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Recent advances in computational social science, primarily through use of agent-based models
(known as “multi-agent systems” in computer science), now permit the first simulations of
large-scale complex adaptive social systems, including spatial dimensions, network-based or-
ganizational hierarchies, and culturally-grounded social institutions in changing natural envi-
ronments. This paper presents the “Hierarchies” model of the Mason-Smithsonian Joint Project
on Inner Asia (Cioffi-Revilla et al. 2007), which is a computational agent-based model developed
with the MASON computational toolkit. We report three sets of computer-generated results
indicating close similarity between real history and simulation runs produced by the Hierarchies
model, specifically in terms of confederations of tribes1 (i.e., aimags in Mongolian) and warfare
through conquest, rebellion, and polity disintegration in the steppes of Inner Asia. These results
are encouraging for developing more insightful models of long-range socio-natural dynamics
that include politics based on real-world historical observation.

This chapter contains four sections. First, we provide an introduction with motivation and
background on the Hierarchies model, with emphasis on research questions addressed by the
model and earlier relevant literature. The second section describes the methodological proce-
dure used for creating the model in terms of main developmental stages, from initial concep-
tualization (research questions and abstracting relevant features of Inner Asia) to technical
computational stages (design and implementation) and simulation results. The third presents
a set of results intended to demonstrate significant functional features and the model’s empirical
validity. Finally, the fourth section provides a discussion of the model, broader implications
in terms of extant literature, and directions for future research.

INTRODUCTION

Why investigate social complexity using computer models?

Understanding long-range dynamics of societies and polities in their natural environments is an en-
during and difficult interdisciplinary challenge in social science, a puzzle that cannot be solved with-
out multi-disciplinary research (Lightfoot et al. 2009). This scientific challenge is conspicuous in the
context of Inner Asia (Fig. 1) and Eurasia, a quasi-continental region of the world considered to be

1 The term “tribe” is used in this chapter to indicate a
polity based on inequality and lineage-corporate gov-
ernance institutions.



the heartland of the Old World, a “bridge” linking Asia and Europe across an expansive steppe land2.
One methodological approach to investigating these complex systems is through spatial agent-based
modeling and simulation, methods that are capable of representing natural and social dynamics
within an integrated computational framework.

Modeling long-term sociopolitical change – how polities in the real world form, adapt, evolve,
and change throughout history – remains an enduring challenge in social science for at least three
reasons. First, the underlying causal processes involve networks of human actors endowed with
intentionality and decisional capacity, not just material or physical causality. Second, the actors
are situated in social and natural environments, spanning interdependent, multi-level phenomena
that range from cognitive to ecological (Liu et al. 2007). Third, the main result of these complex
processes, the ontology they produce from an aggregate social perspective, generates emergent
systems of governance and other intangible entities – i.e., “social objects” or “constructs” in the
form of institutions, norms, and the like, which are neither values of variables nor solutions to
equations. Consequently, previous scientific efforts to solve this problem by traditional  approaches
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Fig. 1. Map of Inner Asia. The dark blue circled area represents the approximate territorial extent of the Hünnü (Xiongnu
in Mandarin) polity at its maximal size, ca. 150 BCE, considered the first state-level society in Inner Asia. Numerous sub-

sequent societies followed (Toba Wei Empire – green circled; Khitan Empire – red circled) (Cioffi-Revilla et al. 2011;
Rogers 2012). MASON Hierarchies is a spatial agent-based model of the rise and fall of polities within the region 

shown here (source: J. Daniel Rogers, Smithsonian National Museum of Natural History, Washington, DC).

2 Bemmann et al. 2009; Di Cosmo 1999; Fitzhugh et al.
2009; Honeychurch/Amartuvshin 2006; Rogers 2007;
2012.



alone – namely using classical mathematical or statistical approaches (e.g., game-theoretic or econo-
metric models) – have fallen short, although such models have improved our understanding. For
example, classical mathematical approaches are invaluable for understanding demographic
 dynamics (Tuma/Hannan 1984), social networks (Wasserman/Faust 1994), and conflict processes
(Zagare/Kilgour 2000). Similarly, statistical models are essential for understanding spatial patterns
(Ward/Gleditsch 2008), size distributions (Kleiber/Kotz 2003), and other key empirical features.
However, neither mathematical nor statistical models alone are capable of modeling the life cycles
of spatially-situated social entities – i.e., groups, organizations, and societies – as complex, adaptive,
dynamical systems (Arrow et al. 2000) situated in a natural environment.

Using an object-oriented computational simulation approach to address these problems, we
present an agent-based model where political hierarchies – a defining feature of many societies
in the real world – emerge under a variety of conditions (Epstein 2006; Gilbert 2008). Hierar-
chical organization, a variant of “inequality” in complex social systems, is a set of ordered social
relations that occurs in many forms: rulers and ruled, elite and commoners, leaders and followers,
powerful and weak, rich and poor, skilled and unskilled labor, hegemons and subordinates, lit-
erate and illiterate. The emergence of hierarchical organization in social and socio-natural com-
putational simulations3 is also insightful for understanding institutions and governance
(Lichbach 1996), as well as patterns of cooperation and conflict (Midlarsky 1999).

Relevant background literature

Related literature that is relevant to this study comes from several fields, including Inner Asian
studies and spatial agent-based computational models of socio-natural dynamics. Numerous
studies show that Inner Asia has a rich and long history, offering a valuable laboratory for un-
derstanding long-term social and political adaptations in the face of great challenges, including
climate change (Sinor 1990). Traditional sinocentric theories about the rise of early nomadic
confederations in Inner Asia (e.g., Barfield 2001; Di Cosmo 1999) postulate the Chinese state
as the main causal driver of socio-political complexity in neighboring regions. However, ar-
chaeological findings have brought greater time and geographical depth to the scientific inves-
tigation of political processes on the Inner Asian steppe, suggesting alternative non-sinocentric
mechanisms for understanding the emergence of regional political integration4. A powerful Chi-
nese polity to the south did provide one of several stimuli for political development – the emer-
gent formation, evolution, and decline – in the steppe polities to the north, but so did other
processes endogenous and exogenous to the polities themselves.

Spatial agent-based models that investigate territorial competition, politico-military change,
and historical dynamics on empirically realistic (i.e., not abstract or notional) geographic space
are still few, given the interdisciplinary and technical challenges. An et al. (2005), Kohler and
van der Leeuw (2007), Liu et al. (2007), and Walker and Janssen (2002) demonstrate significant
advances in modeling socio-environmental systems. However, historically calibrated politico-
military dynamics are not explicitly represented. Agent-based models by de Marchi (2005),
Laver (2005), and Laver and Sergenti (2012), among others, are about political coalition dynam-
ics, but not about Asia or other spatially situated polities. Several spatial agent-based models
have addressed research questions about politico-military dynamics, starting with the pioneering
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3 Kohler/van der Leeuw 2007; Liu et al. 2007; Kuznar
2006; Laver 2005; Laver/Sergenti 2012.

4 Cioffi-Revilla et al. 2011; Honeychurch/Amartuvshin
2006; Sneath 2006; Rogers 2007; Kradin 2011.



model of Bremer and Mihalka (1977)5, but by using abstract spaces that do not claim to provide
empirical geographic or country-specific references, to Asia or elsewhere. Lowe’s (1985) earlier
dynamical model on the rise and fall of Maya polities had a concrete historical context, but
lacked spatial representation and pre-dates the object-orientation to computational modeling,
as do other earlier models by Benson (1963), Natalicchi (1994), Hughes and Hillebrand (2006),
and others. Kuznar and Sedlmeyer’s (2005) model of conflict and environment in Darfur, Sudan,
does have explicit geographic space, but is focused on pastoralist conflicts, not territorial com-
petition on the scale of the rise and fall of polities from a long-range perspective.

The Canonical Theory of sociopolitical complexity6 explains the emergence, evolution, and
decline of complex polities in Inner Asia (as elsewhere) as resulting from a long-term cumula-
tive process of collective action responses to social and/or environmental changes. Figure 2 il-
lustrates the main causal mechanism by a process that unfolds along the top tree branch: Given
a societal group in a given state G of social complexity (initially simple), a threat or opportunity
may or may not occur (situational change C). If one does, then the society may or may not
recognize a need for collective action (events N and U). If it does, then collective action may
succeed (S) or fail. When it succeeds, social complexity increases from the consequences of
success (outcome A in green). (Conversely, failures in responding to changes produce loss of
social complexity; i.e., outcomes X.) Here we use the Canonical Theory to endogenize the
socio-environmental dynamics of Inner Asian polities. This positive, non-sinocentric theory,
formalized by the spatial agent-based model described below, emphasizes differential political
sustainability and susceptibility to collapse among multiple steppe confederations composed
of tethered mobile pastoral groups (tribes) involved in long-distance networks of contacts and
exchange. Our approach provides a different explanation of the rise and fall of polities among
northern pastoral nomads – by proposing a new, positive theory formalized by a computational
agent-based model.

METHODOLOGY OF COMPUTATIONAL MODELING

In this section we describe the method with specific procedures used to develop the Hierarchies
model in terms of main conceptual and computational stages, starting from core research ques-
tions, which are followed by the focal system of reference, model design or specification, im-
plementation, verification, validation, and analysis leading to the generation of illustrative
simulation results. We follow current criteria for verification and validation emerging in the
field of Computational Social Science7, as detailed below. The main purpose of this section is
to provide a descriptive, functional-operational explanation of the computational model to as-
sist understanding and replication. MASON Hierarchies was initially developed over a period
of two years, from formulation of the first research questions to obtaining the first results. The
interdisciplinary team of social scientists, computer scientists, and environmental scientists in-
cluded approximately ten collaborators (faculty and graduate students) led by the co-authors.
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5 See also Bearce/Fisher 2002; Min 2002; Turchin 2003;
Cederman 2003; Majeski 2004; Gavrilets et al. 2010.

6 Cioffi-Revilla 2005; 2012; Rogers/Cioffi-Revilla 2009.

7 Cioffi-Revilla 2002; 2010; 2014; Macal 2005; Gilbert/
Troitzsch 2005; Sargent 2004; Ozik et al. 2008.



Main research questions

Hierarchies is a spatial agent-based computational model designed to investigate a broad class
of research questions, including simulated replication of observed historical patterns, testing
theoretical hypotheses, exploration, and – something very appealing but normally unavailable
in most areas of social science – conducting controlled experiments8. The main research ques-
tions investigated by the Hierarchies model are:
1. How did historical Inner Asian political coalitions emerge from among unequal potential al-

lies?
2. Specifically, how did confederations (hierarchical polities) – the prevailing organizational

form of polity in Inner Asia, including the Mongol Empire – form on repeated occasions? 
3. Can historical polities and warfare dynamics that are known with increasing accuracy be ap-

proximated by computational models that provide new explanations of human and social dy-
namics based on the Canonical Theory?

Answers to these and related questions would provide new insights and scientific understand-
ing of long-term change and adaptation in Inner Asia, with implications for other socio-natural
regions. Interestingly, these research questions are typically intractable using traditional math-
ematical or statistical methods (i.e., dynamical systems, game-theoretic models, econometric
models, or other equation-based models). By contrast, Hierarchies is a computational object-
oriented model, so all the necessary variables, states, and dynamics (i.e., the explanans) are “en-
capsulated” within social and natural entities that comprise the “target” or “focal” system
(explanandum).
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8 Axelrod 1997; Bainbridge 2007; Cioffi-Revilla 2002;
Epstein 2006; Gilbert 1999.

Fig. 2. Tree diagram representing the “fast” branching process of the Canonical Theory of sociopolitical complexity.
During this relatively short-term, high-frequency process, actors produce different path-dependent outcomes for a
society challenged by situational changes (threats or opportunities), depending on successes or failures in under-
taking collective action (CA). Outcomes subsequently accrue to the structure and knowledge of society, during a

 relatively “slow” process of institutional development or decay (contingent on fast processes), resulting in 
long-term political evolution by canonical variations. Adapted from Cioffi-Revilla 2005.



Focal system

Given the above research questions, the next specification consists of the focal spatio-temporal
system being modeled. In this case the focal or referent system of primary interest consists of
the geographic region of Inner Asia beginning in the first millennium BCE, as shown in Figure 1.
It is a relatively large socio-environmental region consisting of the territories of modern-
day Mongolia, northern China, eastern Manchuria, southern Siberia, and eastern Kazakhstan,
demarcated approximately by the following coordinates: 35° to 55° N and 50° to 120° E.
Deserts, mountains, forests, and vast grassland steppes comprise the diverse ecosystems of
this region, spanning approximately 30 million km2 9. The climate within this region is driven
by weather from three neighboring climate systems: Siberia, the Indian Ocean, and the Pacific
Ocean.

The human population within the broader focal system of Inner Asia delineated in Figure 1
consisted of approximately 7.5 million inhabitants at any given time (ca. 500 BCE to ca. 1300
CE), distributed as follows: Mongolia 2 million (by ca. 1200 CE), northeastern China 0.5 million
(Manchuria), northern China 3 million (including Beijing), northwestern China 0.5 million (Xin-
jiang), eastern Kazakhstan 1.5 million, and southern Siberia 0.5 million10.

Within the broader system of Inner Asia, Hierarchies represents a smaller geographic area,
but one that is still sufficiently large to generate confederations with significant territorial scope
and size distributions.

MODEL DESIGN

Overall design

Hierarchies’ overall design consists of (1) a foundation provided by the MASON House-
holdsWorld model of Inner Asian pastoralists, including weather events (Cioffi-Revilla et al.
2010; Rogers et al. 2011); and (2) a system of politico-military dynamics generated by decision-
making on the part of autonomous tribal agents in the face of challenges (threats and opportuni-
ties), based on the Canonical Theory. Although autonomous, the tribal agents belong to the same
regional cultural sphere (i.e., pastoralists of the steppes of Inner Asia), so tribes follow similar
decision-making rules, as detailed below. The size of the territory represented is intentionally
small, albeit realistic, to allow for detailed investigation of coalition dynamics and related histor-
ical patterns. 

Weather events drive biomass distribution in the landscape (main environmental compo-
nent), just as in the earlier HouseholdsWorld model. In turn, biomass distribution drives herd
demographics and animal behavior, which – in turn – drive human household behaviors. Each
household represents approximately six to eight persons. Households aggregate by clans that
form tribes (aimags) which, in turn, aggregate forming hierarchical coalitions (alliance con-
federations). Camps are mobile and consist of households from only one clan. 
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9 The east-west width of the region in Fig. 1 at 35o N is
approximately 10,000 km or 6,200 miles.

10 We are grateful to Sarah Flores for assistance in provi-
ding these estimates (Rogers et al. 2011).



Each household has an amount of wealth used as proxy for food. A hierarchy or alliance con-
sists of groups of clans or tribes. One clan will be the top clan with others subservient to it.
A subservient clan, in turn, may have other subservient clans. A lower tribe pays tribute in the
form of wealth to its superiors, who pay wealth to their superiors, and so on. The strength of a
confederation as a whole reflects the overall health of its constituent households. Each household
can belong to only one tribe.

From the most general, high-level ontological perspective, the MASON Hierarchies model
is constituted by three classes of entities. These classes are based on Herbert A. Simon’s (1996)
initial theoretical paradigm on social complexity and adaptation, as well as more recent formal
development through the Canonical Theory11:
1. Natural landscape: Biophysical systems, including topography, water, ground cover (biomass

distribution), animal herds, and weather. This first class consists exclusively of entities be-
longing to Nature without humans or their artifacts.

2. Humans and kin-based groups: Households, with clan membership, consisting of individuals
with values and social norms that enable decisions that, in turn, produce behavior. This second
class contains no organizations beyond households.

3. Artificial systems: Camps, tribes, and federations as emergent phenomena generated by the
complex adaptive system consisting of natural and human components in interaction with
one another. This third class comprises the built environment, be it social (organizations such
as tribes, federations, polities) or physical (only camps and neighboring boundaries, as Hier-
archies lacks any other kind of built environment).

Figure 3 provides an overview and main architecture of the Hierarchies model, showing the
principal entities (classes of objects) and relations (associations among classes) using a class di-
agram in Universal Modeling Language (UML). The basic components of the Hierarchies model
are nomadic tribes, indexed as θ ∈ Θ, which are composed of households. Each tribe occupies
a specific spatial location (“site”) in geographic space, with topology being either a regular lattice
(e.g., rectangular or hexagonal) or based on a GIS (Geographic Information System database)
vector shape file. Attributes of a tribe θ include the number of able-bodied men (Mθ) as basic
military capability and a scalar value of economic output (Eθ).
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11 Cioffi-Revilla 2005; 2012; Rogers/Cioffi-Revilla 2009.

Fig. 3. Design overview and main architecture of the MASON Hierarchies model. Social structure and emergent 
organization include (from left to right) tribes situated at geographic locations in a natural geophysical landscape,
and emergent hierarchy resulting in tribal confederations. Tribes are composed of households (not shown here).



Tribes and tribal capabilities

A set of nomadic tribes {θ} forms a hierarchical confederation h ∈ H. Thus, each tribe θ ∈ h has
a set of subordinate tribes, denoted by subh(θ), as well as a superior set of tribes, denoted as
suph(θ). For the leading tribe of a given confederation, denoted by rooth, the operator suph(rooth)
returns ø (null). Similarly, for tribes at the lowest levels of a confederation (leaf tribes), subh(θ) =
null. Peers having equal rank have the same number of superior levels above them.

A tribal leader can effectively manage only up to τ subordinate tribes. Let |A| denote the “car-
dinality” of some set A, or number of elements in A. When |subh(θ)| > τ, the effectiveness of
tribe θ’s military capability decreases. This assumption – consistent with the concept of a min-
imal winning coalition (MWC) in the sense of Riker (1962) – is formalized by the following re-
cursive equation describing the military capability milh(θ) of tribe θ and its subordinates:

Wealth flows as tribute from subordinate to superior tribes, losing a fixed proportion a of
value when crossing each hierarchical level. The amount of wealth that a tribe can pass to its su-
perior is given by a similar recursive equation:

After circulating up as tribute, wealth is redistributed down from the top tribes to satisfy de-
mands by subordinates (coalition side-payments, in the sense of Riker). For any tribe θ, its demand
demh (θ) for wealth payments is proportional to its military contribution weighted by a factor β,
so demh (θ) = βmilh(θ). Therefore, the amount of redistributed wealth that a subordinate (i.e., non-
leader) tribe θ can expect (redh) within a given hierarchy h and superior s = suph(θ), is given by:

The next section describes how the above functions are used in the decision-making process
of tribal leaders when situational changes cause the stress level of a tribe to rise.

Tribal decision-making and behavior

If a tribe fails to secure a desirable amount of wealth, or if the hierarchical structure (coalition)
is such that some of the tribes are under stress, then the confederation as a whole is stressed
and tension increases – consistent with the known behavior of Inner Asian tribes, based on
historical and ethnographic data12. Using the previously defined functions, the tension or stress
of tribe θ, denoted by tenh (θ), is defined by the difference between expected and actual wealth
received:

96 CLAUDIO CIOFFI-REVILLA, WILLIAM HONEYCHURCH, J. DANIEL ROGERS

12 Barfield 1981; 2001; Bold 2001; Sneath 2006.



In turn (see Fig. 4), tension or stress produces one of three changes in a tribe:
1. Expansion. If there is a weaker confederation in the immediate neighborhood, the stronger

confederation leader will attempt to conquer it, following a Lanchester-type sub-model for
military force interactions with appropriate parameters for steppe warfare (e.g., Barfield 1994).
If successful, the conquered hierarchy is integrated as a new sub-tree attached to the tribe of
the conquering polity, with preference given to the victorious leader and subordinate tribes.

2. Rebellion. If there are no weaker confederations in the immediate neighborhood, or if they
possess greater military capabilities, then subordinate tribes within a confederation may at-
tempt a coup d’ètat. Successful rebellion requires accumulating enough power in parts of the
hierarchy under rebel control to overtake the remainder of the confederation controlled by
the incumbent leader higher up. 

3. Disintegration. Finally, a tribe may attempt to secede from its present confederation to form
and lead a new confederation, resulting in political disintegration. 

The design of Hierarchies is intended to cover a significant variety of decision-making situ-
ations and resulting behaviors. From a state machine (Markovian) perspective, member tribes,
coalition leaders, and an entire coalition as a whole, have available finite sets of states. For ex-
ample, as suggested by Figure 4, a coalition leader can transition through various states charac-
terized by tension (e.g., induced by the growth of neighboring threats), expansion (opportunities
offered by perceived neighboring weakness), and rebellion (opportunities posed by perceived
leader weakness), resembling valid parallels in historically documented states.

Implementation

The model was implemented in MASON (Luke et al. 2005; Luke 2011), version 12. While other
agent-based simulation toolkits exist (Nikolai/Maddey 2009), MASON provides a set of desir-
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Fig. 4. Flowchart describing a tribe’s decision-making process in the main simulation cycle. Actions available to
 confederation members include outward expansion (by conquest), coup d’ètat (by rebellion), and secession (by
 disintegration). The exact action chosen depends on the tribe’s capability as determined by geographic location 

and placement within the confederation’s hierarchy.



able features with respect to our research questions, referent system, and overall design. Among
the most important features are MASON’s ability to produce exactly replicable results across
platforms; its separation between computation and visualization to significantly increase speed
and enable other functionalities (e.g., checkpoint results for separate analysis); and MASON’s
convenient interphase with ECJ (Luke 2010) for subsequent research using evolutionary com-
putation. Our research team is experienced with MASON, having produced several earlier mod-
els directly relevant to Hierarchies (e.g., Wetlands [Cioffi-Revilla et al. 2004] and House holdsWorld
[Cioffi-Revilla et al. 2010], among others).

The following standard legacy features of MASON played a significant role in the implemen-
tation of Hierarchies13:
Schedule: MASON’s efficient scheduler for implementing discrete events on the main loop,

such as tribal decision-making processes illustrated in Figure 4 above and other algorithms.
AsynchronousSteppable:MASON’s basic implementation of the Asynchronous interface,

used for implementing Hierarchies’ highly fluid and combinatorial political process of align-
ment and re-alignment among tribes.

Continuous2D: Already used to implement HouseholdsWorld (and therefore also part of
Hierarchies), this feature was used to instantiate parts of the landscape.

SparseGrid2D: Similarly, also used to instantiate the landscape taking advantage of sparse
features in the referent focal system, using hash tables rather than arrays to store a sparse
number of objects spread over a large area.

Network: Used for neighborhood topology and coalition structures.
NetworkPortrayal2D: Similar, for visualization of coalition hierarchies and for mapping

the political geography of tribes on the Hierarchies landscape.
doLoop() method: Used throughout, such as in implementing agent decision-making.
GUI: Similar use as in previous MASON models, for visualizing simulation runs.
Console: Used as a dashboard to select model parameters in various runs when running from a

.jar file.

The main new feature in MASON v.12 that played a significant role in the implementation of
Hierarchies was the JUNG (Java Universal Network/Graph) library for visualizing networks.
JUNG was used for visualizing two network structures that emerge and evolve in Hierarchies:
the political geography of tribal history using “policharts” (Cioffi-Revilla 2007); and the com-
position of coalition structures (see Fig. 9).

Verification

The model was verified and debugged to ascertain internal validity. Model verification consists
of a set of methodological procedures to ensure that the model performs as intended (Macal
2005). Static verification consisted of a code walk-through, ensuring that the main specification
of the model’s design had been properly implemented in code. Dynamic verification consisted
of conducting parameter sweeps, calibration of key parameters, exploration of the parameter
space, and sensitivity analysis with respect to main parameters. The full-sized world model 
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(HierarchiesWithUI) runs relatively fast, avoiding the need to run smaller world “windows” or
“patches” consisting of geographic sub-regions for initial testing purposes. Specifically,
Code walk-through: No major re-coding was necessary as a result of several thorough code

walk-throughs.
Profiling results: Profiling was performed using Eclipse. Calls on methods were observed and

no anomalies were found after the initial test runs.
Calibration: Significant effort went into calibrating Hierarchies, and its predecessor House-

holdsWorld, to reflect the empirical realities of Inner Asia as these are known through ar-
chaeological, historical, and ethnographic data. An analogous model of pastoralist tribes and
coalition dynamics for a different spatio-temporal region of the world would require a dif-
ferent calibration of numerous parameters.

Parameter sweeps: Several parameter sweeps were conducted, including but not limited to vari-
ations on household size (6 to 12 members/household), number of households, and number
of clans (16, 64, and 256). For example, the Jensen-Shannon divergence (Grosse et al. 2002)
across coalition size distributions with various numbers of clans showed comparable behavior,
as shown in Figure 514.

Sensitivity analysis: An initial set of sensitivity analysis tests was conducted, primarily for the
purpose of ascertaining whether the model was significantly brittle in some respect. Results
failed to show any areas of particular concern. 
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It is used here to measure divergence of simulation runs
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 tribes).

Fig. 5. Jensen-Shannon divergence measure parametricised by number of groups 
(aimags) in the simulation. 



Validation

Model validation assessed the degree of fit between model outputs from simulation runs and
empirically observed or recorded patterns from the focal system in Inner Asia, based on available
archaeological, historical, or ethnographic data. A test of face validity showed credible overall
qualitative results after initial code debugging. More quantitative validation procedures included
three sets of tests: comparing simulated and empirical frequency distributions, time-series, and
chronological event patterns. 
Distributions: The main distributions selected for validation purposes pertained to emergent

phenomena generated by the model, namely coalition or confederation size, tension across
tribes, effective coalition power, and coalition duration.

Time-series: Hierarchies generates numerous time-series; too many to report here due to space
limitations. The main time-series examined for validation purposes included territorial size
of confederations, membership size of coalitions, tribal tension of coalition members, and the
Jensen-Shannon divergence as a function of time. Additional time-series of interest are re-
ported in the next section (Simulation Results).

Events chronologies patterns: The simulation generates an event chronology or “virtual history,”
which we compared with the real politico-military history of Inner Asia as known today. We
believe this test of model validity is original and was performed on Hierarchies for the first time.

Other validation tests: Additional tests of validity were conducted. For example, temporal fea-
tures in the rates of growth and decline were compared, showing similarity between simulated
and real patterns. 

These and other results are reported in the next section. In the discussion section we mention
additional possibilities in terms of validation tests.

Generating illustrative runs

The main purpose in this chapter is to illustrate the functionality and behavioral range of the
Hierarchies model, not to report on specific computational experiments. Accordingly, a set of
simulated runs was generated for illustrative purposes, as reported in the next section. 

SIMULATION RESULTS

The Hierarchies model is capable of generating sociopolitical processes that are qualitatively and
quantitatively similar to those observed in the recorded history of Inner Asia. Here we demonstrate
instances of model dynamics focused on two types of virtual simulated reconstructions of known
historical processes: specific event sequences in the evolution of confederations and, more specifi-
cally, patterns in the rise and fall of confederation polities. These two sets of results represent “fast”
(synchronic) and “slow” (diachronic) processes in the evolution of Inner Asian polities, in the sense
of Canonical Theory. The third set of results focuses on the size of confederations and related vari-
ables. Other results are available using different parameter settings or by varying the input design.
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Real vs. simulated historical event processes

In terms of the first simulated reconstruction, Table 1 shows a side-by-side comparison of a
 series of historical and simulated event sequences (fast processes). These results demonstrate
how the real historical contested evolution of polities in Inner Asia (left) between the year 376
CE (Fu Chien’s conquest of the first Tuoba state) and year 531 (disintegration of the Tuoba-
Wei state) bears strong behavioral, qualitative, and overall quantitative resemblance to a sample
simulation run of the Hierarchies model from simulated time cycle 1 (“confederation 1144”
[this could well be the Tuoba state in the historical sequence] forms by conquest) and time cycle
45 (the Hierarchies model confederation disintegrates). 

Exchanging proper nouns and numeric codes between processes such as these – similar
to a Turing test – would render the two sequences indistinguishable from each other. The
main narrative of interest in both instances is a complex process involving conquest, rebel-
lion, and secession in the evolution of polities; the sociopolitical grammar of these two
processes is analogous. Further research is also under way to ascertain quantitative proper-
ties (e.g., measuring Jensen-Shannon divergence), based on these computational qualitative
results.
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Year Real History: Cycle Simulation:
The Tuoba-Wei polity in Inner Asia Confederation 1144 in the model

376 Fu Chien conquers the first Tuoba state or Tai state, 14 Confederation 1144 is created, led by Tribe 33456 
which formed in 338. The Tai king dies in exile. as a splinter group from Confederation 15224.

386 Tuoba, a leading tribe of the Xianbei, establishes  15 Confederation 1144 encounters rival Con-
a second Tuoba state. federation 13972.

391 Tuoba Gui attacks Jujan and reportedly captured 15–20 1144 conducts victorious wars and disintegrates, 
half; others flee. growing fivefold.

396 Tuoba Gui, Xianbei leader, proclaimed emperor of  19 Confederation 1144 conquers Con-
Wei. federation 13972.

396 Tuoba captures Ye, capital of the former 21 Tribe 22980 revolts and takes over Con-
Yan dynasty. federation 1144.

399 Tuoba-Wei defeats a major northern tribe (the . 22 Confederation 1144 reaches its maximal power 
Kao-che), taking 90,000 captives becoming the largest polity in the system.

423 Tuoba-Wei captures the city of Lo-yang, exploiting 28 Tribe 43908 secedes from 1144 and forms 
inter-state wars. a new Confederation.

430 Tuoba captures the city of Chang-an, effectively 28–34 Tribe 43908’s secession causes 1144 to lose 
ending the Hsia dynasty. integrity; multiple secessions.

439 Tuoba-Wei conquers the last border state and 34 A series of secessions decrease the power 
controls all of N. China. of 1144 to 3.6.

494 Tuoba-Wei moves its capital south to Lo-yang, 32 Numerous small wars destabilize the system. 
distancing the court from the steppe and reducing Confederation 922, the second largest in the 
the power and financial support to many tribes. system, disintegrates.

523 The Jujan polity attacks and is counterattacked. 38 1144 reconquers losses, in particular it sub-
jugates Tribe 43908.

524 Tuoba-Wei frontier troops (mostly pastoralists) 41 The original size and territorial extent of Con-
revolt across the frontier. federation 1144 are restored.

528 Tuoba-Wei’s capital is captured by a tribal leader, 41–45 Confederation 1144 dominates the international 
executing the court. system during this period.

530 The Tuoba-Wei state divides into Western and 45 A major secession halves the size of Con-
Eastern Wei. federation 1144.

Tab. 1. Comparison of historical and simulated processes. The color of the year denotes the type of outcome (and
therefore path through branching tree) in the fast branching process in Figure 2. The colored numbers of simulated

confederations correspond to colors of polity trajectories in Figure 6. 



The recorded history of the Türk polity provides another and perhaps even closer match to the
artificial computational history of the Hierarchies 1144 confederated polity (Honeychurch 2008).

Rise and fall of polities

In the second set of simulated historical reconstructions, via time-series of politico-military dy-
namics, Figure 6 shows patterns of virtual history in the rise and fall of sets of polities (confed-
eration of aimags). The multiple time-series graph shows eight confederation polities rising,
fluctuating, and declining as a result of conquests, rebellions, and secessions among aimag mem-
bers. These patterns also are similar to those observed for Asia and elsewhere in the world
(Taagepera 1978). Although small differences exist between simulated trajectories in Figure 6 and
those of real historical polities, the emergent qualitative and quantitative patterns are similar.
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Fig. 6. Rise and fall of polities (tribal confederations) as generated by the Hierarchies model.

Fig. 7. War dynamics as generated by the Hierarchies model.



Some noteworthy features include: (i) contemporaneous polities evolving in the same epoch (not
one-at-a-time), as in a polycentric or multipolar system; (ii) relatively high and long-range tem-
poral correlations (negligible volatility); (iii) longer formation phase relative to decline; and (iv)
most polities are small and tend to last longer than the largest polities (Gleditsch/Ward 1999).

Another type of relevant politico-military time-series produced by the model concerns the onset
and severity of wars, both international and internal, as shown in Figure 7. In this case the graphs
show considerable variability, or high volatility, comparable to patterns of warfare in the international
system for different epochs and regions (e.g., Cioffi-Revilla/Lai 1995; Reid-Sarkees/Wayman 2010).

COALITION SIZE DISTRIBUTIONS

A third set of illustrative results is provided by distribution plots. Figure 8 illustrates the size
distribution of confederations, parametricised by phase in the simulation run. Size distribution
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Fig. 9. Evolution of the distribution of coalition size, from early (ticks 0–24) to late epochs 
of the simulation (ticks 75–100). 

Fig. 8. Evolution of the distribution of coalition size, from early (ticks 0–24) to late epochs 
of the simulation (ticks 75–100). 



is shown to evolve from exponential or relatively light-tailed to power-law or heavy-tailed as
the simulation evolves. 

As a sample run, one of these coalition landscapes would look like Figure 9, which shows a
multipolar arrangement after 30 simulation cycles (ticks), or within the range of the green data
in Figure 8.

Figure 10 shows the evolution of other average distributions, namely confederation size
(upper left), tension (upper right), confederation effective power (lower left), and confederation
duration (lower right). These results are averaged over 20 runs each. Two sets of simulated data
are shown, for early (ticks 0–20) and late epochs (> 20 ticks). 

Finally, Figure 11 shows the temporal evolution of coalition “power” measured by a multi-
plicative indicator of military capability and territorial size. Average effective power shows
mostly stationary behavior with low variability, whereas maximal effective power shows sig-
nificantly greater variability. These results are highly consistent with known empirical patterns,
whereby average coalition size will change much less than maximal size. This is because the ter-
ritorial size of polities has log-normal, non-equilibrium distribution (Russett 1968), whereas
the size distribution of winning coalitions has less variability.

DISCUSSION

The MASON Hierarchies model

Results reported in the previous section show general qualitative agreement and several quantitative
matches between simulated data and observed empirical patterns of politico-military dynamics.
Such patterns included a significant set of known features, including: (1) the rise and fall of polities
(Fig. 6); (2) time-series of the onset and severity of internal and international war (Fig. 7); and (3)
distribution patterns on the size and duration of politico-military coalitions (Figs. 8 and 10). In ad-
dition, the chronological match between simulated history and real history (reported in Tab. 1)
seems especially noteworthy. Social simulations have not previously demonstrated this kind of nar-
rative replication of politico-military history. Clearly, further analysis of these narrative texts (ar-
tificial and real) is warranted. These results constitute four significant clusters of qualitatively and
quantitatively valid results. Taken together, these constitute the main results that lend credence to
the validity of the Hierarchies model and provide impetus and hope for further investigations.

Obviously, additional quantitative analysis is required to determine fitness in more exact
ways. However, considering the unavoidable presence of measurement error in the extant em-
pirical data (data collected from simulation runs is error-free), one would not expect strong in-
consistency between simulated results obtained thus far and empirical data from standard
sources (e.g., Reid-Sarkees/Wayman 2010). More likely, measurable quantitative differences will
lead to further calibration and improvements of the model, not to its falsification, given the
strength of these illustrative results.

Replication is a significant activity in social science simulation research (Altman et al. 2001;
Edmonds/Hales 2003). The following are special features or considerations to bear in mind for
purposes of replicating the Hierarchies model, whether in MASON, other simulation toolkits
(e.g., RePast), or native code:
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1. The general computational dependence of the model is from environment to agents that gen-
erate coalitions, consistent with a bottom-up approach. Coalitions are generated by the model
as a result of decision-making (as in the real world), not derived from hard-wired processes,
consistent with the generative methodological approach (Epstein 2006).
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Fig. 10. Rise and fall of simulated polities (tribal confederations) in a sample run of the Hierarchies model.

Fig. 11. Rise and fall of simulated polities (tribal confederations) in the Hierarchies model.



2. The parsing of tribal decisional alternatives in terms of rebellion, conquest, and secession is
important and documented by historical and ethnographic sources; it is not arbitrary or ar-
tificially construed to produce results. Hence, this “menu for choice” (Russett et al. 2000)
should not be changed in a significant way to allow for other alternatives, such as submission,
migration away from the region, or other modes of “exit, voice, and loyalty” (Hirschman
1970).

3. Much more data collection from simulation runs is feasible. The data collection reported here
is meant for illustrative purposes only.

4. The (pseudo) random number generator (RNG) used by MASON is the Mersenne Twister,
which has many positive features. Other RNGs are not guaranteed to produce the same re-
sults.

Broader implications

Earlier computational models of sociopolitical dynamics – social simulations focused specifically
on the evolution of polities – have progressed through procedural language simulations15, to
replicator dynamics (Bremer/Mihalka 1977; Turchin 2003), to the more recent generation of ab-
stract agent-based simulations that are not geographically or temporally calibrated. Accordingly,
the MASON Hierarchies model represents a promising advance with respect to earlier compu-
tational models of polity dynamics that have lacked several of its key features. 

First, Hierarchies integrates sociopolitical {and} natural dynamics, including realistic deci-
sion-making associated with domestic coalition politics within a polity. This is also consistent
with current theory and research on hierarchies and organizational adaptation (Carley/Svoboda
1996). 

Second, when calibrated for specific environments in Inner Asia, such as between the Xiongnu
and the post-Mongol epoch (ca. 300 BCE to 1400 CE), the model generates polity trajectories
and chronological histories that bear striking qualitative and quantitative resemblance to the
known history of the region – including patterns of multipolarity (competing polities with major
and minor regional powers), long-range evolution (relatively slow change and rare volatility in
the rise and fall of polities), and other well-documented features of Inner Asia and other regions
of the international system. 

Third, the spatial dimension of the Hierarchies model – its geospatial foundations – also en-
ables integration with extant models of nomad subsistence. Whereas earlier agent-based models
of world politics have remained close to their cellular automata roots, Hierarchies draws on
GIS and spatial data on natural and built environments to provide an increasingly realistic rep-
resentation of the world.

Finally, the model has relevant micro-foundations, because the decision process is explicit
and detailed about confederation leaders facing a multi-criteria optimization problem: maxi-
mizing the coalition size and resources they control, while minimizing the tension or stress
caused by unfulfilled resource acquisitions. The decision algorithm is simple, but not simpler
than required for representing the relevant politics of the situation. Earlier models have imple-
mented more limited decisional algorithms resulting in simpler emergent dynamics.
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Future research

MASON Hierarchies is a rich model amenable to a variety of future research efforts. Two re-
search directions seem particularly promising, based on extant research and feasible opportunities. 

First, the current model will be investigated through a variety of computational experiments
designed to address a set of research questions. For example, Hierarchies can be used to inves-
tigate the effects of climate change on coalition dynamics and polity trajectories, an important
topic that has resisted earlier methodological approaches. The model can also be used to inves-
tigate hypotheses concerning the stability of polities as a function of their levels of hierarchy
(Crumley 2001). Adaptive cycles (Holling 1973; Gunderson/Holling 2002) can also be investi-
gated using the Hierarchies model. Similarly, computational experiments can be designed to an-
alyze “what if” scenarios, to better understand real history when compared to what may have
happened (Waugh/Greenberg 1986). 

Second, Hierarchies will be extended to create a large-scale model of the entire region of Inner
Asia (Fig. 1), including weather. A prototype model of such a large-scale model is currently being
developed and is tentatively called MASON HünnüLand. Such a model will mark the final model
in the sequence of agent-based models produced by the NSF-funded Mason-Smithsonian Joint
Project on Inner Asia. HünnüLand and its predecessors will provide foundations for the new
Mason-Smithsonian Joint Project on Climate Change and Society, under funding from the
 National Science Foundation’s Cyber-Enabled Discovery and Innovation (CDI) Program16.

Finally, Hierarchies was inspired by the political landscape of Inner Asia, consisting of social
entities with terms such as clans and tribes. Exchanging these local anthropological terms for
more general terms, such as simple/small and complex/large polities, or other more interdisci-
plinary and less disciplinary terms, would enable Hierarchies to become a more general model
of universal, cross-cultural politico-military processes that would still be situated in natural en-
vironments. The Canonical Theory is not scaled to specific forms of social relations and organ-
izations, such as clans, tribes, or states. Rather, it applies to polities at any and multiple scales,
as well as to polyarchic or polycentric polities with competing authorities (Cioffi-Revilla 2011),
as is typical of complex polities. So the MASON Hierarchies model could be used to simulate
a range of polities, including states and empires.

SUMMARY

Advances in computational social science, mainly using multi-agent systems or agent-based mod-
els, now permit the first simulations of complex adaptive social systems with empirically refer-
enced spatial dimensions, including organizational hierarchies and social institutions with conflict
dynamics, in changing natural environments. This paper presented Hierarchies, a computational
agent-based model implemented in the MASON system. We reported computational results in-
dicating close similarity between real history and simulation runs, specifically in terms of con-
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16 The initial version of the MASON HünnüLand model
was designed by C. Cioffi and J. D. Rogers and imple-
mented by Sarah Wise.



federations of tribal (aimags) alliances and warfare through conquest, rebellion, and polity dis-
integration in the steppes of Inner Asia. These results are encouraging for developing more in-
sightful models of long-range socio-natural dynamics based on real world historical observation.
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PREFACE

This volume combines contributions to a conference of the same title which was held February
9 to 11, 2012, in Bonn. Idea and format of the meeting had been developed through a process
of intensive discussions among the editors in close cooperation with Dieter Quast, RGZM
Mainz. Our original intention was to organize a conference with a focus on archaeology, bearing
in mind questions concerning mobility and communication or – stated differently – exchange
patterns in Eurasia. After having recognized that research in Eurasia is still dominated by site
centric approaches which makes vast overviews as we imagined them somewhat cumbersome
we deviated from our first outline.

As a consequence, we broadened the field for two further aspects which had been nearly neg-
lected thus far. First, there are West–East ranging communications in the Eurasian steppe zone
which lie beyond the overarching term “Silk Roads”. As written sources rarely throw light on
interactions among steppe polities, these interactions are markedly less frequently subject to
scientific discussions. This question is best approached via archaeological analyses with a wide
focus in geographical terms. North–South contacts are by far more commonly discussed than
West–East communications, as they encompass interactions between states with foremost seden-
tary population and nomads who live north of these territories. As a rule, it is the sedentary
viewpoint which is being told, as these cultures opposed to the nomads left numerous written
accounts1. At the same time we wanted to encourage comparative perspectives. Characteristics
often assumed to be typical of the relations between sedentary people and nomads are also true
in comparable measures of those between Rome/Byzantium and their “barbaric” neighbors.
What they all have in common is at least a distinct mobility in space, even though to varying
forms and degrees. Furthermore, questions and themes long discussed in European archaeology
and history entered the research of Inner Asia and Central Asia only recently, as, for example,
identity, the emergence of new ethnic groups, frontiers, frontier societies, contact zones, elites,
economies of prestige goods. We therefore wanted to invite colleagues of different disciplines
and regions to join in a scientific dispute. Lively discussions during the conference and positive
feedback by attendees show that this idea was appreciated.

The second aspect to be included can be summarized under the term “complexity”, which in
this context should not be understood as a concept from the social sciences but metaphorically.
Over long periods of time simple explanations of cultural phenomena were favored, be it state-
ments on pure and poor nomads, the dependency theory or the bad habit of explaining every
cultural change with large-scale migrations. “Complexity” is meant as a signal and reminder
that the simplest explanations are not always the best, which is reflected by the contributions in
this volume.
1 Numerous projects within the framework of the Col-

laborative Research Center (Sonderforschungsbereich)
586 “Difference and Integration” at the University
Leipzig and the Martin-Luther University Halle-Wit-
tenberg dealt intensively with interactions between

 nomads and settled people, a good overview of publi-
cations thus far is given by the center’s website
http://nomadsed.de/home/.



We consciously limited the temporal scope of the papers to the time after the Scyths and be-
fore the Mongols, somewhat clumsily described as the “first millennium CE”, because these
two eras have been traditionally paid enormous attention to and are represented in a correspon-
ding flood of publications2. At the same time interactions in the steppe zone witnessed only
during the centuries around the turn of the era a hitherto unknown rise in intensity and dy-
namics.

Not all of the works presented at the conference are included in this volume as they were al-
ready noted for publications elsewhere. This applies to the presentations given by Enno Giele,
Valentina Mordvintseva, and Matthias Pfisterer. However, other colleagues who could not attend
the conference were invited to hand in manuscripts. All contributions were revised and partly
expanded, which to our delight resulted in this comprehensive volume. We would have loved
to have included a paper on the consequences of climate change and meteorological events on
the polities of the Eurasian steppe as such conditions win more and more popularity as explanans
of significant changes3, but it did not work out. To our dismay and because of different reasons
the western steppes and Central Asia are less represented than we wished for.

We subdivided the contributions into four parts: “Nomadic Empires – Modes of Analysis”
encompasses highly different approaches to interpretations and analyses of nomadic empires,
ranging from computational agent-based models, over anthropological to historical methodol-
ogy. Better than any perfect introduction this multi-facetted research shows how exciting it is
to deal with this area much neglected in World History. Although the section “Xiongnu, the
Han Empire and the Oriental Koine” assembles merely three contributions, it covers more than
260 pages. If nothing else, this certainly echoes the boom of Xiongnu archaeology of the past
decades. By taking into account enormous amounts of archaeological, art historical, and written
sources the authors surmount traditional and often too static schemes of interpretation. These
new analyses detect an astonishing variety of interactions during the centuries around the turn
of the era, which broadens our understanding of this epoch and provides new avenues for other
regions and periods at the same time. In the third section, “Inner and Central Asia from the
Türks to the Mongols”, nine contributions exemplify a multicolored and almost continuously
changing picture of languages, ethnicities, and political affinities for Inner and Central Asia from
the sixth to the twelfth centuries. Political affinities, however, were changing so quickly due to
situational demands as to almost refute all efforts to retrace them within the archaeological
record. Decision makers were astonishingly well informed about even distant regions and they
acted accordingly over vast distances. The studies at hand analyze exchange processes on varying
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2 See for the Scyths for example W. Menghin/H. Par -
zinger/A. Nagler/M. Nawroth (eds.), Im Zeichen des
goldenen Greifen. Königsgräber der Skythen. Begleit-
band zur gleichnamigen Ausstellung: Berlin, Martin-
Gropius-Bau, 6. Juli – 1. Oktober 2007; München,
Kunsthalle der Hypo-Kulturstiftung, 26. Oktober
2007 – 20. Januar 2008; Hamburg, Museum für Kunst
und Gewerbe Hamburg, 15. Februar – 25. Mai 2008
(München, Berlin 2007); H. Parzinger, Die Skythen.
3rd ed. (München 2009); J. Aruz (ed.), The Golden
Deer of Eurasia: Scythian and Sarmatian Treasures
from the Russian Steppes (New York, New Haven
2000); J. Aruz/A. Farkas/A. Alekseev/E. Korolkova
(eds.), The Golden Deer of Eurasia. Perspectives on the
Steppe Nomads of the Ancient World. The Metropol-
itan Museum of Art Symposia (New Haven 2006). See

for the Mongol period Dschingis Khan und seine
Erben. Das Weltreich der Mongolen (2005); W. W.
Fitzhugh/M. Rossabi/W. Honeychurch (eds.), Genghis
Khan and the Mongol Empire (Seattle 2009); see also
the website of the European Research Council Grant
“Mobility, Empire and Cross Cultural Contacts in
Mongol Eurasia” http://mongol.huji.ac.il/, which pro-
vides an extensive bibliography.

3 N. Pederson/A. Hessl/N. Baatarbileg/K. Anchukaitis/
N. Di Cosmo, Pluvials, Droughts, the Mongol Empire,
and Modern Mongolia. Proceedings of the National
Academy of Sciences 111, 2014, 4375–4379; J. Fei/
J. Zhou/Y. Hou, Circa A.D. 626 Volcanic Eruption,
Climatic Cooling, and the Collapse of the Eastern Tur-
kic Empire. Climatic Change 81, 2007, 469–475.



levels – from language to embassies – as well as aspects of mobility, from the integration of for-
eign symbols of power to large-scale migrations, or methods of state-building to the strategic
destruction of complex states. The last section combines papers that focus on “Nomadic Inter-
action with the Roman and Byzantine West” traversing the Eurasian steppe zone from east to
west. These case studies, either already comparative or suitable for further comparisons, give
reason to assume that although there are certain encompassing communalities every conquest
and struggle with the empires of the West is historically unique. At the same time it becomes
apparent that the knowledge base of the decision makers in the Roman Empire had been greater
than hitherto thought.

The variety of studies assembled in this volume leaves no doubt as to how dynamically and
diversely the interactions, processes, and transformations developed in the Eurasian steppe zone.
These changes cannot be studied under common schemes of interpretation which are more often
than not inseparable from overcome clichés.

Chinese names and terms have been transliterated according to the Pinyin system, Russian
names and references according to the system of the Library of Congress. Arabic, Persian,
and Turkic names and terms appear in the form chosen by the authors of the individual chap-
ters.
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