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Abstract.  A complex polity is a political system composed of both official “vertical” state 
institutions defined by constitution, as well as one or more alternative “horizontal” institutions, 
such as religious, economic, paramilitary, or even criminal organizations. Both vertical and 
horizontal polities that compose a complex polity have policy-making capacity for the provision 
of public (and in some cases private) goods aimed at addressing various societal needs (security, 
welfare, identity, among others). While complex polities have existed since early antiquity, from 
a world historical perspective it is only since ca. 1500 CE, and the formation of modern 
European states, that contending vertical and horizontal polities have produced specialized 
institutions in competition and collaboration with the state. Moreover, complex polities for 
global governance also appear in the world system since ca. 1500 CE. This paper presents a 
theory of complex polities based on the computational perspective of agent-based models 
(ABMs) as coupled socio-techno-natural systems—i.e., systems of governance that integrate 
societies and natural environments through artificial systems that mediate between the two at 
many scales, ranging from local to global.
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1. INTRODUCTION

Today many troubled polities are complex socio-natural systems characterized by large-scale 
structure (multiplex of actor networks spanning multiple ecological biomes) and long-range 
dynamics (multiple temporal scales). They are also complex in the sense that these polities 
provide governance to a diverse variety of social groups and political communities with 
competing authorities, making the “social fabric” of a complex polity highly intertwined. 

Historically, complex polities have existed as 
successful forms of social, political, and 
economic organizations since at least the third 
millennium BCE (Akkadian Empire, in present-
day Iraq and Syria; Liverani 1993). In the age of 
modern states they have co-evolved with 
globalization in close interaction with their 
environment. Diversity is a defining property of 
complex polities, both socially and 
environmentally. This diversity, according to our 
theory, may also explain their successes and 
failures.

How are complex polities organized across 
space and maintained across time, given their 
complex features? How do they attain and 
maintain spatio-temporal coherence, 
sustainability, and resilience? How do they 
transition in terms of foundation, duration, and 

termination modes (gradual versus catastrophic)? Can “best strategies” be identified and 
explained with a viable theory? How does the “inner system” of a complex polity interact with 
and adapt to or exploit diverse natural environments (biomes) while simultaneously maintaining 
its own coherence and control? How do diverse societies in the age of modern states erect 
complex polities from diverse social fabrics and path-dependent histories? How do complex 
polities interact and what do such large-scale socio-eco-dynamics imply for a better 
understanding of globalization?

Building on earlier work, this approach uses concepts, theories, and methods from social science, 
computer science, and environmental science—disciplines that promise synergistic insights but 
do not usually collaborate—to develop new computational simulation models of historical and 

Figure 1. UML class diagram showing how the 
large-scale structure and long-range dynamics of 
an empire are linked in a way that the social 
system and the corresponding natural 
environment exist as parts of the same whole, 
with mutual effects, as a complex adaptive 
system (CAS).
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modern empires as large, complex adaptive socio-natural systems.

Ongoing research from separate disciplines on both ancient and modern complex polities 
continues to produce widely divergent interpretations of long-term social change and which 
factors are responsible (Chase-Dunn and Hall 1997; Cullen et al. 2000; Staubwasser et al. 2003; 
Weiss et al. 1993; Johnson and Earle 1987; Kradin et al. 2000; Mann 1986; McNeill 1986; 
Fernández-Armesto 2001; Service 1975; Tainter 1988; Turchin 2003; Turner 1995; Wallerstein 
1974; Yoffee 2005; Thompson 2000; Willey 1991).  These efforts contain a complex array of 
internal and external characteristics, some of which are dependent on decisions made by 
individuals. Others depend on the conjunction of idiosyncratic historical tradition, economic 
capability, technological innovation, and environmental constraints.  In various analyses, 
however, emphasis on particular factors depends on isolated disciplinary traditions and on the 
availability of descriptive evidence.  Most theories settle on one or a small number of factors to 
explain highly complicated phenomena, whereas it is increasingly apparent that new complexity-
based approaches are needed to generate new knowledge reflecting the breadth of known 
phenomena and their functionality while also building predictability.  The approach proposed 
here builds on earlier computational models that explored both small-scale socio-natural 
dynamics and collective action phenomena at the scale of complex polities. 

The most significant computational experiments conducted on agent-based models (ABMs) of 
complex polities and polity systems will advance science beyond the limits of traditional 
disciplinary approaches, by illuminating interactive dynamic relationships between societal and 
environmental diversity on the one hand, and governance capacity and adaptation—or failure—
on the other. The theory presented here explains why dual governance mechanisms in complex 
polities cause some polities to change peacefully while others experience civil war or other forms 
of violence.

2. BACKGROUND AND MOTIVATION

The past decade has witnessed conceptual, theoretical, and methodological advances in the 
interdisciplinary field of model-based socio-natural systems science, especially in the application 
of object-oriented ABMs and related approaches (e.g., Cioffi et al. 2007; Kohler and van der 
Leew 2007; Wright 2007; Parisi 1998; Parisi and Cecconi 2006; Parisi et al. 2007; Parisi and 
Natale 2003; Turchin 2003b; Reynolds 2008), building on earlier foundations (Parisi 1994; 
Axelrod 1997a, b; Epstein and Axtell 1996; Epstein 2006; Parisi 2001; Gilbert and Troitzsch 
2005) and pioneering computational simulation research on dynamical systems extending back 
several decades (Forrester 1971; Sabloff 1977). 

A critical advance—enabled by the object-orientation to modeling socio-natural systems as 
complex adaptive systems—has been to ground theoretical and modeling development directly 
on social and environmental entities (society, government, environment, terrain, climate, etc.) 
and associations among them. By contrast, more traditional earlier approaches have developed 
variable-based theories that result in high-dimensionality models that lack closed-form solutions 
and are difficult to test with empirical data.  Our interdisciplinary approach has developed a way 
to integrate  theories of change (e.g., the Canonical Theory of sociopolitical complexity; Cioffi 
2005) with related approaches to modeling complexity in large regional systems (Inner Asia). 
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The “Canonical Theory” provided the basis for this earlier effort, as a formal social theory for 
explaining the long-term process of sociopolitical change and evolution in terms of short-term 
variations around a common recurring theme (hence canonical) of collective action problem-
solving and occasional failure. Environmental stress is one possible path in the canonical 
process, as is the rise of a strong leader and other specifiable conditions. Examples are provided 
in Cioffi (2005; 2007:195) and Rogers and Cioffi (2009:446–448).

Earlier results that have provided critical advances include the following:

1. A suite of agent-based simulation models on several scales, from households and their 
local interactions (GMU-SI 2008a) to whole societies and the emergence of hierarchies in 
polity systems (GMU-SI 2008b), and others (e.g., Cioffi et al. 2007) presented at several 
national and international conferences (AAG, AAMAS, APSA, GECCO, IPSA, ISA, 
SAA, WCSS-06, WCSS-08), based on the Canonical Theory and ecodynamics;

2. New data resources and historical case studies on the rise and fall of complex polities in 
the early history of Asia, focusing on the adaptation processes of nomadic societies, 
ranging in scale from chiefdoms to empires (e.g., Rogers 2007; Rogers and Cioffi 2009; 
Honeychurch and Amartuvshin 2006), between 2000 BCE and the present, including 
specific applications of the Canonical Theory to the Xiong-nu state, the Mongol Empire, 
and more modern empires; and

3. Key developments in the MASON (Multi-Agent Simulator of Networks and 
Neighborhoods; Luke et al. 2003) and the ECJ system for conducting fast and replicable 
large-scale simulations of multi-agent systems, with or without evolutionary computation 
facilities (e.g., applicable to cultural algorithms, Reynolds 2008), including network 
structures and ecodynamics.

No viable comprehensive theory of complex polities that is both formal and empirically testable 
exists—although the literature contains several significant building blocks toward such a goal. 
Numerous exciting puzzles remain unsolved by traditional disciplinary approaches. How do 
polities in the age of modern states (and earlier) operate as complex adaptive systems? How can 
this and related research questions be addressed through rigorous theory and made testable with 
data? How do the largest complex polities such as empires solve collective action problems on 
such a large spatio-temporal scale, far beyond the scale of simpler polities? Which mechanisms 
of coordination and control have been used by complex polities in diverse cultural and 
environmental contexts? How can an interdisciplinary computational approach contribute to 
solving these and related questions? An interdisciplinary approach is critical—not an option—for 
solving these enduring puzzles and advancing the science of social, natural, and computational 
complexity; complex polities are intractable through traditional disciplinary approaches.

Our approach builds on previous and continuing efforts in computational historical dynamics by 
pursuing three synergistic goals: 

1. Develop and test a new interdisciplinary theory of long-term societal change and 
adaptation to challenging and evolving social and physical environments, a “generative” 
theory of complex and large-scale polities formalized by a spatial multi-agent 
computational model; 

2. Advance our systematic understanding of socio-natural complexity across the sciences by 
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integrating concepts and principles from social science, computer science, and 
environmental science within a coherent theoretical framework and multidisciplinary 
research methodology; and 

3. Produce new interdisciplinary computational models and data resources created by this 
project, such as agent-based simulations and global comparative data for analyzing the 
dynamics of earlier historical empires (e.g., Akkadian, Qin, Roman, Aztec) as well as 
complex polities in the age of modern states (Britain, Russia, China, US).

Figure 2 shows an overview of how collaborative activities integrate data, theory, and 
computational modeling within an overall framework.

Figure 2. The methodology of computational modeling.  How empirics, theory, modeling, and 
simulation are integrated in a computational approach. This interdisciplinary methodology is adapted from 
prior collaboration in Mason-Smithsonian joint projects involving social scientists from several disciplines 
(political scientists, anthropologists, sociologists), computer scientists (multi-agent systems and 
evolutionary computation), geographers, biologists, and geophysicists. 

The point of departure is the empirical record (observed facts or main explanandum) on the 
structure and dynamics of complex polities (fig. 2, bottom). Abstraction and conceptualization 
are used to develop an informal conceptual theory (summarized in the next section) as 
foundation for agent-based simulation (conceptualization → formalization → implementation). 
Observations are also used for producing a global dataset (coding) for validating, calibrating, and 
testing of simulation models (feedback from testing). Results from simulation and empirical files 
coded from the observed record are used to test and refine the computational model.

3. THEORETICAL FRAMEWORK

This theoretical framework draws on complex adaptive systems (CAS), pertinent social science 
theory and research—primarily anthropology, political science, and sociology—and 
environmental science on the structure and dynamics of large polities in general and complex 
polycentric polities specifically.
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Figure 3. The Canonical Theory explains change in sociopolitical complexity (growth or decline) by a 
mechanism of success or failure in collective action in response to societal challenges and opportunities. 
Over time a polity grows or declines based on numerous outcomes of a similar iterative process, with 
variations in the details (upper top-to-bottom conditional trees) but the same overall basic theme (lower 
left-to-right sequential tree). Adapted from Cioffi (2005) and Cioffi et al. (2007).

3.1. Understanding Modern Complex Polities as Adaptive Socio-natural Systems
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From a complex systems perspective, a polity is a social adaptive system consisting of a society 
(population with groups) and a system of government that produces policies for managing public 
issues that affect one or more groups (see Figure 4) (Almond et al. 2006: chs. 1-2; Treisman 
2007; Heinrich and Lynn 2000). Basic computational problems of a polity—independent of scale 
(local, national, international)—include:  (a) detecting emerging public issues that affect society; 
(b) finding effective and efficient policy solutions; (c) procuring sufficient resources to maintain 
governance capacity for an expected range of emerging issues for an indefinite time; and (d) 
ensuring trans-generational survival and persistence (sustainability). These critical events require 
extensive information processing about actors, goals, resources, events, coordination, and other 
essentials that enable a polity (of any scale) to operate, develop, and endure. Failures in one or 
more of these elements can produce polity failure—gradually or catastrophically—depending on 
specific structural and dynamic features of the polity (Figure 5) (e.g., Tainter 1988; Cioffi 1998; 
Collins 1978). Chiefdoms, states, empires, and other organizational forms are increasingly 
complex instances of polities in a spectrum of complexity—all sharing the same fundamental 
structure and operation as complex adaptive socio-natural systems. A polity is thus a scale-free 
or universal CAS comprised of social and environmental domains.

(4) (5)

Figures 4 and 5. Viewed as a complex adaptive system (CAS), a polity (Fig. 4) consists of a society that 
is affected by public or collective issues and a system of government for managing issues through public 
policy. A successful adaptive response (Fig. 5) is path-dependent on critical contingencies such as viable 
governmental responses occurring and policies working. Otherwise one of several failure modes occurs 
(outcomes in Figure 5, right leaf-nodes). 

A complex polity in the age of modern states is not a simple polity on steroids, just like a 
molecule is not a large atom—paraphrasing J. Marcus (1998) on states not being just chiefdoms 
on steroids. Social and environmental components and relations in an imperial polity have more 
complex (but specifiable) structure than simpler polities, resulting in significantly greater social 
complexity. An empire—arguably the most complex type of polity—consists of a large multi-
cultural society that is commonly distributed over a large territory, inhabiting several  
environmental biomes, and a system of governance for providing policies (i.e., public goods) to  
the multinational society (cf. Eisenstadt 1996; Alcock et al. 2001; Sinopoli 2001; Kennedy 
1987). 
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3.2 Dual Governance

A defining feature of a complex polity is the co-existence (and co-evolution) of an official 
system of governance (as presented on Figure 4) together with a set of other alternate or 
unofficial systems of governance (see Figure 6, red, left). These other systems are given by 
subsets of society consisting of social groups comprising the multinational society (green).  Each 
group has its own origin, attributes, and relations, as in a so-called “heterarchy” (Crumley 2001) 
of horizontal polities (Ferguson and Mansbach 1996) or polycentric system (Ostrom et al. 1961). 
The source of this defining feature lies in the multiple authorities present in a complex polity, 
which are based on identities. In a complex polity societal cleavages (religious, ethnic, linguistic, 
territorial, commercial, occupational) can generate alternative non-governmental or unofficial 
governance mechanisms capable of producing public or collective goods (e.g., protection, 
welfare, employment, banking services, education, transportation, sanitation) in competition or 
collaboration with official government.1  

Figure 6.  Polycentric governance in a complex polity can be collaborative or contentious.  In a 
complex polity the large multinational or multicultural society (green) generates a set of alternative or 
unofficial governance systems (red) which the official government (blue) attempts to control—otherwise 
the complex eventually fails. 

Societal relations between official and unofficial polities are fundamentally different—and 
critically distinct in the legitimacy of the use of violence. Examples of unofficial governance 

1 By contrast, in simple polities with smaller and more homogeneous societies, social groups that 
constitute society have fewer and/or weaker systems of alternative governance that generally do not 
compete with official government in large-scale provision of public goods. By extension, in a failed state 
the alternative system of governance—for example based on ethnic sectarian principles—often replaces 
the official system of governance.
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systems within complex polities include ascriptive groups, warlord networks, tribal elders, 
communal tribunals, religious hierarchies, service organizations, corporate networks, gender-
based associations, occupational classes or associations, criminal organizations (drug cartels, 
mafia, camorra), and terrorist networks—all of them similar in terms of producing public goods 
that compete with official governmental policy (public goods provided by the empire), but some 
times also support the official government. Accordingly, in our polycentric governance model of 
complex polities the official government (blue) will seek to control these mechanisms of 
alternative government (red)—when they challenge state authority—while seeking new 
resources not controlled by such alternate polities embedded within the overall polity.

Empires are “organized both to administer and exploit diversity” (Barfield 2001:29), so a critical 
and constant issue for an imperial polity is the maintenance of social order. Imperial policies 
cannot succeed and endure for long in a multinational society experiencing extensive turmoil, 
because recurring partial policy failures will eventually cause overall polity failure.  More 
specifically (Rogers and Cioffi 2009), the four policies employed by empires to maintain social 
order are: elimination of diversity, creation of continuity, overlay mechanisms, and marginal 
incorporation (Rogers 2007: 263–264; DeMarrais, Castillo et al. 1996; Doyle 1986; Willey 
1991). 

1. Elimination of diversity is the most draconian policy because it attempts to exterminate or 
resettle populations to other regions. Examples begin with mass deportations in ancient 
Mesopotamia and other early empires, and continue with empires in the modern age 
(Stalinist USSR).  

2. The second policy, creation of continuity, involves purposeful attempts to co-opt local 
elite symbolism and other cultural ties.  This is often implemented through alliances, 
treaties, exchange of marriage partners, and especially the creation of new traditions. 
Rome made extensive use of this policy, as did Great Britain and the European powers in 
modern times. 

3. The third policy, overlay mechanisms, includes a group of commonly used policies 
involving the replacement of key positions in the local population. This leaves lower-
level functions unchanged.  This is a common, low-investment conquest policy that was 
used extensively by the Inner Asian empires (e.g., Mongols) and states in the modern age 
(e.g., European colonial administrations in Africa) to achieve societal integration.  It is 
also a potentially risky strategy, since it makes rebellion easy and does little to bridge 
diversity.  

4. The fourth policy is marginal incorporation.  This is seen at the very edges or beyond the 
margins of expanding empires.  An expanding empire usually extracts tribute payments. 
Even when a particular region is incorporated into the complex polity, the only 
connection may continue to be through some form of tribute, while traditional 
governance continues.  The minimalist approach of this policy perpetuates a fragile 
connection that does nothing to solidify incorporation of a new region. Civil war is a 
common outcome when the repressive government of a diverse society fails, as in Russia, 
Yugoslavia, and Iraq.

The intertwined structure of sociopolitical relations in a complex polity poses significant 
challenges and opportunities for both society and government, especially in the presence of 
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strong and competing alternative, polycentric governance mechanisms that can coalesce against 
the official government.2 Our theory explains the establishment and (in some successful cases) 
expansion of empires based on this notion of imperial reliance on multiple policies or strategies 
that together operate as a parallelized system of active or stand-by redundancy for conducting 
collective action: A single policy may have a low chance of success, but the coordinated 
ensemble is even more powerful than suggested by plain intuition.  This is an area where theory 
and methods of network analysis (Wasserman and Faust 1994; Newman et al. 2006) can deepen 
formal and empirical modeling of complex polities and empires by including relations between 
social and environmental dynamics.

Formally, let pi denote the probability of success of the ith policy (i = 1, 2, 3, 4). Then, the 
probability P of success is given by

P = 1 – (1 – p1) (1 – p2) (1 – p3) (1 – p4) = 1 – (1 – p)N.

It is easy to show that the overall probability of success (P) based on multiple strategies (N > 1) 
is significantly greater that the probability of individual strategies (Cioffi 1998). Thus, successful 
empires exploit the power of redundancy (Bendor 1985; Landau 1969, 1973; Cioffi 1989) when 
they have access to considerable resources (tangible and intangible) necessary to sustain multi-
pronged strategies. However, this simple principle requires extensive development through 
computational modeling for representing empirically meaningful and testable complex polities. 
Much formal theory has been developed to support computational modeling (Cioffi 1998: chs. 5–
7), but mathematical modeling alone is insufficient for rendering and understanding imperial 
dynamics as complex adaptive systems in socio-natural environments—even when joined by 
diverse models (e.g., game theoretic, dynamical systems) and statistical analysis. The societal 
diversity and multiple authorities present in a complex polity provide opportunities (as in the 
Canonical Theory), not just threats to governmental authority, so a computational model 
provides a more viable formal solution than traditional models.

3.3 Socio-natural Interactions    

From an ecological perspective, social science has often relegated physical environments and 
climate to the role of context, not as an active agent of change (cf. Bawden and Reycraft 2000 as 
a valuable exception).  This is especially true for today, when technology is seen as playing a 
more significant role than climate and natural disasters. There are many important past examples 
in which anthropogenic effects on ecological systems were part of a cluster of factors resulting in 
drastic changes (Bawden and Reycraft 2000; Hornborg and Crumley 2007; Redman 1999).  The 
combination of environmental productivity and technology (including transportation) defines the 
potential resources accessible to a polity. Maintenance and expansion of resources is 
fundamental to the success of any polity, including states in the modern age of globalization. The 
theoretical approach adopted here moves beyond a culture vs. nature dichotomy to encompass 
efforts derived from biology, earth sciences, and the social sciences (Crumley 1994; Rogers 
2004; Fernandez-Armesto 2001). Included in this modeling effort are also the need highlighted 

2 This is true in smaller complex polities that are not empires, such as present-day Afghanistan, Iraq, 
Serbia, or Italy, but dual governance is significantly compounded in empires because of sheer size and 
diversity of cultures and environments. 
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by contemporary global change to explore general human interactions with the environment, as 
well as human impacts on the environment.  This computational modeling approach includes 
environmental dynamics (e.g., Cullen et al. 2000; Staubwasser et al. 2003; Weiss et al. 1993) as 
an active agent for explaining the operation of complex polities (Cioffi and Rouleau 2009).

Figure 7. A more detailed view than Figures 1 and 4: The adaptive socio-natural system of a complex 
polity includes social systems (left) and environment (right) consisting of landscape and climate.

3.4 Canonical Theory as Unifying Dynamics   

Based on earlier results from the Mason-Smithsonian Joint Project on Inner Asia, we will use the 
dual governance model and Canonical Theory to integrate socio-natural dynamics within a 
unified interdisciplinary approach. According to the Canonical Theory, social order develops 
through a sequence of variations around a common theme of “fast” processes consisting of 
situational change, information processing, and collective action, resulting in the accumulation or 
decline of social complexity. The outcome depends on social and natural contingencies—since 
complex systems are indifferent to traditional disciplinary domains.  How complexity accrues 
and order emerges—by the “slow” process that integrates outcomes from many iterations of fast 
processes—is fundamental to many forms of research on states and complex polities.  The term 
“order” refers to long-term cultural constructs that limit cultural variation (entropy reduction). 
These are usually described as traditions, or even civilizations in a broader sense (Baines and 
Yoffee 2000:14–15).

4. DISCUSSION

The following discussion focuses on main research challenges, aspects of empirical and 
computational modeling, and overall significance of this approach to understanding complex 
polities.

4.1 Main Research Challenges
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Based on this theoretical framework combining Canonical Theory, the dual architecture of 
complex polities, and observed policies that they employ for consolidation and expansion, I 
identify three specific interdisciplinary research challenges:

1. Our object-based theory on the dual structure and dynamics of complex polities as 
intertwined authorities situated in diverse natural environments (biomes) needs to be 
instantiated in a computational ABM, guided by the distinction between official and 
alternate (or vertical and horizontal) structures with competing governance and other 
complex features summarized in Figure 6.

2. A global database of historical and modern complex polities and empires—covering both 
environmental and social variables—is necessary for calibrating, validating, and testing 
computational models, in addition to using empirical information for direct analysis that 
could provide further insights on dual architecture and dynamics.

3. New visualization methods (Bonneau et al. 2006; Thomas 2005; Wong and Keim 2006) 
are necessary for rendering the multi-scale, dual-structure and long-range dynamics of 
empires as complex adaptive systems, as well as for analytical purposes beyond those 
achieved through the agent-based simulation or purely disciplinary approaches (e.g., 
political sociology of empires).

4.2 Some Promising Methods: Empirical and Computational

Understanding complex polities in the age of modern states and globalization requires two types 
of theory-driven research methods that should be closely integrated (Figure 2 earlier): empirical 
methods for a global data set and computational methods for formalizing theory and conducting 
experiments via ABMs.

4.2.1 Empirical methods: Theory-driven measurement and data. Several dozen complex polities 
have emerged and declined during the age of modern states, as have countless others over the 
past 5,000 years. Multidisciplinary empirical methods should be used for acquiring, coding, and 
analyzing archaeological, documentary, climatic, and ecological or biome data that provides 
information on the main attributes and dynamic characteristics of complex polities in their 
respective natural environments (ecosystems). This complex but feasible measurement should 
start from and build upon the most valid and reliable extant listings (e.g., Taagepera 1978, 1979, 
1997; Gleditsch and Ward 1999; Wilkinson 2000; and others). Specifically, new social and 
environmental data should be added to existing data on location, formation, size, and termination 
of complex polities, based on social and environmental entities and relations that define the dual 
governance model and canonical processes. Such a global dataset should be documented by a 
codebook developed for this purpose. Since our computational models are object-oriented, 
attribute data on several levels of measurement can be collected as in the following examples: 

• Nominal-level (qualitative) data  : types of social groups, public issues, political cleavages, 
group identities, collective action modes, political institutions, economic markets, social 
stressors (social tension, violence, external invasion, corruption, revenge, inflation), 
biomes, climate regimes, physical-environmental stressors (droughts, floods, volcanism, 
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seismic activity, climate change, epidemics).

• Ratio-level (quantitative) data  : population, resources, armed forces, size, duration, 
precipitation, biomass, geomorphology, aridity, and other climate and terrain data.

These are illustrative examples and subject-matter experts should be consulted for assistance to 
maximize completeness. Comparable data collection for smaller polities would not be feasible 
over such a large spatio-temporal domain.

To ensure global, valid, and reliable coverage, sources on modern-day complex polities and 
empires should be used (Levy 1983; Almond et al. 2007; Banks [latest edition]; Correlates of 
War Project 2; Polity Project) as the base universe/population framework (Figure 2, lower left-
right process).

In addition to using a global database for calibrating, validating, and testing computational 
models, such a dataset could also be used to extract a sample for building a standard empirical  
model of a complex polity (called “target system” in social simulation; Gilbert and Troitzsch 
2005) guided by the theoretical components (entities, attributes, relations) of the complex polity 
model in Figure 6, including ecological biomes.  The standard empirical model built from a new 
global database would have modal or mean characteristics of complex polities represented in the 
sample. Such a “standard complex polity” (SCP) profile would have the advantage of resembling 
“most” historical cases observed in the extant historical record. It would not be focused on a 
specific instance bound by space and time. A computational test bed model based on such a 
system would offer new and unique simulation opportunities for obtaining valuable insights, and 
at the same time simulating specific historical instances when specialized. In addition, the 
architecture and dynamics of such a system could also be compared to other generic polities that 
have proven to be insightful (e.g., Bhavnani et al. 2002). The SCP would also provide a basis for 
constructing ecological environments (biomes) that occur within a range of geographic latitudes 
with distribution to be estimated from the sample (cf. Kagan 1993, O’Sullivan and Miller 1983; 
on the latitudinal distribution and geography of warfare).

The empirical data compiled for such a project—social and environmental—should be made 
available through multiple venues, including but not limited to the Harvard-MIT Virtual Data 
Center, the Long-Term Change community website, the Inter-University Consortium for 
Political and Social Research (ICPSR), and various long-term preservation venues of the 
Smithsonian Institution.

4.2.2 Computational methods: Theory-driven modeling and simulation.  Computational 
simulation models serve the critical dual purpose of formalizing theories of complex adaptive 
systems that cannot be expressed in purely mathematical form (e.g., dynamical systems). These 
provide a virtual or in-silico laboratory for conducting scientific experiments that are otherwise 
not feasible by traditional disciplinary approaches. As shown earlier in Figure 2 (upper process), 
in this approach computational methods of agent-based modeling are used to formalize (specify), 
instantiate (implement), simulate, test, and analyze the object-based theoretical framework. In 
this approach the entities in the figures (called UML class diagrams) are computational objects 
with a set of states and dynamics. The base for this approach is a suite of models developed for 
the rise and fall of a range of polities in Inner Asia (chiefdoms to empires; Cioffi et al. 2007; 
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Rogers and Cioffi 2009; Cioffi, Rogers, et al. 2011). Specifically, the MASON simulation toolkit 
(Luke et al. 2005) is used here to implement and analyze the theoretic framework presented 
earlier and (complexity of the model permitting), we have begun application of the ECJ 
evolutionary computation system as part of the testing and analysis process. Both tools may be 
found at http://cs.gmu.edu/~eclab/ . The complex polity model will consist of societal groups, 
influenced by various political authorities (dual governance), interacting with one another and 
with their environment, generating a virtual history of emergent community-level and more 
aggregate social structures (norms, mutual trust, institutions, land-use patterns and other 
collective outcomes).

4.2.2.1  Model Instantiation and Analysis with MASON. The theory of contentious polities—
operating under dual governance within the socio-natural system of a complex polity 
(Figure 6)—is being implemented with an ABM in the MASON simulation 
environment. MASON is a fast, easily extendable multiagent simulation library plus a 
suite of visualization tools and other modules (including extensive social network 
analysis metrics and GIS). It is the result of a joint long-term effort by S. Luke (lead 
MASON designer and developer) and C. Cioffi, begun in 2002. MASON was initially 
co-funded by George Mason University’s Center for Social Complexity and GMU’s 
Evolutionary Computation Laboratory, as well as by NSF (Human and Social Dynamics 
Program) in the Mason-Smithsonian Joint Project on Inner Asia. MASON was 
explicitly designed to foster cross-fertilization between computer science, the social 
sciences, and environmental sciences, consistent with the interdisciplinary goals of 
NSF’s Human and Social Dynamics Priority Area.

Other discrete-event multi-agent simulators are available: Swarm, RePast, Ascape, and NetLogo 
(cf. Nikolai and Madey 2009). MASON meets our design criteria better than these systems 
because it is faster (in some cases, much faster), while retaining portability, complete separation 
of visualization from the model, checkpointing, and guaranteed replicability (Luke et al. 2005). 
These MASON features are essential for our goals, including the special needs of evolutionary 
computation and massively distributed computing.

4.2.2.2  Model Calibration and Verification  .   Two critical tasks in our simulation development 
process are testing and validation using the standard empirical model described earlier. As is 
often the case in simulations, our initial model parameters (precise model rules guiding agents’ 
actions and interactions) may not produce results that closely match empirical data (Cioffi 2002, 
2010; Gilbert and Troitzsch 2005: ch. 2). In addition to hand-calibration of the ABM based on 
the sample data, the model would also autocalibrate using global stochastic optimization 
techniques such as Evolutionary Computation (EC) (Fogel and Michelewicz 2000; Mitchell 
1996; De Jong 2006; see Gilbert and Troitzsch 2005: ch. 10 for an overview of EC in social 
simulations). EC iteratively makes small modifications to model parameters and rules (i.e., it 
evolves the code), tests those modifications against a set of known data (the training set based on 
the standard model), and updates model parameters and rules based on feedback from testing, 
eventually producing a model that fits the data as closely as possible. EC and related methods 
have been successful for discovering or calibrating multi-agent models in pheromone trail 
formation, stigmergic hive-building, competitive game-playing, and robot team simulation. 
These techniques may also be used to harden the model for robustness. In this scenario, one 
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selects a subset of model parameters over which we wish the model to produce invariant results. 
The EC system then tries to simultaneously optimize the model and adaptively counter-optimize 
the model parameters to which the model must be invariant.  As the model is optimized to 
perform well against model parameters, the parameters themselves are optimized to challenge 
the model, producing a beneficial co-adaptive “arms race.”

The primary challenge for EC is model complexity (hence speed). If the model takes a long time 
to run, it will be challenging to use in an EC framework requiring large numbers of runs. 
However, we should be able to demonstrate the efficacy of these techniques on a model of this 
size. S. Luke has developed a widely popular stochastic optimization system called ECJ (EC in 
Java; www.cs.gmu.edu/~eclab; Luke 2000), specially designed to deal with large-scale models 
and it dovetails well with MASON.  ECJ is capable of testing MASON models over large 
distributed computing clusters, and also formed the basis of evolutionary computation systems 
over massive (10,000+) computational grids.  For example, S. Luke is presently working with 
Parabon Inc. to create Origin (http://www.parabon.com/dev-center/origin/), a deployment of ECJ 
over Parabon’s very-large-scale grid computing platform.

After calibrating the model through hand tuning and computer optimization, we should then be 
able to validate the final model against a separate (out of sample) validation set of data to argue 
for generality. This could be done by drawing additional data from the global dataset and asking 
questions such as: Do the computational model distributions and statistical moments derived 
from simulations match empirical data from the social and environmental out-of-sample 
datasets? Do simulated processes match the empirical processes (e.g., life tables of polities, 
settlement and land-use patterns, Markov processes, counting processes, and others in the 
databases)? Do the computational virtual histories resemble real histories as constructed from the 
historic and environmental data? Do models from the simulation match empirical models (e.g., 
event history models for polity durations)?

4.2.2.3  Agent-based modeling of complex polities. The complex polity represented by figures 6 
and 7 will be implemented as an agent-based simulation model in MASON. Such a model would 
be grounded on the theoretical framework described earlier (figures 3, 4, and 5) and the standard 
empirical model constructed from the global dataset with social science and environmental data. 
The purpose of the model will be to understand the rise and fall of complex polities in the age of 
modern states as a result of how interdependent societies and systems of governance respond, 
adapt, or fail in the face of challenging threats and opportunities originating within (society) 
and/or without (environment).  Thus, an ABM will go beyond the tradition of earlier territorial 
competition simulation models developed mostly in political science (international relations) and 
“computational history” (Bremer and Mihalka 1977; Cederman 2002; Cusack and Stoll 1990; 
Liverani and Parisi 1998; Min 2002; Min et al. 2004; Turchin 2003b) in several significant ways, 
including: (1) explicit modeling of natural environments (Cioffi et al. 2007, 2008); (2) 
substantive sociopolitical dynamics (Rogers and Cioffi 2009; Cioffi 2007); and (3) application of 
evolutionary computation for pattern discovery and optimization (De Jong 2008). 

The main objective for such a simulation would be to analyze the emergence and interaction of 
territorially-situated complex polities, in a generative sense (Epstein 2006; Batty 2006), rather 
than evolve a landscape populated by pre-existing polities. Moreover, the design principle is to 
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build the ABM using the “fast” and “slow” dynamics of the Canonical Theory developed earlier 
(recall section 1), thereby endogenizing the process of collective responses (or failures) through 
one or more of the control strategies for maintaining order, instead of relying solely or primarily 
on economic or demographic dynamics (e.g., Reynolds 2003). We will also explore ways of 
utilizing advances in “social-AI” methods (e.g., Reynolds’ cultural algorithms, 2008) to improve 
the formalization and instantiation of our theory.

The main simulation loop for each time step in a simulation run will be formalized from the 
Canonical Theory (see Figure 3 earlier) adapted to complex polities, starting from the triggers of 
situational change for the various actors (e.g., a decrease in societal well-being caused by 
environmental stress) to the production of one of the policies in response to such changes. The 
loop will include explicit situation-dependent information-processing (Devlin 1991; Simon 
1996), multi-mode decision-making (different choice heuristics), collective action problem-
solving mechanisms (Lichbach 1996) including capacity dynamics (Turchin 2003), and 
opportunity-willingness conditioning (Cioffi and Starr 1995; Starr 1978). Although the main 
loop always begins with a situational change (caused by social or natural events), the complex 
life of an empire requires parallel (or pseudo-parallel) processing of policies. “Tipping point” 
triggers (called driven threshold systems in complexity theory; Rundle et al. 1996) will be 
implemented, including modeling the probability of new object formations as complexity 
evolves. Situational changes can also arise endogenously as a result of social dynamics (Figure 
3).

4.2.2.4  Research program of agent-based models.  Of course, we are not claiming to model 
every detail in the life cycle of a complex polity down to individual relationships and land-use 
patterns in each hectare of territory. The computational model will be developed as a “research 
programme” (Lakatos 1970; Cioffi 2010a) through a succession of models with progressive 
problemshifts. The models will move from simple to more complex, each model aggregating, 
abstracting, and extending results from the previous model.

Model 0 (base model) will consist of a non-diversified (culturally homogeneous) polity at the 
state level of complexity (e.g., the SimPol model in Cioffi, 2007), with basic social and 
governmental institutions affected by issues in a simple environment (single biome), which 
builds on our prior NSF project (Cioffi, Rogers et al. 2007) as well as on the Italian models of 
the CNR/ISTC lab in Rome (Parisi and Cecconi 2006; Parisi et al. 2007). 

Model I will enlarge the architecture of Model 0 to include one ascriptive competing group as a 
part of society, which grows and declines depending on societal satisfaction with governmental 
policies for dealing with emerging issues. This model will also explore the complete outcome 
space, particularly the relative frequency for success and failure in state policies (gain or loss of 
social complexity). As initial “proof of concept,” the RebeLand model in MASON (Cioffi and 
Rouleau 2010; see Figure 8 below) is instructive for developing Model I, given its focus on a 
polity where insurgency is feasible and contingent on socio-natural dynamics. We will also draw 
on other useful MASON and related models, such as Household and Hierarchies (see 
http://cs.gmu.edu/~eclab/projects/asia/ ).

Model II will expand the number and variety of environments by examining a larger region 
covering more biomes and more culturally diverse societal groups. The main objective of this 
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second model is to grow the first “basic” empire from the “social fabric” (Reynolds 2008) of 
individuals and groups across diverse cultures. For example, Model II will investigate the puzzle 
of why some ascriptive groups develop an open association with the official polity (e.g., 
moderate religious groups) while others become clandestine or violent (organized crime), as well 
as the differential effect of imperial control policies on both. An explanation based on the 
Canonical Theory would highlight social capital as a key causal variable (group cultural 
attribute) in explaining the difference, but simulation experiments can uncover other factors in 
the challenging process of governing complex polities. 

(a) (b) (c)

Figure 8. The MASON RebeLands simulation separates computation from visualization to increase 
speed and computational power. The visualization layers show the spatial distribution of (a) natural 
resources (yellow dots), roads, (b) populations (green) in an environment, and (c) the composite 
RebeLands world with insurgents hiding in some areas while government seeks to control them and 
changes occur in the natural environment. Source: Cioffi and Rouleau (2010).

Model III will be calibrated to run for a “long historical period,” similar to the multi-century 
duration of many complex polities, including modern cases such as Great Britain, USSR/WTO, 
or China. The investigation of duration patterns under experimental simulated conditions will be 
exciting and promising, given the extensive literature on the duration of various types of polities, 
including empires (Cioffi 1989). Unlike the power-law (scaling) distribution of many social and 
natural variables that measure size, duration is more often observed as an exponential or near-
exponential distribution. Additional models will add complexity approximating the target 
standard model sampled from the global dataset and advance the range of computational 
experiments. Each model will also increase the complexity level of the simulation from basic 
(Model 0) to more complete (Model N) as diverse groups and biomes are added to the socio-
natural system in Figures 5 and 6. Land-use patterns are expected to increase in complexity as 
the models progress, requiring corresponding solutions in terms of computation and 
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visualization.

4.3  Significance

We anticipate three sets of original interdisciplinary contributions for understanding human and 
social dynamics concerning change and long-term adaptation in socio-natural systems: (1) a suite 
of new theoretically-based simulation test bed models validated and calibrated by the best 
available global data; (2) a new long-term cross-cultural standard empirical model of complex 
polities in socio-natural systems and a new global dataset; and (3) new conceptual, theoretical, 
and methodological contributions for understanding socio-natural systems complexity and long-
term change and adaptation in real and artificial societies. Beyond their intrinsic value, each 
contribution can provide the basis for further scientific advances in theory, data, and 
methodology, as well as contributing foundations for new synergies by investigators across 
disciplines.

4.3.1  Computational theory and simulation models.  Our approach contributes a new generative 
theory of socio-natural systems—supported by an object-based computational methodology—to 
advance our understanding of complex polities based on long-term evolution and emergence. 
The theory and computational model build on earlier research extending the Canonical Theory to 
complex societies and environments with dual governance. Relative to earlier efforts, the theory 
adds inter-disciplinarity, multicausal processes, and nondeterministic mechanisms. The formal 
theory will be computational and based on bounded-rational agent models as situated social 
entities with beliefs, goals, and actions. It will be tested and validated using empirical resources. 
The formal and experimental synergy of ABM is powerful and innovative, providing new 
knowledge beyond traditional approaches.

4.3.2  Cross-polity database.    The new standard empirical model drawn from the cross-polity 
data will contribute by providing the research community with a new and valuable empirical 
resource. The standard model will, for the first time, provide a focused and systematic 
description of the complex structure and dynamics of empires in socio-natural contexts, based on 
a universal sample. Specifically, the model would be based on many years of socio-natural 
evolution, worldwide, offering the first systematic and reliable benchmark for comparative 
analysis of the most complex socio-natural systems, including both historical and modern cases.

4.3.3  Contributions to human and social dynamics across disciplines.  Advancing our 
fundamental understanding of the formation, evolution, and decline of complex polities is a 
benefit to the science of complex systems, the “sciences of the artificial” (Simon 1996), and 
several social sciences, including anthropology, economics, political science, and sociology. So 
much of world history has been produced by complex polities (civilizations, colonialism, 
warfare, high culture) as well as for present-day challenges (e.g., the current state and future of 
China, Russia, globalization, and trends in the developing world). Computer science (multiagent 
systems, artificial intelligence, evolutionary computation) will also gain from applications and 
new challenges in domain spaces that attract increasing attention (De Jong 2008; Reynolds 
2008). Components of geoscience, biodiversity, and climatology applied in this endeavor also 
stand to gain from a better understanding of anthropogenic environmental changes, especially 
through experimental use of computational models. Moreover, disciplinary contributions will 

19



include a variety of conceptual, theoretical, and methodological contributions (object-oriented 
approaches) for further cross-pollination and synergies across disciplines.
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	4.2.2.1  Model Instantiation and Analysis with MASON. The theory of contentious polities—operating under dual governance within the socio-natural system of a complex polity (Figure 6)—is being implemented with an ABM in the MASON simulation environment. MASON is a fast, easily extendable multiagent simulation library plus a suite of visualization tools and other modules (including extensive social network analysis metrics and GIS). It is the result of a joint long-term effort by S. Luke (lead MASON designer and developer) and C. Cioffi, begun in 2002. MASON was initially co-funded by George Mason University’s Center for Social Complexity and GMU’s Evolutionary Computation Laboratory, as well as by NSF (Human and Social Dynamics Program) in the Mason-Smithsonian Joint Project on Inner Asia. MASON was explicitly designed to foster cross-fertilization between computer science, the social sciences, and environmental sciences, consistent with the interdisciplinary goals of NSF’s Human and Social Dynamics Priority Area.

