adaptive.

A second class of exergonic static
emergent processes are those through
which we generate energy for ourselves:
nuclear fission and the combustion of
fossil fuels. In both cases, we are interested in the energy, but the (by-)
products create problems. Some of the
products of nuclear fission remain radioactive for many years. Combustion
of fossil fuels produces carbon dioxide,
which contributes to global warming.

Static emergence involves the
transformation of one or more physical
things into one or more products. Static
emergence occurs both in nature and
as a result of human effort. Examples
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A process may be exergonic
overall even though some of its products store energy. The sequence of reactions that converts ADP to ATP, life’s
energy currency, is exergonic. But ATP,
which results from adding a phosphate
group to ADP, has more energy than
the ADP and phosphate group from
which it is constructed. The additional
energy comes from glucose, which is
broken down. More energy is released
from glucose than is stored in ATP.

es, energy from the sun, but no materials, is imported. Biological examples include every biological organism as well
as biological collectives such as packs,
flocks, families, clans, ant and bee colonies, tribes, and ecologies.

Non-biological examples include
the earth’s weather system and its global
network of ocean currents. In these cas-

Electronic Frontier Foundation (EFF),
the Black Lives Matter Global Network,
and the Southern Policy Law Center),

One can construct an strikingly
long list of social examples. The conceptually simpler cases include geopolitical entities such as neighborhoods,
villages, towns, cities, countries, military and trade alliances (such as NATO
Static emergence produces many and NAFTA), and supra-national orgaimportant products: materials (old and nizations (such as the European Union,
new), chemical compounds (including the World Trade Alliance, the World
medicines), and engineered artifacts. It Court, and the United Nations).
also produces the energy that powers
Other familiar examples include
both life on earth and human civiliza- businesses, universities, academic orgation. In the bigger picture, static emer- nizations (such as the Computational
gence creates solar systems and galaxies Social Science Society of the Americas),
along with the heavier elements, which ongoing publications (ranging from
are produced in stars.
Paul Krugman’s regular column in the
I find it not useful to apply the New York Times to the Journal for Politerm emergence to these processes. cy and Complex Systems), and religious
They are fairly well understood and organizations (ranging from the local to
don’t need the mystification that the the transnational).
term emergence adds.
Other examples include clubs
(such as private golf clubs and bowling
4.5 Dynamic Emergence
leagues), online communities, and muDynamic emergence involves a con- sical groups (the Postmodern Jukebox
tinuing process that creates—and more to the Los Angeles Master Chorale).
importantly maintains—an ongoing
The political realm teems with
entity. Like static emergence, dynamic dynamically emergent entities: political
emergence occurs both in nature and parties, legislative caucuses (such as the
through human effort. Because main- House Climate Solutions Caucus and
tenance requires a continuing supply of the House Freedom Caucus), and poenergy and materials, dynamic emer- litical and social advocacy groups and
gence must involve open systems.
movements (such as the ACLU, The
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of ongoing processes, e.g., advances in
science. Adaptive emergent properties
and patterns are frequently fitness-enhancing in that they often increase the
relative fitness—or perceived relative
fitness—of the entities that adopt or develop them.

and lobbying associations (such as the
AARP, the Pharmaceutical Research
and Manufacturing Association, and
the National Rifle Association).
Still other groups include service organizations (such as the PTA,
Planned Parenthood, Doctors without
Borders, and the League of Women
Voters), and mutual support and educational organizations (such as Alcoholics
anonymous, the American Association
of Individual Investors, and the National Alliance on Mental Illness).

Climate change is a non-biological example of adaptive emergence. It
consists of recognizable patterns of meteorological changes that have arisen in
response to changes in the earth’s surface and atmosphere. Climate change
does not enhance the “fitness” of the
climate.

As the preceding suggest, dynamically emergent entities play significant roles in society.

Biological evolution, on scales
from bacteria to the largest organisms,
both rapid and long term, illustrates
quintessential adaptive emergence. Biological evolution reflects changes in
form and behavior that enhance fitness.

Dynamically emergent entities
are autopoietic: they sustain and maintain themselves from within. They must
be open systems. Some are well-established; others are evanescent.

Important as static and dynamic emergence are, adaptive emergence
may represent the most powerful of
the three categories. It is about change.
Here is how I would compare the three.

Dynamically emergent entity
tend to be relatively easy to initiate but
more difficult to sustain. Consider biological reproduction, establishing a
successful business, or building a social
movement. The creation step is almost
always easier than maintenance.

•

Static emergence focusses on fixed,
stable, and typically purely physical entities. To the extent that they
can be considered systems at all, the
products of static emergence are
closed systems at equilibrium. Even
in our example of the production
of glucose through photosynthesis, the product, glucose, is a static
entity at equilibrium. To release its
energy requires the addition of activation energy.

•

Dynamic emergence focusses on entities that must continually renew

Its protean nature explains how
dynamic emergence adds complexity
to complex systems. But as with static
emergence, I see no benefit in applying
the term emergence to these processes.

4.6 Adaptive Emergence
Adaptive emergence refers to modified
or new properties or patterns of behavior that develop either in response
to features of the physical, social, economic, or political environment, or
sometimes simply as a continuation
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cobras—producing a cobra problem much worse than the original.

themselves. Entities based on dynamic emergence are open systems
and must continually find and import energy and other resources.
Dynamically emergent entities can
often be understood as agents. They
interact with each other and with
the environment.
•

Rats in Hanoi. There is a similar
story about rats in Hanoi. The
French offered a bounty for rat
tails. People started rat farms, cut
off the tails, and traded them to
the government for the bounty.

Adaptive emergence is probably the
most important category from a
societal perspective. Policy makers
respond continually to newly emergent properties and patterns of behavior. At the same time, they must
avoid policies that will produce unwanted adaptations.

Pigs in Ft Benning. Ft. Benning
was plagued with feral pigs. The
authorities offered to pay for
pig tails. Residents bought pig
tails from slaughterhouses or pig
farmers.
In all three cases, a mechanism
intended to solve a problem was exploited for other purposes.

The rest of this section sketches
a few examples of adaptive emergence.
Unintended consequences: using the structure and processes of society for unintended purposes. One of
the most widely discussed categories
of adaptive emergence is that of unintended consequences. Unintended consequences occur when people or organizations respond to a public policy in
unanticipated ways. The response typically helps the person or organization
but fails to further—and sometimes
even foils—the policy goals.

Birth tourism illustrates how
people exploit what they see as loopholes in the law. To take advantage of
the law that grants citizenship to anyone born in the US or Canada, non-citizen pregnant women arrange to give
birth in one of these countries.
Saipan has become a popular US
destination. To encourage tourism, the
government supported a 2009 change
in immigration policy that allows Chinese citizens to enter the US visa free
for up to 45 days, more than enough
time to have a baby (see Emont, 2017;
Mullaney, 2018).

Freakonomics radio (2012) devoted a show to three examples of unintended consequences.
Cobras in Dehli. To rid Delhi of
cobras during the British occupation, the governor offered a
bounty. In response, the citizens
of Delhi started cobra farms. So,
the government ended the bounty, and the farmers released their

Miami has become a birth-tourism destination for Russians (McFadden, Fitzpatrick, Connor and Schecter,
2018).
Vancouver is the favored Canadian destination. Non-resident moth98
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ers now account for nearly 20% of all Personal live streaming took off with
births at Richmond Hospital in British the development of Open BroadcastColumbia. See Young (2018) for details. er Software (OBS) (https://obsproject.
Tax avoidance schemes also fit com/). Anyone can download it and
start live-streaming.
into this category.
To SWAT is to make a false report
of a crime in progress as a way to lure
a police SWAT team to the home of an
adversary (Jaffe, 2016). In a recent incident (Criss, Hassan, & Stapleton, 2017),
a SWAT team killed a civilian who had
innocently moved his hands toward his
waist after answering the door for an
unexpected SWAT team visit.

Last mile and flexible local
transportation. Local transportation
is an ongoing urban issue. Attempts to
address it include MicroTransit (Vock,
2017), bike sharing, Uber/Lyft, and others. Electric scooter sharing companies
have recently sprung up nationwide.

There are two ways to look at
Twitch. One is that it’s people playing video games and other people
watching. The other is that you
are playing a game while someone sits on the couch. There’s a
level of interaction that’s just not
there in standard media. —Clark
(2017)

websites people visit and the products
they consider buying. With this information advertisers can place targeted
ads in ad space they buy in real time as
people move from one website to another.

Universal Basic Income (UBI).
The idea is discussed with increasing
frequency as a way to address both povIn the preceding examples, peoerty and job loss due to AI and robotics.
ple took advantage of government-esSo far there are no significant successful
tablished structures and processes. The
trials. In fact, Finland recently disconfollowing examples represent more ortinued a UBI trial (Olli-Nilsson, 2018).
ganically emergent phenomena.
But discussions and experimentation
Live streaming of video games. continues. The Canadian province of
The most popular platform is Twitch. Ontario is currently running a trial UBI
On average one million people are program (Bergstein, 2018).
watching Twitch streams at any moTracking online activity. Techment (Herrman, 2018).
niques have been developed to track the

Privacy features are added to
browsers and apps. In response to
having their online activity mined for
advertising opportunities people are
Players and viewers talk to each asking for ways to ensure their privacy.
other and feel part of a relatively inti- Internet companies respond by offering
mate group.
features that they say enhance privacy
Open source software. Although and give users more control over what
not a new phenomenon, open source information is collected and how it is
software continues to propel change. used.
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Meta abstractions. A meta-abstraction is a generalizations of similar advances in related fields. Here are
three that have emerged in recent years.

Artificial Stock Market (Arthur, Holland, LeBaron, Palmer, & Tayler, 1997;
Palmer, Arthur, Holland, LeBaron and
Tayler, 1994), illustrates how reflexivity
can produce endogenous bubbles and
• Meta-heuristics (Luke, 2013). Mecrashes.
ta-heuristic are a class of general
computational techniques for solvSuppose some automated invesing optimization problems. They
tors “discover” a trading forecast
include hill climbing, genetic althat says, “A price rise in the last
gorithms, ant colony optimization,
k periods is likely to be followed
swarm optimization, and others.
by a rise in next.” Suppose also,
some (perhaps the same) inves• Discovery science is the developtors “discover” a trading forement of methods for discovering
casts that says, “If the current
scientific knowledge through maprice is more than y times the
chine learning, data mining, and
fundamental earnings value, exbig data analysis.
pect it to fall.” The first strategy
causes bubble behavior: If the
• Category theory is finding increasprice rises, investors buy—thus
ingly widespread application. One
validating it, which may cause a
application is Compositionality,
further rise, etc. Eventually this
which studies how parts compose to
drives the price high enough
create wholes. It is applied to physto trigger the second strategy.
ics, natural language processing,
cognitive science, and game theory.
Investors sell. The price drops,
which switches off the upward
So-called populist and nationforecasts, causing other investors
alist movements have gained strength
to sell; and a crash ensues. The
in many countries around the world.
market becomes an ecology of
The result is often authoritarian govcontinually changing forecasts.
ernments with increasingly powerful
executives.
Econophysics is the formal study of
Markets exhibit so many adap- these and related phenomena. Retive emergent properties that they de- searchers have established that many
serve a section for themselves. This sub- markets have common statistical properties, known as stylized facts (see Cont,
section is just an overview.
Soros (2009) used the term re- 2001). Huber and Sornette (2016) claim
flexivity to refer to markets in which that “econophysics provides the methparticipant actions lead other par- ods, concepts, and tools to scientifically
ticipant to develop strategies, which, account for reflexivity.”
Bubbles are generally considered
when acted upon, lead to more strategies, more actions, etc. The Santa Fe undesirable. But Sornette and Janeway
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Father: Son, you can’t change
nature!

argue that they often serve a useful societal function.
Bubbles are one of our most constructive collective processes.
They lead to extraordinary commitment—beyond what would
be justified by a standard
cost-benefit analysis.—Sornette
(2014)
Janeway (2013, 2015) explains why this
matters.

Son: Change is nature, dad.

4.7 Binding Forces, Gateways,
and the Creative Constructionist
Perspective
Pines (2014) called emergence “A unifying theme for 21st century science.”

Speculation has often occurred
around technological innovations, including canals, railroads,
electrification,
automobiles,
aviation, computers, and the
Internet. These bubbles eventually burst, causing lots of economic damage. But we still had trains
after the 1893 crash, we still use
electricity despite the 1929 crash,
and we have the Internet, despite
the dotcom bubble.

The central task of theoretical
physics in our time is no longer
to write down the ultimate equations, but rather to catalogue and
understand emergent behavior
in its many guises, including potentially life itself. [The] physics
of the 21st century [must] transition from the science of the past,
so intimately linked to reductionism, to the study of complex
adaptive matter. ...

In the search for an understanding of emergence, Pines recommended
Without the mania of bubbles, un- studying
proven yet economically revolutionary
emergent collective patterns
technologies may not attract sufficient
and regularities [which are]
investment to get off the ground.
are the gateways to emergent
As the preceding illustrate, a broad range
behavior.
of phenomena might qualify as adaptive

emergence. They reflect changes that
Pines re-emphasized the impormay be more or less newsworthy but tance of gateways in his 2016 lecture.
are not considered abnormal. Virtually
Cataloging and connecting
all societal states include features peothese gateways is a first step tople can turn to their advantage. That’s
ward developing a “Physics of
how evolution works. It’s not clear that
Emergence” that would encomapplying the term emergence to them as
pass quantum, classical, and liva group enhances understanding. An
ing matter, social, and economic
exchange from the movie Ratatouille
behavior.
(Bird & Pinkava, 2007) sums it up.
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Here I respectfully disagree. I
doubt that we will uncover a generalized physics of emergence.

together to create new things. We do it
with technology. Nature does it through
evolution.

As noted much earlier, Aristotle
knew that the way components are organized and bound together helps determine the properties of the resulting
whole. So one very important question
is: what are nature’s binding forces? But
we already know the answer. Physics
and chemistry tell us how to make statically emergent entities. Dynamically
emergent entities are held together by
specialized applications of imported
energy. The forces are not at issue. It’s
how the energy is used and how components are organized that matters for
the properties of the whole.

Some professions specialize in
emergence: engineering and computer
science, of course, but also the creative
arts and even accounting. Every engineered device and every computer program has new properties. So does every
new song, every new novel, every new
work of art, and every new tax avoidance scheme. These are all instances of
adaptive emergence. Emergence is essentially another word for creativity—
with either nature or human beings as
the creative element.

Emergence is not a mysterious
force or property that appears if things
are arranged just right. Emergence reflects a perspective more than anything
else. Science is famously analytic: take
things apart to see how they work. The
flip side is synthesis: put things together to get something new. If science is
about analysis, technology is about synthesis. Synthesis (technology) depends
on analysis (science). We wouldn’t have
mobile phones were it not for a long
list of scientific discoveries, including
quantum mechanics (for transistors),
the theory of electromagnetism (for the
phone’s computer and the communication network), optics (for the phone’s
camera), astrophysics, relativity (for
GPS), and on and on. The more science
learns about how nature works, the
broader the range of forces and materials available to engineers to put together in new ways. Emergence is the perspective that it is possible to put things

Anderson (1972) discussed and
dismissed what he called the constructionist hypothesis.
The ability to reduce everything
to simple fundamental laws does
not imply the ability to start from
those laws and reconstruct the
universe.
Applied to software, my field,
this is undoubtedly true. One can’t understand a software system consisting
of millions of lines of code by a simple
extrapolation of the properties of operations like addition and subtraction.
Yet software developers do what Anderson suggests is not possible: construct
multi-million-line software systems by
combining primitive operations.
How is that possible? Most large
systems are composed of components:
libraries, frameworks, modules, etc.
Each component has both a specification—a description of the functional
capabilities it offers—and an implemen-
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tation—how it works. It has become
a rule in software design to separate a
component’s specification from its implementation. This rule allows software
developers to construct new functional
capabilities one level at a time. At each
level one need know only the functions
the components perform. One need
not know how the primitive operations
were put together to create those components.
In the case of software, intelligent
design is necessary to get from components at one level to the next higher level of functionality. In nature even
intelligence is not necessary. As (Dennett, 2009) said, “competence does not
require comprehension.” Many kinds of
animals have hearts, which work more
or less the same way. Once a heart is
developed—by trial and error—it can
serve as a component for many animals.
This constructionist process works very
well. See Abbott (2019) for an extended
discussion.

Putnam (1975) makes a similar point—but without using the term
emergence. He says that the only reasonable way to explain why a square
peg (with sides of length d) won’t fit
through a round hole (with diameter d)
is that
the board [containing the hole]
is rigid, the peg is rigid, and as
a matter of geometrical fact, the
[diameter of the] hole is smaller
than the [diagonal of the] peg.
In other words, with the creativity of human minds, the truths of geometry emerge from the interactions of
elementary particles.

Abbott (2015) offers a similar
example. A block of steel sinks in water, but when shaped as a bowl it floats.
Yet punch holes in the bowl and it no
longer floats. Floating emerges from
the interaction of water molecules and
the organized steel molecules. But like
computability and geometry, it is not
To give Pines his due, he may meaningful at the particle level.
have had in mind the phenomenon that
Adaptive emergence is a creative
many substances exhibit similar prop- process. I doubt we will find a physics
erties during phase transitions, e.g., that accounts for it.
from gas to liquid. I think this is similar
to the phenomenon that hearts in dif- 5. Stigmergy: Communication
ferent kinds of animals pump blood in in the Material World
more or less the same way.
Consider this computer science
example. Implement a Turing machine
using the Game of Life (Rendell, 2002).
All the results of the theory of computability suddenly apply. Yet those results
are not meaningful at the underlying
Game-of-Life level. But with creativity,
they can emerge.

S

o far we have reviewed the history
of complex systems and discussed
two important factors: disproportionate causality and emergence. Two
other (and related) areas that are central to complex systems are networks
and communication. Both have been
intensively studied for years. This sec-
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tion does not focus directly on either,
coordination rely at some level
on stigmergy.
but it does explore a somewhat unusual
perspective on one of them: commuHeylighen also sees stigmergy as
nication. The perspective derives from
underlying the “invisible hand” of marthe observation that nearly all commukets. After an economic transaction, the
nication involves leaving traces in the
trade price, if public, serves as a trace
environment for others to observe.
that stimulates further activity.
Grassé (1959) introduced the
In both Wikipedia and economterm stigmergy to refer to the phenomic transactions, a common practice is
enon that traces insects leave in an ento record not only the activity itself but
vironment often stimulate actions by
also the change it reflects. Consider the
other insects. For social insects, this
voluminous history kept about pricphenomenon serves a proto-commues and Wikipedia’s history pages. The
nication-like function. Although referchange record itself can serve as an acring to it as (intentional) communication trigger.
tion strikes me as anthropomorphism,
I would extend the reach of stigstigmergy provides an important means
to coordinate the activities of multiple mergy still further. Consider, for exagents—which makes it directly rele- ample, intra-organism communication
vant to complex systems. Ant foraging via, say, hormones released into the
and termite nest building are widely cit- blood stream. The hormones serve as
a trace one organ leaves, which triggers
ed examples.
an activity by another.
This section generalizes the noAs another example, consider
tion of stigmergy to virtually all communication, illustrating how commu- that when attacked by herbivores the
nication is necessarily a more complex damaged plants release volatile chemicals. Insects that prey on the attacking
process than we assume.
herbivores can sense those chemicals
5.1 Stigmergy as a General
and follow the trail to their prey. Plants
Coordinating Mechanism
may then evolve better targeted chemicals, which result in more defenders
Heylighen (2016) cites Wikipedia as an coming to their rescue. The rescuers
example of stigmergy as a coordinating may also evolve more sharply focused
mechanism.
sensing mechanisms. Inter-species stigReaders are stimulated to im- mergic proto-communication can facilprove and expand the writings itate evolution.
of previous contributors. In situations in which subsequent actions are stimulated by the trace
left by previous actions, virtually
all evolved processes that require

5.2 Communication is Almost
Never a Non-Stop Journey
Even more generally, news services
and interview shows reflect stigmer-
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gy. They provide an artificial environment in which agents can leave traces
for others to observe. Those who provide the information—i.e., newsmakers, entertainers, “guests” on interview
shows, etc.—do so with the intention
of having those traces observed. These
media make explicit what had been
implicit: information may be imprinted on the environment for others to
observe. Social media such as Facebook, Twitter, Slack, YouTube, etc. extend this functionality to the general
public.
Finally, I would categorize as
stigmergic all communication mediated by mechanisms that allow a physical
record to be recorded at one time and
observed at another—any communication not involving direct physical
interaction (such as tapping someone
on the shoulder). Airport travelers decide which way to turn on seeing signs
pointing to “Baggage claim” or “Terminal C.”

service. Shopping websites make it as
convenient as possible for potential
customers to create purchase messages to be left for venders. An extraordinary amount of human activity involves
communicating through stigmergic
systems.
Even software reflects stigmergy. When a programer writes software,
she creates traces for a computer to observe and to act on. This indirection
makes writing software often surprisingly challenging. It is misleading to
say that the computer does exactly what
one tells it to do. It is not like driving a
car: turn the steering wheel, and the car
changes direction. When writing software, one must be aware that what one
writes will be read and interpreted by
another agent, the computer. As in all
the cases discussed, the actions taken
by the observer depend on the observer—autonomous causality again—not
on the programer’s intentions.

The humble programmer can
An important feature of stigdo little more than leave expresmergic communication is that what is
sions in the path of an oncoming
recorded is treated symbolically or procomputer and hope that when
to-symbolically by the observer. This
the computer encounters them it
enables non-symbols, e.g., insect pherwill do as she wishes.
omones or volatile plant chemicals, to
function as proto-symbols, e.g., indicaLike fish, which are not aware
tions of a path to food. Human beings they are swimming in water, we exist
have extended this process to symbolic in a shared information environment.
communication.
We cannot escape leaving traces in our
Some environments not only re- environment. As mentioned in the seccord traces, they also act on them and tion on adaptive emergence, tracking
provide services for users. Email mes- systems record the websites we visit and
sages are traces that are created and the products we examine. We are like
then directed to specific targets. Instant prey being tracked by predators. We
messaging systems provide a similar would like to make ourselves invisible,
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but our very existence leaves traces in •
the environment.
We also exploit the fact that the
environment can record information.
We record information for others to
observe—email messages, etc. as men- •
tioned above—as well as for our future
selves. Clark and Chalmers (1998) call
the latter the extended mind. No one
remembers telephone numbers; our •
“contacts” lists remember them for us.
One societal consequence is the
“emergence” of new problems. Many •
people feel overwhelmed by news and
data. The current US president is an
expert at manipulating people through
tweets. Society has never before en- •
countered these situations and does not
know how to respond.
The media that facilitate communication are the original multi-sided
•
platforms (e.g., Hagiu & Wright, 2015).

6. Summary

S

•
o, why are complex systems complex? We presented a brief history
of complex systems from Aristotle
to the present and found that complexi- •
ty has many parents.
•

•

To understand a system one must
understand not only its component parts, but also their organization and the forces that hold them
together.

•
A system of any complexity must
be open so that it can draw energy
and other resources from its environment. Such systems are generally •
both stable and far from equilibrium.
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Such systems must have means
(a) for acquiring those resources,
(b) for making use of them to maintain itself, and (c) for eliminating
waste products.
Far-from-equilibrium systems can
exist only in an environment of
available energy.
Environments with plentiful energy flows may have critical tipping
points.
Systems that depend on energy usually have means to store and to access it.
Energy storage mechanisms exhibit disproportionate causality: more
energy is released than is required
to trigger the release.
Energy storage mechanisms abound
in both the biosphere and human
society.
A world of many easily triggered
energy stores opens itself to cascading chain reactions.
In a world with symbol processing
entities—and even proto-symbol
processing entities—energy can
be released in response to symbols
or proto-symbols. This can create
nearly unboundedly disproportional effects.
Emergent phenomena may be classified as static, dynamic, or adaptive. All contribute to complexity.
Given its quasi-mystical baggage, the
term emergence should be retired.

What Makes Complex Systems Complex?

•

•

•

Adaptive emergence is a synonym
for creativity. Nature, without consciousness, and human beings, with
it, continually create new phenomena, thereby adding complexity to
the world.
Other than direct contact, communication is always stigmergic. It is
mediated by a physical trace, which
subjects it to misinterpretation,
to deception, and to third-party
observation.
Stigmergy encourages the development of new environments that enable stigmergic communication. If
a new environment becomes widely
used it can be very valuable.
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Abstract
Public policy and planning decisions require glimpses into the future, to assess how the social-ecological systems we plan for might
evolve with or without policy intervention. To do so, one approach
gaining currency is using anticipatory tools rather than predictions. Anticipation entails generating a range of possible systems
futures (scenarios), instead of attempting to predict the one that
will prevail. We use here a scenario-generating model, to anticipate where in a region businesses are likely to locate in time. Using
data for Northeast Ohio, including the Cleveland–Akron–Lorain–
Elyria, Ohio Combined Statistical Area, we estimate the model parameters. We evaluate its prediction accuracy against 2001–2015
regional data. To illustrate how policymakers could use the model,
we generate three scenarios to explore what might happen to the
spatial configuration of businesses if policies were implemented to
attract businesses at specific locations or discourage them from locating in parts of the region.
Keywords: regional firm location, regional urban systems, spatial
dynamic location model, anticipatory public policy scenarios
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Modelo de red de ubicación dinámica de la empresa
con escenarios anticipatorios para
la región noreste de Ohio
Resumen
Las políticas públicas y las decisiones de planificación requieren
vislumbres del futuro, para evaluar cómo los sistemas socioecológicos que planificamos podrían evolucionar con o sin intervención
de políticas. Para hacerlo, un enfoque que gana dinero está utilizando herramientas de anticipación en lugar de predicciones. La
anticipación implica generar un rango de posibles futuros de sistemas (escenarios), en lugar de intentar predecir el que prevalecerá.
Utilizamos aquí un modelo generador de escenarios para anticipar
dónde es probable que las empresas ubicadas en una región lleguen a tiempo. Utilizando datos para el noreste de Ohio, incluido el
área estadística combinada Cleveland-Akron-Lorain-Elyria, Ohio,
estimamos los parámetros del modelo. Evaluamos su exactitud de
predicción contra datos regionales 2001-2015. Para ilustrar cómo
los legisladores podrían usar el modelo, generamos tres escenarios
para explorar qué podría pasar con la configuración espacial de
las empresas si se implementaran políticas para atraer negocios en
ubicaciones específicas o para evitar que se establezcan en partes
de la región.
Palabras clave: ubicación de empresas regionales, sistemas urbanos regionales, modelo de ubicación dinámica espacial, escenarios
de política pública anticipatoria

动态公司位置网络模型：俄亥
俄州东南部的预期场景
摘要
公共政策和计划决策需要将未来考虑在内，进而评估被计划
的社会生态系统是否可能会与政策干预一同发展。为此，一
种通用的途径则是使用预期工具，而不是预测。预期是指产
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生一系列可能的系统未来（即不同场景），而不是试图预测
哪种场景占主导地位。笔者使用一种“场景产生”模型，用
于预测区域中的哪个部分能使公司及时选址建立一事成为
可能。通过使用俄亥俄州东北部的数据，包括克里夫兰-阿
克伦-洛雷恩-伊利里亚（俄亥俄州联合统计区），笔者预测
了模型参数。笔者以2001-2015年间的区域数据作为参考，对
预测准确性进行了评价。为阐述政策制定者如何能使用该模
型，笔者提出了三种场景，用于探索公司空间配置将会发生
什么——如果政策的实行是用于吸引公司在特定地区选址成
立，或是不支持公司在某地成立。
关键词：区域公司位置，区域城市系统，空间动态位置模
型，预期公共政策场景

I. Anticipatory Scenarios
and Robust Decisions

or rely on the more error-prone predictions for longer horizons.

olicy and planning decisions,
even if implemented in the short
term, require glimpses into the
future policymakers are attempting to
fashion and affect. Such decisions are
informed by assessed needs, factual
(measurable) and experiential data (the
information base), and by goals and
objectives of the stakeholders. The necessary knowledge of future states (and
their likelihoods) of the systems subject
to policies is usually obtained through
forecasting. The longer the policy horizon, the more prone to error forecasts
become. This is more so in the case of
social-ecological systems, which tend
to return low and slow feedback. Therefore, policymakers can either operate in
the more predictable very short term
and then wait for the consequences to
materialize in time, hoping for the best,

Two key components of a new
policy’s information base are necessarily

P

Added to the decrease in time of
prediction precision under any circumstances, the complexity and dynamic
nature of social-ecological systems and
their interrelatedness impede conjecturing efforts about effects of intervention and lack thereof. The traditional
prediction toolbox for testing consequences of interventions is dominated
by approaches that assume caeteris paribus (“all-else-being-equal”) conditions. Arguably, in few to no situations
can all else be reasonably assumed stationary; rather, all aspects of the affected social-ecological systems are usually
in flux. Therefore, predicted changes in
the one aspect subject to intervention
are unlikely to inform policy decisions
accurately, and may miss undesirable
side-effects.
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connected to the uncertain future. First,
decision makers need to guess how the
social-ecological systems in their focus
will evolve in the absence of intervention; after all, with luck they might be
moving on their own in desirable fashion. Second, decision makers also need
to guess how these complex, interacting
systems in constant flux might react to
various proposed interventions to steer
them away from their current tendencies, should they be undesirable, and
about other possible beneficial or unintended consequences of intervention.
The first kind of guess, about
how a system might evolve in the absence of interventions, is necessary in
order to assess needs and inform arguments for change. Predicting how
the status quo will evolve is hampered
by the fact that, even if we don’t actively intervene in a system, rarely will it
stay the course for longer than the very
short run. Although the best prediction
of where a system might be next year is
often its state in the current in year, various events, sudden or slow-unfolding
shocks, and numerous decisions will
take the system off its current path in
ways difficult to predict with any precision beyond about three to five years.1
This horizon is too short for social-ecological systems and their evolution in
time. Beyond it, the range of predicted
possible outcomes becomes so wide as
to amount to no information for decision making.

entails figuring out how systems in
which we intervene will respond to
our decisions in time. Because they are
complex, systems are unlikely to yield
precisely the results we seek, and only
those. The systems for which we plan
tend to return feedback slowly, because
the consequences of our decisions may
take time to manifest themselves (e.g.,
Dörner, 1996). Consequently, it is often
difficult to unequivocally derive causal links between specific decisions and
outcomes. The history of public policy
is replete with examples of failure to attain the objectives sought, or of unexpected and undesirable side-effects that
in time render the decisions unwise in
hindsight, despite the best of intentions
driving them. What are policymakers
to do?

Multivariate statistical regression modeling, which attempts to employ causal factors, has been a staple in
the policy field for predicting futures.
However, predictions of future states
of complex systems for decision purposes may fail for several interrelated
reasons when based on such regression
approaches. The theory behind model
specifications is often either weak or
nonexistent—challenged as it is by complexity—and therefore the number and
choice of variables can be idiosyncratic and driven by data availability. The
horizon of such predictions is severely
limited, as errors quickly accumulate
and propagate yielding wide confidence
The second kind of guess nec- intervals. Perhaps, the most important
essary in order to formulate policies cause of failure is that these models do
1

Dempster and Wildavsky (1979) offered arguments to this effect in the context of budgetary processes, which are generalizable to the context of social ecological systems.
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not capture emergent phenomena resulting from numerous interactive decisions that yield their own outcomes
(Bonabeau, 2002). Such emergent phenomena in the policy and economic development fields include traffic (Klügl
& Bazzan, 2012) and road congestion
(Manley & Cheng, 2010), the performance of creative firms (Kourtit, Arribas-Bel, & Nijkamp, 2012), development
under planning restrictions (Broitman
& Czamanski, 2012), networked communications (Beaverstock, Doel, Hubbard, & Taylor, 2002), and consequences of climate change (Kriegler et al.,
2012). Barthelemy (2016) offers a comprehensive survey of models that have
been used to capture urban structure
and change dynamics.
Although the poor performance
of predictions is enough to drive us
into inaction, this is clearly not an option. We make policies to improve the
status quo and obtain a better outcome
in the future than we expect with no
action. Policymakers have used a variety of strategies and techniques to increase the likelihood of good outcomes
and diminish the unwanted side-effects
of decisions. Developing and applying best practices, using pilot projects
to explore the effectiveness of policies
before applying them on larger scales,
and increasingly sophisticated prediction methods are all helpful. One approach gaining currency is the use of
anticipatory tools, replacing reliance on
predictions. For example, in the context
of governance, Quay (2010) argued for
its use in responding to climate change;
2

Fuerth (2009) offered similar arguments for addressing poverty. Fuerth
and Faber (2012) broadened the scope
and range of applicability of anticipation to other government activities.
Bonabeau (2002) offered examples in
several other contexts, where agentbased modeling replaced prediction.
Anticipation entails generating through
a variety of means a range of possible
systems futures, or scenarios, instead
of attempting to predict the one that
will prevail. While not fail-safe, this approach has several advantages.
Scenarios help policymakers and
planners make robust decisions. A decision that aims to address in the best
possible way a specific predicted future
is very likely to be suboptimal or even
undesirable if a different future materializes. It is thus perilously sensitive: it
only works well if we guess the future
correctly. However, the likelihood that a
specific point- or narrow-range prediction for a complex system will materialize is very small indeed. Considering a
broad range of possible futures through
scenarios allows us to pit our decisions
against the range. A robust decision is
one that remains wise for a large segment of this range. Moreover, since the
actual future may still fall outside the
range we choose to explore (including
the occurrence of “black swans,”2 Taleb,
2007), we may be able to make provisions that lessen the negative effects
under such circumstances (Lempert,
Groves, Popper, & Bankes, 2006; Groves
& Lempert, 2007). Since policymaking
is a joint decision process, seeking ro-

Taleb (2007) coined the term “black swan” for events so highly improbable that we are unable to
imagine them until they happen. Therefore, we fail to predict them.
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bust decisions affords more space for
accommodating different perspectives
than processes chasing optimal decisions that are sensitive to any modification. Scenarios can also be useful for
communicating with stakeholders and
involving them in policy decisions.
In what follows, we show how
a parsimonious dynamic model (Kumar, Bowen, & Kaufman, 2007, hereafter KBK) for anticipating the location
of businesses in a regional space over
time can be used to construct scenarios of consequences of various policy
initiatives to encourage or to discourage businesses from settling in specific
areas of a region, for development or
conservation purposes. We begin by
describing our approach to the validation of the KBK model and the data for
the Northeast Oho region to which we
applied it. Then, we discuss results of
three policy scenarios constructed using the model. We conclude with some
suggestions for how the model can be
used to plan for the region studied and
how it can be refined.

II. Validating and Using the
KBK Anticipatory Model

T

he KBK model has been used to
describe how enterprises distributed themselves, in the absence of
policy intervention3 in the matter, across
Northeast Ohio between 1989 and 2001
(Kumar et al., 2007), and in a subset
of it—Cuyahoga County (Kaufman &
Kaufman, 2015). We propose that with
this model policymakers can explore, by
3

means of scenarios, what might happen
if specific policies were implemented
to attract businesses at some locations
or to discourage them from locating in
other parts of the region.
The Northeast Ohio region is
considered a legacy region, containing
several legacy cities. The legacy status
refers to “older, industrial urban areas
that have experienced significant population and job loss, resulting in high
residential vacancy and diminished service capacity and resources” (The Legacy Cities Partnership). Legacy cities and
regions thrived during the industrial
era in the 1950s and thereafter lost both
population and parts of their economic base which relied heavily on the steel
and car industries. For example, Cleveland’s population in the 1950 Census
was close to 915,000, but by 2010 Census it had dropped to less than 400,000.
During this period, Cuyahoga County
within which Cleveland is located lost
population at a much lower rate: from
1.4 million in 1950 to 1.3 million in
2010. This pattern suggests that a considerable portion of Cleveland’s loss was
the county’s gain, as residents and businesses relocated in the regional space.
To construct and use the scenarios with some confidence that they
can represent business location choices a number of years after a policy has
been implemented, it is necessary to
evaluate first the model’s performance.
We used 1989 and 1991 data (the same
as in KBK) to estimate the four model
parameters to be described shortly. We
asked:

This does not mean that non-policy driven changes did not occur in the region during this time.
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1. How well does the model predict
changes in the geographic distribution of firms in the region over
time? Moreover, is the model’s predictive performance sustained over
this time period or does it decline
rapidly? We compared actual and
predicted business locations for the
biennium years 2001–2015 to examine how stable the parameters
are in time and what a reasonable
prediction range is for this model,4
given that errors can be expected to
grow in time with any model.
2. Is this model sensitive to shocks
such as the 2008 economic downturn? This event occurred about
midway between the years covered
by the 2001–2015 data set. If so,
is the effect immediate or does it
have a lag? Can the model inform
us about the lag to be expected between policy implementation and
effects?
Answers to these two questions
can indicate the extent to which the
model can be used as a scenario-generating tool, and the time horizon over
which it can be expected to return relatively reliable results, with tolerable
errors (the differences between actual
and predicted values, which increase in
time for any model).
3. Given satisfactory performance in
terms of the errors in the last year
of data (2015), what future distributions of firms are likely given significant policy interventions?
4

To answer the third question,
we designed and tested three scenarios corresponding to long-held regional
goals—focused development of “legacy” cities, and conservation of undeveloped land with ecological value. We
compared our scenario results to the
model predictions in the absence of the
interventions we proposed (also called
“do-nothing”), which can also be considered a scenario, since it is very likely
that during 2001–2015 and in the future
interventions occur, whether through
policies and regulations or economic
activity.
We describe next in some detail
the KBK model that we used to generate
scenarios of emergent outcomes of firm
location choices in a regional space,
which we applied to data from the
Northeast Ohio metropolitan region.

III. The Model and the Data

K

rugman (1996) proposed a dynamic rule for describing how
new urban spatial configurations—specifically, in terms of business location—emerge from a current
spatial configuration through interactions among the host localities in a region. This model attempted to explain
the emergence of employment centers
in the regional space as a result of the
self-organization of a complex system.
The KBK model is a discretized version
of Krugman’s model. According to the
rule driving this model, any location is
assumed to exert on firms an agglomerating force of attraction, and a disper-

By “reasonable range,” we mean the time period during which we can use the model without fearing
that prediction errors become so large that the prediction is no better than a guess.
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sion force that repels the firms. For any this location’s relative market potential.
given location x in a region, the forces it The market potential of any location x
exerts on firms, and therefore the extent at time t is:
to which it can attract them, depend on

where nt,y is the fraction of the total the spatial sum of the densities nt,x for
number of businesses in a region found the region at any time t equals unity.
at location y, at time t. Consequently,

In Equation (1), qx,y is the matrix of interactions between locations x and y:

where |x-y| is the distance between any
two locations x and y; A is the strength
of the agglomeration force and B is the
strength of the dispersion force; Da and
Db represent the ranges of these interac-

tions. A, B, Da and Db are the four model parameters to be estimated from the
data. The spatial average of the market
potential at a specific time t—as defined
in Equation (1)—is

According to Krugman, businesses gradually move toward attractive
locations, with above-average market
potential
and move away

from locations with below-average
market potential
In the KBK
implementation of Krugman’s model,
the dynamic equation is

where Δt is the time interval. At any •
time t, the model preserves the spatial
sum of the densities nt,x (Equation 2).
In order to estimate the four parameters A, B, Da and Db, this model requires data about the number and location of firms in a regional space in two •
consecutive time periods. Then:
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The actual number of firms in each
locality of the region in the first
time period is taken as the initial
distribution of firms in the regional
space;
Equation (5) of the model is run
with these initial data and a set of
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trial parameter values, to find the
distribution of firms for the next
period. The actual and model values of the Shannon information
entropy are computed for this

second period. The Shannon entropy, which quantifies the system’s
degree of homogeneity (Shannon &
Weaver, 1998), is:

where pj is the relative frequency of outcome j.
•

An iterative search is conducted to
identify the parameter values that
yield the smallest difference between simulated and actual entropies for the second time period.

nicipality’s share of firms for the following biennia 1993, 1995, 1997, 1999, and
2001 and compared them to the actual
data. The model performed very well,
as judged by deviations from the real
data in 2001 ranging between −.4% and
• After these “best” parameter values +.4% and for 6 municipalities between
are thus obtained (in the sense that −.8% and .8%. Running the model with
the difference between real and pre- data on consumer firms only yielded
dicted entropies is the smallest) the even better results, with 2001 predicproportion of firms at each location tion errors of maximum ±.5% for all but
in the region is predicted for other 2 municipalities.
time periods using the four paramDrawing on the same QCEW
eters (Equation 5).
data source, we use the KBK model and
KBK applied the model and pre- parameters to generate scenarios with
diction procedure to the Cleveland– biennial data from 2001 to 2015 for the
Akron PMSA (192 municipalities) and Northeast Ohio region, comprising the
data about firms’ location in the years 2007 Cleveland–Akron–Elyria, Ohio
1989–2001. This data set was derived Combined Statistical Area (CSA) and
from the Quarterly Census of Employ- the Akron, Ohio Metropolitan Statisment & Wage (QCEW) data, with bi- tical Area (referred to here as CALE)
ennial information on 98% of the total which is the same region as in KBK
employment and wages in the state of (Figure 1).
Ohio. This region includes the declinHowever, in 2001, an improveing legacy cities Cleveland, Akron, Lo- ment in the QCEW data precision inrain, and Mentor.
troduced a relatively slight discontinui-

KBK used consecutive data years
1989 and 1991 to estimate the parameters: A=1, B=0.818, Da = 0.909, and Db
= 0.273. Then they predicted each mu5

ty among the two data sets—1989–2001
and 2001–2015.5 We first predicted
the 2001–2015 location of firms in
the CALE CSA for 261 municipalities.

2001 is an overlap year, for which data were available both in the old and new data sets.
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Figure 1. Cleveland–Akron–Lorain–Elyria, Ohio CSA.

The discontinuity in the data quality prompted us to focus on the 2001–
2015, both for model validation and for
generating policy scenarios discussed
below.

sults to answer our Question 1 regarding the model’s predictive performance
in time, by comparing predictions
and actual numbers for 2001–2015. A
strong outcome with a quarter century-old parameters would enhance our
confidence in any anticipatory scenarResults of the KBK Model
ios generated using this model to exValidation for Northeast Ohio
plore consequences of proposed policy
Using Equation 5 and the KBK param- decisions that can affect spatial firm loeters, we predicted the share of the total cation dynamics in this region.
number of CALE firms at each of the
The predictions and actual val261 locations for each data year from ues of firm shares in 2015 (the year in
2001 to 2015 (12–26 years beyond the which we would expect the largest acKBK data set from which the parame- cumulated errors) are mapped in Figters were estimated).6 We analyzed re- ure 2. Their differences are displayed in
6

As we note in the concluding comments of the paper, the model treats the region as a closed system
and distributes relative changes within that system.
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Figure 3. The largest difference between
actual and estimated proportion of establishments is .01. The four legacy cities in the region tended to slightly over
perform in the model, suggesting that
in reality they attract a smaller share
of businesses than their market potential indicates. Model underperformers
with respect to the actual data (by only
up to .002) were located mostly in the
Cuyahoga County surrounding Cleveland, not coincidentally a pattern that

also reflects residential sprawl. These
details are shown in Figure 4 for the
three large legacy cities in the study region. Since the model captures spatial
interactions among the market potential values of the localities considered,
these results suggest that economic
performance of these cities could be
better, were it not for factors external to
the model, such as social dynamics and
various policy decisions.

Figure 2. Actual and predicted percent distribution of establishments in 2015.

Figure 3. Error: Difference between model and actual percent
distribution of establishments in 2015.
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Figure 4. Place-specific results: Predicted versus actual percentages,
for legacy cities: Cleveland, Akron and Lorain.

Figure 5. Correlation between actual and predicted shares of the total number
of CALE firms at each location between 2001 and 2015.

A global measure of model accuracy is the Pearson’s correlation in time
between predictions and actual values
(Figure 5). The “worst” correlation value, for 2015 using 25-year-old (1989–
1991) parameter estimates, is .985.7
Thus, we conclude that it is reasonable
to use our 4-parameter model for anticipatory purposes for the Northeast
Ohio region.
Our results also answer Question
2, regarding the robustness of our mod7

el to shocks. The longer the prediction
time period, the more we can expect
changes in the national or local economy, or policies affecting firm location.
For example, our prediction period
contains the 2008 economic downturn,
from which we might expect effects
both in number and location/relocation of firms. However, we have seen
no related discontinuity in our predictions. Based on the 2009 correlation
value of .995 and the monotonic slow

For each point (biennium), the number of pairs is 261 and the corresponding p value is around
0.0000.
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drop of correlation values, we conclude
that the precision of our prediction for
Northeast Ohio was unaffected at least
for this specific event. We describe next
how we addressed our Question 3, regarding the use of the model for policy
purposes.

IV. Three Anticipatory
Northeast Ohio
Policy Scenarios

B

ased on the validation results, we
concluded that the KBK model has good potential for asking
“what if ” questions to explore consequences in time of ways in which
the location of establishments in the
Northeast Ohio regional space could
be altered for specific policy purposes. In this region, two objectives have
been persistently proposed for several
decades. They have both economic and
environmental dimensions.
The first objective, derived from
the goal of revitalizing the region after
the drastic loss of population and manufacturing industries it experienced,
has been to encourage a return to locations in the city centers for both residents and enterprises. The economic
benefits include shoring up the cities’
declining tax bases and providing employment to the less mobile segments
of the population in a region that lacks
a good public transportation network.
The environmental benefit consists of
discouraging and even reversing urban
sprawl, which has encroached over the
decades on valuable open space and
fragmented ecosystems of the region,

leading to loss of wetlands and wildlife
habitat. The sprawl also imposes costs
of extending infrastructure to a larger
distance than is necessary to serve the
current population. To attain the objective of return to the city centers, policies
could offer incentives such as tax abatements for businesses, and public infrastructure investments that favor central
city locations.
The second objective, not unrelated to the first, is chiefly environmental, with some potential economic side
benefits. It is to increase conservation
of open spaces in the region by discouraging establishments from locating in
environmentally sensitive areas that
would be degraded by the presence of
intense human activity such as occurs
both during construction and operation
of new facilities. Secondary economic
benefits include enhanced attractiveness of some natural areas to tourists.
To attain this objective, policies may
create disincentives such as costly remediation requirements, the obligation
to recreate certain natural features such
as wetlands at other locations, or outright interdiction to locate in certain
areas such as riparian corridors. Such
policies might enhance the effects of
positive incentive to attract businesses
to city centers through a forced scarcity
effect.
One example combining both
kinds of policies to alter business location in the regional space is the Ohio
Balanced Growth (OBG) program,
which is “a voluntary, incentive-based
strategy to protect and restore Lake
Erie, the Ohio River, and Ohio's wa-
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tersheds to assure long-term economic
competitiveness, ecological health, and
quality of life. The goal of the program
is to link land use planning to the health
of watersheds and major water bodies”
(Ohio Balanced Growth Program). The
OBG aims to protect water resources
through land use decisions. Thus, it illustrates intervention policies that alter
the configuration of regional spaces.

terdependent and there is no method/
provision built into the program to assess the regional effects of these decisions. However, in time these kinds of
decisions are apt to enhance or detract
from a location’s ability to attract and
retain businesses—its market potential.
These effects do not always occur where
intended and sometimes surprise. The
anticipatory scenarios we propose
Since 2011, the state of Ohio in might be used to explore such effects,
partnership with several agencies has strengthen the positive ones, and avoid
implemented a policy for accomplish- some unwanted side-effects.
ing both environmental and economic
Another example focused on the
objectives. The voluntary OBG pro- Northeast Ohio region is the Vibrant
gram consists of two key measures (de- NEO 2040 planning framework (Viscribed in its Strategy and its Best Local brant NEO Full Report, 2014). It aimed
Land Use Practices): a request for all to “create a more vibrant, resilient, and
municipalities to designate their own sustainable Northeast Ohio—a Northpriority development, conservation and east Ohio that is full of energy and enagriculture areas; and a points scheme thusiasm, a good steward of its built
benefitting localities that develop prior- and natural resources, and adaptable
ities, facilitating the permitting of busi- and responsive to change.” Among othnesses that choose to locate in develop- er proposed actions to attain this goal,
ment areas and discouraging location Vibrant NEO encouraged steering resin conservation areas. While the notion idential and commercial activities toseems simple, its implementation may ward already-developed city cores, and
have run into difficulties.8
protecting the region’s still undevelThe OBG program relies on oped land. This framework offers prinmunicipalities to make their own de- ciples for arriving at siting decisions in
cisions regarding designation of devel- the region, but cannot capture the efopment or conservation areas, almost fects of interdependencies among these
independently of others in the region. decisions. Here too, an exploration of
Any coordination happens around spe- the dynamic evolution of the regional
cific ecosystems that straddle political space under various scenarios could
boundaries, such as watersheds. How- help refine and implement the frameever, business location decisions are in- work.
8

The Balanced Growth Program (http://balancedgrowth.ohio.gov, last visited on June 10, 2018)
has not posted any fact sheets or strategy updates beyond 2014 and did not list any events beyond 2016. Links such as “News” are no longer active. The site still offers access to information
for those who would voluntarily engage in the practices it recommends, though it is unclear if
state-provided incentives are still available for them.
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We describe here three scenarios
consistent with both the OBG program
and the Vibrant NEO 2040 framework,
and compare them to the “do nothing”
scenario (Figure 6). The first two scenarios illustrate what happens to the regional spatial configuration as a result
of incentives to locate in city centers.
The third scenario illustrates possible

effects of imposing disincentives to locate in conservation areas. Note that the
maps show scenario results up to 2015;
however, as is apparent in the examples
for specific cities, the simulations ran
to the 2040 time horizon. The graphs
of proportions of establishments in the
graphs for these examples have different scales.

Figure 6. Scenarios 1, 2, and 3—2015 Results of Policy Changes in 2001, 2003,
2005, and 2007, Compared to the “Do Nothing” Scenario.

For all three scenarios, we asked:
•

•

What is the resulting distribution
of businesses in the regional space
over time? For example, for the first
two scenarios that boost some places in the region, is the regional
129

that resulted in an increase loss
shared equally or do some specific side-winners and losers emerge?
Does the third scenario result in a
specific pattern of gains and losses
across the region?
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•

Do the boosts and the conservation
effort have a lasting effect? For instance, after boosts in four time periods are the respective cities able
to continue growing even in the
absence of the incentives? Are sidewins and losses also lasting?

Scenario 1: Incentivize Businesses
to Locate in Cleveland
We created the first scenario by considering the possibility that for four time
periods—2001 to 2007—the city government has successfully implemented
a tax incentive of .04 (out of the regional total) in the proportion of establishments locating in Cleveland. In those
biennia, this increase is accompanied
by a corresponding decrease of .04 in
proportions of establishments located
everywhere else in the region. Note that
in reality, such a policy may have aimed
for more or less than the .04 increase. It
would be difficult to design such a policy to obtain precisely a set proportion.
We model here the result of the implemented policy, to assess the spatial pattern of the regional losses and enable
decision makers to weigh pros and cons
of the policy from a regional perspective.

tial drops to a level where they no longer attract any establishments. Figure 7
shows several consequences in time of
the Cleveland boost. First, compared
to the “do-nothing” scenario Cleveland
performs better across the entire time
period (through 2040). After the boost
years, however, the effect slowly decays
in time. Akron and Lorain, large legacy
cities close to Cleveland, react positively, reaching sustained slightly higher
levels of activity than without the boost,
though with a lag. On the other hand,
the small Boston Township exemplifies the small places in the region that
quickly lose their attractiveness to businesses during the boost years, and do
not recover.

Scenario 2: Incentivize Businesses
to Locate in the Region’s Legacy
Cities

In the second scenario, we have tested the consequences of increasing for
four time periods (2001–2007) the attractiveness for business location of the
four legacy cities within the Northeast
Ohio region: Cleveland, Akron, Lorain
and Mentor (Figure 6). As in the first
scenario, the increase of .01 in the proportion of businesses in each of these
In this scenario, aiming to bene- four cities meant that the proportion of
fit Cleveland by raising its relative mar- businesses across the rest of the region
ket potential, some other cities (e.g., dropped by .04.
Figure 8 shows what happened
Akron and Lorain) also benefit, though
less than Cleveland (see Figure 6 for a over time to the four cities targeted for a
comparison of 2015 results between the boost, as well as to two other small placintervention and the “do-nothing” sce- es in the region that “paid the price,” as
nario). On the other hand, some small it were, for the assistance received by the
places in the region “disappear” in the legacy cities. The four legacy cities consense that their relative market poten- sistently outperformed the “do-noth130
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Figure 7. Scenario 1—Examples.

Figure 8. Scenario 2—Examples.
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ing” scenario, but each in a different
way. Cleveland benefitted less from the
.01 boost and then reverted to decline,
although at a slightly higher level, much
as in Scenario 1. Akron, Lorain, and
Mentor had a stronger response to their
boosts and sustained them, though Akron’s pattern resembles Cleveland’s in
that after the boost it resumes decline.
Of the two small cities we illustrate,
East Cleveland sees a stronger decline
especially during the boost years, while
Boston Township drops and never recovers any market potential, as in Scenario 1.

Scenario 3: Discouraging
Businesses from Locating in Close
Proximity to the Cuyahoga Valley
National Park

In the third scenario, we have capped
the market potential of 14 municipalities adjacent to the Cuyahoga Valley
National Park at their level in 2001
(Figure 6). The corridor surrounding
the park and its river is ecologically sensitive to building activities that tend to
disrupt wildlife habitat. Often, however,
such scenic areas are also attractive for
residential and commercial purposes.
Therefore, conservation set-asides are
Since the model takes into ac- tools to protect the land from being
count difficult-to-capture spatial in- taken over by environmentally damagteractions, scenarios 1 and 2 offer in- ing land uses.
formation that might not be available
Figure 9 shows that Cleveland’s
to policymakers otherwise. Specifical- market potential is unaffected by the
ly, enhancing Cleveland’s (or all four conservation set-asides. Similarly, East
legacy cities’) market potential for a Cleveland shows no change from the
while through a policy intervention “do-nothing” scenario. Two other small
can have the desired result—but for a townships—Cuyahoga Falls and Boslimited time, after which Cleveland’s ton Township show a constant market
decline resumes. However, the cost of share in time close to their respective
the temporary success is paid by small “do-nothing” levels. Thus in the case of
cities whose relative market potential is the Northeast Ohio region and the speall but eliminated. These smaller plac- cific set-asides we have considered, it
es are unlikely to come back from the seems the cities’ relative market potendrastic decline inflicted by the policy. tial is largely unaffected, which should
Our observation is neutral with respect make it politically easier to implement
to the policy: decision makers may such a policy.
view these results positively, in terms
of the tradeoffs implied. However, we V. Conclusions and
propose that such tradeoffs may not be New Directions
apparent to the decision makers in the
absence of anticipatory scenarios. The
ur findings encourage us to deoutcomes, especially if deemed undevelop the use of our model for
sirable, may surprise when they beanticipatory purposes. We have
come irreversible.
yet to find in the literature the level of

O
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Figure 9. Scenario 3—Examples.

predictive performance (as reflected in
the correlations over 15 years between
predicted and actual values) especially
with such parsimonious means. Moreover, the model is practical, in the sense
that its only four parameters can be estimated from readily available data. We
showed how this model could be used
in anticipatory mode, to explore consequences in time of various policies that
affect business location decisions in the
regional space. We captured the spatial
location effects a public policy intervention (such as tax incentives at specific
locations) might have. We also explored
effects of land conservation measures
that remove certain areas from development. Beyond the illustrative scenarios discussed, the model can be used

to test the same policy interventions
at different levels, to explore whether
some thresholds emerge beyond which
results differ qualitatively and quantitatively. We can also derive ranges of policy impacts to promote robust decision
making.
However, some caveats are in
order. The strong long-range performance of the model from 2001 to 2015
using parameter estimates based on
1989 and 1991 data may be due in part
to the legacy status of the CALE region
we studied. Legacy regions are relatively
stagnant or declining. This may account
both for the model’s strong predictive
performance and for scenario results
that show a lack of market potential
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consequences of a conservation policy on most municipalities. To test this
conjecture, we need to use the model
with data from a growing, more rapidly
changing region (such as Dallas, Texas). Perhaps predictions would diverge
from the actual outcomes more rapidly
in such a region. It should be possible
then to characterize and even categorize
regions by a growth-related measure
that limits the time period over which
we can reasonably expect anticipatory
scenarios based on our model to be reliable for answers to what-if questions.
The model in its current form
treats the system as closed in each time
period. The Northeast Ohio region’s
legacy status made this assumption not
as unrealistic as it might be for other,
more prosperous regions. After all, the
model only forecasts relative growth
and decline within a region. Places experiencing relative decline may in fact
be growing in actual terms. Overall
growth of the region is not factored in
the model in its current state.
We plan to improve the model
by allowing for in-flux or out-flux of
firms, since each region is interconnected with other economic regions. Then
we can identify locations in the regional space where strategic investments
could attract firms, in order to achieve
more quickly desired results. Furthermore, if the impedance of distance is
measured with a transportation network the model’s parameters may organize to reflect the relative importance
of transportation technologies. Other
measures of place size than the number
of firms, such as population, may also

be incorporated in the model, as might
constraints and incentives beyond the
public policy realm.
The anticipatory approach to
exploring the future is not without
drawbacks. We don’t know what we
don’t know and are likely to fail to cover adequately the range of possible futures. Further, scenario generation is
data-, skill-, and resource-intensive.
Therefore, this approach is unlikely to
be cost-effective for small-scale, shortrange policy decisions or for situations
where the cost of being wrong is less
than the cost of acquiring the necessary
information to get it right. Selecting the
variables that should be part of the scenarios and processing the resulting information to produce wise, robust decisions remains challenging. As models
of reality, scenarios are incomplete and
rely on assumptions over which there
can be disagreement. Also, because they
are technically complicated and often
not sufficiently transparent, scenarios
can come under the suspicion of being
manipulative. However, the advantages of anticipation using scenarios outweigh the drawbacks in many contexts,
such as the one presented here, where
mistakes are very costly and their presence is not manifest for long time periods, after which adjustments may be
difficult or impossible.
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Abstract
In order to understand the effect of economic interdependence on
conflict and on deterrents to conflict, and to assess the viability of
online games as experiments to perform research, an online serious game was used to gather data on economic, political, and military factors in the game setting. These data were operationalized
in forms analogous to variables from the real-world Militarized
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Interstate Disputes dataset. A set of economic predictor variables
was analyzed using linear mixed effects regression models in an
attempt to discover relationships between the predictor variables
and conflict outcomes. Differences between the online game results and results from the real world are discussed.
Keywords: deterrence, wargame, serious game, conflict, international relations

Modelando la interdependencia económica
en la disuasión usando un juego serio
Resumen
Para comprender el efecto de la interdependencia económica en el
conflicto y en la disuasión del conflicto, y para evaluar la viabilidad
de los juegos en línea como experimentos para realizar investigaciones, se utilizó un juego serio en línea para recopilar datos sobre factores económicos, políticos y militares en la configuración
del juego. Estos datos se operacionalizaron en formas análogas a
las variables del conjunto de datos Militarized Interstate Disputes
(MID) del mundo real. Se analizó un conjunto de variables de
predicción económica utilizando modelos de regresión lineal de
efectos mixtos en un intento de descubrir las relaciones entre las
variables predictoras y los resultados del conflicto. Se discuten las
diferencias entre los resultados del juego en línea y los resultados
del mundo real.
Palabras clave: disuasión, juego de guerra, juego serio, conflicto,
relaciones internacionales

使用严肃游戏对威慑中的经济相互依赖进行建模
摘要
为理解经济相互依赖性对冲突和威慑产生的效果，同时评估
网络游戏作为模拟该试验的可行性，本文将一款在线严肃游
戏用于收集关于经济、政治和军事因素的数据。这些数据经
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过操作，与现实世界中国家间军事争端数据集中的变量在形
式上形成类比。本文通过使用线性混合效应回归模型（linear
mixed effects regression model），分析了一组经济预测变量，
用于探索预测变量和冲突结果之间的关系。本文探讨了在线
游戏结果和现实世界结果之间的差异。
关键词：威慑，战争游戏，严肃游戏，冲突，国际关系

1. Background and Motivation

W

hen Russia invaded Crimea
in March 2014, western nations attempted to retaliate
against the breach of Ukrainian sovereign territory by levying sanctions
against Russian individuals and businesses. Russia responded by banning
imports of goods from the European
Union and other regions. In fall 2014,
when the combined gross domestic product of E.U. countries had not
changed from the previous quarter,
European leaders began to debate the
wisdom of the sanctions, and whether they were hurting their own economies inadvertently as a side effect of the
damage, they were inflicting on Russia’s
(Vara, 2014). In this case, the sanctions
harmed the target country, Russia,
more than Western Europe; however,
there was a negative economic impact
to the sanctioning states. In addition,
business deals worth billions of dollars
were scuttled because of the political
tensions in the aftermath of the invasion, directly affecting western businesses. A deal to sell two Mistral-class
warships to Moscow, for example, was
canceled by France as a result of intense

international pressure (Cullinane, S., &
Martel, N., 2015).
In light of this recent example,
it is evident that deterring undesirable
behavior by an adversary state (such as
the invasion of a sovereign nation) by
levying a punishment such as sanctions
can impose economic and other costs
on the sanctioning parties. What implications does this have for the overall
framework of strategic stability among
nations? Are there implications for
the use of military deterrents? What
about nuclear deterrence, the notion
that states are prevented from initiating
nuclear wars by the existential cost of
doing so; the state that starts a nuclear
war is sure to face nuclear annihilation
itself? How has the nature of deterrence
changed from the Cold War era in today’s interdependent world, where supply chains and economies are globally
connected?
In order to further investigate
these questions, our team of researchers
began by focusing on a simple question
of economic interdependence and how
it affects the likelihood of nations to go
to war with each other. Many in the academic field of international relations
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have attempted to answer this question
using statistical analysis of empirical
data. By defining a set of economic variables and regressing them against military, political, and other control variables, they attempt to draw conclusions
about the effect of economic factors on
conflict. These studies have been conducted over a period of several decades;
however, the issue of whether economic ties positively or negatively correlate
with conflict remains unresolved.
There are many possible reasons
for this. First, there is a data sparsity
problem. Empirical data available for
study is limited, and the existing data
were not collected under controlled
conditions. For instance, conflict researchers frequently rely on the Militarized Interstate Disputes (MIDs)
data from the Correlates of War Project
(The Correlates of War Project, 2018).
These data are taken from militarized
conflicts throughout the globe, but reflect only a subset of potentially useful
political and economic variables and
represent disputes occurring only within the last 150 years. A second reason
is that the complex ways in which variables may potentially interact with each
other are not well understood, and are
therefore difficult to represent mathematically. Simple statistical analysis of
a variable set that is almost certain to
include interaction terms is likely to be
incomplete. Also, there may be impactful factors that are excluded from the
analysis simply because data that quantify them have not been gathered. Third,
historical conflict data are typically encoded in state-on-state, or dyadic, format, which does not capture the many

complex interactions among multiple
states that often lead to conflict. Investigators modify their assumptions and
their mathematical approaches in order to draw more meaningful conclusions about the relationship between
economic interdependence and conflict, but the problems with the existing
data—that they are sparse and encoded as dyads—continue to confound the
process.
If we wish to investigate this issue further and even empirically examine how economic interdependencies might affect the nature of nuclear
deterrence and strategic stability, we
will need to address the difficulty in obtaining new, relevant data. If we are to
address a question of nuclear conflict
in an era where states are highly interconnected with each other politically
and financially, we will need to gather
data that are not included in existing
datasets, and we will need to account
for relationships among multiple states
rather than those of dyadic pairs. In addition to the lack of nuclear data, new
types of economic data are also needed. Previously, economic variables have
typically been formulated using dyadic
trade volumes. That approach makes
sense when studying the world in the
twentieth century, but not in the twenty-first. According to Blackwell et al.
(2014), 40 years ago, 90% of cross-border cash flows were trade-based. Today,
90% of such exchanges are financial.
Scientific research relies upon
data from controlled experiments to
use in analysis and to formulate conclusions to change the existing state
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of knowledge about a subject. However, there are many fields of inquiry in
which data are sparse, difficult to acquire, and when acquired are often not
comprehensive. In addition to conflict
research, the social sciences, for example, have historically relied on data
from experiments performed on a very
small subset of humanity: the so-called
WEIRD subjects: Western, Educated,
from Industrialized, Rich, and Democratic countries. That is, college students available for experiments run out
of research labs at the universities that
they attend. Researchers in these and
similar fields might also benefit from
ready sources of additional data, but it
is difficult to gather a worldwide pool
of research subjects for a social experiment, and experimental war is out of
the question. How can scientists generate data on the timescale of an academic research experiment that captures a
diversity of subjects and control variables? How can we study the effects of
economic interdependencies on nuclear conflict?

2. Massively Multiplayer
Online Games

O

nline experiments in the form
of online games may be one way
to address the shortcoming of
existing data-gathering methodologies.
Massively Multiplayer Online Games
(MMOGs) are online games that bring
players from their homes and offices
into a shared virtual world. Many varieties of these games exist; some wellknown examples include Farmville,
Second Life, World of Warcraft, and

Eve Online. While the term MMOG
may encompass a variety of genres, we
are interested in those that are often
labeled “role-playing games.” In these,
players create an avatar that represents
them in the virtual world. Some games
have specific objectives that require
the player to gain experience and skills
(e.g., World of Warcraft), whereas others have an open-ended world in which
all content is created by the players (e.g.,
Second Life). Still others are in the middle of this spectrum, providing means
to gain wealth, power, and experience,
but allowing for open-ended play within the universe (e.g., Eve Online).
MMOGs are attractive as an
experimental platform for several reasons: they draw a large subject pool,
numbered in millions of players for
some games, that can generate data
in the volume needed for a meaningful statistical analysis or to use techniques from data analytics; the player
base is diverse and incorporates players of all genders, nationalities, and
backgrounds; and the experimental
platform itself can be manipulated to
incorporate control variables of interest. Life within the world of MMOGs
is taken very seriously by participants,
who invest large amounts of time,
money, and themselves into the alternate reality of the games, and therefore
in-game actions may accurately reflect
behaviors that players would exhibit
in the real world. In addition, the platform is neutral; that is, the experimenters have no contact with the research
subjects and therefore cannot introduce bias through contact.
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MMOGs are also appealing for
their complex economies and social
structures. Many of the games contain player-created and—controlled
“guilds” or “corporations” that players
can join. These groups regularly have
conflicts and interactions in the game
world. Players invest significant time
and effort in their avatars and often
feel emotional connections with them.
Emergent, complex social behaviors
can be observed in these games, and
long-term planning behavior is also
observed. Francis (2015) documented
a long-term (approximately a year of
real-world time) act of espionage conducted against a virtual adversary to
achieve a victory in the game space.
These behaviors indicate that decisions
made in virtual game worlds may be
useful indicators for decisions made in
analogous situations in the real world.
In fact, MMOGs have several advantages as a method of gathering data. The
following are among them (MMOG
data. 2012).
Number of subjects: MMOGs have
thousands to millions of players. Recent
data indicates that more than 21 million active accounts on various MMOG
games.
Diversity: Contrary to popular belief,
MMOGs have a wide array of player types. In a study of 30,000 players,
Yee, Ducheneaut, Nelson, and Likarish
(2011) found a mean age of 26.57 with a
range of 11–68. In addition, both male
and female players were represented.
Realism: MMOGs are high in experimental realism, as players willingly

spend hours playing (22 hours per week
on average).
Dynamics: MMOG data can be captured over years; events in the game
world often occur faster than in the real
world, so one can see the rise and fall
of organizations within an accelerated
time frame.
Manipulation: MMOGs can be observed passively, since they are naturally instrumented. Platforms are also
currently being built with the intent of
allowing for manipulation of the environment.
Domain: MMOGs provide a unique capability to observe communication and
behavior of players. In-game forums
and messaging data can be gathered
along with behavior. This gives us one
way of explicitly studying the correlation between communication and behavior.
The main criticism against
MMOG data is that player behavior
in-game is not the same as real-world
behavior. Understanding how much ingame behavior is similar to real-world
behavior is an ongoing endeavor, but
existing research points out similarities.
For example, studies have shown how
real-world personality traits are linked
to in-game behavior. Yee (2006) conducted tests on the Big-5 personality
traits of 1,040 World of Warcraft players
and tracked player behavior over a fourmonth period. Statistically significant
correlations were found between player
behavior and personality traits. For instance, players who scored high on extroversion tended to be outgoing in the
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game context; for example, there was a
correlation between extroversion and
collaborating in groups. This research
implies that players’ in-game behavior
reflects their innate characteristics.
Since many MMOGs contain
complex social and economic systems,
it is possible to construct economic indicators as well. Castronova et al. (2009)
examined economic data from the large
virtual world in EverQuest 2 (EQ2). The
authors had data on all trades and other
economic interactions between buyers
and sellers for several years. They found
that the in-game economy follows real-world economic patterns. This has
significant implications for using an
online game to test a deterrence framework that includes economic elements.

3. War Games and
War Experiments

H

istorically, for purposes of
military planning and understanding deterrence and stability in a tactical sense, war gaming and
simulation exercises have been used.
However, a deficiency of this approach
to date is that environments and factors
that might be considered experimental variables are not controlled across
the different games, primarily because
these types of exercises are designed
for purposes other than later statistical analysis; however, this complicates
analysis across data gathered from multiple scenarios. An MMOG is an experimental platform that can enable gaming wartime scenarios while addressing
that deficiency; the controlled nature of
the platform allows for analysis across

multiple instances of game play. While
standard wargames could theoretically be designed to be analyzable across
multiple instances, the MMOG platform is more tailored to that purpose.
In a study of the use of cyber technologies and their effect on crisis escalation,
Schneider noted that “because wargames are generally designed to exercise
decision-making in complexity, they
are rarely built to control for a specific
variable.” In addition, it addresses the
problems enumerated in the sections
above: it is a platform to gather empirical data that can be designed to include
interactions among multiple states, and
the worldwide penetration of the Internet makes possible the gathering of
extremely large datasets across a diverse
population.
Pauly (2018), in a meta-analysis of U.S. politico-military wargames,
examined historical games in order to
probe the attitudes of “strategic elites”;
that is, military and policy professionals with experience and education relevant to combat and nuclear weapons—
toward willingness to use a nuclear
weapon in combat. This work followed
a publication by Sagan and Valentino
(2018) citing the surprising willingness
of the American public at large to use
a nuclear weapon against an adversary
state, in violation of a hypothesized
“nuclear taboo.” Our work also begins
with the findings of a published paper
from the international relations literature and then attempts to replicate the
findings using an analysis of wargames;
only in this case, the wargame is an online game, and the data analyzed is taken from over two years of game play on
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a single online game platform, which
we will refer to here as “Game X.”

4. The Path to Peace

A

s detailed in Section 1, research
in the international relations
academic community has for
decades investigated the relationship
that economic interdependence between pairs of states has on the likelihood that those states will enter into
conflict with each other. At the time
that Barbieri (1996) published Economic Interdependence: A Path to Peace or
a Source of Conflict, the debate in the
literature focused on whether significant trade relationships between states
incentivized conflict or acted as a barrier to it (Hegre, Oneal., & Russet, 2010;
Kim & Rousseau, 2005). The realist
argument that high trade volumes act,
on average, as a source of tension leading to conflict is based in the idea that
when states rely on each other for goods
and the trade relationship is threatened,
war ensues. The liberal argument contends that trade is more profitable than
invasion among interdependent states
(Copeland, 1996). The opposing camps
tested their hypotheses about the effect of trade on conflict by taking sets
of economic, political, military, and
other variables and performing linear
regression analysis to measure the im-

pact of the economic variables while
controlling for the other factors. Varying conclusions were reached depending on the control variables used, the
regression technique chosen, and the
precise historical period analyzed. The
data used in the analysis is typically the
MIDs data, which cover years from 1870
to the present. As mentioned before,
these data are recorded in dyad-years; a
dyad is a two-state pair, and dyad-year
data is information about the state pair
(for example, the trade volume between
them) in a given year.
The paper that we chose for our
comparison study (Barbieri, 1996) examines the idea that conflict likelihood
is based on two primary economic variables, salience and symmetry, which
are both based on dyadic trade share.
The symmetry variable is introduced
by the author to examine a hypothesis
that symmetrical trade relationships
are pacifying, while asymmetrical ones
are destabilizing. The salience variable
is measured as a way of investigating
whether trade that is essential to the
economic welfare of a state is destabilizing when threatened. The paper evaluates the pre-World War II period, from
1870 to 1938.
The economic variables in Barbieri (1996) are defined in the following
way:

Trade Sharei = Dyadic Tradeij / Total Tradei
Salience = Sqrt(TradeSharei * TradeSharej)
Symmetry = 1 - | TradeSharei - TradeSharej |
Interdependence = Salience * Symmetry
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Four analyses are performed in
the paper, one that regresses each of the
three economic variables to be measured (salience, symmetry, and interdependence) independently against control variables, and one, called the Full
Model analysis, that regresses them all
together. The fact that these economic
variables are not independent of each
other complicates reading of the Full
Model results, and the variables as defined may not perfectly capture the
intended definitions of salience and
symmetry; however, the approach is
valuable to use for purposes of comparison to analysis of online game data,
since the methodology is simple and
the economic and control variables
used are easy to operationalize using
data from Game X. For purposes of
comparison, we show results from analysis of salience and symmetry separately
as economic predictor variables below.
Our findings are then compared to the
findings from Barbieri (1996).

5. Strategic Stability in Game X

A

s a part of an earlier, unrelated research effort, 739 days of
game play data were collected
on a browser-based online game that
we refer to as Game X to preserve the
game’s anonymity. The world of Game
X is structured in such a way that game
data can be mapped to the real-world
MIDs variables, or “operationalized,”
with relative ease. There is a guildbased community structure within the
game, where individual players belong
to guilds that engage in both trade
and combat with each other. Economic

strength and combat strength scores of
guilds are maintained in the game and
are tracked per time period within our
dataset. These two quantities, economic
strength and combat strength, were operationalized as economic strength ratio and combat strength ratio variables,
and were used together with size ratio
as proxy variables for the capabilities ratio variable in the MIDs dataset, which
itself is a composite variable consisting
of the Composite Index of National Capabilities (CINC) scores of the states
within a dyad. The CINC score is based
on the population, urban population,
iron and steel production, energy consumption, military personnel, and military expenditure of a state. Additional
control variables included contiguity,
which was given a positive score when
two guilds shared a frontier in the game
world, and alliance, which was scored
based on the is foe indicator within the
game, a parameter selectable by the
players themselves. These control variables are important, given that they are
strong predictors of conflict in the real
world.
Approximating the dyad-year
construct of the MIDs data, we divided
the game play data into 25 30-day periods and calculated trade and combat
between guilds on this monthly basis.
Thus, the dyad(state)-year in MIDs was
operationalized as a dyad(guild)-month
in our data. There were a total of 297
guilds and 13,079 unique dyad pairs
over the entire time period, resulting in 47,748 observations. Economic
variables in Game X were constructed
using the formulation from Barbieri
(1996), with dyadic trade share defined
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as the ratio of trade between two guilds within the dyad.
and overall trade volume for each guild
Trade ShareGuildi = Dyadic TradeGuildsij / Total TradeGuildi
Dyadic trade was frequently a
small fraction of overall trade volume,
leading to small values of trade share.
The variable salience, which for most
guilds was the square root of a small

fraction of one multiplied by another
small fraction of one, was very small on
average in the Game X dataset (mean
= 0.006, range = [0, 0.09], median =
0.0001).

SalienceGuildij = Sqrt(TradeShareGuildi * TradeShareGuildj)
And, since the definition of symmetry then subtracted from 1, symmetry valgenerates what is typically a small val- ues were close to 1 (mean = 0.998, range
ue subtracted from another small value, = [0.3, 1].
SymmetryGuildij = 1 - | TradeShareGuildi - TradeShareGuildj |
Interdependence values were tiny, with p is the probability value of conflict.
a mean of 0.0006.
The regression coefficient β, called the
The data were analyzed using lin- odds ratio, is an estimate of the strength
ear mixed effects regression models run of the indicator x. This value is obtained
with the lme4 package for R. Random by calculating the log odds
intercepts were included for each dyad,
so that the overall estimated intercept
was adjusted slightly for error variance
due to each dyad’s likelihood to engage
in combat. Logit regression was chosen The results of two separate analyses are
for the analysis because of the binary provided here. The first analysis looks
nature of the conflict variable (conflict at instances of combat between all guild
occurring in a given time period is as- pairs over the full-time period, with resigned a value of 1, while lack of dyad- gressions performed separately on the
ic conflict is assigned a value of 0). The economic variables salience and symprobability equation fit to the data takes metry. The second analysis examines
combat between large guilds (30 or
the form
more members) only, also over the fulltime period, with a focus on the same
two predictor variables. InterdepenWhere x is the dependent variable, in dence was ignored for the sake of this
this case, the economic predictor vari- analysis since it is not independent of
able, or fixed effect, being analyzed, and the other two predictors.
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6. Results and Discussion
Analysis 1: All Guilds, Full-Time
Period
The data indicate that symmetry correlates strongly and positively with conflict, while salience is not a strong predictor (Tables 1 and 2). However, this
is likely an artifact of the way that the
variables were defined, wherein large
values (relatively speaking) are assigned
to symmetry and negligible values to salience. Both variables are predicated on
trade share, making them nonindependent. The second strongest predictor,
logically, is the is foe control variable,
which indicates that at least one guild
in a dyad has marked the other as a foe.
This is followed by economic strength
ratio and combat strength ratio, respectively. Contiguity is the weakest predictor of conflict in this analysis, which
may be a result of the relative ease of
traversing the entire game world in
comparison to the real world.

and a small, significant negative correlation between symmetry and conflict
in an analysis of all militarized disputes,
and the reverse correlation (albeit with
very small, statistically insignificant
β) for an analysis only of major wars.
The analysis in Barbieri (1996) also
contained the control variable joint democracy, which indicates whether both
members of a dyad are democratic, and
is a strong negative indicator for conflict. There was no joint democracy term
in the Game X data, since the game is
not designed to discern between guilds’
governing structures.

7. Conclusions and Future Work

T

he ability to operationalize online game data in a form analogous to the MIDs dataset for direct comparison to real-world analysis
was demonstrated by this work using
Game X. The results of our analysis;
that is, that salience is strongly positively correlated with conflict and symmetry is not predictive in the first analysis;
Analysis 2: Large Guilds, Fulldiffer from the findings of the example
Time Period
paper, and there are many possible exThis second analysis would appear to planations for this. The mean values
indicate that there are no strong predic- of salience, symmetry, and interdepentors of conflict among large guild pairs dence are 0.03, 0.9, and 0.03, respec(Tables 3 and 4). This would be an in- tively, when calculated using the MIDs
teresting finding to investigate further. dataset. The Game X dataset yields valWhy are economic interdependencies ues of 0.006, 0.998, and 0.0006, indiimportant when large guilds interact cating that trade share values are quite
with small guilds, but not among large different in the real world by comparguilds? Strength and size ratios are con- ison to the online world. Additionally,
trolled for in the analysis, so why does we did not include the joint democracy
the difference persist in the econom- variable, which is not measurable in the
ic predictor variables? Barbieri (1996) Game X world. The capabilities ratio in
found a small, significant positive cor- the analysis in the reference paper (Barrelation between salience and conflict bieri, 1996) is the log of the CINC score
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Table 1. All Guilds, Full-Time Period Modeling Salience
Variable

Odds Ratio, β

Standard Error

p

Intercept

0.15

0.40

<0.001

Salience

0.00

10.01

0.005

Economic
strength ratio

1.51

0.43

0.339

Combat
strength ratio

0.76

0.17

0.110

Size ratio

0.54

0.09

<0.001

Contiguity

0.24

0.04

<0.001

Alliance

12.83

0.05

<0.001

Table 2. All Guilds, Full-Time Period Modeling Symmetry
Variable

Odds Ratio, β

Standard Error

p

Intercept

0.00

2.86

<0.001

Salience

56,887.24

2.84

<0.001

Economic
strength ratio

1.44

0.43

0.391

Combat
strength ratio

0.76

0.17

0.110

Size ratio

0.52

0.09

<0.001

Contiguity

0.24

0.04

<0.001

Alliance

12.86

0.05

<0.001
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Table 3. Large Guilds, Full-Time Period Modeling Salience
Variable

Odds Ratio, β

Standard Error

p

Intercept

1.02

0.83

0.983

Salience

0.00

12.23

0.40

Economic
strength ratio

0.10

0.91

0.012

Combat
strength ratio

0.98

0.34

0.961

Size ratio

0.95

0.21

0.785

Contiguity

0.43

0.08

<0.001

Alliance

4.68

0.09

<0.001

Table 4. Large Guilds, Full-Time Period Modeling Symmetry
Variable

Odds Ratio, β

Standard Error

p

Intercept

502,541,430.44

17.58

0.254

Salience

0.00

17.60

0.255

Economic
strength ratio

0.10

0.91

0.12

Combat
strength ratio

0.98

0.34

0.961

Size ratio

0.95

0.21

0.785

Contiguity

0.43

0.08

<0.001

Alliance

4.68

0.09

<0.001

149

Journal on Policy and Complex Systems

ratio, which is taken to control for large
differences in the CINC scores among
states. Our “capabilities” variables—
economic strength ratio, combat strength
ratio, and size ratio—are simple ratios
of guild scores within a dyad. Therefore,
while we have demonstrated the ability
to operationalize game data and perform analysis similar to that used in the
international relations academic literature, we have also shown that variable
definition is very important in the game
context in order to compare it in a realistic fashion to the real world. Realistic
trade volumes are important, and the
way that the economic predictor variables are defined is also significant. The
impact of control variables such as joint
democracy and contiguity that are not
captured well in the game framework
should be considered. For these and
other such variables, we must ensure
that they are, in fact, being controlled
for appropriately, such that their presence or absence from the overall political–military–economic framework of
the game world under analysis is not
impacting the calculated effect of the
economic variables. In order to continue this work and build experimentally
useful online platforms, we will consider the findings here and architect future
games to explicitly capture data in an
analogous way to that in which it is recorded in the MIDs dataset.
In addition to careful game design, we must use appropriate analysis
techniques to understand the data that
are generated from an online game.
Simple statistical approaches may not
be the most viable for understanding
the relationships of interest. There is a

fundamental tradeoff between models
that allow us to capture more complex
relationships between data and the prediction of interest and our ability to
understand the linkages between the
individual features and outcomes. As
an example, a linear regression model
is unable to capture any nonlinear relationships that are not precomputed in
the feature space, but we can easily use
the coefficients to reason about causal
relationships. In contrast, a random forest (ensemble of decisions trees) model
often leads to better prediction accuracy, but it is harder to understand what
impact individual features have on the
outcome. It may be most appropriate to
use a combination of machine learning
techniques that span the spectrum of
this accuracy/interpretability tradeoff
space to both evaluate the usefulness of
the information we are extracting from
the game (finding the features that are
useful in accurately predicting the effectiveness of deterrence) and to improve our understanding of how these
linkages can be extrapolated to the larger geo-political situation.
As we continue to explore the usability of online games as experimental
platforms, we plan to compare analysis
of online game data to the real-world
literature as a method of validating our
results. Within the game itself, internal
validation of predictors of conflict can
be performed with relative ease, but
validation in the real world must be
performed for the results to be meaningful in a larger context. In addition,
the “predictive” nature of results from
analysis of game data must be understood appropriately. As is true of the
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results of any statistical analysis, a finding that an economic variable correlates
with a particular conflict outcome must
be interpreted with caution. These types
of experiments are intended to help us
develop an understanding of influences
and incentives, not to make predictions
about future actions taken by individual decision makers. When the results
are caveated appropriately, however,
online games used as experiments can
be a useful tool to address experimental design and data sparsity issues that
plague conflict research and many other fields. This work is simply a first step
in demonstrating their usefulness.
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Abstract
In this paper, we argue the “scientific management” view of governing social–ecological systems (SES) and consequent arrangement of international organizations inadequately copes with global
climate change, food insecurity, biodiversity loss, and other such
public policy crises. We question one of the central assumptions in
top-down scientific management models of governing SES which
states the phase spaces of dynamically evolving SES could be predefined to design institutions and their organizational functions.
We draw theoretical implications from a synthesis of Reduced
Emissions from Deforestation and The Economics of Ecosystems
and Biodiversity policy design discourses to argue for a shift from
“Pareto Optimization” and predefined “Fitness Landscapes” to a
complex systems perspective. A complex systems perspective could
open the discussion for many alternate policy designs, including
proactive management of critical phase transitions in SES at local
scales, self-organization from local to global scales, and adaptive,
democratically anchored, international policymaking.
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Los límites de la previsibilidad en la predefinición
de los espacios de fase de los sistemas ecológicos
sociales dinámicos: “Comando y control”
contra los enfoques de diseño de políticas
basados en “sistemas complejos” para la
conservación de los bosques tropicales
Resumen
En este trabajo, sostenemos que la visión de “administración científica” para gobernar los sistemas ecológicos sociales (SES) y el
consiguiente sistema de organizaciones internacionales no hacen
frente adecuadamente al cambio climático global, la inseguridad
alimentaria, la pérdida de biodiversidad y otras crisis de política
pública. Cuestionamos uno de los supuestos centrales en los modelos de gestión científica para gobernar SES que establece que los
espacios de fase de SES dinámicamente evolutivos podrían predefinirse para diseñar las instituciones y sus funciones organizativas.
Deducimos las implicaciones teóricas de una síntesis de Discursos
de Diseño de Políticas de Emisiones Reducidas de Deforestación
(REDD +) y Economía de Ecosistemas y Biodiversidad (TEEB)
para abogar por un cambio de “Optimización de Pareto” y “Paisajes de Aptitud” predefinidos a una perspectiva de sistemas complejos. Una perspectiva de sistemas complejos podría abrir el debate
para muchos diseños alternativos de políticas, incluida la gestión
proactiva de transiciones de fase críticas en SES a escalas locales,
la autoorganización de escalas locales a globales y la adopción de
políticas internacionales adaptativas y ancladas democráticamente.
Palabras clave: gobernanza de sistemas ecológicos sociales; política del clima, REDD+, TEEB; deforestación tropical; Optimización
de Pareto; paisajes adaptativos; sistemas complejos; estados estables alternativos; transición de fase
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在预定义动态社会生态系统相空间时的预测
性限制：基于“命令与控制”和基于“复杂
系统”的政策设计方法——保护热带森林
摘要
笔者在本文中主张，治理社会生态系统（social ecological systems，SES）的“科学管理”观点，和随后对国际组织的安
排，二者并不能完全应对全球气候变化、食品不安全、生物
多样性缺失、以及其他相关公共政策危机。笔者对“用于治
理SES的自上而下的科学管理模式中的一个主要假设”提出
质疑。这个假设认为，处于动态发展的SES相空间可被预先
定义，进而设计制度及其组织功能。笔者从减少毁林和森林
退化所致排放量（即REDD+）、以及生态系统和生物多样
性经济学（即TEEB）二者的综合之中提炼出理论观点，用
于主张将“帕累托最优”和“适应度景观”转变为一个复杂
系统。复杂系统视角能为诸多替代政策设计展开讨论，包括
在地方层面上主动管理SES中的关键相变、从地方到全球层
面上的自组织，以及具备适应性、由民主带领的国际政策制
定。
关键词：社会生态系统治理；气候政策；REDD+；TEEB；热
带毁林；帕累托最优；适应度景观；复杂系统；多稳态；相
变

1. Introduction

S

ince the Enlightenment, human
civilization has increasingly lived
with the presumption that via reason and knowledge, we would have the
power to manage. It is the so-called General Motors view of scientific management from 1950 onwards. In this paper,
we argue that it is a profoundly inadequate model for how businesses, societies, civilizations, and social–ecological

systems (SES) evolve. If one looks at the
United Nations and other post-Second
World War Bretton-Woods Institutions
such as World Bank and International Monetary Fund (IMF), there seems
to have been, since its inception, the
same mid-twentieth-century faith that
such management might even occur
with some eventual form of a centralized world governance structure that
would “know” and “allocate” and “manage.” We argue in this paper this view
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of governing SES and the consequent
arrangement of international organizations is misguided, and even dangerous,
to adequately cope with global climate
change, food insecurity, biodiversity
loss, and other emergent crises pertaining to the governance of SES.
Our argumentation is based on
questioning one of the central assumptions in top-down scientific management models of SES’ governance. This
assumption states that the phase space of
dynamically evolving SES could be predefined to design institutions and their
organizational functions. In this paper,
we argue that we cannot pre-state what
new “salients” of economic, ecological,
social, or civilizational activities will
arise, and from what little or large triggers. Further, we cannot optimize over
a predefined phase space as a well-formulated decision problem. Instead, we
argue that a complex systems approach
to the governance of SES might provide
an alternative way to design the functions and capacities of international
organizations. Under this view, we are
called upon to be open to the partially
unknowable Adjacent Possible, not to
control, but to enable and adapt, and
partially shape what will emerge. This
is profoundly opposite from General
Motors 1950, from dictatorship, from a
controlling governance managed by the
elites who “know.” Under this complex
systems perspective, we begin to see
democracy in a new light, a framework
of freedoms and procedures that allows
and enables adaptability and shaping
of the possibilities where we will go.
We elaborate this perspective in light
of specific triple global crises currently

known as global climate change, global
food insecurity, and global biodiversity
loss, all of which are somehow linked
with the anthropogenic intervention in
tropical SES.
Emphasis on maximizing economic efficiency for global production
of goods and services has, for example,
led to strongly centralized “free trade
policies” that are enforced by international organizations such as the World
Trade Organization (WTO). Environmental impacts of such free trade policies have not been internalized through
imposition of Pigovian taxes in the conduct of international trade. The powerful industrial North and transnational
corporations have been able to negotiate terms of trade that maximize their
profits and retain current socio-political
power patterns, while greenhouse gas
(GHG) emissions resulting from global
industrial complex, mining, deforestation, wasteful consumption, and fossil
energy burning continue to accumulate
in coupled atmospheric and oceanic
systems. Global climate change science
is unable to predict an accurate timing
of critical phase transition. However,
all global circulation models agree that
the “business as usual” path of GHG
emissions trajectory will sooner or later cause a phase transition in the coupled atmospheric system; after which
socio-political policy actions and behavioral changes by themselves will not
be adequate to stop run-away climate
change because natural biogeochemical cycle would have degenerated to the
point that reduction in anthropogenic
GHG emissions would be inadequate to
stop global warming effect from play-
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ing havoc in the tropical socio-ecological systems. Protection of free trade
through centralized global institutions
and maximization of economic growth
will only exacerbate GHG emissions.
On the other hand, international climate policy experts are aware of the
fact that any strong action by a handful
of nation-states would shift global industrial production to the nation-states
that do not take any meaningful action
on regulating GHG emissions.

management and international organization sciences need to move beyond
“optimization-envy.” We argue there is a
need to accommodate both facts (positive understanding) and values (normative prescriptions) for managing global
environmental and social crises. Furthermore, international organizations
will need to let go of reductionism, and
replace it with the acknowledgment of
normative (or value-laden) complexity
of managing complexity.

In this article, we thus argue the
management of global climate, food,
and biodiversity crises pose a fundamental normative or value ambiguity
challenge, i.e. experts in centralized
international organizations do not and
cannot know the phase space of variables and strategies over which the
optimization decision problem is to
be stated. To elaborate this further, we
discuss global crisis of human-induced
global climate change as a value ambiguity problem. Both the mitigation and
adaptation to global climate change
require deep, long-term foresight, and
unwavering collective/normative human action at the global scale. Yet, the
complexity of managing global climatic
change, and its impacts on irreversibly
changing the evolutionary pathways of
biological, technological, and economic
systems remain a deep puzzle, beyond
the reach of positive sciences. From a
normative standpoint—which is an essential component of any governance
effort to deal with the complexity of
complex systems—we argue that international organizations need to move
beyond the positivistic goals of managing and controlling global SES, and

The recent evolution of international climate policy mechanism that
was initially known as “Reduced Emissions from Deforestation” (RED) to
“Reduced Emissions from Deforestation and Forest Degradation” (REDD)
and its variant REDD+ provides an
example of the limits of predictability
in predefining the phase space of managing tropical SES in a short time-span
of 16 years since international climate
policy negotiations began under the
auspices of the United Nations Framework Convention on Climate Change
(UNFCCC). We use the evolution of
REDD+ policy mechanism as an example to shed light on how and why
global governance on climate change,
food security, and biodiversity loss has
converged around the international
policy goal of conserving tropical forests. Further, complementing REDD+,
recently United Nations Environment
Programme (UNEP) in the Convention for Biodiversity (CBD) COP 10 has
promoted The Economics of Ecosystems and Biodiversity (TEEB) approach
as another policy mechanism to reduce
deforestation in tropical countries.
Both the REDD+ and the TEEB ap-
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proaches follow the underlying “command and control” model of predefining phase spaces of SES. Unfortunately,
these models ignore the implications of
international free trade, mandated under WTO policy mechanisms. Further,
social and ecological values that could
not be priced in dollar/monetary terms
are also not represented in such models.
Next, in Section 2, we synthesize policy discourse surrounding the design of
REDD+ and TEEB policies and elaborate the “reductionist” assumptions
and predictions about phase spaces of
tropical SES that underlie the design
of international policy mechanisms
such as REDD+ and TEEB. In Section
3, we draw theoretical implications
from REDD+ and TEEB policy design
discourses to argue for a shift in SES
governance approaches from “Pareto
Optimization” and predefined “Fitness
Landscapes” to a complex systems perspective that supports the development
of adaptive, decentralized, and democratically anchored governance of tropical social–ecological systems.

that “not only averts global warming’s
worst consequences but also generates
enormous co-benefits for biodiversity
conservation and sustainable development” (Boucher, 2008, p. 1). UNREDD Program (2009a & 2009b) states
that REDD policy is an effort to create a
financial value for the carbon stored in
forests, offering incentives for developing countries to reduce emissions from
forested lands and invest in low-carbon
paths to sustainable development. The
UN-REDD Program focuses on the
multiple benefits which can be provided by REDD, specifically the ecosystem
benefits. According to UN-REDD Program definition, multiple benefits of
REDD, in addition to its contribution
to climate mitigation, include forest
conservation, which will protect biodiversity and provide ecosystem services.

The position of some other
stakeholders is more nuanced than
UN’s REDD program. For example,
according to the Climate Action Network (2007), emissions from tropical
deforestation must be reduced to keep
global temperatures from increasing
more than 2°C by 2050. Global warm2. The Evolution of REDD+
ing will contribute to the destruction
and TEEB Policy Mechanisms
of tropical forests overtime and will
n general, REDD+ and TEEB have negatively influence forest biodiversibeen conceptualized as a “win– ty. REDD+ projects can help preserve
win–win” policy mechanism for biodiversity which improves the resilmitigating climate, protecting biodi- iency of the forests in turn. If an interversity, and conserving indigenous cul- national agreement includes provisions
ture by institutionalizing payments on for REDD+, the systems must be develcarbon sequestration and biodiversity oped at the national level to address the
conservation values of ecosystems ser- issues of leakage and calculating basevices from global to local communities. lines. Industrialized countries would
The Union of Concerned Scientists, for compensate the tropical countries for
example, assert that REDD is an option their opportunity costs and provide

I
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funding for capacity building (Climate
Action Network, 2007). In particular,
governments need help monitoring and
measuring degradation activities because it requires different technology
and is more expensive than measuring
deforestation.
Although the idea behind
REDD+ and TEEB policy mechanisms
may be simple (compensate developing
countries for sustaining tropical forests), actors in the policy arena do not
necessarily agree on how REDD+ and
TEEB policies should be designed, the
costs and benefits of implementation,
and whether REDD+ and TEEB are the
best approaches to reduce emissions.
Tropical deforestation is an inherently complex problem. Any attempt to
solve the deforestation problem generates unintended consequences that will
undoubtedly affect the implementation
of solutions in the future (Hirsch et al.,
2011). Global deforestation and degradation is the result of an increasingly
global economy; the demand for particular goods from developed countries
has encouraged the conversion of tropical forests to other agricultural uses, including growing soybeans, raising cattle, and producing crops for new biofuel
technologies (Mardas et al., 2009). Far
from being a win–win–win, REDD+
and TEEB policies will be interventions
in a highly complex system, and will
inevitably involve trade-offs; therefore,
it is important to question “win–win–
win” discourse.
In general, REDD+ and TEEB
payments are calculated by measuring
an opportunity cost of foregoing defor-

estation that generates a variety of ecological valuation puzzles. Opportunity
cost of REDD+ and TEEB is defined as
the cost that will be incurred in retaining existing tropical forests: “retention
means sacrificing the opportunities
that would be gained by converting
the forest to other uses, such as crops
or pasture” (Boucher, 2008). Opportunity cost is thus considered as the minimum amount that would need to be
paid to keep the land in forest. Major
thrust of economic analysis of REDD+
and TEEB programs has been to calculate this opportunity cost ($), which
is typically divided by carbon density
of the forest (e.g. tons per hectare) to
calculate the minimum cost of REDD+
that is expressed in units of money/
area (e.g. $/hectare). Similarly, biodiversity values are calculated to derive
TEEB payments. The measurement
of opportunity costs requires heroic
assumptions, such as future prices of
soybean or other crops that could have
been grown on the deforested lands. It
is due to these inherent uncertainties
about future counterfactuals (i.e. future
phase spaces) that different economic
models come up with different opportunity costs for REDD+. Global models
produce REDD+ cost curves that are
typically higher than regional or local
models (Boucher, 2008; Nabuurs et al.,
2007). While this inconsistency is still
being debated, this version of opportunity cost ignores other costs associated
with implementation of REDD+ and
TEEB such as administration or capacity-building costs. There have been no
reliable global studies that estimate administration or capacity-building costs.
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A more subtle methodological problem in the calculation of REDD+ costs
in terms of carbon abatement (e.g. $/
tCO2) concerns the underlying assumptions whether a single buyer or a cartel
is assumed to set the market price (typically area under the abatement curve),
or a global carbon market price is used
to determine the price of REDD+ payments. The uncertainties about the
nonlinear curvature of carbon abatement curves further complicate the calculation of REDD+ payments. Similar
problems exist in estimating biodiversity loss functions for designing TEEB.
Notwithstanding difficult challenges and uncertainties in measuring
carbon abatement curves and opportunity costs, the calculation of carbon
densities poses even more daunting
challenges (Ramankutty et al., 2007).
It is due to these measurement problems that the overall contribution of
REDD+ to global climate change GHG
flux is still contested. According to the
Intergovernmental Panel on Climate
Change’s (IPCC) fourth assessment report (Nabuurs et al., 2007), tropical deforestation contributes about “20%” of
global GHG emissions. There are, however, important methodological issues
that underlie this “narrative” of 20%
estimate. DeFries et al. (2002), Achard
et al. (2002), and Achard, Eva, Mayaux,
Stibig, and Belward (2004) used remotely sensed tropical deforestation
data to estimate carbon releases and
found that Houghton (2003a & 2003b)
and Fearnside (2000) have overestimated carbon emissions from land-cover
change by up to a factor of two, mainly because of different estimates of the

rates of tropical deforestation. The differences among these studies can be ascribed to modeling different geographic ranges and time periods, different
types of land-cover changes, different
assumptions about land-cover change,
and different carbon cycle models/
fluxes. There are considerable scientific uncertainties about quantification
of several key elements for an accurate
and complete analysis of carbon density
estimates in tropical forests. These include rates and dynamics of land-cover
change, initial stock of carbon in vegetation and soils, mode of clearing and
fate of cleared carbon, response of soils
following land-cover change, influence
of historical land-cover legacies, and
the representation of processes in the
models used to integrate all of these
elements (Ramankutty et al., 2007).
Recently, Van der Werf et al. (2009) argued that 20% estimate needs to be revised downwards to 12% as GHG emissions from fossil fuels are increasing
faster than tropical deforestation. Differences in carbon density calculations
will inevitably effect the calculation of
REDD+ payments, which can be potentially used by the developed countries
to underestimate REDD+ payments or
by the developing countries with tropical forests to overestimate the REDD+
payments.
Calculating a baseline upon
which to compare subsequent activity is essential to valuing reductions in
carbon emissions. Depending on the
method of calculation used, data may
not be available for all countries. Reference levels can either be based on historical or projected rates of deforesta-
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tion in a particular country or region.
Historical baselines aim to measure
any reductions in deforestation below
past trends. A variation on this approach is the historical adjusted baseline; this method incorporates factors
that may influence the rate of deforestation in the future due to development pressures and adjusts the historical baseline accordingly. One caveat
of the historical adjusted baseline is
that it could actually provide financial
incentives to countries that achieve a
net increase in deforestation, as long
as the rate of deforestation is below the
adjusted baseline (Zia, 2013). Projected baselines require the most sophisticated data because the method relies
on econometrics to assess the future
rate of deforestation in a country or region based on the social and economic
driving forces of deforestation. Again,
the projected baseline approach is susceptible to allowing financial rewards
to countries that actually contribute
to a net gain in deforestation (Parker,
Mitchell, Trivedi, & Mardas, 2009).

to implement a national REDD+ policy
and take on the responsibilities of monitoring forest activity (Climate Action
Network, 2007). Further, it has been
empirically demonstrated through an
analysis of an International Forestry
Resources and Institutions (IFRI) database that community-based governance
of forest commons is more effective in
the end than national level governance
approaches (Chhatre & Agarwal, 2009).
On the other hand, a national-based
approach to developing and implementing REDD+ and TEEB policies is
preferable to minimize the possibility
of leakage within a country or across
the countries. One could argue that
monitoring emissions reductions at a
national level discourages leakage, or
the displacement of deforestation and
degradation activities, to other parts of
the same country. However, there is a
trade-off here as national governments
are generally in conflict on tenure right
issues with many local and indigenous
communities. There are significant disagreements even about the definition of
local and indigenous communities in
REDD+ and TEEB negotiations. In addition to these definitional issues, there
are significant power asymmetries and
long-standing conflicts between indigenous communities and national governments, and the implementation of
REDD+ and TEEB projects by national
governments could further exacerbate
these conflicts depending upon who is
defined as “indigenous” by the national
governments for transferring REDD+
and TEEB benefits.

An important REDD+ and TEEB
policy design problem is whether carbon (biodiversity) offsets or credits are
issued at the national or the project level. On the one hand, national-based approaches are favorable because REDD+
(and TEEB) efforts will be weakened
unless incentives to convert forests to
other land uses are eliminated (The
Forests Dialogue, 2008). A national approach is also more conducive to
establishing baselines and addressing
leakage; however, project-based and/
REDD+ policy will undoubtor community-based approaches may
be appropriate if a country is not ready edly require an exchange of resources
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among relevant actors, but the allocation of REDD+ policy benefits and burdens among actors is not determined at
this time. A more thorough/complete
review of the projected costs and benefits identifies some incommensurate
puzzles in terms of the impacts international REDD+ and TEEB policy mechanisms may have on individual stakeholder groups, especially three target
populations: developed countries, developing countries, and local and indigenous people. Developed countries are
by-and-large expected to provide the
bulk of the financing for any REDD+
and TEEB mechanisms. Financing is
the crux of the success for REDD+ and
TEEB project proposals; without monetary support, developing countries
will not be able to effectively reduce
emissions from land use practices. Although the pressure to finance REDD+
and TEEB projects could be seen as a
burden on the developed countries, it is
also a benefit to these actors because it
is arguably less costly to pay for REDD+
and TEEB projects in developing countries rather than invest significant financial capital to reduce fossil fuel-driven
emissions from energy sectors through
improving their own infrastructure and
technology. The pressure for developed
countries to finance REDD+ and TEEB
has also provided them with extreme
bargaining power. Developing countries are dependent upon the developed
world to support their actions; until
concrete figures of anticipated financial
compensation are provided, it is unreasonable for anyone to expect developing countries to implement REDD+
and TEEB projects on a broad scale.

Each developing country that
chooses to participate and support
REDD+ and TEEB policy mechanisms
will need to assess their institutional
capacity for implementation and monitoring efforts. Other national land use
policies may need to be revisited to
ensure that the efforts for REDD+ and
TEEB are not undermined and land
use tenure rights may need to be better defined. This undeniably places the
burden for action on developing countries, although not all countries will be
eligible to participate. Depending on
a country’s historical rate of deforestation and the amount of forest cover they
have, only some developing countries
may be rewarded. It is arguably unfair
to countries that have kept deforestation
under control previously to be excluded from any REDD+ or TEEB mechanisms now. This approach could also
create perverse incentives for countries
with high forest cover and traditionally
low rates of deforestation to negatively
change their land use practices. According to Thies and Czebiniak (2008),
“the governance and administration of
the REDD mechanism will be critical
to ensuring the equitable distribution
of benefits among and within countries
with tropical forests” (p. 4).
Amidst this power tussle among
developed and developing countries, it
has been widely recognized that indigenous populations are the most vulnerable. There have been growing calls for
increased participation of indigenous
groups in REDD+ and TEEB deliberations to provide a “narrative” of legitimacy to the policy design process.
The REDD+ Social & Environmental
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Standards Committee, for example, has
consistently advocated for all relevant
stakeholder groups to be involved in
program design, implementation, and
evaluation through effective consultation or more active participation. There
are particular concerns in those tropical
areas where land use rights are already
contentious in the wake of colonial and
imperial history. One of the central issues with respecting the involvement
and perspectives of the indigenous
populations is the fact that in many
cases, they lack legal land rights to ancestral homes and are socially and economically marginalized in their own
societies. A significant proportion of
the world’s forests are owned by states
themselves and most fall under state
control in some way, even if only in relation to land-use zoning laws. Indeed,
“self-serving central government-oriented REDD plans are already emerging” (Griffiths, 2008, p. 18). Because indigenous value systems are disregarded
in the initial stage of conceptualizing
the problems, indigenous peoples are
excluded from a position in the process
of policy formation and administration.
As Barnsley (2009) argues, “government decisions about land-use zoning
and forest management often do not
take adequate account of the rights of
Indigenous groups living in such areas, particularly when these conflict
with perceived national interests or
opportunities for financial gain” (p.
50). This represents a lapse in respect
for human rights as it renders a community powerless to design their own
future. Indigenous communities left to
the mercy of outside interests is a clear

example of how the dominant theoretical framework defines the phase space
of a problem and therefore controls the
process of addressing those “predefined”
problems. The resulting mechanisms of
policy administration preserve the old,
unequal power dynamic.
While the implementation policy
for protecting the rights of indigenous
communities is still being debated, both
REDD+ and TEEB face a fundamental
challenge from the international trade
regulations mandated under WTO arrangements. Food and agricultural subsidies provided by World Bank, regional development banks, and other international organizations are promoting
standard “Western” style of neoliberal
governance policies in tropical forested developing countries under the
garb of “food security” and “economic development.” The phase spaces for
REDD+ and TEEB policy mechanisms
are designed on such a counterfactual
basis that the calculation of opportunity costs, forest densities, and carbon
densities will remain uncertain so long
as free trade and economic growth policies continue to promote the spread of
mono-agriculture in tropical forests.
These mono-cropping agricultures are
either promoting the replacement of old
growth forests in tropical countries with
food system input crops (e.g. growth
of soybean and palm oil plantations in
tropical forests during the last 50 years)
or biofuel energy inputs (e.g. corn for
ethanol). In theory, the replacement of
old growth forests with mono-crops
will conserve the carbon density of the
forests; however, in practice, it could
trade-off biodiversity (as animal habi-
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tats will be lost due to mono-cropping
practices) as well as indigenous communities (as their habitats will be lost),
as unintended consequences. There are
thus serious trade-offs among REDD+
and TEEB policy mechanisms that are
being designed by different arms of the
UN system. The phase spaces that are
assumed in the design of REDD+ and
TEEB policy mechanisms, vis-à-vis
WTO alone, cannot claim to completely
represent the phase spaces of dynamic
SES that are evolving in tropical forest
countries. For example, the uncertainty
regarding the impact of global climate
change, e.g. shifting of precipitation
patterns over Amazon and other tropical systems, puts into question the efficacy of REDD+ and TEEB investments
in the end, which instead could be used
to reduce GHG emissions in fossil fuel
intensive developed countries. There
is thus large value ambiguity and system uncertainty about the phase spaces of tropical forest countries that require strict boundary assumptions for
designing REDD+ and TEEB policy
mechanisms and heroic assumptions
about the state variables, e.g. global climate change, governing the evolution
of tropical SES.

3. From Pareto Optimization to
a Complex System’s Perspective

F

rom the synthesis of REDD+,
TEEB, and WTO policy designs,
we have demonstrated that: first,
there are many stakeholders; second,
different stakeholders have differential
power; and, third, different stakeholders have different “valuation” or utility

functions that are often in conflict, with
the powerful winning. Reframing these
conclusions formally, let us consider
a continuous policy space. Now let us
take any “one” stakeholder and its utility function over the policy space. This
yields a “fitness landscape” or “payoff
landscape.” Let us do the same for each
different stakeholder and we have N
landscapes over the strategy space for N
stakeholders. In general, these N fitness
landscapes will not have global optima,
or even local peaks, at the same locations on the strategy space. Now, as we
pointed out above, these diverse landscapes, plus diverse power capacities
from the World Bank, to local hunter
gathering peoples, yield a complex “tug
of war” about policy. A natural solution
concept in the above N landscape case,
where we cannot say the relative values
of the N different utility functions of the
N stakeholders, is that of Global Pareto
Solutions. A global Pareto solution is
a point on the landscape such that no
local move in a continuous phase space
can increase utility for one stakeholder or individual, without decreasing at
least the utility for somebody else in the
bounded system.
Formally, given the set of N
stakeholders, a game in normal form
could specify a strategy set (i.e. phase
space) for each stakeholder. For stakeholder j, we denote by Sj the strategy
space for the jth stakeholder; and define
S:=Πj€NSj as the strategy space for all N
stakeholders. Further, it is postulated
that a preference relation among the
strategy spaces for the jth stakeholder is
represented by a utility function uj : S ×
Sj ---> R. This implies that when all the
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stakeholders have chosen their strategies s := (s1,…..,sn) € S, stakeholder j
will enjoy the utility level uj(s, ξj) when
a stakeholder changes a strategy from xj
to ξj € S. A game among N stakeholders
in normal form could now be defined as
a list of specified data {Sj, uj}j€N. A Nash
Equilibrium of such a stakeholder game
in normal form {Sj, uj}j€N is an n-tuple
of strategies s*:= (s1*,…..,sn*) € S such
that for every j€N, uj(s*, sj*)≥ uj(s*, ξj)
for all ξj € S. In standard social welfare
analysis, the real number uj(s*, sj*) is the
utility that the jth stakeholder currently
enjoys, and in equilibrium, there is no
incentive for her to change her strategy
sj* by herself. In general, Nash equilibrium of such a game is considered as a descriptive concept, i.e. it describes what
the “fitness landscape” would be when
N stakeholders play the game, assuming
that each stakeholder has a nonempty, convex, compact subset of strategy
space, and a continuous quasi-concave
utility function. In contrast to descriptive concept, a normative concept such
as Pareto optimality is typically defined
to signify a desirable “fitness landscape”
or outcome space of a game. These normative concepts, such as Pareto optimality, are typically used as “targets” by
the “General Motor” style rational planners situated in the World Bank, WTO,
and other international organizations.
This in turn leads to the emphasis on
“win–win–win” rhetoric in the creation
of international policies such as REDD+
and TEEB described above. Formally, a
Pareto optimal strategy bundle s* € S for
a game in normal form {Sj, uj}j€N could
be defined by stipulating the condition
that if it is not true that there exists v €
S such that uj(v, vj)≥ uj(s*, sj*) for every j

€ N. It can be demonstrated in environmental governance conundrums such
as REDD+ and TEEB that the Nash
Equilibrium of prisoner dilemma type
of games is not necessarily Pareto optimal. Institutional political economists
that support current REDD+ and TEEB
policy mechanisms would thus argue
that these mechanisms would move the
global governance of tropical forests
from less optimal to more Pareto optimal situations; and by implication, fitter
landscapes, in the end, by incentivizing
the developing countries to conserve
tropical forests, protect biodiversity,
and maintain carbon stocks.
Given the policy design challenges about REDD+ and TEEB described
above, as well as generic crisis facing
international organizations in terms
of dealing with global climate change,
global food insecurity, as well as global biodiversity loss, we argue that such
rationalist and normative arguments
based upon the logic of Pareto optimality and Nash equilibria lead to poorly
defined international institutions that
create perverse incentives for local and
indigenous communities, as defined
for REDD+ and TEEB above, displace
biodiversity through the removal of
old growth forests, engender inequities
due to century-old property right and
tenure conflicts, assume technological
methodologies that cannot objectively
assign baselines, and above all, place a
monetary value on natural and biological systems that trivializes the worth of
biodiversity and social–ecological systems through assumption-laden game
theoretical and institutional design
frameworks.

165

Journal on Policy and Complex Systems

Due to these invalid assumptions, and lack of reality-checks, we
argue that rational and/or centralized
planners could not predefine Pareto
optimal fitness landscapes. This in turn
implies that rational planners could not
predefine the phase spaces of dynamic SES. In fact, from a long-term inter-temporal perspective, we argue that
the strategy spaces and utility functions
of different stakeholder groups over N
policy spaces could not be pre-stated
(also see Zia, Kauffman, & Niiranen,
2012). We emphasize this unprestatibility by arguing that the utility functions and strategy spaces of different
stakeholder groups are not fixed; rather they are very highly context-dependent. The utility functions and strategy
spaces of different stakeholders change
with changes in technology, boundary
conditions, biological evolution, and
other endogenous and exogenous drivers of change in the social–ecological
systems that are typically ignored when
modeled by Pareto optimizing rational
planners. In the context of REDD+ and
TEEB policy designs, if we consider a
scenario where the global food prices
are tripled, this will indirectly also triple the opportunity costs for REDD+
and TEEB payments for developed
countries, which might change optimal
decision in favor of other carbon abatement technologies. In another scenario,
a technological innovation (e.g. carbon
sequestration from coal fired power
plants and/or more cost-effective production of solar cells) could change the
optimal strategies for GHG polluting
countries that could dry up REDD+
payments. Further, in a more cynical

scenario, global climate change could
initiate perverse positive feedback loops
through unintended consequences,
whereby higher CO2 in the atmosphere
could lead to less precipitation in the
tropical forested systems, which in turn
could lead to precipitous decline in forest systems, which in turn could speed
up the concentration of CO2 in coupled
atmospheric and oceanic systems, further aggravating the global carbon cycle. The capacity of tropical forests to
absorb CO2 under high CO2 concentration scenarios is still a very contested
and uncertain issue among biology and
ecology experts. Given these economic,
technological, and biological uncertainties in future scenarios, predefining
inter-temporal phase spaces of tropical
SES and acting upon them through international institutional mechanisms
such as REDD+ and TEEB appears to
contain many uncertainties full of unintended consequences.
Instead, we argue that international organizations need to incorporate a complex systems perspective in
designing and supporting international
policy and institutional mechanisms.
Under a complex systems perspective,
social–ecological systems could transition in and out of multiple stable states
(Scheffer, 2009), or even exist far from
equilibrium (Kauffman, 1993, 1995).
Instead of arguing over the expected opportunity costs, a complex systems perspective could open up the discussion
of many alternate policy designs, including proactive management of critical phase transitions in social–ecological systems at local scales, decentralized
policymaking, self-organization from
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local to global scales, and adaptive pol- 5. Conclusions
icymaking by focusing upon adjacent
e have demonstrated that the
possible while keeping larger scale imphase spaces of SES could
pacts of policies, institutions, and internot be predefined to “sciennational organizations in the context.
tifically manage” global stock of tropical
On the other hand, an adaptive,
forests. Instead, we have argued that a
decentralized, and democratically ancomplex systems-based adaptive, decenchored global governance of tropical
tralized, and democratically anchored
forests could provide adequate voice and
governance of tropical SES could be used
empower the indigenous communities,
and restrain national governments and as guideposts to adequately cope with
international organizations from trad- global environmental and social crises.
ing off old-growth tropical forests and Normative underpinnings of managbiodiversity for the sake of maintaining ing complexity, informed by complex
global carbon cycle. Rich industrialized systems-based understanding of global
countries could rather focus on their climate change, global biodiversity loss,
local carbon footprints and not use elu- and global food insecurity, could guide
sive carbon offsets from tropical forests us toward adaptive governance-based
to sustain their ecologically disrespect- interventions in local to global comful lifestyles. Furthermore, internation- munities. In turn, this will create room
al organizations, such as WTO, need to for open-ended and value-laden adapbe fundamentally reformed that do not tive governance strategies to cope with
incentivize destruction of tropical for- global climate change, global food, and
ests through the ideological knowledge biodiversity loss and other such probof marketization of tropical forests and lems. Iterative nature of adaptive risk
free trade of minerals and soils available governance could also provide opportuin tropical forests. In fact, inter-organi- nities to the local managers of complex
zational coordination among interna- systems to use creative problem solving
tional organizations could prevent such skills based upon the community values
conflicting policies, where WTO is pro- and the constantly evolving knowledge
moting deforestation, while UN-REDD of the partially unknowable adjacent
and UNEP programs are promoting for- possible states of social–ecological sysest conservation; where World Bank is tems that could be dynamically manpromoting unfettered economic devel- aged with the evolving knowledge of
opment, while the International Union adjacent possible states containing both
for Conservation of Nature (IUCN) is intended and unintended consequences.
promoting biodiversity conservation;
where IMF is promoting globalization
and corporatization, while global capacity to sustain such globalization is diminishing faster than anticipated by many
global environmental policy experts.

W
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Abstract
Systems Science, cybernetics and complexity are closely related fields. To illustrate, this article describes two projects in contemporary cybernetics that may be of interest to those concerned
with complexity and policy studies. The first project is an effort to
expand the conception of science so that it more successfully encompasses the social sciences. The intent is to aid communication
among disciplines and improve our ability to manage social systems. The second project is an effort to develop reflexivity theory
into a general theory of purposeful, self-directed systems, thus improving our understanding and management of social systems. The
article ends with some comparisons of complexity and cybernetics.
Keywords: second order cybernetics, correspondence principle,
constructivism, pragmatism, epistemology, third order cybernetics, reflexivity, 30 years’ war, complexity

Epandir la ciencia y avanzar el gobierno reflexivo:
Dos proyectos actuales en cibernetica
Resumen
La ciencia de sistemas, la cibernética y la complejidad son campos
estrechamente relacionados. Para ilustrarlo, este artículo describe
dos proyectos en cibernética contemporánea que pueden interesar
a quienes se preocupan por la complejidad y los estudios de la polí*
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tica. El primer proyecto es un esfuerzo por expandir la concepción
de la ciencia para que abarque con más éxito las ciencias sociales.
La intención es ayudar a la comunicación entre las disciplinas y
mejorar nuestra capacidad para administrar los sistemas sociales.
El segundo proyecto es un esfuerzo por desarrollar la teoría de la
reflexividad en una teoría general de los sistemas dirigidos y auto
dirigidos, mejorando así nuestra comprensión y gestión de los sistemas sociales. El artículo termina con algunas comparaciones de
complejidad y cibernética.
Palabras clave: cibernética de segundo orden, principio de correspondencia, constructivismo, pragmatismo, epistemología, cibernética de tercer orden, reflexividad, guerra de los 30 años, complejidad.

扩大科学和提高反思性治理：
当前控制论中的两个项目
摘要
系统科学、控制学和复杂性是三个密切相关的领域。为阐述
此观点，本文描述了当代控制论中的两个项目，这两个项目
可能会引起关心复杂性和政策研究的人士的兴趣。第一个项
目是扩大科学概念，从而让其更加顺利地将社会科学包括在
内。此举是为了促进学科间交流，并提高我们管理社会体系
的能力。第二个项目则是将反思理论（reflexivity theory）发
展为一个有针对性的、关于自导体系的一般性理论。本文结
论对复杂性和控制论进行了比较。
关键词：二阶控制论，对应原则，建构主义，实用主义，认
识论，三阶控制论，自反性，三十年战争，复杂性
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Introduction for the
Conference on Complexity
and Policy Studies

L

et me begin by explaining my purpose in attending this conference.
I am presently serving as president of the Executive Committee of the
International Academy for Systems and
Cybernetic Sciences (www.iascys.org).
It is an honor society created a few years
ago by the International Federation for
Systems Research (www.ifsr.org). Other federations of systems societies that
now work with IASCYS are the World
Organization for Systems and Cybernetics (wosc.co) and the European
Union for Systemics (www.ues-eus.eu/
en/). The purpose of the Academy is to
recognize people who have made outstanding contributions to the fields of
systems science and cybernetics and to
elect them as academicians. We would
also like to include in the Academy people from the field of complexity.
Although primarily an honor society, the Academy has also proven to
be effective in increasing communication among scholars in different countries and among academic societies in
the same country. I believe that systems
science, cybernetics and complexity are
neighboring fields with somewhat different interests and histories. The fact
that there are three different fields is
shown by the fact that the previous societies, journals, and conferences have
continued, and new ones have been
founded. So, how is complexity different from cybernetics? I shall describe
two subjects of investigation in cybernetics that have policy implications. I

think these two subjects will be of interest to people at this conference on
Complexity and Policy Studies. Using
these two examples, I shall then suggest
how contemporary cybernetics is like
and different from complexity research.
The first example will be work on
expanding the conception of science in
accord with the Correspondence Principle. This work has been done primarily by scholars in the US and Europe.
The second example will be work that
Russian scholars are doing on extending cybernetics into the realm of large
social systems by creating a philosophy
and theory of self-regulating societies.
This example describes work now being
done by scholars in Russia, which has
attracted attention from scholars in N.
America, Europe and China.

First Project: Expanding the
Conception of Science

T

he field of cybernetics emerged
in the late 1940s during a series
of conferences in New York City
sponsored by the Josiah Macy Jr. Foundation. During World War II, many scientists had worked on applied projects.
After the war, they wanted to talk about
what they had learned. Ten conferences
on the theme of “Circular Causal and
Feedback Mechanisms in Biological
and Social Systems” were held between
1946 and 1953. Warren McCulloch, a
philosopher at MIT (Abraham, 2016),
chaired them. Participants included Gregory Bateson, Margaret Mead,
Norbert Wiener, John von Neumann,
Heinz von Foerster, Ross Ashby, Kurt
Lewin and others (Pias, 2003). After
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Wiener published his 1948 book (Wie- important work and wanted to advance
ner, 1948), the meetings were called the second order cybernetics as a scientific revolution within the field of cyberMacy Conferences on Cybernetics.
McCulloch was a philosopher netics (Umpleby, 1974). Beginning in
who wanted to understand cognition. the late 1970s this group began giving
He decided to test existing theories tutorials about the history and fundaof knowledge from philosophy using mentals of cybernetics at conferences
in the US and Europe. Tutorials were
experiments in neurophysiology. He
necessary because of the lack of uniasked, “How does the brain work?” Mcversity courses and degree programs
Culloch (1965), Maturana (1975), von
in cybernetics. After presenting papers
Foerster (2003) and others conducted
and tutorials at conferences for several
biological experiments. They concludyears, they asked, “How does a sciened that observations independent of
tific revolution end? How do we know
observers are not physically possible.
the revolution has succeeded?” ThomBuilding on the empirical work, von
as Kuhn had said there were periods of
Foerster sought to include the observnormal science and periods of revoluer within science. In 1974, he invented
tionary science (Kuhn, 1962). He emthe term “second order cybernetics,” to
phasized the transition from normal
shift the focus of attention in cybernetscience to a revolutionary period due to
ics from technical applications to the “incommensurable definitions.” A revstudy of cognition (von Foerster, 2003). olutionary period ends, Kuhn believed,
Several definitions of first and when the younger generation was persecond order cybernetics have been suaded to adopt the new point of view.
given. See Table 1 (Umpleby, 2016). A However, could there be a more definigroup of people in the American So- tive sign? Perhaps the Correspondence
ciety for Cybernetics thought this was Principle would help.
Table 1. Definitions of First- and Second-Order Cybernetics
Author

First Order Cybernetics

Second Order Cybernetics

Von Foerster

The cybernetics of observed
systems

The cybernetics of observing
systems

Pask

The purpose of a model

The purpose of the modeler

Varela

Controlled systems

Autonomous systems

Umpleby

Interaction among the variables in
a system

Interaction between observer and
observed

Umpleby

Theories of social systems

Theories of the interaction between
ideas and society
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Bohr (1920) when developing
the quantum theory proposed the Correspondence Principle. It says, “Any
new theory should reduce to the old
theory to which it corresponds for
those cases in which the old theory is
known to hold.” Wladyslaw Krajewski in a book on the Correspondence

Principle (Krajewski, 1977) expressed
the view that a more general theory
is not sufficient. There should also be
a new dimension that was previously
not noticed or had been thought to be
insignificant. So, how could the role of
the observer be formulated as a new dimension (Figure 1)?

Figure 1. How science advances.

Figure 2. Expanding science in accord with the correspondence principle.

The new dimension would be
something that was not previously considered (e.g., the speed of light in relativity theory) or was assumed to be insignificant (e.g., the diameter of molecules
in the gas laws). See Figure 2 (Umpleby,
2005). All the data that supported the
old theory (i.e., small circle) would also
support the new theory (i.e., large oval).

Now many more experiments could
be conducted to investigate the region
created by the new dimension (the area
inside the large oval).
As more social scientists were
attracted to the field of cybernetics,
more thought was given to social systems. One way to describe the development of cybernetics is to say that it has
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progressed through three stages—engineering cybernetics, biological cybernetics and social cybernetics. See
Table 2 (Umpleby, 2014). These three
approaches to cybernetics can be arranged in a triangle using Karl Popper’s
three worlds (Popper, 1978). In Figure
3, the left side of the triangle would be
the realist approach to science. Scientists create descriptions of the world.
The observer is explicitly excluded due
to a desire to be objective. Biological
cybernetics is concerned with how the
brain creates descriptions of the world.
Little attention is paid to the world
since it already is included in the perceptions of the observer. Social cybernetics is concerned with how people act
in the world. Theories or descriptions
are thought to be less important than
appropriate actions. Hence, each side
of the triangle emphasizes two vertices
and deemphasizes the third. Second
order cybernetics was first a theory of
knowledge (bottom of the triangle) and
later also a description of how knowledge is used (right side of the triangle).
With this triangle, second order cybernetics became not a competing epistemology to realism but a theory of epistemologies (Umpleby, 2016).
For many decades, social scientists have tried to imitate the physical
sciences. Physics was regarded as an
example of how to do science. More
recently, the idea is to expand science,
so the physical sciences become a special case of a larger view of science. The
new view includes purposeful systems.
Inanimate objects (e.g., in physics) are a
special case (Umpleby, 2017).

Second Order Cybernetics

I

n recent years there has been a transition from speaking about second
order cybernetics to describing also
second order science (Kauffman, 2016;
Müller, 2011; Riegler & Mueller, 2014).
This is possible because cybernetics is a
general theory of control and communication. It is a theory of information
and regulation. Physics, in contrast, is
a general theory of matter and energy.
Whereas the physical sciences
describe the material world, cybernetics is concerned with purpose, meaning, regulation, understanding and
ways of knowing, including science.
Hence, cybernetics aspires to provide
a general theory of management, government, the interaction between ideas
and society, and perhaps even the history and philosophy of science. The result has been an attempt to expand the
conception of science so that it more
adequately encompasses social systems.
Social systems are reflexive. They observe, reflect and act. In addition, they
are composed of elements (e.g., individuals and organizations) that are also
reflexive (Soros, 1987; Umpleby, 2017).
Trying to describe social systems using
tools taken from the physical sciences is
very limiting. An alternative is to begin
with an understanding of the phenomenon of interest.
Recent work in cybernetics has
suggested that three dimensions can be
added to our conception of science, not
just to cybernetics.
1. The observer should be included
in descriptions. This is needed to
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Table 2. Three Versions of Cybernetics
Engineering
Cybernetics

Biological
Cybernetics

Social
Cybernetics

The view of
epistemology

A realist view of
epistemology:
knowledge is a
“picture” of reality

A biological view of
epistemology: how the
brain functions

A pragmatic view
of epistemology:
knowledge is
constructed to achieve
human purposes

A key
distinction

Reality versus
Scientific Theories

Realism versus
Constructivism

The biology of
cognition versus the
observer as a social
participant

The puzzle to
be solved

Construct theories
that explain observed
phenomena

Include the observer
within the domain of
science

Explain the
relationship between
the natural and the
social sciences

What must
be explained

How the world works

How an individual
constructs a “reality”

How people create,
maintain, and change
social systems through
language and ideas

A key
assumption

Natural processes
can be explained by
scientific theories

Ideas about knowledge
should be rooted in
neurophysiology

Ideas are accepted
if they serve the
observer’s purposes as
a social participant

An
important
consequence

Scientific knowledge
can be used to modify
natural processes to
benefit people

If people accept
constructivism, they
will be more tolerant

By transforming
conceptual systems
(through persuasion,
not coercion), we can
change society

Figure 3. Three epistemologies.
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explain not just how to conduct an
experiment but also what the background of the scientist is—history
and culture, field of study, perhaps
religion and political perspectives—
any conceptions of the world that
shape the context and the purpose
of an inquiry.
2. In the physical sciences, theories do
not alter the way the world works,
except to some extent in quantum
mechanics. However, in the social
sciences there is a dialogue between
theories and practice. A social theory typically describes how a social
system operates and what actions
would improve its performance.
The evolution of economic thought
provides an example. Theories by
Adam Smith, Karl Marx, John Maynard Keynes, and Milton Friedman
not only describe economic systems
but also influence the way people
behave in social systems (Umpleby,
2014).

design have been created on several campuses. They are usually in
schools of art or architecture. However, machines, software, management procedures and government
programs are also designed. There
are now methods for teaching design. Hence, there are now methods
for creating hypotheses as well as
methods for testing them.

These three additions to science—including attention to the observer or scientist, considering the effect
that theories have on the phenomenon
described, and methods for creating
new hypotheses—are significant additions to our conception of science. They
are consistent with earlier scientific
work and they expand the possibilities
for science in the future. Hence, they
are consistent with the Correspondence
Principle. In the new conception of science physics is not an example for all
of science but rather a special case of
a larger conception. The new conception will aid the unification of science
3. The history of science is a self-or- by clarifying how the natural sciences
ganizing system, similar to biolog- and the social sciences are similar and
ical evolution. There are two pro- different.
cesses—the creation of new variety
There are additional practical
(e.g., the creation of a new theory) implications. Expanding the philosoand the selection of appropriate va- phy of science will help American sciriety. Some ideas are adopted and entists understand and cooperate with
used. Some ideas are discarded. In more philosophically oriented Eurothe philosophy of science, emphasis pean scientists. The larger conception
is placed on testing ideas. How ideas of science will contribute to quality
originate, or where they come from, improvement methods in science by
is not necessarily described. New developing methods of meta research.
ideas are thought to arise from in- The new conception of social science
tuition, imagination, or inspiration. will shift the focus of attention in social
However, in recent years schools of science research from studying interac178
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tions among variables to paying more ed in the development of philosophical
attention to goals, purposes and ideas thinking in Russia in recent years (Lefethat are fundamental to social systems. bvre, 1982; Lepskiy, 2017).
An important concept in third
order cybernetics in Russia is the idea
of a meta subject—the environment
or context of a subject of investigation.
The meta subject can be thought of on
ladimir Lepskiy and his colthree levels. At the micro level, the meta
leagues at the Institute of Phisubject would be the family or the work
losophy of the Russian Academy of Sciences have been meeting every group. At the meso level, the meta subtwo years for about 20 years to discuss ject would be a company or a city. At
Reflexive Processes and Control. They the macro level, the meta subject would
now call their work “third order cyber- be a country, a region, or the world.
At the micro level, the fields of
netics.” Whereas second order cyberpsychology,
therapy, and sociology
netics emphasized self-reference and a
scientist’s reflection on his or her un- have been influenced by cybernetics.
derstanding, third order cybernetics is Key authors are Bateson, Frisch, Watthe study of social systems or the study zlawick, and Weakland (Bateson, 1972;
of how a system composed of reflexive Watzlawick, 1983; Watzlawick, Weaksystems can itself be reflexive. An exam- land, & Frisch, 1974).
ple is the relationship between a society
At the level of the firm or orgaand its government. The role of governnization, the fields of management and
ment is to enable a society to achieve
public administration have also been
its purposes, at a minimum, survival
influenced by cybernetics and sysand ideally prosperity and thriving.
tems science, for example, Beer (1972),
Achieving these objectives requires that
Ackoff (1981), Checkland (1999), and
the government control at least some
Schwaninger (2008).
aspects of society and that the society
At the macro level to find the
control the government, primarily by
key
authors
one must go farther back in
limiting the power that the government
has over its citizens. Limits take the time. In the seventeenth century, people
form of laws and institutions, such as a in Europe were trying to create self-governing societies. The task was to build a
legislature and courts.
At a meeting of Lepskiy’s group reflexive society, one in which people
in Moscow in October 2017, I described were both rulers and ruled. Eventually
the recent work on second order cyber- the goal became to go beyond both the
netics in the US and Europe and offered King and the Pope. Both still exist, but
some thoughts on third order cybernet- they are not as powerful as before.

Second Project: Creating
a Reflexive Philosophy
of Government

V

The macro level is the reflexive
ics as it has developed in Russia. The
idea of third order cybernetics is root- level. There are many feedback loops in
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a large social system. There are many
challenges—how to resolve internal
conflicts, how to defend the society
against interference from outside, how
to create an innovative society and
how to achieve steady social progress
in terms of standard of living and civil
liberties.

a social contract, and the rule of law.
Ideas developed in Europe were tested
in N. America. Leading theorists were
Thomas Hobbes (1588–1679) and John
Locke (1632–1704) in England, Voltaire (1694–1778) and Jean-Jacques
Rousseau (1712–1778) in France and
Edmund Burke (1729–1797) in Ireland.

Here are a few of the key steps
in the development of government institutions in Europe. The Pope crowned
Charlemagne Holy Roman Emperor
in 800. His reign advanced the spread
of Christianity in Europe. In 1215, the
Magna Carta was the first agreement to
limit the power of a king. Martin Luther
(1483–1546) initiated the Protestant
Reformation, thus limiting the power
of the Pope. In the 30 years’ war (1618–
1648) about 1/3 of the people in Europe
were killed in wars between Protestants
and Catholics.

According to Acemoglu and
Robinson (2012), there are two challenges in developing a government: first,
assembling enough power to achieve
social purposes and second, limiting
the power of the executive so that the
rights of individuals are not abused.
Over time several institutional arrangements have been developed, including
1) a federal system with local, state and
national governments and 2) legislative,
executive and judicial branches at each
level. The branches were independent
and each could check the power of the
others. Other institutions were universities, a free press, business organizations, labor unions, and non-governmental organizations.

During the 30 years’ war, many
people moved from Europe to N. America to escape the religious conflicts. The
Peace of Westphalia, that ended the war,
supported the idea of religious freedom
and largely created the conception of a
nation state. Each country could choose
its own religion. Each person could
worship as he or she chose. Individuals
and nations became self-governing.

Several principles or values became accepted over time: majority rule
and minority rights, a right to private
property to provide personal security,
trial by jury, the right to have a lawyer,
religious liberty, freedom of speech.
The underlying problem in Eu- Gradually secular authority replaced
rope was aristocracy and a class system. religious authority. The state—the citA political/ religious hierarchy was the izenry as a whole through a constituidea that supported the aristocracy. tional system—developed the power to
There were two solutions. One could regulate both religion and the economy.
move to America and create a new soThe type of government in a society on the frontier. Alternatively, one ciety is influenced by geography (Diacould think one’s way out of the box by mond, 2005). A country with strong
inventing ideas like individual rights, borders (e.g., UK and US) worries less
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Table 3. A Comparison of Cybernetics and Complexity
Cybernetics

Complexity

Origin of the field

Macy Conferences, 1946–1953

1980s, Santa-Fe Institute

Definition of field

Control and communication
in animal, machine and social
systems; a science of purposeful
systems

New entities and patterns of
behavior emerge when many
agents interact and adapt to one
another and their environments

Key authors

W. McCulloch, N. Wiener, H. von
Foerster, M. Mead, G. Bateson, H.
Maturana

M. Gell-Mann, G. West, R.
Axtell, B. Arthur, J. Holland, S.
Kauffman, S. Wolfram

Purpose

Create a science of perception,
regulation, learning, adaptation,
purposeful behavior and
understanding

Identify the unseen mechanisms
and processes that shape evolving
worlds

Methods

Methods from any discipline

Rigorous logical, mathematical,
computational methods

A key question

How does the brain understand
itself? How can we create a
reflexive science? How can we
create self-governing societies?

How do order and novelty emerge
in the world?

How science
advances

Add a new dimension

Find common patterns

Internal
mechanisms

Reflexivity operates on
two levels—observing and
participating

Complexity involves two
processes: creating new variety
and selecting appropriate variety

Locus of
contribution

Extensions of philosophy

Extensions of mathematics

about what people say and do. A country with no clearly defined borders (e.g.,
on the Central European Plane) must
keep control of the population in order
to repel invaders.

ternative, more general point of view is
what Popper (1957) called “piecemeal
social engineering” and what Campbell
(1988) called an “experimenting society.” If third order cybernetics is seen as
During the Cold War there were a theory of experimentation and reform
basically two points of view—capital- in social systems, it will connect work
ism and communism. These ideologies in cybernetics with political reform and
gave meaning and purpose to life and the evolution of society. This interpreprovided organizing principles. An al- tation of third order cybernetics offers a
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non-ideological way of comparing and
improving social systems. It opens the
door to conversations about the historical reasons for the development of particular institutions in the West and the
East. This is an important addition to
cybernetics and to policy discussions.

Complexity and Cybernetics

T

he fields of complexity and cybernetics are similar in that they
are located outside the traditional disciplines. Their concerns are transdisciplinary. Cybernetics started in the
late 1940s; complexity in the 1980s. In
the 1960s, cyberneticians held a series
of meetings on self-organizing systems
(Ashby, 1962; von Foerster, 1960). This
work has been continued in the field
of complexity, aided by advances in
computers. Early interest in cybernetics came from engineering, particularly automatic control processes. Later
work emphasized the man-machine
interface, management and the biology
of cognition. More recently, work in cybernetics has been concerned with design and with the philosophy of science.
Meanwhile the work in complexity has
greatly extended the earlier work on
self-organizing systems. Agent based
models are a new type of computer simulation. More interaction in the future
among the various transdisciplinary
fields will benefit everyone. See Table 3
for a preliminary comparison of cybernetics and complexity science.
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Abstract
School choice policies allow parents to choose which publicly funded school their children attend. I simulated an agent-based model of school choice to examine the conditions under which school
choice would be effective. The simulation shows that schools will
decrease their capacity down to the total number of students in a
school system, at which point they can reduce quality to save cost.
When schools are only able to change their quality slowly, the overall quality of schools in a system will tend to decrease. Additionally, when high-quality public schools are added to a school choice
school system, the quality of every school remains relatively high.
These findings suggest some refinements to school choice policies:
restricting how schools can reduce their capacity, ensuring that
large quality improvement are possible, and focusing on the quality of public schools not as a result of school choice but as a means
to its success.
Keywords: school choice, education, agent-based model
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Hacer coincidir a los estudiantes con las escuelas
Resumen
Las políticas de elección de escuela les permiten a los padres elegir a qué escuela financiada con fondos públicos asisten sus hijos.
Simulé un modelo de elección de escuela basado en agentes para
examinar las condiciones bajo las cuales la elección de escuela sería
efectiva. La simulación muestra que las escuelas reducirán su capacidad hasta la cantidad total de estudiantes en un sistema escolar,
momento en el que pueden reducir la calidad para ahorrar costos.
Cuando las escuelas solo pueden cambiar su calidad lentamente, la
calidad general de las escuelas en un sistema tenderá a disminuir.
Además, cuando se agregan escuelas públicas de alta calidad a un
sistema escolar de elección de escuela, la calidad de cada escuela
sigue siendo relativamente alta. Estos hallazgos sugieren algunos
refinamientos a las políticas de elección de escuela: restringir cómo
las escuelas pueden reducir su capacidad, asegurar que la mejora
de la calidad sea posible y enfocarse en la calidad de las escuelas
públicas no como resultado de la elección escolar sino como un
medio para su éxito.
Palabras clave: elección de escuela, educación, modelo basado en
agentes

题目:将学生与学校配对
摘要
学校选择政策允许家长选择子女去哪所公立学校入学。笔者
模拟了一项关于院校选择的基于agent模型，用以检验某些
情况（在这些情况下，院校选择将会是有效的）。模拟结果
显示，院校将针对学校系统中的学生总人数而减少其在这方
面的能力，从而通过减少质量来节约成本。当院校只能缓慢
改变学校质量时，体系中院校的总体质量也将减少。此外，
当高质量公立院校被纳入院校选择中时，每个院校的质量将
保持相对较高。这些研究发现为院校选择政策提出了修改意
见：应限制院校减少其能力的方式，保证大幅度质量提升的
186
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可能性，并聚焦于公立院校质量，该质量不应是院校选择的
结果，而应是通往成功的途径。
关键词：学校选择，教育，基于agent模型

1. Educational Authority
and School Choice Policies

importance of education, insofar as education relates to prospective employment. Some have framed this vast range
ublic education serves a wide of educational goals as the responsibilibreadth of societal purposes. The ty to educate the “whole child” (Carter,
most obvious aim of education 2013).
is an epistemic one: we want to impart
Because the various aims of eduknowledge to children, so we require
cation are so important to the functionthat they spend many hours each day
ing of a society, several parties have an
absorbing new pieces of information
interest in how a public system of edu(Elgin, 2007). Similarly, we want stucation functions. The state, which funds
dents to learn how to think well, or to
and oversees public education, is espedevelop their “critical thinking” skills
cially invested in the moral and political
(Mulnix, 2012). Knowledge alone, howpurposes that education can achieve.
ever, is not enough (Anderson, 2007).
Education also serves a moral purpose, Students are interested in receiving an
because we can use schools to teach education that is enjoyable, interesting,
children to act rightly or at least to up— and useful for their future adult lives.
hold important social norms (Dewey, Other parties, such as teachers or tax1916; Brighouse & Swift, 2006). Chil- payers, are tangentially interested in
dren grow up to be adults who are able the operations of public education systo participate in the political process, tems. Parents of students are interestand so citizenship education—which is ed in how those students are educated,
certainly related to moral education— in part because the parents care about
is also important (Nussbaum, 2009). what benefits the students and also in
Furthermore, in a very heterogeneous part because the parents have an interest
world, a multicultural education for in raising their children as they see fit
global citizenship that teaches students (Brighouse & Swift, 2006).
Balancing the relative authorto appreciate diversity is also valued
(Gutmann, 2009; Nussbaum, 2006; ity of these parties over educational
Nussbaum, 1997). Less frequently talk- decision making is a significant probed about in the discourse around phi- lem for policymakers. Some believe,
losophy of education is the economic for instance, that students themselves

P
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should have more authority than they
currently do (Reich, 2009). Balancing
the authority over education of the parents and the state is particularly controversial, and particularly important
given that parents and the state often
conflict on how education should best
serve the purposes outlined above. If,
for instance, one thinks that the political
aims of education are the most crucial,
then more authority should likely be
allocated to the state than to the parent
(Gutmann, 1987). Those who consider the interests of parents, which may
correlate with the interests of the students, to supersede those of the state
advocate for distributing more authority to parents. Historically, parents have
exercised their authority by choosing to
home school their children, send them
to private schools, discuss curricula or
pedagogy with their teachers, etc. One
implicit way that parents have always
been able to exercise utmost authority over where their children attended
school was by moving to a different
school district. These methods require
privilege and resources, though, and so
in recent years there has been a movement to increase parental authority
over educational decision making by
instituting “school choice” policies.
School choice policies come in
many forms, but the basic conception
is that parents should not be limited by
their residential address in where their
children enroll in school. Those who
think that parents’ educational authority should be expanded will support
these policies in their own right, but
others have further argued that school
choice policies will lead to system-wide

improvements in the quality of schools.
When parents can select schools,
schools will have to compete for students, and this competition will cause
them to improve (e.g., see Friedman,
1983; Hoxby 2001).
The evidence that this is working, however, is far from definitive. In
some locations, school choice has increased segregation, as parents tend to
choose schools where their students will
fit in, rather than prioritizing diversity
in their decisions (Wall, 2017). Voucher systems, in which publicly funded
choices can be made between public
and private schools, are also known
to go awry (Turner, Weddle, & Balonon-Rosen, 2017). School choice policies involving charter schools, which
are publicly funded but privately managed, have similarly not instigated the
promised improvements (Binelli, 2017;
Harris & Fessenden, 2017). In this paper, I attempt to shed some light on reasons why competition between schools
is not causing its purported result. For
context, I first discuss some other criticisms of school choice policies.

2. Other Criticisms
of School Choice

G

iven its prominence in contemporary public discourse, several arguments against school
choice policies have emerged.
One such critique has to do with the
marginal cost of schooling each student
(McGowan, 2016). The amount of a tuition payment is set by a regulatory authority such that the product of tuition
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and the expected number of students in
a school will more or less meet the operating costs of any school in that area.
However, a linear increase (or decrease)
in a school’s funding when that school
recruits (or loses) a student is not equivalent to the actual expense of educating
each student. In fact, the marginal cost
of educating one student is very low; it
would be fairly insignificant for a school
to add one student to one class. Conversely, when a parent decides to change
schools, the entire tuition amount for
that student leaves their original school,
even though the expenses of this school
have not reduced by the amount of tuition. This leaves schools who are losing
more students then they are receiving
with less resources than they need to
continue the education of the students
who still attend these schools.

school are incentivized more so than
improvements in the school’s quality.
Such incentives do not make for a defensible public policy. Others have noticed that parents don’t necessarily have
the most pertinent information about
schools, only ever knowing how well
students at those schools perform and
not knowing how much of an impact
schools have had on their students’ performance (Cornwall, 2017). Furthermore, if schools “quality” is measured
merely by standardized test scores,
which we know to be imperfect measures of achievement, parents may not
be able to adequately evaluate a school.

School choice policies are based on
an economic principle that says that
competition will increase quality. However, there are many ways in which education is not analogous to a consumer
Another criticism of school choice
product, and parents choosing schools
is based on the recognition that parents
will not always perfectly choose schools are not analogous to consumers. For
for their children. Some parents prior- example, parents are making school deitize education more than others, and cisions on behalf of their children, and
some parents simply have more time to the extent that parents’ interests do
to research and evaluate the school op- not perfectly correlate with students’
tions available to them. Indeed, the ar- interests, this decision will be imperfect
gument goes, the parents most likely to at improving the situation of the stuexercise their school choice abilities well dent. Additionally, education in many
are the same ones—those more afflu- respects resembles a public rather than
ent or otherwise privileged—who have a private good (Daviet, 2016).
always been able to exercise de facto
This paper provides a new critique
school choice. Similarly, I have argued of school choice policies, the primary
elsewhere that parents’ cognitive biases strength of which is that it actually acprevent them from being able to make cepts the assumptions of school choice
adequate school choices (Watkins, proponents regarding incentives in a
2017). If parents are choosing schools competitive “marketplace.”
for reasons other than the quality of the
school, such as the school’s appearance
or name, then these other features of a
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3. Modeling School Choice

T

deficiencies of the model as they arise.

he critique herein ultimately
seeks to shed light on some of
the crucial assumptions that
proponents of school choice make in
their arguments that it will be effective.
In order to evaluate more rigorously the
effects of school choice policies, the situation can be simulated using an agentbased model (in a program called NetLogo, in this case) of school choice.
Parents and schools can adopt strategies in order to increase their payoffs:
parents can change which school they
choose, and schools can change features
of the school in an attempt to recruit
more parents. As with any model, the
following school choice model does
not purport to be perfectly realistic. I
have used as my basis a set of parameters that I believe a proponent of school
choice policies would accept. Many of
these idealizations are unrealistic. For
instance, schools have a payoff function
that exactly mirrors that of a profit-motivated business. Additionally, parents
in this model do not change their location, while in reality they certainly can
and do. However, as aforementioned,
proponents of school choice claim that
a parent shouldn’t need to move in order to provide educational opportunity
for their children. In constructing this
model, my goal was to test whether or
not the argument that competition between schools is likely to result in quality improvements is an argument that
is effective even with several idealizing
upon which some would say the arguments in favor of school choice rely.
I will point out other, more specific

A summary of the variables used
in the model is provided in Table 1; Figure 1 gives a corresponding visual representation.
Both the parents and schools
in this model use a general strategy of
myopic best response (Alexander, 2007,
p. 41). Basically, both populations are
making decisions about their strategy at
time t based on what would have been
the best strategy at time t − 1. In this
context, a parent choosing a school for
fifth grade, for example, would examine
what they knew about schools while
their child was in fourth grade. One
characteristic of myopic best response
is that it does not allow agents to notice
trends over time, e.g., a school’s quality
steadily increasing or decreasing over
the course of multiple years. However,
myopic best response is a good approximation for limited rationality, which
makes the model more realistic than
if both parents and schools were presumed to have perfect knowledge and
infinite memory, while still maintaining
agents’ tendency to act in their best interest.
Neither parents nor schools are
allowed to change their location in this
model, although in reality of course
parents do move and schools do occasionally relocate. Because school choice
policies are intended to remove the necessity of moving, which is financially burdensome, from parents’ school
choices, I wanted to examine the results
of school choices without changes of location. However, as will be made explicit
in the model below, location does matter
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Table 1. Summary of variables

Figure 1. Visual representation of the model, in which parents are connected
to schools attended by their children by arrows.
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to parents: they generally want to attend
schools closer to them. Location could
be used as a proxy for other non-quality-related traits of a school as well, such
as whether the students’ siblings attended the school or whether the school offered after school supervision that satisfied the parents’ work schedules.
The parameter of quality used
in the model is intended to encompass
many aspects of a school, while remaining noncommittal about exactly what
those aspects are. For example, having a
low student–teacher ratio, having highly trained educators, evidence-based
pedagogy or curriculum, and many
more factors may contribute to quality.
A modified model could separate out
these factors and weigh them by importance, if such relationships were known
empirically. I have incorporated quality
in the school payoff function as a cost to
the school. While I recognize that some
components of a school’s quality are not
directly attributable to money spent, it
is incontrovertible that at least some of
a school’s quality is the result of expense
(e.g. Lattimore, 2017). One may consider the quality parameter used in this
model to merely be the part of quality
which does result in a cost to a school;
the results would not be affected.
Moreover, the way school quality is generally measured—standardized
test scores—depends in part on which
students attend a school, and how predisposed they are to do well on these
tests. In an attempt to parallel the assumptions of school choice proponents,
quality in this model is in no way a function of which parents choose a school.

3.1 Parents
For x coordinate xk, y coordinate yk,
quality weight rk, school which was
chosen sk, and payoff pṖk , this vector describes each parent:
Ṗk = < xk, yk, rk, sk, pṖk >
Say there are m parents. The location given by (xk, yk) is set randomly
and does not change. The quality weight
rk is set randomly between 0 and 1, and
the location weight is implicitly 1 − rk,
so that rk + (1−rk) = 1 for every parent;
these values are not adjustable. Parents’
only variable parameter is which school
they choose, which then in turn affects
their payoffs.
The parents’ payoff function depends on quality of and distance to the
school, as well as that parent’s quality
and location weights; the two factors
are multiplied instead of added in order
to ensure that they are not fully substitutable, i.e. that a parent will not merely
seek to maximize quality or minimize
distance at the expense of the other:

Note that the two-dimensional
Cartesian distance is used here in the
denominator, but any general distance
function d((xi, yi), (xk, yk)) would work.
For instance, parents may more realistically care about driving distance to
the school rather than the length of a
straight line from the school to their
residence.
The function sk, describing which
school the parent chose, is a function
of the payoff a parent would get from
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choosing school i and is given by:

This is the school i that would
have provided the parent with the
greatest payoff at time t − 1 compared
to all of the other schools, subject to the
constraint of the school’s capacity. Parents perform their choice operation in a
random order, so if more parents would
have selected a school than that school’s
capacity, a random set of them will actually be able to choose the school. Parents are only able to select from schools
with available space, so parents effectively rank schools in order of payoff
and then attempt to choose each school
in that order until they can choose one
which still has open seats. This choice
operation is performed for every parent
every turn, one consequence of which
is that students who currently attend a
school do not receive any kind of priority placement in that school again
the following year. Most actual school
choice policies do grant enrollment
preference to current students, but the
most idealized school choice policies
would not differentiate between students in this way.

3.2 Schools
For x coordinate xi, y coordinate yi, capacity ci, quality qi, number of enrolled
students di, and payoff p˙Si , this vector
describes each school:
Ṡi =< xi,yi,ci,qi,di, p˙Si >
Say there are n schools initial-

ly. The location given by (xi, yi) is set
randomly, and is not variable. The capacity ci is initially set randomly such
that for the population of schools,
where m is the number of
parents. For example, the initial sum of
the capacities of the schools may be set
at 1.5 times the number of parents. This
ensures that each student can attend a
school (at least to begin with).
The number of students attending school i, di, counts the number of
parents who chose school i. In other
words, the students equal the cardinality
of the set of parents who chose school i:
di = |{Ṗk : sk = i}|.
Note that each parent is presumed to have exactly one child. If at
any point a school is not able to recruit
any students, that school will “go out of
business” and will not be available for
parents to choose in subsequent turns.
The quality of the school is initially set randomly between 0 and tuition (tuition is a universal variable and
does not change over time). Quality
is represented here as an amount of
money, up to the full tuition amount,
that the school spends on educational
quality per student. After its initial value, quality is a piecewise function depending on the success at time t − 1 of
two hypothetical qualities, an increased
quality and a decreased quality:
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This means that the school adjusts its quality up or down if it would
have yielded a higher payoff at time t −1
to have done so, and it keeps its payoff
the same if the hypothetical quality increase or decrease would not have yielded a higher payoff. Note that kq could
be constant, a percentage of the school’s
current quality, a function inversely proportional to the school’s current
quality, or any other function of q. Although evaluation of two hypothetical

qualities is not strictly myopic best response, in which schools would instantly jump to the quality that would have
recruited the most parents at time t − 1,
allowing schools to only incrementally
increase or decrease their quality more
accurately tracks a real school’s need to
adjust its quality gradually.

Allowing schools to reduce their
capacity permits the possibility that at
some point, some parent won’t be able
to select any school, i.e. that the total capacity of the schools will be less than the
number of parents. This is not realistic:
school is compulsory, and a regulatory
authority will ensure that every student
is able to attend some school. However, schools have a strong incentive to
increase their quality to accommodate
these extra parents, and so any shortage
of open seats is only momentary. Therefore, I do not consider this to be a very
troubling weakness of the model.

the scale of capacity versus quality. Because the total number of parents m in
the simulation I used was around 100,
and because students come in discrete
quantities, I used kc = 1. As will be discussed in greater depth below, the value
of kq matters substantially for the results
of the model.

The precise values of the constants kq and kc should make sense given

This payoff function assumes that
schools operate like a business; in many

Schools are also able to change
their capacity using a similar evaluation
of hypothetical capacities in the following way:

The payoff function for schools takes
as an income the number of students
who attend that school times the tuition
T set by the regulator, and as an expense
the quality qi times the capacity ci:
p˙Si = siT − ciqi
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ways they do not, but the arguments in
favor of school choice suppose that they
do. Just as a business would suffer for
expecting more customers than it actually receives, setting a school’s capacity
too high compared to the actual number of students who attend that school
is detrimental to the school. For example, they would have hired teachers expecting their capacity to be filled—this
would be a component of quality—and
then not in fact have enough funding
from tuition to meet these costs.

3.3 Model Experimentation
and Results
Proponents of school choice policies
claim that the resulting competition
between schools will provide an incentive to increase their quality, in order
to attract more parents, and that therefore the quality of the school system as a
whole will improve. In order to test this
hypothesis through model experimentation, I measured the change in average
quality of the simulated schools from t =
0 to t = 10,000, varying kq in three ways:
1. Constant: kq is constant for all
schools.
2. Proportional: kq is a percentage of
the current school quality, i.e. kq
increases as q increases.
3. Inverse: kq is inversely proportional to current school quality, i.e. kq
decreases as q increases. (This kq is
likely the most realistic, as improvements for higher quality schools are
expected to be more difficult; however, empirical evidence would be
needed to support this conjecture.)

For each particular value of kq,
the simulation was repeated 100 times,
reducing the likelihood that specific
values of the random variables (location, quality weight of the parents, initial quality of the schools) had an effect
on the result.
The number of parents (m =
100), the initial number of schools (n
= 20), the initial sum capacity of the
schools (∑ ci(0) = 150), and the tuition
(T = $5,000) were kept constant; these
values do not have a systematic impact
on the result. Variables m, n, and T can
simply be scaled up or down to be
more realistic to a particular context.
Initializing the total capacity of schools
at larger than m (such that “supply” exceeds “demand”) is realistic in an educational context—no student can be
without a school—but, as is demonstrated below, ∑ ci approaches an equilibrium value and so its initial value is
of no consequence.
Table 2 summarizes the results;
further information, including of confidence intervals, can be gleaned from
the graphs below.
A few patterns are immediately
apparent. First, the number of schools
at t = 10,000 has drastically decreased
from the initial 20. Schools “close”
when they are unable to recruit any parents at all. This means that only a few
schools are managing to both have a
high enough quality and a high enough
capacity to maintain operations. In
fact, many communities have struggled
against school closures occurring as a
result of expansions of parental choice.
Second, across all types of kq, the
total capacity of the schools tends to de-
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Table 2. Summary of results for three types of kq

Constant kq

Proportional kq

Inverse kq

20

20

20

Ave. n(10,000)

3.65

3.61

6.97

Ave. ∑ ci(0)

150

150

150

100.94

102.74

105.35

Ave. qi(0)

2,502.71

2,509.80

2,504.45

Ave. qi(10,000)

2,038.45

1,775.03

2,012.80

Ave. % change in qi

−17.07%

−28.28%

−18.31%

Ave. n(0)

Ave. ∑ ci(10,000)

crease and converge to a relatively stable
value near the total number of parents,
100. This makes sense because schools
are incentivized not to set their capacity
higher than the number of parents they
can actually attract, so they will decrease
their capacity if they are failing to fill all
of their seats. In other words, schools
have an incentive to decrease the supply of seats, because when open seats
are more scarce, they are more likely
to fill their capacity. When the total capacity is less than the number of parents, though, schools have something
to gain—an extra student, and thus an
extra tuition payment—by increasing
their capacity, so they will do so.

When the total capacity of schools is
equal to the total number of parents,
schools are guaranteed to fill their capacity regardless of their quality. Because quality is incorporated in the
schools’ payoff function as a cost to the
school, schools will reduce their quality when doing so will not have a detrimental effect on the number of parents
who choose their school. This explains
a third pattern that the average quality
of schools generally decreases over time,
exactly contrary to the claims of school
choice advocates.

For clarity, Figure 2 shows the
change in total capacity and average
quality of the system for a typical trial
Once open seats are rare enough in the constant kq case in the short term
overall, when the total capacity of (t only increased to 200). At around t =
schools is low enough relative to the 20, the capacity stabilizes at 100 (the tototal number of parents, the schools tal number of students), and at around
no longer have an incentive to increase this same point the quality begins to
their quality. Although having a high steadily decrease.
quality is what attracts parents to a
Upon closer inspection, within
school, all parents want their children each type of kq, there is a systematic reto attend some school, and so will settle lationship between how large kq is and
for a lower-quality school if necessary. how much the school system increases
196

Matching Students to Schools

Figure 2. A typical instance of the change in total capacity and average quality of
the system. As soon as capacity reaches its equilibrium state at the total number of
students (m), quality begins to decrease.

Figure 3. For each type of change in quality (kq), smaller incremental changes
result in ultimate decreases in average quality while larger incremental changes are
more likely to result in improvements. Error bars representing the 95% confidence
interval are included.
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or decreases in quality. In fact, this relationship holds relatively uniformly regardless of the type of kq used. Figure 3
shows the relationship between kq and
the resulting changes in average school
quality. Note that the x-axis shows the
percent of a typical school (which will,
on average, have a quality of 2,500) that
is equivalent to kq; in the case where
the function kq(q) is a percent change,
this is literally the value kq(q)/q for all
schools, and in the other cases it is an
approximation using kq(2,500)/2,500.
At some point between 3% and
5%, the average school quality is able to
go from decreasing to increasing over
time. We can interpret this as a threshold, below which schools will generally not choose to increase their quality
(the costs of doing so outweighing the
benefits), and above which schools may
choose to increase their quality (the
benefits of doing so outweighing the
costs). Because these are averages, however, this result should be taken with a
grain of salt. Even for values of kq that
had a positive final percent change in
overall quality, many of the school systems decreased in quality over time.
For example, although the average percent change in overall quality for kq/q =
0.05 in the proportional case was about
12.6%, 36% of these trials resulted in an
overall decrease in school quality.
It is also worth clarifying that,
though these changes in capacity and
quality do not occur immediately, the
trends emerge long before t = 10,000.
In the case of constant kq, ∑ ci stabilized
near the total number of parents by the
time t = 30 in 81% of trials, at which
point the quality begins to decrease.

3.4 Model Extension:
Public Schools
One unrealistic aspect of the model is
that all schools in the model are profit-motivated and independently governed. These would be closer to, say,
charter schools than public schools.
In reality, parents may exercise their
choices between public and non-public
schools. I thus extended the model to
accommodate for this by adding three
public schools in addition to the 20
original schools. The only difference between the public schools and the others
is that the public schools do not receive
a payoff, and thus never have an incentive to adjust their quality or capacity.
All public school have the same quality as one another throughout, call it qp.
Parents from throughout the system
are still free to choose any of the public schools—this mirrors, for example,
Boston’s high schools, which are open
to enrollment district-wide.
Table 3 contains data from this
simulation for various values of qp, using only constant kq. The specific value
of kq was varied as before, and the results
provided are averages. These simulations actually stabilize at an equilibrium
value of the average quality relatively
quickly, so I terminated the trials at t =
1,000 for computational efficiency.
Several expected trends occur.
First, the number of remaining schools
for higher values of qp is greater; presumably, the public schools are less
likely to close when they have a higher
quality, so this is not surprising. Second,
for very low values of qp, the sum capacity of the schools does not decrease
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23
12.657
150
105.80
2,491.51
2,554.47
3.54%
23
12.29
150
104.64
2,502.31
2,605.77
5.18%
23
10.96
150
101.93
2,505.24
2,474.91
0.12%
23
10.59
150
102.87
2,511.05
2,253.14
−8.95%
Ave. n(0)
Ave. n(1,000)
Ave. ∑ ci(0)
Ave. ∑ ci(1,000)
Ave. qi(0)
Ave. qi(1,000)
Ave. % change in qi

23
8.21
150
117.26
2,487.53
1,576.34
−35.54%

23
9.00
150
110.88
2,476.38
1,752.47
−27.85%

23
9.98
150
105.78
2,514.50
1,975.10
−19.99%

23
11.35
150
102.68
2,507.67
2,594.92
4.77%

23
11.80
150
103.99
2,493.24
2,616.48
6.18%

5,000
3,000
2,500
2,000
1,500
1,000
qp

Table 3. Data using various values of qp

3,500

4,000

4,500
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to near m as quickly. I believe this is a
result of the public schools being less
in competition with the other schools
when the public schools have this low
quality, giving the schools a lesser incentive to reduce their capacity since it
is more likely to be filled already.
Finally, the change in average
school quality appears to again have a
threshold value of qp (around 3,000, or
60% of the maximum) above which the
school system tends to improve and below which it does not; see Figure 4. This,
too, is unsurprising: when the public
schools have a higher quality, schools
run a greater risk of losing students to
the public schools by decreasing their
quality, and so they do not do so. It
should be noted, however, that even
for very large values of qp, the improvements in the system as a whole are marginal, around 5%.

3.5 Implications and
Recommendations
There are conditions under which school
choice will work to increase overall quality of schools. Schools have to be able to
improve their quality by about 4% per
year in order for it to be worth the cost
to them of doing so. Moreover, even in
circumstances where schools’ change
in quality can be above the requisite
threshold necessary for overall school
improvements, there is a non-negligible risk of quality decreases. The overall
increases in school quality, when they
do occur, are also very modest, even
over 0 < t < 10,000. Across the board,
school choice does not ensure that more
schools will be available to choose from,
nor that more open seats in the existing
schools will be available.
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Figure 4. As the quality of the public schools (qp) increases, the likelihood that the
system as a whole will improve also increases.

When public schools are added to
the system, high-quality public schools
increase the chances that the school
system will improve. For advocates and
policymakers involved in debates surrounding school choice, this may be a
counterintuitive result: usually school
choice policies are advocated for as a
means of increasing public school quality, whereas results from this model suggest that high-quality public schools are
actually the cause of school choice success, not the result. This suggests to policymakers that the adoption of school
choice policies should not preclude
efforts to improve the public schools,
and, in fact, that they should be more
willing to endorse school choice policies when the public schools in the area
are already performing well.

school choice policies should recognize
these restrictions on their success. It
is an empirical question, for instance,
whether or not schools can actually increase their quality (when they do so) by
an amount above or below the threshold. In areas where schools are currently improving too slowly, a regulatory authority could adopt policies or change
incentive structures to try to push
schools over the threshold in order to
improve the chances that their school
choice policy will succeed.

As an example, I examined Boston-area charter high school budget
data from recent years and found that
their per student spending (which,
again, is here a substitute for quality)
did not, on average, change—increase
or decrease—by more than 4% per year.
Communities which wish to (The average increase was 2.35% and
adopt or which have already adopted the average decrease was 2.62%.) Of
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course, the model used in my analysis
does not perfectly capture the factors
that would affect these schools’ budgets,
but in any case the scale at which these
schools tend to increase or decrease
their spending does not regularly exceed the 4% threshold suggested by the
model.
Additionally, I would like to note
that while charter schools (at least those
authorized in Massachusetts) do not
regularly request to have their maximum enrollment decreased, their actual capacity does apparently change
independent of this official capacity.
Schools report the number of enrolled
students and the number of students on
a wait list for the school, and frequently schools have a long wait list even
when their maximum enrollment has
not been reached. For instance, in the
2016–17 school year, Excel Academy
Charter School, which has a maximum
allowable enrollment of 1,344 students,
enrolled 950 students with 1,387 students remaining on the wait list. However, it is not public knowledge what these
schools’ actual capacities are, and it is
therefore difficult to ascertain whether
they tend to increase or decrease. The
model demonstrates that reductions in
capacity can spur decreases in quality,
so we should perhaps be suspicious of
a system that allows schools to reduce
their capacity without authorization or
even notification.

some of the problems caused by neighborhood or district schools. Changing
schools’ funding structure, for example,
may be a better way to address current
inequalities.

4. Conclusion

T

he preceding model and analysis
attempts to identify some of the
crucial incorrect assumptions
that proponents of school choice policies have made in their arguments. For
example, as far as I know, no one has yet
identified the relationship between the
incentive to increase or decrease quality
and the sum capacity of all schools in
a school system. Additionally, by showing that the likelihood that a school
choice mechanism will lead to school
improvements depends on the rate at
which schools can (or do) increase their
quality, I have delineated more precisely the conditions under which school
choice may or may not be successful.
Finally, I have shown that the existence
of high-quality public schools may be
crucial to the success of a school choice
policy. These results could be used in
calculations of the risk of adopting
school choice policies similar to the one
modeled herein.

Use of an agent-based model
provides a novel approach to researching and commenting on policy-related
questions, and I believe it could be applied more broadly. Other issues which
Ultimately, these results should deal with complicated incentive struccause policymakers to think twice about tures, such as criminal justice policies
school choice, which is clearly not a or environmental regulations, could
panacea for problems of school quality, also benefit from a similar methodoloand likely not the only way to address gy. I hope to have demonstrated the ef201
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ficacy of such an approach in general, in
addition to as specifically applied to the
context of school choice.

school and summer learning for success
(pp.103–106). Washington, DC: Collaborate Communications Group.
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Abstract
Christopher Alexander’s work, The Nature of Order, has traditionally been associated with architecture. In this paper, I argue that his
methods and theories about systems and process interactions are
a valuable source of policy insight for both planning theory and
practice. Given the difficulty of some aspects of Alexander’s ideas,
I propose the development of an interrogative structure to access
Alexander’s ideas based on five orienting questions that are of practical use for policy makers and planners in the field but which also
inform new urban development theory. I argue that Alexander’s
theories represent a development that is both rigorous and useful
for policy and computational model design. This increased rigor is
critical for more adaptive and robust methods of complex urban
theory, practice, and modeling at all levels of planning including
the built environment, the analysis of social fabric, and development of effective policy research.
Keywords: social infrastructure, Christopher Alexander, urban
planning, architecture, agent-based model, infrastructure, resilience, adaptation
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La naturaleza de las estructuras espaciales
y sociales: Christopher Alexander y
el desarrollo de marcos de modelado
para contextos de política urbana
Resumen
El trabajo de Christopher Alexander, The Nature of Order, ha sido
tradicionalmente asociado con la arquitectura. En este documento, argumento que sus métodos y teorías de las interacciones de
los sistemas y los procesos son una fuente valiosa de información
política para la teoría y la práctica de la planeación. Dada la dificultad de algunos aspectos de las ideas de Alexander, propongo el
desarrollo de una estructura interrogativa para acceder a las ideas
de Alexander basada en cinco preguntas orientadoras que son de
uso práctico para los responsables de la formulación de políticas
y los planificadores en el campo, pero que también informan la
nueva teoría del desarrollo urbano. Argumento que las teorías de
Alexander representan un desarrollo que es riguroso y útil para el
diseño de modelos computacionales y políticos. Este mayor rigor
es crítico para los métodos más robustos y adaptables de la teoría
urbana compleja, la práctica y el modelado en todos los niveles de
planificación, incluido el entorno construido, el análisis del tejido
social y el desarrollo de una investigación de políticas efectiva.
Palabras clave: infraestructura social, Christopher Alexander, planeación urbana, arquitectura, modelo basado en agentes, infraestructura, resiliencia, adaptación

空间结构和社会结构的本质：克里斯托佛·
亚历山大和城市政策背景下建模框架的发展
摘要
传统意义上，克里斯托佛·亚历山大Christopher Alexander
的作品《秩序的本质》（The Nature of Order）和建筑有关。
笔者在本文中主张，亚历山大就体系和过程互动所提出的方
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法和理论，对计划理论和计划实践而言，都是一项宝贵的政
策见解来源。考虑到亚历山大观点中某些方面的难点，笔者
就一个疑问提出探究，以便解读亚历山大的观点。此探究基
于5个定向问题，它们不仅对该领域的政策制定者和计划者
具有实际用途，同时也对新城市发展理论产生影响。笔者主
张，亚历山大的观点代表了一种发展，这种发展对政策和计
算模型设计而言既严谨又实用。这种严谨性的增加对以下方
面而言尤为重要：增加“复杂城市理论”中方法的适应性和
稳健性、实践、以及针对计划的各个层面建模——包括现有
环境、社会结构分析，和发展有效政策研究。
关键词：社会基础建设，克里斯托佛·亚历山大，城市规
划，建筑，基于agent模型，基础设施，弹性，适应

Challenges for Spatial Planning
and Social Infrastructure

developed around five orienting questions and used as interrogative markers
for bridging social and physical infraffective city building requires structure thought and practice. The rethat the social and physical in- sult is a more rigorous style of planning
frastructures of our communities that is critical for increased resilience,
are seen as integral to each other from naturally reflects human social realities,
the scale of urban design at a street lev- and offers a means to improve urban
el to large infrastructure planning at policy development, including better
regional and national levels. Although use of computational models.
he is typically associated with architecOur cities and regions are perture, I argue that Christopher Alexanmeated by a host of interacting conder’s work, The Nature of Order, reflects
tingencies that planning attempts to
methods and theories about systems
manage in the process of turning ideas
and process interactions that are apinto realities. Under the sway of this calplicable to how we think about and culus of control, we have planned and
practice urban planning, particularly built unprecedented quantities of roads,
the synthesis of spatial and social in- bridges, houses, apartments, water and
frastructures. How can we improve the sewer systems and electrical and data
integration of social and spatial design networks that span the globe. The moprocesses at all scales? How do our new mentum of earlier centuries continues
computational modeling tools compli- in various and often accelerated forms
ment and extend this integration?
around the world (Campanella, 2012).

E

I argue that a synthesis of these But there are significant pressures that
15 transformations can be meaningfully are accumulating both internally and
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externally which challenge the desire for
control that has been a central tenant of
planning (Manguel, 2007, p. 89).
One challenge is that the scale of
human need that is currently unmet by
formal planning is significant (Burdett
& Sudjic, 2011). Informal development
characterizes significant proportions
of cities in many developing countries
today and characterized the earlier history of cities in most developed countries (Artibise, 1984). While some areas
of cities are significantly under-developed, there are other areas where waste
and misallocation of public resources is
common. Developments are often driven by profit-seeking at the expense of
quality, community function, or longterm sustainability. Planning for the
future requires increased intellectual,
strategic, and governance growth. Advances in theory will be critical for approaching the many wicked problems
that persist in our cities, particularly
those problems that exist amid the interactions of social and physical structures. The nuance and sophistication
of Christopher Alexander’s work is an
under-utilized resource for increasing
this aspect of our planning capacities
despite his clear focus on space, design
and human thriving in concrete, actual
experience (e.g. transformation 6 of the
15). Pairing that insight with computational modeling will enhance that contribution and provide an opportunity to
demonstrate the relevance of his work
for today.
Another challenge is that contemporary science has revealed the significant role of contingency at all levels

of order, so much so that it appears to
be a persistent feature of even the most
meticulous sciences rather than being
a problem that can be solved by precision or instrumentation (Bak, 1996;
Gillespie, 2013; Serres, 1995; Simon,
1962; Weaver, 1948). Uncertainty is
not a bit of static that will eventually
be tuned out but reflects an underlying non-linear feature of a significant
range of complex systems (Trofimova,
2000). Planning, following out-dated paradigms of science, often sought
control through comprehensive management, working hard to capture all of
the knowledge of the planning context
and its processes. This approach proved
to be misguided because the nature of
cities as dynamic systems cannot be
fully constrained however ardent the
pursuer may be (Flint, 2009; Jacobs,
1959, p. 428). Christopher Alexander
has succinctly pointed out the reductive
simplification of many planning and
design processes in his pivotal essay, A
City is Not a Tree (Mehaffy and Alexander, 2016). His core insight is that living
and vital systems contain rich overlaps
while highly controlled, standardized
systems deliberately reduce overlaps
that increase in-system efficiency while
making system much more fragile and
impoverished. The role of relations in
human and ecological systems appears
early in his work (Alexander, 1966).
These early insights are important because systems of cities are open at both
ends—the greater scales that constrain
cities and the sub-systems that give rise
to then have both linear and non-linear
features (Batty, 2005; Jacobs, 1970; Mehaffy & Salingaros, 2015; Roo & Silva,
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2010). Planners encounter these complications through practice but many
of the ideas of comprehensive control
remain embedded in our institutional
practices and policies. In some cases it
takes new forms. The desire for control
inherited by modern, reductive science, persists through legislative, policy, and bureaucratic habit. Wearing
the new guises of technocratic fashion,
many practitioners today are determined that their new sufficiency will
come through sensors, data, and micro-management of citizens (Adrienko & Adrienko, 2011; Borgman, 2015;
Derman, 2011). If our technologies are
sufficiently embedded and ubiquitous,
the future can finally be tamed (Gibson, 2000). These impulses are a significant concern as increased monitoring
may increase the control of the strong
over the weak, enshrining the bias and
inequalities that favor the powerful
(Carr, 2014; O’Neil, 2016; Weinberger, 2011). Social and ecological implications may often be left out, however.
Patsy Healey explains that:
The key resource for this project
of planning was seen as scientific knowledge and instrumental
rationality. Scientific knowledge
could provide an objective basis
for identifying present problems
and predicting future possibilities. Instrumental rationality
focused on relating means (how
to do things) to ends (what could
be achieved), in logical and
systematic ways” (Fainstein &
Campbell, 2011, p. 216, italics in
original).

The rational comprehensive
school as expressed and enacted by
people like Le Corbusier and Robert
Moses may have had social goals in
mind at some level but physical instrumentality often excluded substantive
consideration of social patterns and
dynamics. Critics such as Jane Jacobs
(1959) sought understanding by attentive observation of healthy communities, looking carefully to understand
how we might preserve, enhance or
replicate this life:
When city designers and planners try to find a design device
that will express, in clear and
easy fashion, the “skeleton” of
city structure (expressways and
promenades are current favourites for this purpose), they are on
fundamentally the wrong track.
A city is not put together like a
mammal or a steel frame building—or even like a honeycomb
or a coral. A city’s very structure
consists of its mixture of uses,
and we get closest to its structural secrets when we deal with the
conditions that generate diversity (Jacobs, 1959, p. 376).
This brief examination is intended to illustrate that planners are very
much in need of more substantial and
sustained developments in theory as
urban transitions continue to accelerate. While the effects of theory may not
show up in our built environments for
years or decades after they are written,
the consequences of planning ideas
are significant for good or ill. Testing
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these theories experimentally in modeling environments rather than directly
with human populations is critical (see
transformation 7 of 15).

preliminary step, an item to check
off the list of formal requirements.
It is essential and integral to whatever it is we are building, designing,
planning.

Our ideas about culture, human
relationships, the environment, com- 3. Planning is effective where design
merce, technology, education, religion,
generates unity. Real intelligence
work and so on can be seen in the arrequires that we comprehend how
tifacts of our cities. An enriched unvarious scales and types of interderstanding of how our cities function
action relate to each other. Mediand how the process of changing them
cal doctors are required not only to
actually functions is a task that plantreat patients but to consider the exning theory engages with directly. Planternal factors that may be contribning has practical commitments that
uting to their malady. The best phyit shares with fields like architecture
sicians do this at a variety of scales,
where theory alone is not sufficient givoften simultaneously. Planners are
en that at some point, buildings must be
not less concerned with the well-beconstructed. This is another reason why
ing of people.
Alexander’s ideas coming out of architecture formally are so directly applica- 4. Effective planning never marginalizes human feeling because human
ble and he often notes how important
response is an objective reality that
design issues are rooted in direct remust be addressed. If the design of a
ality. One of his central papers begins
building, a street or a neighborhood
with a brief statement about the essengenerates strong negative reactions
tial problems of architecture and design
over time, it will lead to a host of
(Alexander, 2003a, p. 3), summarized,
very concrete problems. A space
rephrased and elaborated as follows:
that generates strong positive reac1. Form and function discussion reption will lead to a host of concrete
resents an artificial separation. We
benefits. The same phenomena can
must get much better at underbe seen in product design. Apple,
standing the inseparable dynamics
IDEO and other design-oriented
of form and function within the
organizations have demonstrated
contexts of our design, planning
both the financial and cultural value
and building. This includes the huthat accompanies supposedly soft
man and social dimensions.
considerations.
2. Planning always has a context that 5. Responsible planning acknowledges
is deep, critical and cannot be marthat ecology and biology are not fads;
ginalized without great cost. Makthey are integral aspects of context,
ing something whole is not about
unity, human feeling and other critical variables. Connection to land
rainbows and unicorns. This isn’t a
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and place must happen for planning
to work in both the short and long
term and include the socio-cultural experiences we have. Ecological
and biological thriving may be seen
as evidence of many interacting elements working in complimentary
ways (Waltner-Toews, 2008).
6. Equitable planning fully understands
that social agreement is the only way
that the complex processes of building and sustaining a city or region
can succeed. We only need to look
at what happens to cities when social agreement collapses—crime
skyrockets, infrastructure deteriorates, vital institutions fade, and
fear erodes communities (Browning, Feinberg, & Dietz, 2004); in
short, cities decline rapidly when
the social capital is eroded. Effective social agreement requires that
engagement be substantive. Token
consultations are not only useless,
they lead to deeper disagreement,
skepticism, and outright hostility
(Arnstein, 1969). Building without
understanding the social fabric of a
neighborhood is dangerous guesswork and our need to see social dynamics more clearly is urgent.
7. Beauty must, ultimately, provide a
critical accountability for our planning and building. The subtlety,
coherence, value, intelligence and
aesthetic power of beauty is woven
through all of human existence.
We find our highest achievements
as cultures and civilizations where
beauty is most evident. It must be
present at all scales not only in the

objects we create and the buildings
we construct but also in the larger
scale systems and processes that facilitate growth, development, re-development and cooperation. Though
often considered insufficiently, the
pursuit of the beautiful in our collective work is simply essential and
takes social form in friendship, belonging, and wide-ranging cultural
experience.
The next concern is to establish
how these essential concerns of architecture, building, designing and planning interact with our established forms
of knowledge and practice. When we
design and build, we are contending
deeply with highly complex processes. Through increased consciousness
of this enacted intelligence, we can
understand complexity better: “Architecture presents a new kind of insight
into complexity because it is one of the
human endeavours where we most explicitly deal with complexity and have
to create it—not typical in physics or
biology, at least not yet” (Alexander,
2003a, p. 3). The correspondence to
planning is clear. Planners, like architects and builders, engage with complexity and generate it. By understanding these dynamics in architecture, we
can profitably shape, engage with and
utilize these insights in computer science, organizational theory, institutional design, planning and other human
endeavors. Agent based modelers focus
directly on exploring such dynamics.
The core of Alexander’s distillation for
approaching these seven challenges
comes in the form of his 15 transformations or principles (Alexander, 2003a,
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p. 22). He calls them principles, transformations, and glues of wholeness at
different points in his work. They are a
set of identifiable points or clusters that
draw out something important in each
case.

the sentient inhabitants of the world.
Central to his thinking are 15 transformations that embody the tensions of
holistic design (Alexander, 2003a, pp.
5–22):
1. Wholeness and Value as a necessary
part of any complex system.

Alexander’s 15 Transformations
as Design Insight
2. An intuitive model of wholeness as a

T

he nature of Alexander’s subject matter and the philosophical orientation that informs his
work are not amenable to simple task
lists and may, in part, explain certain
out-of-hand dismissals of his work.
Rather limit his thinking to elements
that are at least reasonably controllable
and easily communicated, he takes on
difficulties in thought and practice directly and offers ways to approach those
difficulties. His big idea is to articulate,
through both reflection and practice, a
new calculus for designing and building the interactions of social and physical space, an approach underwritten by
complexity in a tangible, active, scientific and deeply human way. His serious
pursuit in such a direction warrants attention.

recursive structure.

3. A mathematical model of wholeness
identifying wholeness as a well-defined recursive structure of a new
type.
4. Objective measures of coherence in
complex systems, and the unavoidable relationship between structure,
fact, and beauty.
5. Fifteen geometric properties [transformations] as necessary and inevitable geometric features of reality in
any complex system.
6. A meeting point between cognition
and objective reality.

7. A new, experimental way of determining degree of coherence, degree of
life, and relative value.
Theory is not as an activity detached from tangible experience. The
worlds of ideas and of built things in- 8. The science of complexity must make
room for subjectivity, not in the sense
form each other directly and with sigof idiosyncrasy of judgment, but as a
nificant sophistication in Alexander,
connection to the human being.
a sophistication that we have only just
begun to grasp. He builds both to enact 9. Local symmetries and sub-symwhat he thinks and to learn about how
metries.
the process can teach him about the
spaces he orders, the materiality, hu- 10. Deep adaptation as a central conmanity and variability of trying to make
cept in complex system theory and in
sense of the bits and atoms along with
architecture.
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11. The absolute necessity for successful
adaptation to be achieved by generative means.

& Sanders, 2005; Snowden & Boone,
2007; Westley, Zimmerman, & Patton,
2006, p. 8).

Proceeding with the design and
12. The effect of structure-preserving
transformations on the world and construction of streets, parks, gardens,
their role in the unfolding of whole- homes, offices, manufacturing facilities
and highways under the conditions of
ness.
complexity is the context in which, and
13. The hugeness of configuration space from which, Alexander’s ideas spring.
and the way the trajectory of a com- They are therefore not irrelevant to the
plex system can reach adaptation.
doing dimensions of a planners work.
This cannot be overstated. A deeply re14. More on adaptational success as a cursive connection between doing and
special kind of trajectory through learning our theory through doing is
configuration space.
central to all that he does and all that
15. Wholeness-preserving transforma- he thinks. That means it will be simply
tions are the primary ways the tra- impossible to be tidy about living projectory of a complex system is able to cesses. Critics of Alexander, even where
they are sympathetic about his contrireach successful adaptation.
bution, seem to miss this point (CuthThese hard won and brilliant in- bert, 2007). Alexander argues that comsights are not of a type that day-to-day, puter science and organization theory
bureaucratically filtered, planning and are fields that have felt the weight of
design can easily use. This does not complexity most profoundly but that
mean they lack practicality—many of other fields will surely follow in recogthem directly address the difficulties nizing the irreducible complexity of all
that reality presents to us. Despite this, levels of interaction:
I believe it is necessary to undertake a
Although computer science and
translation of the concepts into a more
organization theory are the fields
ready form that can increase their utilwhere this appreciation of comity for a planning, architecture, design,
plexity has first made itself felt,
and computational modeling environbiology cannot be far behind:
ments. The language and the structure
and even questions in physics,
of Alexander’s ideas can be challenging
though apparently more simple,
for more linear and procedural palates.
will (I firmly believe) ultimately
His work can in part be explained by
turn out to depend on the same
the differences between complicated
kinds of issues of complexity
and complex, like the difference be(Alexander, 2003a, p. 4).
tween a very intricate watch and a dung
beetle building a home. This difference
has been the subject of much discussion
The intervening years support
(Aaltonon, Barth, Casti, Mitleton-Kelly, this conclusion as the continuous and
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stake. If we are wrong, we create
extensive growth of interest in complex
systems attests (Byrne, 1998; Gillespie,
a mess. And the insights we have
2013; Goldstein, Hazy, & Silberstang,
gained, so far, though vaguely
2009; Roo & Silva, 2010; Rovelli, 2016).
related to the insights gained in
It is not surprising that Edward Lorenz
physics, chaos theory, and biolencountered irreducible complexity
ogy, are unique, more powerful
and the chaotic underpinnings of the
and practical—and if I may say
world via mathematical modeling and
so, far deeper in content than the
prediction in the context of a deeply
insights gained in the passive scivariable and complex pattern phenomences (Alexander, 2003a, p. 4).
ena like weather (Lorenz, 1963) where a
large system makes the possibility space
It is, in fact, the intensity of reincalculable. Billions of people globally quirements placed on architecture, debenefit from weather modeling despite sign, and planning that makes the deep
its probabilistic nature.
interrelationships of theory and pracAntiseptic tidiness is as false tice so powerful. There is no isolated lab
as it is dangerous, whether in a human to retreat to—what we consider, plan
relationships or in designing a neigh- and build arise from and recursively
borhood. Alexander demonstrates very shape the social structures that human
well that he understands why this is life depends on. It is the pervasive and
true. In particular, a pre-determined “ordinary” nature of these collective
range of possibilities excludes learning fields that yields such lasting influence
and insight. When we (or our predeces- (Alexander, 2003a, p. 4). Ironically, if
sors both immediate and ancient) find you eliminate the unusual, the quirky,
a solution in arranging buildings along the odd and the eccentric, you also rea street that has somehow managed to move the excellent, the innovative, the
balance the intricacies of high density exceptional and the profound (Jacobs,
human life, we have a living example 1994). We may have begun to learn this.
of generative design arising from social If we require a way through the hazards
structures (Jahanmiri, 2014). The cre- of standardization or the despair of
ators of such successful streets operated overwhelming complexity, if we believe
without formal theory but were part of that there is something both valuable
a process that led to a good result (bad and important in adjusting well to the
results may also be highly instructive persistent demands of city building in
and suggest non-generative underlying our time, then Alexander has somestructures):
thing to say to us, a valuable way for understanding our cities and the processes
In [the fields of biology, meteo- that fund their design, development, rerology, etc.] scientists are pas- finement and adaptation:
sive as to the issue of creating.
That is why we must start payIn architecture, we are the active
ing attention to architecture,
proponents. We have more at
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as a major source of insight in
the field of complexity. The creation of fine-tuned, well-adapted
complexity—as encountered for
example in architecture—must
now take shape as a major topic
of theoretical science. Our ability, or failure, to master this science, is crucial to our survival
(Alexander, 2003a, p. 4).
T. Irene Sanders has also made
strong connections between complexity
science and cities:
Complexity science provides a
new theory-driven framework
for thinking about, understanding, and influencing the dynamics of complex system, issues,
and emerging situations. Insights
from complex systems research
also provide an exciting new lens
of exploring the development
and ongoing evolution of cities
and neighbourhoods, as well as
their interactions with the larger
environment or context of which
they are a part (Haas, 2008, p.
275).
Alexander, approached in the
right way can draw these themes and
possibilities together in a meaningful
and effective way. This reflects why he is
insists that we must pursue “wholeness
preserving transformations” (cf. transformation 15 of 15) when considering
design approaches. Lively and vital
changes over time reflect such wholeness preserving continuity. I will turn
now to the task of translating the 15

transformations into a more ready-athand structure.

Fifteen Tranformations
into Five Questions for
Interrogative Planning

T

he 15 transformations or “emerging scientific concepts bearing
on complexity” that Alexander
lays out are not easily translated into
practice. Though he ran an interesting
experiment on how his approach to developing a specific part of a city with a
team of students and therefore made his
ideas practical (Alexander, 1987), various professional participants in design
and planning processes will find his
transformations difficult to communicate or implement meaningfully amid
acts, zoning requirements, municipal
agreements, provincial and state regulations and so on. I am therefore proposing that through a careful study of the
15 transformations, a useful pattern can
be extracted that will draw theoretical
needs into the mix while allowing for
practical implementation into the design process, public consultations, committee meetings and other policy and
planning contexts. This may be thought
of as a theory and practice bridging
framework which may support design
processes in the intense environments
of urban planning, architecture, computational model building and urban
policy making. It is essential that these
new formulations are meaningfully related to various theories of planning.
Modeling is supportive of this, creating another mode where theory and
practice are intermingled in rich ways,

215

Journal on Policy and Complex Systems

including the frameworks and models the questions can be used without lookin the mind of the planner, modeler or ing into the theory while retaining a
policy maker (Forrester, 2009).
significant amount of Alexander’s conAnalyzing word use, frequency, ceptual capital. Another benefit of using
and context helps clarify overlapping questions is that they invite reflection,
themes both in the 15 transforma- engagement, participation, and most
tions above as well as in the additional importantly continuous revision. They
commentary that follows each of the may be used in public settings, com15 statements (Figure 1). This analy- mittee settings, or any number of other
sis is a support to the deeper domain situations where the planning process
knowledge of Alexander represented encounters reflection, conversation or
by the four volumes that stand behind deliberation. While some strategies and
the overview paper (Alexander, 2003b, theories favor certain scales (commuvols. 1–4) but at more than 2000 words, nity-based planning tends toward the
few working planners, modelers or pol- local and specific, for example), an inicy practitioners can be expected to ab- terrogative approach can move between
sorb this body of work that funds the 15 various scales of functioning structures,
a key feature of Alexander’s work. Each
transformations (Figure 2).
of these five questions will orient thinkThe best examples of effective ing and practice uniquely depending
design whether at the scale of rooms, on what scale is in mind when they are
buildings, streets, neighborhoods or asked. They are, in a sense, scale free,
cities involves a continuous calculus of though not in a rigid, over-simplified
these interacting elemental themes. In or reductive way. These questions are
order to add even more poignancy to not essentializing. Asking structured
these five themes, I am proposing that questions does not necessarily lead to
they be reframed as questions and that pre-determined or slavish answers. Inthese five questions then form the core stead, they allow us to proceed meanof an interpretation of Alexander’s the- ingfully and intentionally toward conory for structuring our approach to and crete decisions and approaches within
practice of the ordering of space. This the project that is at hand or in mind
approach, based on the five proposed at a given point in time. The five quesquestions that interrogate the 15 prin- tions for the practice of interrogative
ciples and our design process, is what I planning and supporting model develam calling interrogative planning.
opment are as follows and I will considThe value of structuring ques- er each in turn. While the polar (yes/
tions is that they allow movement in no) form of the question could be reboth directions. If we only saw the worked toward descriptive types (e.g.
questions, we might reasonably ask, “How is (x) subjective?”), for clarity and
“Why these five? Where do they come simplicity, the polar form is retained. As
from?” which would point us back to- will be seen below, the questions are not
ward the 15 transformations. However, intended to be a simplistic checklist and
216
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Figure 1: R generated word cloud of the text of the 15 transformations with higher
frequency individual words largest. Small, English stop words, punctuation, and
numbers removed.

Figure 2: Alexander’s 15 transformations can be usefully synthesized into 5 orienting questions. The transformations, synthesis and orienting questions can be used
as a framework for model specification and design considerations depending on
context.

Is it adaptive?
Is it recursive?
Is it a functional whole?

you could add a “describe” or “justify”
to point toward that greater complexity
as a beginning point.
Is it subjective?
Does it cohere?

As processes, projects, or plans
are being considered, carried out or
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even evaluated, these questions can be
powerful catalysts for reflection and
dialogue. Rather than being checklist
items, they become inherent accountability points, dynamic references with
strong reflexive capability that serves
all aspects of planning process. I will
now turn to an examination of each

of the questions. I offer here a heuristic arrangement to encourage usability.
Because they are non-sequential, the
five questions can be arranged into the
acrostic “scarf ” where subjective, cohesive, adaptive, recursive, and functional whole are represented accordingly
(Figure 3).

Figure 3: Diagram of the five interrogative questions as they relate to both planning
design and model design processes.

Is It Subjective?
Within the five questions, this is perhaps the most difficult and therefore
the most easily misunderstood. Very
quickly, Alexander differentiates between two types of subjectivity (Alexander, 2003a, p. 13). Type I subjectivity
is the one most commonly understood
and it is idiosyncratic: I am the only one
who holds to a given judgment and my
holding that judgment is sufficient to

justify it. Type II subjectivity recognizes
the individual as a distinct and particular actor who experiences or judges
things in a distinctive way without that
particular way be mutually exclusive.
From a positive standpoint, individual,
subjective assessments are considered
valid but incomplete and may, through
participation, add up meaningfully toward a whole. Subjective experiences
and judgments can aggregate with other subjective experiences toward a more
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complete grasp of something complex
and multi-faceted and are a form of collective induction. Language users furnish a good example where individuals
participate and contribute uniquely in
linguistic exchange while being meaningfully part of a common language
such as English (Hintikka, 1998; Quine,
1960).

nology, social structures, or emerging
ecological realities. Designing for dynamic, diverse, multiple, inputs from
stakeholders, participants, citizens, and
so on may easily devolve to tokenism
(Arnstein, 1969; Birk, 2016) and rob us
of the deep insight we need. One of the
core tasks of designers and leaders is to
discover ways for the subjective to add
up meaningfully to reveal the contours
The science of complexity must
of the objective. Considerable rigor and
make room for subjectivity, not as exsophistication can accompany the emclusionary and of limited value, but as
ployment of subjectivity in working out
participatory, a human being making a
how we might proceed in given specific
connection to something that actually
situations despite the presence of overexists and in that connecting, contribwhelming variables.
uting to a greater common project. We
Technology represents new froncan only get at wholeness, coherence
tiers
for
coordinated subjective develand their fruits when “we agree to use
the observer’s feeling of his or her own opment via crowdsourcing for planwholeness as a measuring instrument” ning. Robert Goodspeed (2011) has
(Alexander, 2003a, p. 13). This tem- been researching the relative value of
pers individualism while giving scope different forms of crowdsourcing (he
identifies at least six types) for planto the deep value of human judgment
ning settings. New approaches to genand evaluation. When we do so, we may
erative design are emerging in product
deepen our understanding of complex
design, architecture and engineering
phenomena, including new approach(Sivram, 2011) and represents another
es to consultation that allow a diverse
possible form of crowdsourcing if the
range of narrative fragments across a
modeling space could be expanded to
population to add up to an objective
planning scales. Crowdsource planning
sense of things, a collective understandis a means of approaching the concrete
ing (Mosier & Fischer, 2010; Snowden
represented by a distributed subjective
& Boone, 2007).1
group—how the individual’s sense of
Alexander’s Type II subjectivity
is essential for bridging between past
and present, for carrying forward what
has been learned while simultaneously
modifying it to suit what may well be
novel settings owing to changes in tech1

things can be coordinated with other
individuals to arrive at a collectively
shaped plan of action (Sennett, 2012).
When the relative merits of a few examples such as networks science, narrative
fragment analysis and crowdsourcing

Dave Snowden, for example, has developed the Sensemaker™ software toolkit to capture and meaningfully link a significant range of narrative fragment types into a meaningful evaluation framework—see http://cognitive-edge.com/sensemaker/.
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are taken together, it seems likely that
we will be able to make use of numerous techniques and methods to develop
a more robust subjectivity. As computational modeling becomes more and
more ubiquitous, new pathways for
collaboration on policy dynamics will
be possible outside the realm of specialists (imagine a plurality of models as
tools for discussion and decision making by diverse stakeholders) but there
may well be limits. Toronto planner
Joe Berridge, speaking about aspects of
downtown development, cautions that
“too much faith in the power of community neglected the needs of the city
as a whole. Toronto was the adopted
home of Jane Jacobs—she lived around
the corner and was a good friend—but
her views were hardened by Nimbyists
into an extreme localism that devalued
any citywide initiative” (Bayer, Frank,
& Valerius, 2010, p. 184). There are
clear challenges ahead for developing
dynamic Venn diagrams of subjective
judgment that can add up coherently,
recursively and at scale.

Does It Cohere?

much redundancy or too little interaction. A living system such as a bacterium possesses coherence—proportion,
distinction, complementarity, flow of
resources, and so on while remaining
dependent on other systems outside
and within itself. As will be seen below,
a functional whole reflects coherence
and coherence guides our exploration
of what may make a functional whole.
Alexander argues that coherence plays
an indispensable role in designing and
building robustly. He argues that new,
experimental means of determining
degrees of coherence, of life, and of
meaningful interaction across scales are
critical assets for designers and must be
more rigorously explored (Alexander,
2003a, p. 8).
These concepts have historical
precedence in human inquiry. Coherence is at work in many scientific theories and practices, often functioning as
a guide to what is important amid complex and potentially confusing options.
Alexander argues that resistance to the
idea of coherence as a quantifiable category generally stumbles on confusion
over problems of degree and not kind:

Coherence and wholeness are related
But there is a very thin line—in
and integral to each other. Adaptation
fact, I would argue there is no
considers how much change a funcsubstantial line at all—between
tioning system can successfully manage
the issue of relative coherence
through intelligent recursive feedback.
of subsystems in a physical-meCoherence is about the functioning
chanical system, and the more
system being dynamically complete in
complex distinctions of coherthe first place. Although there may be
ence in an aesthetic entity—the
many complex and diverse functions
phrasing of a piece of music for
within a whole, the interactions and reexample (Alexander, 2003a, p. 8).
lations are tuned to each other so that
they complement each other. With- Science has a long history of facts as far
out coherence, a system possesses too as they relate to parts but when it comes
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to the possibility of aesthetic facts, notions of elegance, seamless integration
of form and function, we may have
important clues to help us. In mathematics and physics the very large phase
spaces they are concerned with may be
narrowed by choosing a simple but sufficient explanation rather than a highly
convoluted explanation. If a choice between the two is required, the simpler
one is generally more useful. Alexander
suggests that we should not, in our science, hold to facts about parts alone:
After all what is science? It is the
study of what really happens,
how the world works. Done in
such a way that agreement can be
forged by clear thought, and by
empirical procedures .... There
is clear thought about structure;
and there is empirical basis and
procedure specified, which allow people to form agreed on,
shared observations, and thereby to reach—at least tentatively
and roughly at first—shared understanding and reliable results
(Alexander, 2003a, p. 9).
We may progress through gaining
something that is “about right” such
that refinement over time is possible.
Something that is alive and adaptive,
able to respond well to its environment,
must be coherent—it must “hang together” in highly sophisticated ways.
Planning has at various points approached ideas of coherence through
an emphasis on systems-related theory and practice (Allmendinger, 2009,
pp. 49–62) although the systems in

mind dating from the 1970s were too
often focused on simple, manageable
systems (information and computing
would remove unknowns) rather than
complex systems (variables and persistent contingency ensures permanent
unknowns, regardless of computational power) which have developed more
recently (Allmendinger, 2009, p. 62).
Effective design, under those regimes,
was equated with reducing the complex
to the manageably complicated.
These nested systems of relations, networks of energy, food, communication, spatial occupation, movement, and even of ideas, are powerful
aspects of coherence. Exploration of
these relations and dynamics represent attempts to both model coherence
and to dissect it—by their very nature
models simplify something complex
to support understanding. Some years
ago in a Scientific American article, the
authors consider that if we can capture
and synthesize enough data, we may
be able to understand how the global
system will evolve over time, play out
accurate scenarios, and see the future
more clearly. Although there is less
unbridled enthusiasm for this today
among serious thinkers, debates about
information and control continue to be
vigorous despite the dismal predictive
record of economics and related fields.
The prediction debates and data determinism do highlight our desire to find
coherence amid complex, contingent
realities (Weinberger, 2011, p. 56) but
not always in ways that end up being
valuable.
Network science has been a
valuable addition to deliberations about
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complexity in real systems and ecologies and has enabled us to more fully
grasp that knowing a “thing” is a much
simpler matter than understanding how
that “thing” relates to all that is around
it or within it (Newman, 2010; Newman
& Jennings, 2008). Development of
more intelligent urban planning, design
and modeling approaches will require
rigor about both things and relations
(Benkler, 2006; Castells, 2009; Serres,
1995). Social network analysis and network taxonomy from new sources of
data (Onnela et al., 2007) are being applied to social issues such as wholeness
and the search for wholeness in our
cities and the models we use to understand them. It may well be that network
science will lead us to a new mathematics of wholeness. One hopes that a more
robust development around the taxonomy of networks and their corresponding behaviors will provide an additional
set of empirical tools for planners. Bill
Hillier’s work on space syntax demonstrates how cities or neighborhoods
cohere as reflected in patterns and how
such knowledge might lead to more effective structuring of city spaces, creating the conditions where vital structures emerge over time:
Originating in the last quarter of
the twentieth century the aim of
the space syntax movement was
to bring together the study of
the city as object with the study
of social, economic, and cultural processes, and so, show these
processes to be spatial in an architectural way, and allow us to
bring together urban design with
urban reflection and research.

Space syntax addresses the city
naively, as what it seems to be:
a network of spaces created by
successive acts of building (Haas,
2008, p. 30).

Is It Adaptive?
One practical outcome of complexity
science at this stage is greater clarity
about the limits of human control over
a wide range of factors, social and environmental. Perhaps most useful is
the conclusion that this isn’t a problem
with inadequate methods or incomplete data—the dynamic nature of reality makes certain kinds of prediction
impossible in principle. As Alexander
notes in his 15 transformations, the
configuration space of the projects we
are involved in across scales is huge.
Adaptation is a means of finding a useful path through such a space. Permanent variability has not been a comfortable conclusion to reach. Our inherited
organizational and institutional structures have not all responded well (Alexander, 2003b; Taleb, 2010; Westley
et al., 2006; Wheatley, 2006). Research
on the evolution of technology shows
us that assumed mechanistic or linear
processes, such as concrete changes in
technology, arise from complex interactions among the ecologies of theoretical
and applied science feeding into those
technological developments (Arthur,
2009). These patterns reveal a lag between the metabolic rates of technological change (faster) and institutional development (slower) across all fields and
social strata historically (Allen, 2011).
One example is the emergence of Creative Commons licensing in the face of
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old and inadequate copyright laws. The
unknown future is pervasive and permanent.
Given these dynamics, Alexander outlines how, in the face of disruptive evolution, we can devise approaches to design, building and planning that
are better able to adjust to change over
time. His key insight is that successful
change requires that we adjust in frequent, small steps that arise in response
to changing conditions. This can only
happen if the changing conditions driven by either larger scale or smaller scale
variations are intelligently connected
to our work across those scales. Adaptive planning processes can only come
about through generative strategies.
Generative strategies require adapting
to actual conditions. We must design
our planning in such a way that it can
usefully mutate as it progresses. Disruptions may arise from the natural order,
social change, or technological innovations. If we are unable to adjust well to
unknown future variations, our chances of surviving diminish and along with
it our hopes of thriving:
Deep adaptation is the process whereby the landscape, or
a system, or a plant, or a town,
proceeds by a series of spatially
organized adaptations in which
each part is gradually fitted to
the parts near it: and is simultaneously fitted by the whole, to its
position and performance in the
whole (Alexander, 2003a, p. 15).
Truly adaptive strategies are generative and they tune to actual condi-

tions, not theoretical deliberations. In
the context of planning, Alexander’s
“spatially organized adaptations” would
involve things like policies, acts, consultations, charrettes, research, public
debates and a host of other dynamic
players to participate in city building.
We don’t currently possess an adequate
language or sufficient habits of mind to
fully appreciate the smaller sub-scales
and larger meta-scales that are at work
in these exchanges. We may meet legislative requirements in consultation but
these seldom take the form of substantive feedback that changes the process
itself and evolves them toward better
outcomes. Specialization is valuable but
may sever links between micro-scale
tuning and macro-scale adaptation,
something that occurred in the 1980s
approaches to cod stock management
on the East Coast of Canada (Cayley,
2009, pp. 238–256). From a planning
theory vantage point, Lindblom and the
incremental pragmatists have been, in a
general sense, more tuned to the smaller cycles (adjust as you go) while the
rational comprehensive method was
more tuned to the larger meta-cycles—
follow the formalized plan regardless
(Lindblom, 1959).
Interrogative planning asks us
to reflect on both the micro- and meta-dynamics with which a given plan,
process or design problem has to contend. We will need new analytic and
process strategies and tools to increase
awareness of how adaptive approaches
can be nudged toward positive rather
than destructive outcomes. Computational approaches such as interactive
genetic algorithms (IGAs) suggest that
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in modeling environments, adaptive
processes provide exploratory supports
(Goldberg, 1989). Adjusting to unknown dynamics will determine our
ability to implement and sustain robust
and desirable solutions but such changes are neither simple, nor perhaps, likely in voluntary form and may require
external disruption before being implemented (Benkler, 2006; Christensen,
2011; Christensen, Baumann, Ruggles,
& Sadtler, 2006).

terms. Increased recursive practice requires us to understand what feedback
means for a given system. Alexander
explains how the interactions of different orders of organization and function
could be designed in just this way:
As we know from recursive function theory, surprisingly simple
ideas, when applied recursively
at a variety of nested levels, can
have profound and effective consequences—and, often, surprising ones. Both Ian Stewart and
Brian Goodwin acknowledge the
important of recursive ideas, and
say that in their view, too, recursiveness of qualities is likely to be
a feature of all living structures
(Alexander, 2003a, p. 7).

Is It Recursive?
In the contexts of planning and process,
reflections on being recursive require an
ability to understand how information,
resources, feedback, novelty and other
flows that drive planning become new
inputs back into the process over time.
A truly recursive process must be much
more than feedback for public relations
purposes or to fulfill legal requirements
(Arnstein, 1969). A recursive structure
is an order of magnitude more difficult
and nuanced than the thin veneer of listening to affected people in a patronizing way. A hallmark of a recursive cycle
is that the feedback changes the system
itself.
We are accustomed to communication-related feedback through our
talking and listening. We plan, act,
get feedback in various forms, adjust
the plan, keep acting, and so on (Allmendinger, 2009, pp. 197–223; Serres,
1995). A more difficult problem involves thinking about what feedback
means for built environments, transportation structures, financing, life-cycling,
and other practical matters in recursive

In some cases, we have explored
how nature plays this out. Termites
keep their mounds cool in the unforgiving heat of an African sun with relatively simple chemical signals iterated
over time (Jahanmiri, 2011). When architects design better cooling systems
based on termite mound air movement,
they mimic the results of the termites’
recursive processes rather than designing recursive qualities into our own systems, plans, and structures. Imitation is
common and valuable: we learn from
what we observe and apply that insight. Moving recursive insights deeper into the process is a more difficult
but much-needed aspiration involving
consideration of dynamic feedbacks
between and among scales. This continuum of scales act on and arises from
each other. This is the nettle of com-
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plexity to be grasped. Such intricacies
and complexities can only be managed
if the system itself can tune and adjust.
If people try to manage this complexity
directly, paralysis or unintended consequences result. This has been the classic
shortcoming of various control-driven
structures and approaches—they constrain as they try to control.
Organizational systems may
also reflect certain recursive functions
that actually limit their growth or development. These strong, nearly closed
systems may eliminate or suppress
anything that doesn’t fit within the parameters of the system even when those
changes are essential to its survival
(Christensen, 2011). Recursive functions, though necessary for a living,
functional system that adapt to change,
must be understood in light of the effect they either amplify or suppress. The
very large configuration space may contain dead ends or low-value solution
paths. Recursive structures in models
may contribute to our understanding
of how to evaluate policy dynamics and
better tune decision making (Forrester,
2009; Trofimova, 2000).

Is It a Functional Whole?
The fifth question involves an assessment of wholeness: does the designed/
planned/built entity we have in mind
actually function, does it work? This
question may be asked regardless of the
scale since a larger whole depends on
functioning smaller wholes and vice-aversa. Being a functional whole is deeply integrated with the other four questions. If there is no preservation of a
functional whole amid change, the system or entity cannot evolve and it will

simplify relative to its environment and
break down. When systems collapse,
they may do so partially and re-organize more effectively in a new form better suited to the new conditions (catagenesis) or they may collapse to a point
where they cannot recover their former
levels of complexity (Homer-Dixon,
2007). From an urban planning vantage
point, the challenge of maintaining a
functional whole could mean the preservation of an existing neighborhood
through the process of renewal or development. In some cases, less effective
solutions simply over-write pre-existing
social and physical infrastructure, often
at significant human, cultural and ecological cost (Cheung & Leung, 2012).
For growth to happen, functionality must be maintained during
the changes. If, as noted above under
adaptation, the changes are too great
and functioning stops, growth will also
stop. A functional whole is an identifiable organism, entity or spatial arrangement that integrates a wide range
of diverse dynamics to produce novel
effects, direction or intention. Maintaining a functional whole or bringing
a functioning whole into existence is a
deep challenge for designers, planners
and model builders. Alexander argues
that it is perhaps the most significant
challenge we face:
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How can a complex system find
its way to the good configurations? In a theoretical sense, we
may say that the system walks
through configuration space, taking this turn and that, and always
arriving at a well-adapted configuration. The huge question, of
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course, is: How this walk is controlled: what are the rules of the
walk, that make it lead to good
adaptation? Although a few very
preliminary answers have been
given to this question, no good
ones have yet been given. This is
perhaps THE scientific question
of our present era (Alexander,
2003a, p. 19).
A key aspect of a functioning whole is
that it interacts in a good way with both
the system that it lives inside as well as
with the smaller systems that give rise
to it. This notion of cycles of function
and wholeness within and supporting
other kinds of wholeness was noted by
ecologist C. S. Holling who observed
how cycles of growth and decay at all
scales had regular patterns that yielded
endless novelty including both human
and natural systems (Gunderson &
Holling, 2002). Alexander argues that
we have not learned to assess wholeness
or how to preserve it amid the changes
we make in planning and building:

feedbacks. The human factor in cities is
critical and wholeness attends to serving the needs of people without losing
sight of the other scales of interaction
needed for that to happen—climate,
ecology, energy security, food supply,
transportation, cultural vitality, freedom of speech, justice, and so on, all
matter. Interrogative planning and Alexander’s approaches to developing and
building have powerful social/cultural
dimensions that are inseparable from
contemplations about the built environment. This social and physical integration underlies and connects the
notions of wholeness at the root, the
artesian well that feeds his thinking.
Linguists, technology scholars, organizational theorists and many others
have noted that what we become is both
reflected in what we make and in how
what we have made then influences us
(Postman, 1993). There may be a delay
in these cause and effect dynamics but
good design seeks to understand possible outcomes more clearly. Thinking
about wholeness orients planners to
these challenges—well designed systems will self-organize to tune. The
simplifications of modeling can lead to
reductive analysis and inadequate solution sets. Questioning the functional
whole of a proposed model may help us
detect such shortcomings.

Nature has a way—built into the
majority of systems—of finding
its way to a well-adapted state
for any given complex system (at
least for most cases). We do not
have a way. For buildings—and
indeed for any complex system
[eg. Cities]—this is the most
fundamental practical issue of all The Application of
(Alexander, 2003a, pp. 19–20).
Interrogative Planning

I

Our interventions often simn order to suggest possible relationplify existing dynamics through a deships between features of interrogative planning and model design,
sire to control and manage them. This
may unwittingly introduce unwanted I have reviewed 30 papers presented
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at the 2017 Computational Social Sciences of the Americas conference and
identified four that represent general
to more specific applications. The first
paper argued that the challenges and
dynamics of computational social science are well-suited to collaboration
across problem spaces and disciplinary
boundaries, acting as a common ground
for diverse researchers and problems
(Davis, Gulden, & O’Mahony, 2017).
The artificial environments of computational modeling are contexts for scientists, theorists, and coding specialists to
collaborate in. A second paper argued
that the complex nature of problems
such as economic inequality will require, de facto, a plurality of models, no
one of which will be complete though
each contributes insight (Page, 2017).
Aggregation of insight across models is
congruent with Alexander’s arguments.
A third paper explained how an actual urban context could be modeled including transportation, social and built
environment networks to examine how
external and internal shocks could affect human populations such as a mass
evacuation in an urban setting (Burger, Oz, Crooks, & Kennedy, 2017). The
fourth paper examined the dynamics of
traffic related injury and death in Australia by developing a model shaped by
dozens of different stakeholders. Each
participant brings a particular subjective sense of what is important to
include and what should be excluded
leading to a policy support modeling
structure that generates insight into a
real world challenge (Thompson, McClure, & Desilva, 2017).
These examples from computational social science show how a wide

variety of phenomena at a range of scales
can be usefully examined and generate insight to guide decision-making.
Models for urban policy, like weather
models, don’t provide a definite answer
to difficult questions about what to do
but they can support decision making
by extending our understanding of how
interrelated dynamics may evolve when
various inputs are changed. Alexander’s
framework does not suggest a single
model or model type. It does, however,
provide a means of combining practice,
theory, and iterative decision-making
cycles leading to more effective and
adaptive urban strategies.
Interrogative planning is a higher
order of planning, a more rigorous administration and a more mature form
of action than overly simplified or
over-controlled forms of design. The
demand for increased social and human vitality is technically challenging,
engages directly with fundamental
unknowns and is resistant to harmful
over-control. A model of a leaf, however
realistic looking, cannot compare in
complexity to a living leaf (Mehaffy &
Alexander, 2016). Something that is
alive is many orders of magnitude more
organized, complex, regulated, and detailed than any mechanistic system we
can devise either in practice or theory. Designing cities and communities
that maximize living vitality requires
growth in the directions suggested
by the five questions presented here
and the deeper logic of Alexander’s 15
transformations. Perhaps one of the unintended benefits of our failure to fully
control urban dynamics is that the city
has room to evolve in its own way:
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A city is, perhaps, closer to being
a self-organizing system than a
more conscious artificial creation such as an entire nation,
which is the product of a particular historical moment and which
may yet prove to be of only transient importance ... Over time [a
city] must continually adapt and
find new ways to survive, and it
must be able to switch from one
technology to another to do it
(Burdett & Deyan, 2008, p. 48).
It is certainly worth considering
that a very different kind of approach,
one that is more mature, robust, rigorous and effective, is at the very least
possible and may meet a new urgency in
an increasingly urban-intensive world.
New flows of data, social network tools,
network science, computational modeling, big data and emerging platforms
may radically alter the social structures
with which urban planning contends.
The convergence of rapid technological
change in both the built environment
and the social/institutional environment will require planning approaches
that are better suited to these dynamic
environments. Interrogative planning
can bridge and support such dynamic
stability at a time when the demand for
strategies rises daily.
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