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Abstract. Computational modeling of pastoralist societies that range as 
nomads over diverse environmental zones poses interesting challenges beyond 
those posed by sedentary societies. We present HouseholdsWorld, a new agent-
based model of agro-pastoralists in a natural habitat that includes deserts, 
grasslands, and mountains. This is the paper-of-record for the 
HouseholdsWorld model as part of a broader interdisciplinary project on 
computational modeling of long-term human adaptations in Inner Asia. The 
model is used for conducting experiments on socio-environmental interactions, 
social dynamics experiments, and for developing additional models with higher 
levels of social complexity.  
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1   Introduction: Motivation and Background 

From a comparative social perspective, nomadic societies—Mongols, Huns, Roma, 
Beduins, among others—exhibit a defining or characteristic form of collective spatial 
mobility that distinguishes them from the much larger class of sedentary societies. 
While the drivers of nomadism can differ across societies, as well as through time, a 
common cause of spatial displacement arguably involves the need to follow herds of 
animals or other valued resources. In turn, and crucially, herds follow the changing 
environment according to a yearly cycle and other longer-term weather or climate 



patterns. Annual seasons determine local migrations; decadal or longer climate cycles 
can also determine inter-regional or other long-distance migrations. The number of 
natural habitats or ecosystems traversed by a nomadic group may be taken as a 
measure of its mobility, in addition to physical distance. 

In Inner Asia and the Eurasian steppe, pastoral nomadic societies have played an 
influential role in shaping world history, at least since the rise of the Xiong-nu 
(Hünnü) during the late 3rd century and early 2nd century BCE, in the Ordos region 
and far beyond.1 As described in the Chinese classic Shih chi (Shiji) by the Han court 
scribe Ssu-ma Ch'ien: 

 
Each group had its own area, within which it moves about from place to place 
looking for water and pasture (Watson, 1961: 163–164). 
 
Interestingly, nomadism also has effects on political organization and forms of 

governance, given the challenges and opportunities posed by collective mobility. As a 
result, nomadic societies have evolved their own adapted versions of chiefdoms, 
states, and empires (Rogers, 2007). The spatial mobility of institutions is a common 
necessity in nomadic societies, whereas it is rare for sedentary societies (e.g., moving 
a capital city or administrative center). Nomadic households are the fundamental and 
simplest building blocks at the bottom of the hierarchy of human groups that 
constitute a polity and its governance institutions. In turn, households belong to clans 
and tribes, which—in Inner Asia and other world regions populated by pastoral 
nomadic societies—in turn form confederations and other higher-level polities. 
Membership in such supra-household social groupings (e.g., clans, tribes, sects, and 
other communities) is key to understanding social organization and dynamics, 
including patterns of war and peace. 

Social simulations of nomadic and pastoralist societies provide unique 
computational models and virtual laboratories for testing generative theories (Epstein, 
2007) of social complexity among interactive and mobile agents, as well as for 
exploring and discovering new patterns of socio-environmental interactions (Kohler, 
2007). In addition, the possibility of conducting in silico experiments is especially 
valuable, because household interaction and mobility often raise a number of “what 
if” questions associated with contingencies of time and space (e.g., the rise of the 
Mongol empire in the 13th century, not earlier in history or elsewhere in Asia). 
Theoretical development, discovery, and experimentation provide the basic 
motivation for the model described in this paper. 

Simulation models of nomadic pastoralist societies include agent-based models of 
target systems ranging from regions in Africa (see, e.g., Rouchier et al., 2001; Kuznar 
and Sedlmeyer, 2005; Bah et al., 2006) to the Arctic regions (Berman et al., 2004), 

                                                             
1 The influence of pastoral nomadic societies from the steppes of Eurasia on world history 

antedates the Xiong-nu period and the opening of the Silk Roads, as far back as 1000 BCE 
and the Scythians: “The Scythians and the related Sarmatians are the first steppe nomads of 
whom we have any real knowledge, although the Romans had long contact with the 
Parthians, another related people who came off the steppe to found an empire in what had 
been Persian territory” (Hildinger, 1997: 33). See also Grousset (1970: ch.1) and Christian 
(1998: chs. 6–8) for general histories of this formative period in the rise of Asian steppe 
pastoral nomad societies. 



the MASON Wetlands model (Cioffi-Revilla et al., 2004b), and a model of 
contemporary pastoralist behavior in Kazakhstan (Milner-Gulland, 2006). The model 
described in this paper builds on selected features of earlier models, by adding 
arguably more explicit social attributes and dynamics, and is also part of a larger 
interdisciplinary collaborative project aimed at investigating long-term adaptation and 
sociopolitical  change in Inner Asia (Cioffi-Revilla et al., 2007; Cioffi-Revilla, 2008; 
Rogers and Cioffi, forthcoming).  

The emergence of sociopolitical complexity is a research question that models in 
our project seek to address. A new model was necessary because earlier models 
addressed different questions (e.g, sustainability, role of memory, or ethnic conflict). 
Specifically, the primary purpose of the HouseholdsWorld model is to gain a better 
understanding of pastoral nomadic dynamics—among households and between 
households and natural environments—including human and societal adaptive 
behavior to long-term change. For example, the HouseholdsWorld model is capable 
of answering research questions concerning societal consequences of climate change  
and other environmental challenges to human societies (Rogers, Latek, and Altman, 
2009). The second purpose is to provide a basis or building block for modeling a 
larger and more complex target system, including the emergence of political 
organization (Cioffi-Revilla et al., 2008). This is the paper-of-record for the MASON 
HouseholdsWorld Model version 1 (or HouseholdsWorld, for short). 

2   The HouseholdsWorld Model 

By way of context, the MASON HouseholdsWorld model is the initial social 
simulation model in a progression of models aimed at simulating the rise and fall of 
polities in Inner Asia over a long time span (Cioffi-Revilla et al., 2007). The time is 
defined as sufficiently long to include significant climate change. When climate 
changes, the biomass distribution on the landscape changes, which in turn leads to 
changes in the biological and social dynamics of animals and people, respectively. 

HouseholdsWorld is a spatial agent-based model of pastoral nomads living in a 
simple socio-natural system, as shown by the UML class diagram in Figure 1. The 
main agent classes are Household and Camp, where the former also belong to a 
Clan. The model is written in the MASON system (Luke et al., 2005) in order to 
exploit a set of project-specific features, such as platform independence in Java, 
guaranteed replicability, separation of computation from visualization, and 
evolutionary computation facilities which we plan to use in the future. Separate 
social, environmental, dynamic, and implementation aspects of the model are 
described next.  

The target system is a generic locality smaller than a region of Inner Asia shortly 
after ca. 500 BCE, the time period just prior to the rise of the Xiung-nu polity (ca. 
200 BCE). The primary sources used for developing the HouseholdsWorld model 
were epigraphic (e.g., Watson, 1961), archaeological, ethnographic, and 
environmental, as detailed in the subsections below. Secondary historical sources  
(e.g., Christian, 1998; Grousset, 1970; Hildinger, 1997; and others), as well as area 
experts (see below), where also consulted. 



 

 
Fig. 1. High-level UML class diagram of the main components and relations in the 
HouseholdsWorld model, including the main attributes of Households and Camps. Agent 
classes (orange) and spatial classes (green) inherit from the MASON Steppable interface 
and from a subset of Geotools GIS attributes (describe areas, location), respectively.  

 

2.1 Households 

Households are the smallest social units in the model. For our purposes, we do not 
specify individual persons, but rather focus on households—extended families—and 
their behavior around herds of animals. Each household needs to ensure sufficient 
forage for its herd (a herd multiplies if enough forage is available, otherwise it starts 
dying at a predetermined rate), as detailed by the main simulation loop illustrated in 
Figure 2.  

The movement rules mentioned in Figure 2 are defined as follows. Each 
movement rule r ∈ S takes as input a cell of the environment, c ∈ N, and returns a 
real number, 
 
 r : N → ℜ. 
 
The following five rules are currently used:2 

                                                             
2 We are grateful to  W. Honeychurch, W. Fitzhugh, B. Frohlich, and D. Tseveendorj for their 

expert advice on formulating these rules, based on the anthropological archaeological record 
of early Inner Asia and the ethnography reported for modern Mongolia. 



1. Search for forage (local): Returns grass availability for an input cell. This 
is the primary rule for modeling household subsistence. 

2. Search for forage (global): Returns the reciprocal of distance from an input 
cell to the best grazing area, for a given time present in camp memory, using 
memorized abundance values of grazing for a given season of the year. 

3. Maintain camp cohesion: Returns the reciprocal of the sum of Hamiltonian 
distances (defined as the minimal-length paths between cells) to camp 
members from an input cell. 

4. Avoid other camp members and 5. Avoid other clan members: These 
return the sum of Hamiltonian distances from an input cell to all aliens 
(different clan/camp) present within a given Hamiltonian radius. 

 
This rule set is defined at the level of households. The next section discusses the 
camp-level rule set. 
 
 

 
 

Fig. 2. Main simulation loop for HouseholdsWold agents: Flowchart detailing the process that 
takes place in the step method of the Household class. The loop starts at the upper left and 
ends at the bottom right. 

 
 

The algorithm below shows how, given an ordered set of movement rules, agents 
decide where to move next. Note that Rule 2 requires endowing each household with 
grazing memory, which holds information on the best grazing areas for a given month 
of the year. This is a somewhat more sophisticated cognitive feature relative to our 
earlier Wetlands model where the hunter-gatherer agents followed a simpler rule set 
in a single ecological region (Cioffi-Revilla et al., 2004b). 



Algorithm for evaluation of hierarchies of movement rules. 

 
Given an ordered set of movement rules S and a set of 
eligible cells E do: 
for all r ∈ S do 

Evaluate each cell from set E according to rule r.  
Find the median evaluation score. 
Remove from E all cells falling below the median 

evaluation score. 
end for 
Draw a cell from E and move there. 

 
 
While the social ontology of the HouseholdsWold model does not include 

elaborate treatment of “the mind of agents” (e.g., in terms of specifically modeling 
desires, beliefs, and intentions (DBI), or other mental constructs and cognitive 
processes), the model does include some cognitive and socio-psychological elements, 
such as agent memory (for both households and camps), decision-making by 
households (for example, deciding if and where to move next), instincts (with regards 
to food and aliens), basic norms (ascriptive xenophobia and attraction, determined by 
clan membership), and intentional behaviors (motivated by needs). These elements 
also correspond to significant features that are known to be present in the target 
system—i.e., the human communities in Inner Asia after ca. 500 BCE. Note also that, 
while rules 1 and 2 pertain to socio-natural interactions, rules 3, 4, and 5 are about 
interactions among households, consistent with a complex adaptive systems approach 
to the human ecology of small groups (Arrow et al., 2000).3 

2.2 Camps 

Camps are composed of households, as shown earlier in Figure 1, and they follow a 
separate set of behavioral rules: 
 

1. Division: If households in a camp lack sufficient forage, the camp may 
divide into two new camps of approximately equal size. Division occurs 
along either north-south or east-west directions, with new camps drifting in 
opposite directions. 

2. Merging: If two camps meet, each with enough supplies, they merge 
forming a new camp.4 

                                                             
3 In the target system, the clan or tribal membership of households is far more consequential. 

For example, such associations can regulate patterns of conflict by segmentary or 
complementary opposition, a social feature we investigate in a different albeit related model 
in this project (Cioffi-Revilla et al., 2008}. In the HouseholdWold model the clan or tribal 
membership of households only affects their camping behavior. 

4 .In the target system the range of camp size is 5–8 households, with larger or smaller camps 
increasingly infrequent (improbable). 



 
Iterative application of these rules yields the effect of seasonal variability in the 

number of camps. Thus, in winter we observe multiple small camps, while in summer 
camps tend to conglomerate. In addition to behavioral rules, households belonging to 
a single camp share information on grazing areas.  

Importantly, camp behavior rules aim to reflect comparable rules in the target 
system of Inner Asia's pastoralist communities, similar to the motivation for 
household rules. 

2.3 Natural environment 

The seasonal and spatial variability of the environment of Inner Asia, centered on 
Mongolia, is modeled by using two data layers: 
 

1. Monthly NDVI (normalized difference vegetation index) rasters, from 
atmosphere corrected bands with a 500 meter resolution; and 

2. Land cover type (14 types used), originally in 1 km resolution. 
 
To obtain carrying capacities from raw NDVI data, information gathered in situ 

by Kawamura (2004) was used to translate NDVI into the amount of biomass fit for 
grazing (expressed in kg/ha). Parameter values are shown in Table 1. In all, the 
natural environment in the model consists of threes biomes—desert, grasslands 
(mostly), and forests—representing a significant portion of the habitat occupied by 
the pastoral nomads of Inner Asia. 
 

Table 1.  Main parameters of the MASON HouseholdsWorld model.  

Parameter Value Meaning 
householdMaximal 40 Maximal number of animals a 

household can support (if more, 
offspring will be produced). 

householdCritical 5 Minimal number of animals 
required for the survival of a 
household. 

householdVisionRange 3 Vision range for a household. 
InitialAnimalEndowment 20 Number of animals that will be 

transfered to an offspring 
household. 

initialNumberHouseholds 100 Initial number of households set 
to a default value of 100. 

biomassRegrowthRate 1.5% How fast does the biomass grow 
to levels for a given month per 
day. 

 



3   Simulated Dynamics 

Like other models in MASON, HouseholdsWorld offers numerous data collection 
facilities, including social network and spatial clustering statistics, as well as an easy-
to-use GUI for demonstrating experiments. (In this paper we omit MASON facilities 
relevant for evolutionary computation or related tools such as ECJ; see Luke et al., 
2009.) Figure 3 presents six selected outputs produced during each run of 
HouseholdsWorld. The model GUI displays a bird's eye view of a region where 
nomadic households form camps (clusters of red, blue, and yellow dots, representing 
three clans in panel (a)), as well as a variety of metrics (time series, histograms, and 
other charts not shown here for reasons of space) that track the evolution of social 
and/or environmental dynamics within the overall socio-natural system. 

Several of the patterns produced by simulation bear significant qualitative and 
quantitative resemblance to comparable patterns in the target system. For example, 
the distribution of wealth in Figure 3(f) has the approximate form of a log-normal 
distribution, as a real-world distribution of household wealth usually should. 
Similarly, household movements in Figure 3(d) show marked periodic fluctuations, as 
in the real world when nomads undergo seasonal travel following their herds. While 
the model does not attempt to produce a specific historical or empirically replicated 
replication (such as, for example, migrations and settlement patterns in the well-
known Anasazi model), the overall qualitative and quantitative behavior of 
households, herds, and seasons are supported by known features of the target system. 

The MASON system of the HouseholdsWorld model also allows for easy design 
of multi-run experiments, as should be with a viable virtual lab (agent-based model). 
Accordingly, we have used the multi-run experimental capability to search for robust 
grazing strategies by households. For example, we have investigated performance 
across different permutations of the movement rule set. 

Figure 4 presents results of an exhaustive search of the space of behavioral rule-
set permutations to obtain the trade-off between the maximal long-term population 
and the long-term variability of the population. The Pareto frontier in this case is the 
set of solutions that can sustain the largest population within the larger set (i.e., as a 
subset) of all solutions that have comparable or larger risk measures (starvation 
probability). It can be observed that for populations less than 3,000, the tradeoff 
between risk and efficiency is small (population can increase with little punishment). 
However, the tradeoff changes dramatically for larger populations. For Mongolia, 
Krader (1955) provides observed population densities of 0.9 persons/km2 and herd 
densities of 8 animals/km2. For the particular landscape used in our simulation, the 
critical density is in the 3,000–5,000 households range on a 10,000 km2 landscape 
(corresponding to a population density of 0.3–0.5 households/km2 and a herd density 
of approximately 12–20 animals/km2). Empirically observed values are some 50% 
lower than critical values predicted by the HouseholdsWorld model. We hope to 
reduce this discrepancy by introducing a data-driven model of paleo-climate, thereby 
increasing the environmental uncertainty faced by Inner Asian households in the real 
world. 
 
 



 

 
(a) Map of households (by red, blue, green 
clans) and landscape.  

 

 
(b) Number of animals per clan over time. Blue 
= average, Green = maximum, Red = minimum. 

 

 
(c) Households per clan over time. Legend 
as in (b). 

 
(d) Average distance/month traveled by 
households. 

 
(e) Cohesion (spatial aggregation) of camps 
over time. 

 

 
(f) Simulated distribution of household wealth 
approximating a log-normal distribution. 

Fig. 3. Examples of simulated outputs and statistics from a single run of the HouseholdsWorld 
model in default landscape of 100 × 100 km during summer. Timescales are expressed in days, 
with 300 simulated days per simulated year and approximately six years in each run. Green= 
biomass density , Yellow= desert, Black = forest. 
 



 
 
Fig. 4. Pareto frontier of permutations of the household behavioral rule-set in an average long 
term population plotted against starvation risk space. Note that the axes are in log-log scales. 
Each point represents the performance of the population following one of 120 (or 5!) possible 
orderings of rule sets. The permutation numbers from the graph correspond to lexicographic 
orderings of the default (0) rule set listed in Section 2.1. Legend: Red = points belonging to the 
Pareto-optimal rule-set frontier; Blue = dominated rule sets; Green = default rule set. 
 
 

Summary 

Computational modeling of nomadic pastoralist societies that range over diverse 
natural environments poses interesting challenges, because household mobility 
affects the fabric of social relations (interactions among households) as well as socio-
natural interactions. In this chapter we have presented the MASON 
HouseholdsWorld, a new agent-based model of migratory pastoralist societies in a 
natural habitat consisting of several biomes (grasslands, forests, deserts). Agent-based 
models of pastoral nomadic societies are still relatively rare in the literature, although 
the role of these polities in world history has been significant (Christian,1998; 
Grousset, 1970; Khazanov, 2004; Rogers, 2007). The MASON HouseholdsWorld 
model is part of a broader collaborative interdisciplinary project involving social 



scientists, computer scientists, and environmental scientists, focused on 
computational modeling of long-term human adaptations in Inner Asia—a vast area 
of the world where agro-pastoralist societies interacted among themselves and with 
their neighbors in complex and dynamic environments. 

In this paper we described the structure and some of the dynamics of the 
HouseholdsWorld model, including fluctuations in household wealth, camp sizes, and 
other simulation outputs. The MASON HouseholdsWorld model is being used for 
conducting experiments on socio-environmental interactions and social dynamics, as 
well as for developing additional models that reach higher levels of social complexity 
(state-formation). 
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