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ABSTRACT 

This study presents the results of a detailed analysis of an agent-based computer 

simulation called Artificial Anasazi. The simulation attempts to replicate the population 

growth and settlement patterns of the prehistoric Kayenta Anasazi of Long House Valley 

in northeastern Arizona between A.D. 400-1300. Agent-based simulations model social 

evolution from the bottom-up, using heterogeneous agents that follow simple rules, in 

contrast to the top-down computer simulations usually used by archaeologists. Artificial 

Anasazi is tested against the archaeological record of the real Long House Valley through 

both quaUtative and quantitative methods, and an analysis of the relevant ethnographic 

information is presented. The ultimate goal of this study is to elucidate the potentials and 

pitfalls of using agent-based computer simulation as a serious research tool in 

archaeology. 
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CHAPTER 1 

INTRODUCTION 

1.1 Explanation of Problem and Context 

The use of computer simulation in the field of archaeology has been sporadic at 

best. During a period of initial interest in the 1970s a number of archaeologists were 

quite optimistic about the contributions that simulation could make in understanding 

prehistoric human behavior. A small flurry of simulations were created, symposia were 

organized on the topic, and at least two edited volimies on the use of simulation in 

archaeology were published (Hodder 1978; Sabloff 1981). Despite the obvious interest 

and excitement in this early period, simulation has had little or no impact in archaeology 

as a practical research tool. There are several possible explanations for this 

unenthusiastic reception. First, the early simulations were discovered to have a number 

of serious weaknesses, most notably a tendency toward oversimplification that was 

partially caused by the limited processing power of early computers. A lack of attention 

to the proper development and use of computer models led to widespread confusion about 

the goals and utility of simulation as a research tool; at present, most archaeologists 

consider computer simulation to be an expensive toy that has few practical benefits in a 

serious research design. 
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Simulation has also suffered because of the shift away from the systems theory 

perspective that formed the backbone of most of the work done in simulation under the 

New Archaeology (Aldenderfer 1991). The use of classical systems theory in 

archaeology has been rightly criticized from a number of perspectives, the most 

persuasive attack probably being that by Elizabeth Brumfiel (1992). The ultimate 

problem with the early simulations (inherited from systems theory) was their top-down 

approach to human behavior, which left no room for the individual in analysis. However, 

a new breed of simulations that claims to correct these flaws is currently under 

development by interdisciplinary teams at institutions such as the Santa Fe Institute 

(Gumerman and Kohler 1995). Known as "agent-based" simulations, these computer 

models seek to recreate prehistoric human behavior at the micro rather than the macro 

scale. The purpose of the following experiment is to test the vaUdity of an agent-based 

model known as Artificial Anasazi, and assess the potential contribution of this new 

approach to the study of prehistoric human behavior. 

1.2 Review of the Literature 

Given the rather intermittent use of computer simulations in archaeology, it is not 

surprising that few books and articles are devoted to the topic. In this section, I present a 

review of the literature dealing with simulation in archaeology. This discussion does not 
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include a summary of every computer simulation experiment published by an 

archaeologist, but rather only those that discuss the actual methods, theory, and practice 

of computer simulation in the discipline as a whole. However, I do provide examples of 

certain types of simulation studies that are characteristic of a certain approach or time 

period in the discipline. 

An excellent summary of the history and theoretical problems with using 

computer simulation in archaeology prior to 1991 can be found in Aldenderfer (1991). 

Aldenderfer's essay provides the basis for the following discussion up to that time, and 

those interested in a more detailed summary should consult his work. Computers were 

apparently first used as a tool for archaeological research in the late 1950s, although their 

role was strictly limited to number crunching (Cowgill 1967). The first paper dealing 

with the role of computers in archaeology as a whole was presented at a computing 

conference by George Cowgill (1967), who attempted to smnmarize both current and 

future applications for computers. However, computer simulation was not apparently 

worthy of mention at that time. 

The lack of attention to simulation in 1967 was partly a result of the limitations 

of the technology, but also probably reflected the dominant paradigm in archaeology at 

the time. Before Lewis Binford initiated the move to a more scientific perspective with 

the so-called New Archaeology, the discipline was mostly concerned with cataloguing 

and organizing artifacts and their respective cultures in time and space. In this 



11 

intellectual climate, computers were naturally used to perform recording and storage 

tasks, as well as some primitive spatial analysis (Cowgill 1967). However, a substantial 

paradigm shift was just over the horizon. A few years before Cowgill's paper, Binford 

(1962) published his paper "Archaeology as Anthropology," and in 1968 David Clarke 

published a book entitled Analytical Archaeology. These two works would have a 

dramatic effect on the use of computers in archaeology. In "Archaeology as 

Anthropology," Binford attacked the old culture history paradigm and advocated a much 

more scientific discipline focused on the process of cultural evolution and the explanation 

of prehistoric human behavior. In Analytical Archaeology, Clarke (1968) introduced 

computer simulation to archaeology for the first time, with the goals of investigating 

spatial trends and especially providing digital models for systems theory. The study of 

cultural process and the systems theory model that came to dominate the field of 

archaeology were both naturally suited to computer simulation, drawing many 

archaeologists into the digital age for the first time. Of course, the role of computers as 

recording instruments and number-crunchers continued to be important, especially as 

many archaeologists began to adopt more statistical techniques in an effort to be more 

"scientific." 

In 1970, James Doran published "Systems Theory, Computer Simulation, and 

Archaeology," in which he digested Clarke's (1968) confusing and jargon-laden earlier 

work, thereby introducing systems theory to the general archaeologist and encouraging 
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the use of computerized models of cultural systems. Clarke stopped short of actually 

creating a computer model, but described in detail how such a model might be 

constructed. Two years later, Clarke (1972) published Models in Archaeology, which 

was not specifically devoted to computer simulation, but contained two articles on 

simulation; not surprisingly, both articles had a very strong systems theory orientation. 

The first article, by Doran (1972), discussed the problems as well as the potential of 

computer simulation and presented his argument that simulation could be productively 

used by archaeologists in the foraiulation of hypotheses. The article by D.H. Thomas 

(1972, 1973) on his Great Basin Shoshonean simulation would become the most widely 

known and well cited archaeological simulation ever created. While Doran's (1970, 

1972) essays proAaded the ordinary archaeologist with the theoretical background 

necessary to make use of computer simulation, it was Thomas's (1972,1973) discussion 

of his Shoshonean model that convinced most archaeologists that it could be useful. 

During this period, Linda Cordell (1975) also published an interesting simulation 

testing the location and duration of Anasazi settlement on Wetherill Mesa; her insistence 

on simplicity and the reduction of unnecessary variables is similar to the goals of agent-

based simulation. In the same year, Ezra Zubrow (1975) pubUshed a monograph on a 

simulation of the Hay Hollow Valley that is similar to Artificial Anasazi in a number of 

ways, although firmly rooted in classical systems theory. Zubrow tracked the number of 

sites in six different microhabitats on the simulated valley matrix while varying the birth 
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rate, death rate, and migration velocity of the simulated population. He also tested the 

population growth curves produced by his simulation against demographic data from the 

archaeological record- Diuing the same period, Whallon (1972), Hole and Heizer (1973), 

and Willey and Sablofif (1974) advocated the use of computer simulation as a form of 

experimental laboratory to test ideas about cultural processes. 

The early period of enthusiasm exemplified by the work of Thomas (1972, 1973) 

came to an end by 1975 as the results obtained by the early simulations were critically 

examined and found to be lacking (Aldenderfer 1991). Once again, Doran was the leader 

in the discourse on simulation in archaeology. In 1975, he and Hodson published 

Mathematics and Computers in Archaeology in which they evaluated the simulations that 

had been created up to that point. The verdict was decidedly negative: Doran and 

Hodson (1975) reported that they could find no evidence of a meaningful contribution by 

simulation to archaeology, and concluded that archaeological data may simply be too 

poor in quality to create a vahd simulation. Some archaeologists continued to build 

simulations, but a more cautious attitude prevailed (Aldenderfer 1991). One of the most 

interesting simulations created during this period attempted to explain the collapse of the 

Maya cultural system (Hosier et al. 1977); it was innovative in the respect that it treated 

internal social factors as significant variables in the collapse. In contrast, most of the 

simulations in the late 1970s were models adopted from the field of human geography, 

and dealt chiefly with settlement and artifact locations on the landscape (Aldenderfer 
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1991). An excellent example of this type of simulation was created by Elliott et al. 

(1978) to explore the distribution of Neolithic hand axes in Britain. In the late 1970s, 

Hodder (1978) also edited the first book devoted specifically to computer simulation in 

archaeology. Simulation Studies in Archaeology attempted to present a comprehensive 

treatment of simulation, but most of the essays are firmly planted in the human geography 

school. Near the close of the decade, Renfirew and Cooke (1979) edited a volume on 

mathematical approaches to cultural change that included some discussion of computer 

simulation. 

The beginning of the 1980s brought major change to the field of archaeology and, 

as a result, the use of simulation also changed. In the early 1980s, the paradigm of the 

New Archaeology was challenged by "postprocessualism" which has its roots in 

postmodern thought. The advocates of postprocessual archaeology helped to shift the 

dominant paradigm away from the use of ecologically-based systems theory models, the 

very foundation of most simulations previously created by archaeologists. As a result, 

most simulations in archaeology became "Monte Carlo" models during the 1980s, which 

were used to generate data and evaluate archaeological methods in areas like sampling 

(Aldenderfer 1991:227). Keith Kintigh (1984, 1988) was among those who created 

elegant simulations to test the methods employed by archaeologists in excavation and 

interpretation. A very important volume on simulation in archaeology was edited by 

Jeremy Sabloff in 1981, before the paradigm shift had taken place; most of the essays in 
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Simulation in Archaeology (1981) still emphasized concepts from systems theory and the 

concern with the scientific method so characteristic of the New Archaeology. In general, 

however, the 1980s were a decade in which systems theory and cultural processes fell out 

of favor in simulation (Aldenderfer 1991). 

By the early 1990s, simulation was therefore still greeted with a general lack of 

interest or even hostility withia archaeology because of its inability to detach itself from 

systems theory and address the very vahd issues raised by the postprocessualists. Writing 

in 1991, Aldenderfer himself was very pessimistic about a widespread contribution to 

archaeology like that envisioned by many archaeologists in the early 1970s. Aldenderfer 

(1991:234) did, however, predict the possible importance of "actor-based" simulations in 

the future. Since Aldenderfer's (1991) essay, this concept has arrived in the form of 

agent-based simulation, which stresses the "individual" and not the "system" as the basic 

unit in the model. Like most models in archaeology, this one was borrowed from another 

discipline: the Complex Adaptive System (CAS) research being done at cross-

disciplinary research institutes on artificial intelligence. In 1994, George Gumerman and 

Murray Gell-Man edited a book on using the agent-based CAS framework to create 

models for prehistoric peoples in the Southwest. Shortly thereafter, Gumerman and 

Kohler (1995) detailed the progress being made on two agent-based simulations, one for 

Long House Valley and the other for an area of Mesa Verde. 

In 1996, Epstein and Axtell published Growing Artificial Societies: Social 
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Science from the Bottom Up, which details experiments conducted with their agent-based 

simulation known as Sugarscape. Although not concerned with archaeology, this book 

and the findings it contains are very important in the context of the present study because 

Sugarscape served as the model for Artificial Anasazi. The two programs are different in 

a nimiber of ways, but Artificial Anasazi is essentially a "real-world" application of the 

Sugarscape simulation (Dean et al. 1998; Epstein and Axtell 1996:164). It is the purpose 

of the present study to assess the success of Artificial Anasazi in replicating the real-

world patterns manifest in the archaeological record of Long House Valley. The results 

reported here are meant to elucidate the potentials and pitfalls of using agent-based 

simulation as a serious research tool in prehistoric archaeology. 

L3 Explanation of the Format of this Study 

The present study is essentially divided into four chapters. In Chapter 2,1 

summarize the archaeological research conducted in Long House Valley. I then describe 

the structure of the Artificial Anasazi simulation and explain the way that it dynamically 

recreates the settlement and demographic patterns of the prehistoric valley. The results of 

a qualitative test of the output of the simulation is then presented; I tested the simulation 

by comparing a sample of settlement pattem maps and population curves output by the 

simulation against the archaeological data firom the real Long House Valley. In the first 
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part of the test, the siniulation was evaluated for each type of agent with all of the 

adjustable variables set on their default values. Based on the results of these runs, I then 

systematically varied the adjustable parameters in the second part in order to assess their 

relative effects and to determine if the model "fit" with the real world could be improved. 

The first section concludes with a summary of the findings of the qualitative analysis. 

In Chapter 3,1 take a more quantitative approach and apply several statistical 

techniques to the investigation of the simulation's accuracy. Unfortimately, statistical 

analysis was only possible on the settlement pattern output of the simulation because the 

demographic output is only available in the form of comparative line graphs. It is only 

possible to visually compare the population curves produced by the simulation with the 

real Long House Valley curve in the subjective fashion that I used in section one; the 

simulation does not output any specific population numbers. In fact, I was only able to 

statistically test the settlement patterns produced by the simulation by counting the 

number of sites present in each zone of the valley at specific time intervals, since the 

program does not provide niunerical output for that aspect of the simulation either. The 

statistical techniques employed in section two are used to test the simulation's accuracy 

and answer three general questions: (1) Is there a statistical difference between the real 

and the simulated settlement patterns? (2) Is there a statistical difference in the settlement 

patterns produced by the different types of agents? (3) If there are statistical differences 

between the different agents, are any of them more accurate at recreating the real 
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settlement patterns of the valley? The second section concludes with a siunmary of the 

findings of the quantitative analysis. 

Chapter 4 presents the results of a search of the ethnographic literature that I 

conducted after assessing the performance of the simulation in the tests in sections one 

and two. The purpose was to determine whether or not some of the assumptions made in 

the structure of the simulation about the behavior of prehistoric people might be in error, 

and thereby determine what might be wrong and how to fix it. Both the Hopi and the 

Navajo were investigated, the Hopi because of their ancestral link to the prehistoric 

Anasazi, and the Navajo because of the probable parallels between their farming practices 

and those of the prehistoric residents of Long House Valley. I provide several 

suggestions that may prove useful in improving the accuracy of the model in future 

incarnations of the program. Chapter 5 contains a summary of my findings, an 

assessment of the simulation, and a discussion regarding the future of agent-based models 

in the field of archaeology. 
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CHAPTER TWO 

QUALITATIVE ANALYSIS 

2.1 Introdaction 

The goal of the interdisciplinary team at the Santa Fe Institute, under the direction 

of George Gumerman, was to create a simulation that would accurately reproduce the 

settlement patterns of the real Long House Valley, and thereby test the basic Southwest 

Anthropological Research Group (SARG) hypotheses about why people located sites 

where they did (Dean et al. 1978; Dean and Gumerman n.d.)- Long House Valley was 

chosen for this purpose because it is a relatively self-contained landscape for which very 

accurate site location and paleoenvironmental data are available. The simulation itself is 

based on the Complex Adaptive Systems (CAS) framework, which emphasizes the 

creation of heterogeneous and autonomous agents within a dynamic environment, in 

contrast to the top-down approach and focus on equilibrium in systems theory (Gell-

Mann 1994; Wills et al. 1994; Gumerman and Kohler 1995). 

What makes agent-based simulation different and, according to Gumerman and 

Kohler (1995), superior, is that the model is constructed from the bottom-up. In agent-

based simulations, each individual in the real system is represented by an autonomous 

agent that interacts with its environment (both physical and social) according to a set of 
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decision rules. This is in sharp contrast to traditional systems models that simply relate 

parts of some macrosystem to one another with mathematical equations (Drogoul and 

Ferber 1994). Despite the critical role of equations in all simulations, the demonstration 

of a mathematical relationship between components of a system does not explain that 

relationship (Aldenderfer 1991). The independent behavior of all the agents in an agent-

based simulation gives rise to complex relationships that can be observed at the 

macroscale. In the simulation literature this is generally referred to as "emergence"; all 

the little decisions of the agents combine to spontaneously create a natural pattern, such 

as the overall location of sites on the landscape (Doran and Gilbert 1994; Gumerman and 

Kohler 1995). Creating this emergence is the goal of the Artificial Anasazi simulation --

it is hoped that the basic rules that each household follows will combine to create an 

accurate representation of the overall settlement patterns in Long House Valley. 

2.2 Archaeology of Long House Valley 

In order to accurately assess the performance of the Artificial Anasazi simulation, 

it is first necessary to understand the archaeological work on which it is based. The basic 

information collected by the Long House Valley Project during the 1970s was used to 

create the Artificial Anasazi simulation. Long House Valley is located on the Navajo 

Indian Reservation in northeastern Arizona, bordered by Black Mesa on the southeast and 
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the Shonto Plateau on the northwest. Survey and excavation were carried out in Long 

House Valley during the early 1970s by the University of Arizona Tree-Ring Laboratory 

and the Museum of Northern Arizona (Dean et al. 1978). The data obtained by this 

project were later incorporated into the SARG research program. SARG was started in 

the early 1970s as a cooperative regional project aimed at answering the general question. 

Why did prehistoric people locate sites where they did? All of the archaeologists 

involved in the SARG project agreed to use standard categories for variables of interest, 

such as soil type, and direct their research in different parts of the Southwest toward 

testing three basic hypotheses (Dean et al. 1978:26): 

A. Activity loci were situated with respect to critical on-site resources. 

B. Activity loci were situated so as to minimize the effort expended in 

acquiring required quantities of critical resources. 

C. Activity loci were located so as to minimize the cost of resource and 

information flow among loci occupied by interacting populations. 

The aim was therefore to gain insight into the human-environment interactions that 

determined where prehistoric sites were located in Long House Valley. In order to 

accomplish these goals, a near 100% archaeological survey of the valley was completed 

along with a detailed paleoenvironmental reconstruction of its climate and hydrology. 

Although the simulation addresses parts A and B of the SARG research design, part C is 

not a part of the model. It would be very interesting to include the need for resource and 
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informatioa sharing into the movement rules of the simulated households. 

The details of the geology and paleoenvironmental conditions of Long House 

Valley summarized here are from Dean et al. (1978). As already mentioned, the valley is 

situated between Black Mesa and the Shonto Plateau and consists of an area of only about 

96 km^. The valley has been divided into six zones based on modem plant community 

observations and reconstructions of agricultural potential, which are both a function of 

moisture and soil conditions (Figure 2.1). These six zones are, in order from the most to 

the least productive: North Valley Floor, Kinbiko Canyon, Midvalley Floor, General 

Valley Floor, Uplands Arable, and Uplands Natural (Table 2.1). The North Valley Floor 

zone is consistently more productive due to the Navajo sandstone formation and sand 

dunes in the area that serve as natural aquifers, ensuring a reliable supply of water even in 

times of poor rainfall. 

Because of its small size the valley is climatically imiform throughout its area, 

although these climatic conditions have fluctuated dramatically over the reconstructed 

span from A.D. 400-1450. The dendroclimatic data indicate that a period of stability and 

favorable rainfall ended in approximately A.D. 1130 with a drought that persisted until 

about 1180. Amelioration of the drought occurred from A.D. 1180 to 1200. After A.D. 

1200 the valley entered a period of variable climate that culminated in the disastrous 

Great Drought from 1276-1300. The paleogeological analysis indicates that a period of 

arroyo cutting and erosion also began in about A.D. 1130 and lasted until 1180. 
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I LEGEND 
North Valley Floor 

General Valley Floor 

Midvalley Floor 

Uplands Arable 

Uplands Natural 

Kinbiko Canyon 

Figure 2.1. The six environmental zones of Long House Valley. 



Table 2.1 

Physiographic Zones in Long House Valley 

Zone Maize Productivity 
1. North Valley Floor (NV) Best 
2. Kinbiko Canyon (KB) 
3. Midvalley Floor (MV) 
4. General Valley Floor (GV) 
5. Uplands Arable (UA) 
6. Uplands Natural (UN) Worst 

Degradation was ameliorated &om 

A.D. 1180 to 1250, but degradation 

prevailed again from A.D. 1250 to 

1450; aggradation did not begin again 

in the valley imtil after 1450. The 

combination of drought, arroyo 

cutting, and falling alluvial water tables had a dramatic effect on settlement patterns in 

Long House Valley as the Kayenta were forced into the few areas where agriculture was 

still possible. 

The near 100% survey of Long House Valley led to the discovery of 779 sites, 

only 526 of which were occupied by the Kayenta Anasazi between 2500 B.C. and A.D. 

1300. This excellent survey coverage has allowed Dean et al. (1978) to develop a 

detailed reconstruction of human activity in the valley, although only the pattern after 

A.D. 400 is of concern here (Table 2.2). 
Table 2.2 

Cultural Periods in Long House Valley 

Period Dates 
Basketmaker II 
Basketmaker HI 
Pueblo I 
Pueblo n 
Transition Period 
Tsegi Phase 
Abandonment 

A.D. 1 - 550 
A.D. 550 - 850 
A J). 850- 1000 
A.D. 1000- 1150 
A.D. 1150- 1250 
A.D. 1250 - 1300 
Post-1300 

During Basketmaker n times (A.D. 1-550), 

the people living in Long House Valley 

occupied rockshelters and open sites in 

Kinbiko Canyon and practiced a seasonal 

round of subsistence activities focused on 

himting and gathering and supplemented by 
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some agriculture. By the Basketmaker EQ Period (A.D. 550-850) and into the following 

Pueblo I Period (A.D. 850-1000), the residents were heavily dependent on agriculture and 

were settled in small pithouse sites on the margins of the valley floor, although a number 

of special-use sites near the Shonto Plateau indicate a continuing reliance on wild foods. 

The Anasazi also probably had sites on the floodplain during the Pueblo I Period, but -

they are now buried under several meters of alluvium. In Pueblo II times (A.D. 1000-

1150) there was a major increase in the number of sites in all areas of the valley, with 

people farming most of the floodplain. However, they did continue to himt and collect 

wild foods on the slopes of the Shonto Plateau. Unit pueblos and kivas appeared for the 

first time during the Pueblo U Period. 

Major changes took place in the following Transitional Period (A.D. 1150-1250), 

as the Kayenta moved their settlements to the northwest side of the valley to take 

advantage of the Navajo sandstone aqmfer and certain other topographic features in 

response to reduced moisture and arroyo cutting. Settlements were more densely 

occupied, and hunting and gathering continued along the Shonto Plateau in addition to 

renewed interest in Kinbiko Canyon. The last phase of occupation was the Tsegi Phase 

(A.D. 1250-1300), during which residences were clustered into five main groups in the 

northwest part of the valley, each with its own "central" site located on an eminence. 

Farming continued to be limited to the sand dune area where a reliable source of water 

was available. The entire valley was abandoned by the Anasazi by A.D. 1300. 
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2.3 The Simnlatioii 

Artificial Anasazi is programmed in C-h- and currently only runs on a Macintosh 

platform. Like all agent-based simulations it 

Table 2.3 
consists of three main components: the 

Artificial Anasazi Adjustable Variables 
simulated environment or artificial world, the 

Variable Name Default Value 

Quality 1 0 agents that populate this world, and the rules 

Harvest Stochasticity 0.2 
Fission Age 17 years that govern the agents' behavior. In Artificial 
Fission Rate 0.125 
Death Age 30 years Anasazi, the artificial world is a virtual 

representation of Long House Valley that is 

based on a complete paleoenvironmental reconstruction of the valley from A.D. 400 to 

1450 (Dean et al. 1978; Dean et al. 1985; Euler et al. 1979). The artificial valley consists 

of an 80 X 120 square grid superimposed on a map of Long House Valley, with each 

square approximately one hectare in size (Figure 2.2). The six different environmental 

zones are represented on this landscape, and each square on the grid is given a maize 

potential value for each year from A.D. 400 to 1450 based on its environmental attributes, 

sand dune status, and soil quality (Dean et al. 1998). The maize potential of a square 

changes from one year to the next based on the environmental reconstructions, providing 

a dynamic landscape on which the agents must survive. Both the land quality and the 

harvest stochasticity are adjustable variables (Table 2.3) that can be changed through the 
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Figure 2.2. The simulated environment grid. 

simple menu interface of the program, allowing the simulator to modify the environment 

at will (Figure 2.3). 

The second component of the program is the agents that populate the artificial 

landscape. In Artificial Anasazi the scale of analysis is the household, each of which has 

both a farmland site and a residence site. Each household is treated as an independent 
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[ Simufotioii 

Begin in: 700 

initial locations: 
O Historical 
O Random 

Seed: 

# Random 

Runs 1 

Terminate in: 1300 

Agents 
Show 
Parameters 
Data export 

Set-up 

•  1 1  
Figure 2.3. The simulation menu interface. 

entity and consists of five individuals who in the simulation are assumed to occupy either 

one pithouse or five surface rooms. Based on Hopi ethnography, the social organization 

is assumed to be both matrilineal and matrilocal. Each household in the simulation needs 

800 kg of maize per year in order to survive (160 kg per person), and households may 

store an amount of maize equal to two years of the required amount per year (1600 kg) at 

any one time. However, only 64% of the potential maize production of the farmland plot 

is available for consxunption, as 36% is assumed to be lost due to fallow, insects, rodents, 

mildew, and seed for the next year. Like the virtual environment, certain characteristics 

of the household may be modified through the program's menu interface. 

The first demographic parameter (Table 2.3) that can be modified is the "Fission 

Age" of a household, which is the total number of years a household must be in existence 

before it produces children who marry and establish a new household. The second 



29 

variable is the "Fission Rate," which determines the rate at which children will marry and 

establish a new household after the first fission event determined by the Fission Age. 

The final adjustable parameter is the "Death Age" of a household, which is the life span 

of a household fixim marriage to the death of one of the spouses at which point it simply 

ceases to exist. All of these household demographic attributes were provided for the 

simulation by Alan Swedlund, an anthropologist/demographer, and are based on a 

worldwide survey of subsistence farming societies (Dean et al. 1998). The consumption 

requirements for a household are based on global nutrition figures and Hopi ethnography 

(Lebo 1991; Van West 1994). The characteristics of the household agents in the 

simulation and the default values for Fission Age, Fission Rate, and Death Age represent 

the best estimate of the simulation team about the attributes of the real Anasazi who 

occupied Long House Valley. 

The behavior of the agents is limited to the movement of both the residence and 

farmland sites on the landscape. The location of the households at the start of the 

simulation can either be randomly generated by the computer or started firom the location 

of the actual sites discovered through the archaeological survey. The simulation can be 

run for any length of time between A.D. 400 and 1450, the period for which 

paleoenvironmental data are available, even though the real valley was completely 

abandoned by 1300. For some reason, populations started in the simulation before about 

A.D. 600 rarely survive until 1300. It is possible that a nimiber of the earliest sites in the 
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valley were missed during the archaeological survey, and as a result, the simulations that 

begin before AJD. 600 are starting with a population that is too low. The simulation will 

also continue running all the way until AJ). 1450, although the real valley was 

abandoned by 1300. A seed number is randomly generated by the program for each run 

that is conducted; this number is used by the simulation to create variation from one run 

to the next. 

There are two basic reasons for the movement of households on the landscape: (1) 

when a household reaches the Fission Age and a married child estabUshes a new 

household, and (2) when the amount of grain remaining in storage in April plus the year's 

anticipated yield on the farmland currently being cultivated falls below the amount 

needed to feed the household through the coming year. Movement is accomplished in 

two steps. First the farmland site is chosen, and then the residence site is selected. 

Candidates for farmland and residence sites are first identified by applying three 

sufBciency criteria, and then one of those sites is chosen by applying maximization 

criteria. Four different sets of slightly different movement rules are available in the 

simulation (Figure 2.4). 

It is important to realize that the agents only differ in terms of their movement 

rules, and not their individual characteristics. The fixed household parameters for 

nmnber of members, matrilineal descent, matrilocal residence, caloric requirements, and 

storage capacity are shared by all of the agents regardless of their movement rules. All of 
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Kayenta 1 Agent (KAYl): 
Farmland Sufficiency Criteria: 

1. Site must be currently unfarmed. 
2. Site must be currently uninhabited. 
3. Site must have potential com production that meets household need-

Farmland Maximization Criterion: 
1. The site meeting the sufficiency criteria located closest to the current 
residence is then chosen. 

Note: If no site meets the 3 farmland sufficiency criteria the household leaves the 
valley or goes extinct. 

Residence Site Sufficiency Criteria: 
1. Site must be currently unfarmed. 
2. Site must be within 1.5 km of the farmland site. 
3. Site must be in less productive zone than farmland site. 

Residence Site Maximization Criterion: 
1. The site meeting these criteria that is the closest to domestic water 
resources is then chosen. 

Note: If no site meets the 3 residence sufficiency criteria, then the third criterion is 
relaxed, and if no site still meets the criteria, then the second criterion is 
relaxed. 

Kayenta 2 Agent (KAY2): 
Behaves the same as Kayenta 1 except in the selection of a farmland site. The 
Kayenta 2 agent initially limits its search for a new farmland site to the most 
productive agricultural zone in the valley. If no sites in this zone meet the 
sufficiency criteria, the search drops down to the second most productive zone, and 
so on until a suitable site is found. 

Kayenta IC and 2C Agents (KAYIC and KAY2C): 
Behave in the same way as Kayenta 1 and 2, except that all households belong to a 
clan, and once a clan uses a particular residence or farmland site it cannot be used by 
a member of any other clan. Therefore, one more step is added to the farmland and 
residence sufficiency criteria. 

Farmland Sufficiency Criterion: 
4. Site must not belong to a different clan than the household's own clan. 

Residence Sufficiency Criterion: 
4. Site must not belong to a different clan than the household's own clan. 

Figure 2.4. The four types of agent movement rules. 
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the agents also have the same default values for the adjustable parameters of Fission Age, 

Fission Rate, and Death Age. The fact that all three components (environment, agents, 

and movement rules) are treated separately by the model is one of the main reasons that 

agent-based simulations are so flexible. It is possible to modify the environment, the 

agent characteristics, and the movement rules independently of one another and observe 

how each component influences the evolution of the artificial society. In Artificial 

Anasazi, all of the agents in a single run posses the same characteristics, but in other 

agent-based simulations there is considerable heterogeneity. For instance, in the 

Sugarscape model upon which Artificial Anasazi is based, the agents interacting during a 

single run of the program may have different vision, sugar metaboUsm, and even "genetic 

tags" that are inherited from parents during sexual reproduction (Epstein and Axtell 

1996). The lack of heterogeneity in the agents of Artificial Anasazi is an important issue 

that must be considered in the evaluation of the program. 

Output from the simulation is in the form of maps of the artificial Long House 

Valley that show the current location of all simulated farmland and residence sites. The 

residence sites are displayed as dots on the map and are more darkly shaded the more 

densely settled they are, providing a relative measure of household aggregation. The 

locations of all farmland sites are displayed as red squares on the map. The locations of 

the farmland and residence sites change on the map in real time as the simulation moves 

from one year to the next and the agents respond to the changing environmental 
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conditions in the valley. It is also possible to display a historical map of the known site 

locations in the real Long House Valley next to the map of the simulated site locations in 

order to compare the two (Figure 2.5). Output is also provided in the form of a number of 

analysis tools that can create time-series graphs and histograms of everything from the 

amount of land controlled by each clan to the total number of households occupying the 

valley. 

2.4 Experimental Procedure 

The constmction and evaluation of computer simulations consists of five basic 

steps (Aldenderfer 1981; Hamond 1978; Zimmerman 1978): (1) hypothesis/goal 

conceptualization, (2) model construction, (3) computer implementation, (4) verification, 

and (5) validation. Since the simulation in question is already built, this study is only 

concemed with the last two stages. Verification involves testing the simulation to see if it 

behaves in a consistent and logical fashion; this is often referred to as "debugging" in 

computer circles. Validation involves testing the output of the simulation to see how 

accurately it recreates the patterns of the real system it seeks to emulate. Since each run 

of the program differs slightly due to the random element introduced by the seed number, 

a controlled experiment in which an adequate sample is collected is necessary in 

order to scientifically assess the simulation's performance (Aldenderfer 1991). 
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Dote: 836 
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Date: 836 
Active simulation da 

Figure 2.5. The simulation and historical settlement pattern maps. 

All experimental runs were carried out at the Arizona State Museum on the 

University of Arizona campus using the most current version of the Artificial Anasazi 

program, furnished by George Gumerman. A 200 MHZ Power Macintosh computer with 

16 MB of RAM provided the platform for all of the experimental runs. This study 

represents an independent test of the validity of the simulation, since I was not involved 

with the construction of the simulation or the collection of the data on which it is based. 

Sampling considerations were as important in this study as in any other experiment, since 
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a single run of the program can take as long as 10 minutes to complete. The stochastic 

nature of the simulation means that the results of the simulation vary considerably 

between individual runs; an adequate balance between time constraints and a large 

sample size was required to accurately measure the simulation's performance. As such, 

all of the runs conducted in the course of this experiment are limited to the most critical 

time period in the history of Long House Valley, A.D. 700-1300. In addition, all of the 

tests in this experiment deal with population growth and settlement patterns, the two 

dimensions of the simulation that can be evaluated against the archaeological data that is 

available. 

2.5 Phase One: Population Growth 

The purpose of the first phase of the experiment was to test the accuracy of the 

simulation in recreating the growth of the population (measured by the number of 

households) in the real Long House Valley. The size of both the simulated and historical 

populations was tracked and compared using the "Household Numbers" time series graph 

provided as part of the program's suite of analysis tools (Figure 2.6). The following first 

hypothesis was based on informal runs of the simulation: Using the default parameters, 

the simulated population generated by the computer will be much greater than the 

population reconstmcted for the real Long House Valley. 
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Figure 2.6. Household numbers graph. 

In order to test this hypothesis, ten independent runs of the simulation using 

random seeds and KAYl agents were conducted for the period from A.D. 700 to 1300. 

All parameters were left on their default values. Since the type of agent only affects the 

movement rules of the households, it was assumed that using one of the other agent types 

such as KAY2 would have little effect on population growth. However, two independent 

runs for each of the other three agents for the period from A.D. 700 to 1300 were also 

conducted to test this assumption. As expected, no differences were apparent between the 

population curves of agents following different movement rules. 
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The time series plots comparing simulated and historical population growth 

clearly showed that while simulated household numbers match those of the actual valley 

in the early centuries of occupation, by around AJ). 1000 the simulated population 

begins to grow exponentially to a level much higher than the real population (Figure 2.7). 

The simulated population then consistently levels ofiFby about AJD. 1100, although there 

is a small peak around A.D. 1250 at which time the maximum size of approximately 1000 

households is reached. However, the number of simulated households declines 

dramatically just prior to A.D. 1300, matching the precipitous decline of the population in 

the real valley resulting from the Great Drought. As already mentioned, the two test runs 

done for each of the other three agent types were all identical to the results for the KAYl 

agent, confirming that the type of agent used in the simulation has little or no effect on 

population growth. Overall, these results seem to confirm that the simulation is behaving 

consistently from one run to the next, passing the test of verification. The shapes of the 

simulated and historical population curves are also quaUtatively similar: both experience 

rapid growth beginning in about A.D. 1000, level off between A.D. 1100 and 1200, 

experience another small growth period aroimd A.D. 1250, then decline precipitously 

toward A.D. 1300. In terras of total population numbers, however, the simulation clearly 

does not mimic the population growth in the real Long House Valley. 

The massive overpopulation of the valley by the simulation led to the formulation 

of a second hypothesis: The productivity of the land and the fertility of the human 
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Figure 2.7. Example of population growth with default parameters. 

population were probably overestimated in the default settings of the program. 

According to this hypothesis, the structure of the program is essentially a correct model 

for the real valley, but some of the parameters are in need of modification. Decreasing 

the quality of the land and reducing the fertility rate of the simulated households should 

produce a more accurate recreation of the prehistoric population growth. The next stage 

in the population growth experiment was designed to test this hypothesis and involved 

conducting a series of runs after changing the default values for Land Quality, Harvest 

Stochasticity, Fission Age, Fission Rate, and Death Age to see if the program's accuracy 

was improved. Each of the parameters listed above were independently modified and a 
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set of ten runs was conducted for each new set of conditions from the period AJ). 700-

1300. Ten runs were conducted for each of the following new sets of conditions: 

• Land Quality = 0.9, 0.85, and 0.8 (default =1) 

• Harvest Stochasticity = 0.8 (default = 0.2) 

• Fission Age =19 (default =17) 

• Fission Rate = 0.1 (default = 0.125) 

• Death Age = 27 (default = 30) 

The new values for these parameters were selected based on educated guesses about the 

amount of change from the default settings that would be required to produce a 

significant decrease in the simulated population. 

In general, the effects of altering the default parameters were quite dramatic. 

With the land quality decreased by 10% (0.9), the simulated population experienced a 

more steep growth and decline and the maximum number of households was somewhat 

decreased (Figure 2.8). This trend was continued in the runs done with the land quality 

decreased to 0.85. The rise and fall of the simulated population was even more dramatic 

and the maximum number of households in the valley ranged from only 250 to nearly 

900; in four of the ten nms the valley was completely abandoned before A.D. 1000. With 

the land quality decreased by 20% (0.8) the effects were almost always lethal, with only 1 

of the 10 simulated populations making it all the way until A.D. 1300. Increasing the 

harvest stochasticity to 0.8 produced highly variable results, but usually pushed back the 
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Figure 2.8. Examples of population growth with Land Quality = 0.9. 

period of exponential growth until about A.D. 1100 and seriously decreased the 

maximum number of households reached before A.D. 1300. Four of the ten simulated 

populations did not survive past A.D. 1000. 

The three remaining variables directly modify the rate that new households are 

created and old households are removed. Changing the Fission Age to nineteen resulted 

in a steeper growth curve and the maximiun number of households was decreased (Figure 

2.9), but in three cases the simulated population experienced no decline prior to A.D. 

1300. Two out of the ten populations did not survive until A.D. 1300. With Fission Rate 

decreased to 0.1 the maximum number of simulated households was also sharply 

decreased, although in five of the ten runs the peak was not reached by the time the 

simulation stopped at A.D. 1300. Two runs had the normal peak and decline, three 

populations went extinct, and in all cases the exponential growth of the population was 
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Figure 2.9. Examples of population growth with Fission Age =19. 

severely delayed. Decreasing the Death Age to 27 produced the same pattern, except that 

five of the ten populations never made it all the way to A.D. 1300. The results of these 

runs seem to indicate the following general pattern in respect to population growth: for 

populations that survive all the way until A.D. 1300, degrading the land quality generally 

decreases the carrying capacity of the valley and the stability of the population, while 

modifying the variables related to household demographic attributes slows the rate of 

population growth. Again, this leads to the conclusion that the simulation is internally 

consistent and behaving in a logical fashion. However, none of the runs accurately 

reproduced magnitude of the real population growth curve, even after independently 

adjusting land quality and human fertility, providing no support for my second 

hypothesis. 

The final stage in the population growth phase of the experiment involved 

covarying the effects of decreasing land quality and human fertility in the same series of 
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runs to see if this improved the simulation's accuracy. This involved conducting a series 

of ten runs from A.D. 700 to 1300 for each of the following parameter combinations: 

• Land Quality = 0.9 and Fission Age =19 

• Land Quality = 0.9 and Fission Rate = 0.1 

The first combination of variables was not particularly successful, with seven of the ten 

populations going extinct before A.D. 1300. One of the runs developed a rather large 

population. The two remaining runs were superficially close to the historical curve, but 

only toward the end of the period, and there was no decline in population prior to A.D. 

1300. However, the runs produced with the second combination of variables were much 

more encouraging. Three of the simulated populations experienced a peak and decline 

very close to the historical curve, especially Seed 2341 (Figure 2.10). Unfortunately, the 

curves were still quite different in the earlier years of the period and only come close to 

the historical curve near the population maxima. These results provide weak support for 

my second hypothesis, that the land quality and the fertility of the agents was probably 

overestimated by the default settings. The simulation is clearly not accurately recreating 

the magnitude of population growth reconstructed from the archaeological evidence, 

although the overall shape of the real and the simulated growth curves is similar for most 

of the runs conducted on the default settings. 
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Figure 2.10. Population growth with Land Quality = 0.9 and Fission Rate = 0.1 

2.6 Phase Two: Settlement Patterns 

The purpose of the second phase of the experiment was to test how well each of 

the four agent types of the simulation reproduced the settlement patterns of the actual 

Long House Valley. For each agent type, five runs were collected for each hundred year 

period from A.D. 700-1300. Settlement pattern maps were created at the end of each 

hundred year period (A.D. 800,900,1000,1100, 1200, and 1299) for each of the five 

runs and then compared with settlement maps showing the location of sites in the actual 
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Figure 2.11. Simulated and historical site locations for A.D. 800 (Seed 8453) 

valley. It was necessary to stop the final period at A.D. 1299 rather than 1300 because 

the real valley was abandoned by that date, and therefore no settlement map was available 

for comparison. This phase of the experiment was started using a sample of ten runs for 

each period, but due to time constraints the sample had to be decreased to five. All 

simulated sites were started at A.D. 700 from the known historical locations of the real 

sites in the valley. 



45 

iii;:-;:::-;;; 

1!; I: i l 

Date: 900 
Active simulation da 

::::• Date: 900 
Histoncai data 

Figure 2.12. Simulated and historical site locations for A.D. 900 (Seed 146) 

Comparison of the maps clearly indicated that the simulated settlement patterns 

are dramatically different than the actual patterns in the valley for almost all time periods, 

regardless of which agent type was used. There was also no immediately visible 

difference in accuracy between any of the different types of agents. In fact, the only 

noticeable difference in behavior between any of the agents was the tendency for the 

KAY2 and 2C agents to spread into the North Valley Floor and Kinbiko Canyon zones 
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Figure 2.13. Simulated and historical settlement patterns for A.D. 1000 (Seed 549) 

earlier than the KAYl and IC agents. This difference is consistent with the movement 

rules of the KAY2 and 2C agents that force households to limit their initial search for 

farmland to the most productive zones in the valley. The addition of clan rules in the 

caseof the KAY2 and 2C agents also had no noticeable effect on the simulated settlement 

patterns. Therefore, the following description of trends in the settlement of the simulated 

valley appUes equally to all four agent types. 
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Figure 2.14. Simulated and historical settlement patterns for A.D. 1100 (Seed 1120) 

At A.D. 700 the settlement patterns of the simulated and historical valleys were 

exactly the same, since all of the sites were started from historical locations. By A.D. 

800, however, the real and the simulated patterns had already diverged dramatically 

(Figure 2.11). The simulated sites were abnost all clustered in the central valley floor, 

while the historical sites were spread more evenly across the real Long House Valley. At 

A.D. 900 the contrast between this concentrated versus dispersed pattern was even 
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Figure 2.15. Simulated and historical settlement patterns for A.D. 1200 (Seed 1489) 

stronger, although the KAY2 and 2C agents had begun to spread into the fertile North 

Valley Floor and Kinbiko Canyon zones (Figure 2.12). The maps at A.D. 1000 were 

virtually the same (Figure 2.13), but by A.D. 1100 the simulated sites were finally 

starting to spread into the southern part of the artificial valley while the historical sites 

were even more spread out than before (Figure 2.14). By A.D. 1200 the simulated sites 

were increasing in the southem and northeastern parts of the valley and achieved the 
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Figure 2.16. Simulated and historical settlement patterns for A.D. 1299 (Seed 2720) 

closest fit to the historical pattern that was observed (Figure 2.15). Unfortunately, just as 

the simulated sites were expanding to all parts of the valley, the real sites were in fact 

contracting to the northern and central areas of the valley in response to declining rainfall 

and the arroyo cutting that began in about A.D. 1150 (Dean et al. 1978). The historical 

settlements of the ancient Kayenta continued to concentrate along the northern margin of 

the valley floor, and by the end of the final test period at A.D. 1299 all of their sites were 
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packed into that one small zone. In contrast, the simulated sites were spread out in all 

areas of the artificial valley at A.D. 1299 (Figure 2.16). The simulation was clearly not 

accurately reproducing the settlement patterns observed in the real valley. 

2.7 Other Forms of Output 

After the results of the second phase of the experiment were analyzed, it was 

decided to explore some of the other forms of output provided by the program that might 

help to illuminate the causes of the simulation's problems. First it was decided to test the 

effect of starting the simulated households from random locations at A.D. 700, rather than 

from the site locations in the real valley. Theoretically, starting the simulation from the 

known locations of real sites should produce more accurate patterns than using random 

locations. Five runs starting from random locations for each period from A.D. 700 to 

1300 were done using KAYl agents. The results were difficult to interpret. Some of the 

randomly started settlement patterns appeared to come closer to the real patterns in the 

valley, while others did not. The performance of the simulation when started from 

random site locations is more thoroughly analyzed in Chapter 3 using quantitative 

methods. 

In addition to the obvious contrast between the real and simulated site locations, 

there was also a major difference in the degree of aggregation within individual sites. 
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The relative number of households living in the same site (or "village") is indicated on 

the simulated Long House Valley maps by the degree of shading of the dot; the darker the 

dot is shaded, the more households it contains. Even a cursory examination of the 

settlement pattern maps makes it clear that the simulated households aggregated into 

large sites much more quickly than the households in the real valley did. 

A more precise comparison was done using a series of histograms generated by 

the program that breaks all of the sites in the real and simulated valleys into different size 

categories (Figure 2.17). One run of the simulation was conducted, stopping every 100 

years in order to compare the histograms produced by the program. The results of this 

run confirm the pattern observed fix)m examination of the simulation maps. While the 

majority of real sites only contained between one and nine households for the first 500 

years of the period, the simulated sites reached densities of 40 to 79 households by A.D. 

1000, and were dominated by sites with more than 80 households apiece in A.D. 1100 

and 1200. In contrast, the size of the real sites in the valley did not reach the 40 to 79 

household range until A.D. 1200. Both the simulated and historical sites suffered major 

reductions in size by A.D. 1300 as a result of deteriorating environmental conditions, but 

the simulated sites were still much larger on average. The results of this analysis 

clearly indicate that for the entire study period, the simulated valley had fewer but much 

more densely populated sites than the real Long House Valley. 

One of the most interesting findings of the settlement pattern experiment 



52 

IP ^^^^Sfmutetldn SettlemgKtSlzess^^^^^iPl 

90-1 

80-

70-

60-

50-1 

40 

30 

20 

10 

0 
-1 2-3 4-9 10-19 20-39 40-79 80-

Historicai Settlement Sizes 

40 

30 

20 

10 

0 
-1 2-3 4-9 10-19 20-39 40-79 80-

Figvire 2.17. Household aggregation histograms. 

described earlier was the lack of impact that the addition of clan rules had on the behavior 

of Agents IC and 2C. Given the focus on environmental attributes in the simulation, I 

was hopeful that the addition of clan rules might produce some dramatically different 

patterns. At first the lack of effect was puzzling, but it soon became apparent that the 

problem might stem from the fact that using the historical starting locations in my 
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simulations was limiting the ntimber of clans from the beginning. Since there are only 

four sites at the beginning of the simulation at A.D. 700, the simulation can only use four 

of the possible six clans available. In order to test this hypothesis, a series of runs was 

conducted using another of the analysis tools provided with the program that tracks the 

population sizes and land controlled by the clans in the simulation (Figure 2.18). 

First, one run was done using KAY2C agents and starting from the four historical 

site locations in the real valley at A.D. 700. The results of this run showed that only two 

of the six possible clans survived, so that there was Uttle restriction on where households 

could locate their farms and residences. I next tried a run using the same agent type, but 

this time had the simulation start the households from at least six randomly located sites. 

Three clans survived in this run, confirming my suspicions that more clans would survive 

using random locations with at least six sites. Out of curiosity, one run was also done 

using KAYl agents and starting from random locations. All KAYl households are 

assigned a clan by the simulation, but this has no effect on their movement rules. In this 

case four of the six clans survived until A.D. 1300, with two of them apparently going 

extinct through random chance. This was unexpected and may prove to be highly 

significant. It suggests that competition between clans for land may not be as important 

in terms of their siurvival as random demographic events impacting the individual 

households making up the membership of the clan. The evolution of clans in simple 

agent-based simulations such as Artificial Anasazi may therefore provide valuable 
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Figure 2.18. Clan size and farmland graphs. 

insights into the growth, dominance, and decline of particular clans in groups such the 

Hopi. 

Interestingly, even when more than two clans survived there was no noticeable 

effect on the overall settlement patterns in the valley. However, if the agents on the 

simulated landscape were colored according to their clan membership, distinct spatial 

social groupings might emerge on the settlement pattern maps. It should not be too 

difficult to modify the program in this fashion, and the results might be quite rewarding. 

In Chapter 3,1 will present the results of a statistical test of difference between the agents 

that use clan rules and those that do not. A number of other interesting things about the 
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interaction between the agents and the simulated landscape can be noted, however. In the 

three runs investigating the effect of clan rules, one of the clans always had a much larger 

population than the other clans and experienced much greater losses during the 

population crash just prior to A.D. 1300. In addition, all of the clans declined in 

population despite controlling the same amount of land as they had just prior to the 

collapse, which clearly demonstrates that the agents were unable to get the same 

production out of the same amount of land due to the deterioration in environmental 

conditions described by Dean et al. (1978). 

The final difference between the performance of the four agents explored here was 

done using another of the program's analysis tools, a series of graphs showing the amount 

of farmland used in the different zones of the valley through time (Figure 2.19). A 

sample of two runs for each type of agent for the period firom A.D. 700 to 1300 was 

conducted. The graphs indicated that the relative use of the Midvalley, North Valley, and 

General Valley Floor zones was roughly equal until about A.D. 1000, when one of the 

two largest zones experienced a massive increase in use. For the BCAYl and IC agents, it 

was the General Valley Floor zone that took off first, while for the KAY2 and 2C agents 

the use of the North Valley Floor zone surged first. The KAY2 and 2C agents also 

started exploiting the Kinbiko Canyon zone much earlier. There was no difference, 

however, in the order that zones were brought under cultivation with the addition of clan 

rules. 
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Figure 2.19. Amount of farmland under cultivation graph. 

The order that the different zones were brought under cultivation makes sense, 

with the best lands filling up first, followed by areas with the least potential maize 

production. The zones were also abandoned in logical order, with the Upland Arable 

zones being abandoned first as environmental conditions declined, followed by the 

General Valley Floor zone which became susceptible to high-frequency climatic 

variability after A.D. 1270 (Dean et al. 1978; Dean and Gumerman n.d.). Zubrow (1975) 

found the same logical sequence of utilization and abandonment in his simulation of the 

Hay Hollow Valley. In Artificial Anasazi, the graphs indicated that it was the 
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deterioration of the Upland and General Valley zones that probably caused the population 

crash just prior to A.D. 1300. The loss of these lands led to an unavoidable decline 

because the simulated population was very close to the maximum carrying capacity of the 

valley. The simulation thus demonstrates the very real dangers that subsistence 

agriculturahsts may face if their population increases through the use of marginal 

farmland that may become useless with shifting climatic conditions. Whether or not this 

is what occurred in the real Long House Valley is impossible to test, since we have no 

way to determine the location of the fields used by the Kayenta. However, the 

abandoimient of most areas of the valley in favor of the northern sand dimes by A.D. 

1200 is suggestive and certainly worthy of further exploration. 

2.8 Discussion 

Although the simulation did not accurately replicate the demographic and 

settlement patterns of the prehistoric Anasazi, it must be kept in mind that unexpected 

results are often more informative than success; differences between the simulation and 

the target that it is attempting model can serve as a source of new hypotheses (Dean and 

Gumerman n.d.; Low 1981; Zubrow 1981). In fact, Cordell (1981) considered her 

Wetherill Mesa simulation to be unsuccessful because no unexpected results were 

generated. A number of important things have also been leamed about the behavior of 
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the simulation that may suggest ways that the accmracy of the model can be improved. 

In terms of reconstructing the population growth of Long House Valley, the 

qualitative analysis presented in this chapter indicates that the simulation is in need of 

improvement. Although the general shape of the real and simulated population curves are 

similar in most cases, the simulated population is growing out of control. This indicates 

that the default values for Fission Age, Fission Rate, and Death Age may not be accurate 

for the prehistoric Anasazi that occupied Long House Valley. For example, the default 

age of seventeen for the creation of a new household seems much too low. Among the 

Hopi, even if girls were marrying as early as seventeen, they would have lived in their 

mother's home until after the birth of their first child (Bradfield 1995:378). Data on the 

fission rate of Hopi households is not readily available, but it seems likely that this 

parameter is also set too high, especially considering the effect of high infant mortality 

and cultural practices designed to curb population growth such as birth spacing. It is 

interesting that in testing his simulation Zubrow (1975) also discovered the same 

concordance of shape between his real and simulated population curves, but that his 

simulated population was also growing much too large. It might be possible that the 

Anasazi living in Long House Valley never reached the absolute carrying capacity of the 

area because of cultural practices designed to combat exponential population growth. 

Artificial Anasazi and Zubrow's (1975) simulation may be suffering from the same flaw: 

they both assume that the population in the valley would naturally expand until the 
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carrying capacity was reached. The ethnographic literature relevant to this problem is 

discussed in more detail in Chapter 4. 

The fact that part of the simulated populations continued to occupy the valley 

even after the real Anasazi abandoned it in A J). 1300 is also very interesting. The 

survival of a significantly reduced, but viable simulation population may indicate that 

total abandonment was not the only option. Due to the unique geology of the valley, 

some areas in the north, most notably the sand dunes, would have continued to provide 

adequate water for growing crops even in the worst conditions (Dean et al. 1978). The 

abandonment of the valley carmot, therefore, simply be explained by the deterioration of 

the environment. Significant cultural factors were in operation that made it more 

acceptable for everyone to leave Long House Valley together, rather than splitting apart 

and leaving a small population to continue farming the arable areas. This indicates that 

some of the problems with the simulation may also be due to a general lack of attention to 

internal social factors. Even though the simulation did not accurately replicate the 

prehistoric population growth, it did offer some valuable insights into the possible 

reasons for the abandonment of the real Long House Valley. 

The subjective examination of the settlement pattern maps described in this 

chapter also indicate that the simulation is in need of modification, probably due to a 

number of questionable assumptions made in the movement rules for the different agents. 

A number of these assumptions were carried over into the simulation firom the original 
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SARG research design (Dean et al. 1978). The maximization criterion idea is 

theoretically flawed because humans do not really behave in the most rational and 

economic manner under all circmnstances. We carmot assume that people always know 

all of the alternatives when making a decision, or that they are able to make the best 

choice even when they do. Having households always choose the farmland site closest to 

their current residence or the residence site closest to a source of domestic water therefore 

makes unwarranted assumptions about the behavior of ancient people. Interestingly, 

Cordell (1981) found that the distance to water sources was not an important variable in 

her simulation, although this may have been due to the relative abundance of water 

sources on Wetherill Mesa. The SARG framework has been criticized for the use of such 

maximization assimiptions, and the same objections apply equally well to the current 

simulation (see Sullivan and Schiffer 1978). 

The results presented in this chapter constitute a preliminary evaluation of the 

Artificial Anasazi simulation. The next two chapters provide a more detailed analysis. In 

Chapter 3,1 use a combination of statistical techniques in order to quantitatively assess 

the accuracy of the settlement distributions produced by the program. In Chapter 4,1 

draw information from the ethnographic record of the Navajo and the Hopi in the hopes 

of understanding why the simulation is not performing as well as it should. 



CHAPTER THREE 

61 

QUANTTTATIVE.ANALYSIS 

3.1 Introduction 

In the qualitative analysis just presented, it was found that the simulation 

consistently produced a population that grew much too quickly and reached a maximum 

that was much higher than the population of the Anasazi in the real Long House Valley, 

although the population curves had a similar shape. In an attempt to produce a more 

realistic population curve in the simulation, I then systematically modified the adjustable 

variables related to population growth through the program's menu interface: Land 

Quality, Harvest Stochasticity, Fission Age, Fission Rate, and Death Age. This made a 

dramatic difference in some cases, but I was essentially forced to simply guess as to what 

values to assign these variables. The equifinality problem was immediately apparent — 

even if I were able to produce a simulated population ahnost exactly like that of the real 

valley there would be no way to know whether or not the same processes were at work. 

The comparison of the real and simulated settlement patterns also revealed major 

discrepancies. In the simulation, sites were much too clustered in certain parts of the 

valley and there were too many households per settlement, resulting in just a few very 

large sites in contrast to the more evenly distributed historical settlement pattern. There 
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also seemed to be little difference in the performance of the different agent types, except 

that the Kayenta 2 (KAY2) agent colonized the more fertile zones of the valley first; the 

clan rules added to the BCayenta IC (KAYIC) and 2C (KAY2C) agents did not seem to 

make any difference in the settlement patterns, which is interesting in itself. 

3.2 Statistical Analysis 

All of the generalizations about the simulation's performance just mentioned were 

made as the result of the qualitative analysis that was dependent on my own ability to 

perceive differences in the population curves and settlement pattern maps. The 

differences in the population curves are quite dramatic and easily evaluated, but the 

settlement pattern maps are a different story. It is fairly easy to evaluate the number of 

sites in particular zones in the early time periods when there are only a few total sites on 

the map. However, in later time periods when sites number in the dozens, it becomes 

extremely difficult to keep track of the patterns and compare the simulated with the real. 

It was realized that a more thorough exploration of the apparent patterns would require 

the use of quantitative methods, and it is to this purpose that this chapter is dedicated. 

Note that although I refer to four different "types" of agent throughout this chapter, it is 

actually the rules that the agents follow that differ and not their intrinsic attributes. For 

example, all of the agents have the same nutritional requirements regardless of their 
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movement rules. 

Four main problems were chosen for detailed analysis: 

1. Is there any statistically significant difference in the nimiber of sites by 

zone and time period produced by the different agent types? 

2. If there are significant differences between the different agent types, do 

any of them perform better than the others (i.e. do they come closer to the 

historical distribution of sites by zone and time period)? 

3. Is there any statistically significant difference in the number of sites by 

zone and time period produced by simulations started from random, rather 

than historical site locations? 

4. If there are significant differences between runs started from random and 

historical locations, does one or the other perform better? 

Given the spatial nature of the data, it was decided to divide the valley map into 

distinct zones based on those used by the simulation, since they essentially determine 

where the agents choose to locate their sites. However, rather than using just six zones I 

added a seventh in order to split the North Valley (NV) zone into two units — one 

including only the North Valley area and the other the Northeast Canyon, because these 

appear to have very different settlement histories (Figure 3.1). A template was then 

created on transparency paper demarcating the different zones. Next, the transparency 

paper was laid over each map created by the simulation, and the number of sites falling 
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Figure 3.1. Long House Valley divided into seven zones. 
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Table 3.1 Table 3.2 

Number of Sites by Zone and Time Period — 
Historical 

Mean Number of Sites by Zone and Time 
Period - KAYl 

Zone 800 900 1000 1100 1200 1299 
UL 2 4 7 7 1 0 
KB 0 0 1 2 2 2 
NE 0 5 6 10 6 4 
NV 0 5 15 24 27 21 
MV 1 8 10 12 11 II 
GV 4 14 15 35 8 3 
IIA 0 5 10 17 1 0 
Total: 7 41 64 107 56 41 

Zone 800 900 1000 1100 1200 1299 
UL 0.4 1.0 2.6 2.0 2.4 3.6 
KB 0.0 0.0 0.4 0.0 0.4 0.6 
NE 0.0 0.0 0.0 0.0 0.4 2.2 
NV 0.4 0.4 6.6 5.6 13.4 33.2 
MV 7.4 1.6 17.2 17.8 20.0 29.8 
GV 3.0 1.8 2.4 5.0 15.4 28.2 
UA 0.0 0.0 0.0 0.0 0.2 0.2 
Total; 11.2 14.8 292 30.4 52.2 97.8 

into each zone for each time period was coimted. Note that only the niraiber of sites in 

each zone was coimted, and not the nmnber of households, since each site (village) may 

contain many households. This procedure is admittedly less than optimal, but it was the 

best that could be devised given the nature of the output produced by the simulation. The 

site counts for the historical Long House Valley map are hsted in Table 3.1. The average 

number of simulated sites produced by the different agent types by zone and time period 

are listed in Tables 3.2, 3.3, 3.4, 3,5, and 3.6. These counts of sites by zone and time 

period for each agent type provided the data for all of the following statistical tests of the 

simulated settlement patterns. 

The first problem involved determining whether or not there is a statistical 

difference in the number of sites by zone and time period for the different agents. As 

already mentioned, visual inspection of the maps in the previous chapter indicated that 
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Table 3.3 

Mean Number of Sites by Zone and Time 
Period - KAYIC 

Zone 800 900 IQOO 1100 1200 1299 
UL 0.4 0.8 1.6 1.2 4.2 7.0 

0.0 0.0 0.0 0.0 0.4 0.8 
NE 0.0 0.0 0.0 0.0 0.6 3.0 
NV 0.4 1.0 5.2 4.0 9.6 30.6 
MV 5.2 11.0 17.0 14.0 18.0 27.0 
GV l.O 3.2 3.2 6.0 17.8 18.0 
VA 0.0 Q.O 0.0 0.0 0.4 0.0 
Total: 7.0 16.0 27.0 25.2 51.0 86.4 

Table 3.4 

Mean Number of Sites by Zone and Time 
Period-KAY2 

Zone «00 900 1000 1100 1200 1299 
UL 0.0 1.2 2.2 1.2 1.0 6.8 
KB 0.0 0.4 2.0 1.2 2.0 1.0 
NE 0.0 0.0 0.0 0.0 6.0 1.6 
NV 1.0 4.6 lO.O 8.8 27.0 32.0 
MV 1.8 5.0 7.0 7.0 11.0 24.0 
GV 1.8 2.0 2.0 3.0 8.0 15.4 
UA 0,0 0.0 0.0 0.0 1.0 0.0 
Total: 4.6 13.2 23.2 21.2 56.0 80.8 

Table 3.5 

Mean Number of Sites by Zone and Time 
Period - KAY2C 

Zone 800 900 1000 1100 1200 1299 
UL 0.0 1.2 1.6 2.0 2.8 7.6 
BCB 0.0 0.0 1.0 1.4 0.0 1.4 
NE 0.0 0.0 0.0 0.2 0.6 3.8 
NV 0.2 2.8 5.8 7.4 12.8 31.2 
MV 2.8 4.4 6.2 6.2 12.4 21.8 
GV 2.0 2.4 1.6 3.2 10.2 15.4 
UA 0.0 0.0 0.0 0.0 0.2 0.2 
Total: 5.0 10.8 16.2 20.4 39.0 86.4 

Table 3.6 

Mean Number of Sites by 2^ne and Time 
Period — RAN 

Zone 800 900 1000 1100 1200 1299 
UL 2.0 2.4 3.8 1.2 5.2 7.6 
KB 0.6 1.0 1.8 1.2 1.0 2.0 
NE 0.2 0.2 1.0 1.6 2.2 8.0 
NV 1.4 3.2 9.6 9.0 12.6 25.8 
MV 3.2 4.2 7.6 4.8 9.6 24.0 
GV 1.2 1.6 2.4 4.0 8.4 20.4 
UA 0.0 0.0 0.2 0.2 0.4 0.2 
Total: 8.6 12.6 26.4 22.0 39.4 88.0 

the KAYl and KAY2 agents were probably behaving differently, with the BCAY2 ageats 

colonizing the more fertile areas of the valley significantly before the KAYl agents, as 

would be expected given their movement rules. However, there did not seem to be any 
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difference between the KAYl and KAYIC agents or the KAY2 and KAY2C agents, 

indicating that the addition of clan rules had little or no efifect. The agents started from 

the random locations seemed to be much more evenly distributed throughout the entire 

valley than any of the other agents. 

First, I decided to perform an Analysis of Variance (ANOVA) to see if there was» 

in fact, any difference between the different agent types. An ANOVA was chosen 

because it would give a quick indication if there was any variance between all of the 

agent types, before investing the time in doing pairwise comparisons of each type. Agent 

tj^e (Kayenta 1,2, IC, 2C) was used as the independent variable, while the number of 

sites by zone and time period was used as the dependent variable. The largest within 

group variances were not more than three times larger than the smallest, but the 

assumption of normality required by the ANOVA was probably violated. Figure 3.2 

presents histograms showing the distribution of sites in the Midvalley Floor (MV) for all 

the agents by date as an example; some of the distributions approach normality, but most 

are skewed. Since the ANOVA was being used as an exploratory technique in this case, 

the violation of normality was not an overriding concem. I was forced to use non-

parametric tests for the other analyses, however. 

The results of the ANOVA show that there are significant differences at the 0.05 

level between the agents at A.D. 800 in the MV and the GV 2X)nes, at 900 in the NV and 

MV zones, at 1000 in the MV zone, at 1100 in the KB, MV, and GV zones, at 1200 in the 
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Figure 3.2. The number of sites by date for the Midvalley Zone 



69 

MV and GV zones, and at 1299 in the UL and GV zones (Table 3.7). Based on these 

results it was clear that there were differences between the agents that deserved fiirther 

investigation. As a result, I next conducted Kruskall-Wallace (KW) nonparametric tests 

of difference between each pair of agent types. A t-test was not appropriate due to the 

highly skewed nature of the distribution. I started by comparing KAYl and KAYIC, and 

KAY2 and KAY2C in order to determine if the addition of clan rules to the IC and 2C 

agents made any difference in the number of sites in each zone at each time period: 

Ho = There is no difference in the mean number of sites between KAYl and IC or 

KAY2 and 2C by zone and time period. 

Hj, = There is a significant difference in the mean number of sites between KAYl 

and IC or KAY2 and 2C by zone and time period. 

In the comparison between KAYl and 
Table 3.7 

Significant Differences for ANOVA, All 
Agents 

IC, the null hypothesis was only rejected in 

Date Zone n F-Stat P-Value 
800 MV 20 5.508 0.009 
800 GV 20 3.658 0.035 
900 NV 20 4.706 0.015 
900 MV 20 7.394 0.003 
1000 MV 20 5.251 0.010 
1100 KB 20 4.560 0.017 
1100 MV 20 9.585 0.001 
1100 GV 20 4.105 0.024 
1200 MV 20 8.742 0.001 
1200 GV 20 3.417 0.043 
1299 UL 20 4.691 0.016 
1299 GV 20 7.787 0.002 

three combinations: at 800 for the GV zone (p 

= 0.013), at 1299 for the UL zone (p = 0.020), 

and at 1299 for the GV zone (p = 0.047). In 

the case of the KAY2 and 2C agents, only one 

combination was significantly different, for 

the NE zone at 1299 (p = 0.014). It is highly 

likely that the few differences found in the 



KW test are the result of sampling error, given that for each zone and time period, n only 

equals 10 runs. Even if there are real differences in the number of sites (as indicated by 

the KW test), the KAYl and IC agents, and the BCAY2 and 2C agents are for all practical 

purposes identical. 

Table 3.8 

Significant Differences Between KAYl and 2 
MEANS 

Date Zone n KAYl KAY2 P-Value 
800 UL 20 0.4 0.0 0.029 
800 MV 20 11.3 2.3 0.005 
900 NV 20 0.7 3.7 0.007 
900 MV 20 17.1 4.7 0.001 
1000 MV 20 15.9 6.6 0.002 
1100 KB 20 0.0 1.3 0.002 
1100 MV 20 15.9 6.6 0.001 
1100 GV 20 5.5 3.1 0.004 
1200 MV 20 19.0 11.4 0.001 
1200 GV 20 16.6 11.4 0.009 
1299 GV 20 23.1 15.4 0.019 

Given the lack of difference just 

described, it was decided to aggregate 

the BCAYl and IC, and KAY2 and 2C 

agents together to produce a "master" 

KAYl agent and a "master" JCA.Y2 

agent. This effectively doubled the 

sample size for each type, increasing the 

number of simulation runs for each zone 

and time period from 5 to 10. Using these larger samples, the difference between the 

KAYl and BCAY2 agents was then investigated, again using the KW test. The same null 

hypothesis was also applied to this group of tests. The combinations in which the null 

hypothesis was rejected are listed in Table 3.8. 

Based on these results, there appear to be significant differences between the 

KAYl and KAY2 agents, as predicted. The differences also appear to be systematic, 

almost all of them indicating very different preferences for the MV and GV zones. The 

average number of sites per zone listed in Table 3.8 show that the BCAY2 agent had 
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consistently fewer sites in the GV and MV Zones. The only two occasions in which the 

KAY2 type had more sites in a particular zone was for the NV zone at 900 and the BCB 

zone at 1100. In general, these results provide some confirmation of my earlier 

conclusions about the behavior of the KAYl and KAY2 agents. The KAY2 agents 

colonized the more fertile areas of the valley (NV and KB) earlier that the KAYl agents, 

which makes sense given that the KAY2 agents are programmed to search for farmland in 

the most productive zones first. However, I was surprised that this difference was only 

significant in two cases. The differences in the number of sites in the MV and GV zones 

can also be explained in reference to the way that the KAY2 agents search for farmland. 

The sites of the KAYl agents tended to cluster in the MV and GV zones near their 

starting locations at the beginning of the simulation, since they are programmed to choose 

the new farmland site that is closest to their present location; the KAY2 agents were not 

as clustered in these two zones because they were establishing new sites in the more 

fertile areas such as the NV and KB zones. I suspect that an increase in the sample size 

would reveal more differences in support of these general patterns, since some cases 

(such as MV at 1299, p = 0.052) were very close to being significant at the 0.05 level. 

After establishing the natiure of the differences between the two main agent types, 

the next task was to explore whether or not these two agents differed from ones started 

from random locations in the valley. The same KW test was used for the comparisons 

between the aggregated KAYl and KAY2 agents and the randomly started agents (RAN). 
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The "agents" that I refer to as RAN for the remainder of this study are actually KAYl 

agents started from random locations, and not a unique type with its own set of different 

movement rules. Given the very different distributions visible on the settlement pattern 

maps, my hypothesis was that there should be significant differences in the number of 

sites in each zone at each time period: 

Ho = There is no difference in the mean number of sites between agent KAYl and 

the randomly started agents or agent JCAY2 and the randomly started 

agents by zone and date. 

= There is a significant difference in the mean number of sites between agent 

BCAYl and the randomly started agents or agent KAY2 and the randomly 

started agents by zone and date. 

Table 3.9 The statistically significant 

Significant Differences Between KAYl and RAN 
MEANS 

Date Zone n KAYl RAN P-Value 
800 UL 15 0.4 2.0 0.006 
800 KB 15 0.0 0.6 0.008 
900 KB 15 0.0 1.0 0.038 
900 NV 15 0.7 3.2 0.005 
900 MV 15 11.3 4.2 0.014 
1000 MV 15 17.1 7.6 0.023 
1100 KB 15 0.0 1.2 0.009 
1100 NE 15 0.0 1.6 0.009 
1100 MV 15 15.9 4.8 0.002 
1200 NE 15 0.5 2.2 0.012 
1200 MV 15 19.0 9.6 0.002 
1200 GV 15 16.6 8.4 0.007 
1299 BCB 15 0.7 2.0 0.010 
1299 NE 15 2.6 8.0 0.046 
1299 NV 15 31.9 25.8 0.016 
1299 MV 15 28.4 24.0 0.049 

results of the K.W test for the KAYl 

agents and the RAN agents are listed in 

Table 3.9. The results are exactly what 

I expected, given the movement rules 

for the KAYl agent and the effect of 

starting at random locations throughout 

the valley. The randomly started 

agents have many fewer sites in the 
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Table 3.10 central valley areas such as the MV and 

MEANS 
Date Zone n KAY2 RAN P-Value 
800 UL 15 0.0 2.0 0.000 
800 KB 15 0.0 0.6 0.008 
1100 NE 15 0.1 1.6 0.040 
1200 UL 15 2.9 5.2 0.020 
1200 NE 15 0.3 2.2 0.004 
1299 NE 15 N)

 

00
 

b
 

0.046 
1299 NV 15 31.6 25.8 0.012 

Significant Differences Between KAY2 and RAN GV zones, but more sites in the 

outlying zones such as UL, KB, and 

NE. The results of the KW test seem to 

confirm that the sites started fi-om 

random locations are more evenly 

dispersed among the seven zones in the 

simulated Long House Valley than the KAYl agents started from historical locations. 

The KW test was also used in the comparison of the JCA.Y2 agent type with the 

RAN agents, but with dramatically different results. As Table 3.10 indicates, there were 

many fewer significantly different combinations between the KAY2 and the RAN agents. 

All of the differences found between the RAN and KAYl agents for the central zones 

such as MV were not a factor in the comparison between RAN and KAY2. However, 

these results are logically consistent given the difference between the KAYl and KAY2 

movement rules. The KAY2 agents had many less sites concentrated in the central valley 

because of their preference for moving to the most fertile zones, which produced a more 

dispersed settlement pattem like the RAN agents. The BCAY2 and RAN agents did 

perform differently, however, in terms of the furthest outlying areas such as NE and UL, 

with RAN having significantly higher niunbers of sites in these zones. Overall, the KW 

tests performed in the course of analysis seem to support the observation that the KAYl 
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agent type produces the most concentrated settlement patterns, followed by the BCAY2 

type; the randomly started agents seem to produce patterns more dispersed than either the 

KAYl or KAY2 types. 

The second phase of analysis consisted of my attempt to answer the question of 

whether or not any of the agent types, including RAN, produces settlement patterns closer 

to the settlement patterns in the real Long House Valley. Before any judgements could be 

made about which agent types performed better than the others, it was first necessary to 

test if there were in fact differences between the historical and simulated patterns. Since 

it is not possible to do a one-sample 
Table 3.11 

KW test, and the skewed nature of the 
Chi-Square Table Example: KAYl at 1200 

_ distribution prohibits the use of a one-
UL KB NE NV MV GV UA ^ 

Simulated 2.4 0.4 0.4 13.4 20.0 15.4 0.2 
Historical 1.0 2.0 6.0 27.0 11.0 8.0 1.0 sample t-test, all of the tests in this 

part of the analysis were performed 

using Chi-square. Chi-square was also used because it would provide an assessment of 

the proportions of sites in the different zones, rather than just the absolute number of sites 

in each zone at each time period; this proportional difference in the number of sites by 

zone is more congruent with my goal of understanding the distribution of sites throughout 

the valley. The structure of the Chi-square table that I used to make my calculations is 

demonstrated in Table 3.11 using the data for the KAYl agent at 1200. In all 

calculations, the historical nimiber of sites in each zone was used as the "expected" value 
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Table 3.12 Table 3.13 

Chi-Sqoare Results for KAYl Agent Chi-Square Results for KAY2 Agent 

Date Chi-Sq Value Probabilitv Date Chi-Sa Value Probabilitv 
800 12.668 0.01 >p> 0.001 800 3.85 p>0.5 
900 145.707 p <0.001 900 23.403 p< 0.001 
1000 39.598 p< 0.001 1000 34.125 p< 0.001 
1100 75.195 p< 0.001 1100 73.093 p< 0.001 
1200 30.166 p< 0.001 1200 23.904 p< 0.001 
1299 252.689 p< 0.001 1299 72.319 p < 0.001 

Table 3.14 

Chi-Square Results for RAN Agent 
Date Chi-Sq Value Probabilitv 
800 6.800 0.5 >p >0.2 
900 23.684 p< 0.001 
1000 28.978 p< 0.001 
1100 69.936 p< 0.001 
1200 28.785 p< 0.001 
1299 121.381 p< 0.001 

and the average number of sites produced by the simulation in the same zone served as 

the "observed." In cases where the historical number of sites for a particular zone (the 

"expected") was 0, that zone was dropped from the calculations. When the value for the 

"observed" was 0, but the "expected" did have a value, that zone was not dropped from 

the calculations. The results of the Chi-square analysis for the KAYl, KAY2, and RAN 

agents are listed in Tables 3.12, 3.13, and 3.14, respectively. 

As the tables indicate, the null hypothesis of no difference in the number of sites 
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in the seven zones between the historical and the simulated was not rejected in only two 

cases: for BCAY2 at 800, and for RAN, also at 800. The null hypothesis may not have 

been rejected in these two instances because of the very small number of sites present at 

all in either the historical or the simulated valleys at this time. In all the other cases, the 

probabiUties are well below the 0.05 significance level. This indicated that all of the 

different agents were performing poorly in replicating the settlement patterns of the real 

Long House Valley, but the question regarding whether or not any of them were 

relatively "better" than the others still remained unanswered. 

Once it was established when the settlement patterns produced by the different 

agents were significantly different from one another, and when they differed from the 

historical, it was finally possible to address the relative performance issue. In order to 

measure the "accuracy" of each agent, I added together the proportions that each agent 

deviated from the historical distribution for each zone and date when the two agents were 

found to be significantly different in the KW test. The proportions for the KAY2 and 

randomly started agents at 800 were not included since the Chi-square test revealed that 

there was no significant difference between these agents and the historical distribution at 

that date. 

The manner in which the summed deviations were calculated can best be 

described by way of example. First, I looked at Table 3.8 to determine when there were 

significant differences in the number of sites by zone between the two agents to be 
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compared. For the comparison of agents KAYl and 2, only the UL and MV zones were 

foimd to have significantly different numbers of sites at A.D. 800 (see Table 3.8). The 

proportion of sites in the entire valley in those zones was then calculated. At A.D. 800, 

there was a total of 7 sites in the real valley, 2 of which were in the UL zone, so the 

proportion in that zone was 2-^7 = 0.286. In the simulation, the average number of sites 

in the UL zone was 0.4 out of a total of 11.2 for the valley, so the proportion in that zone 

was 0.4 11.2 = 0.036. The proportion in the simulated valley for that zone (UL) and 

time period (A.D. 800) was then subtracted from the proportion in the real valley for that 

same zone and time period to give a deviation score (0.286 - 0.036 = 0.25). All negative 

proportional differences were treated as positive values for the purposes of this analysis. 

The same procedure was repeated for the other significantly different zone (MV) at that 

time period (A.D. 800), giving a deviation score of 0.518. These two deviation scores 

were then added together to produce a total measure of deviance of the KAYl agent from 

the real number of sites at A.D. 800 (0.25 + 0.518 = 0.768). It is this total amount of 

deviance (0.768) at A.D. 800 that is listed in second column of Table 3.15. The 

deviations for all time periods for agent BCAYl are then summed for comparison with the 

summed deviations for the KAY2 agent (Table 3.15). The summed deviations for the 

comparison of the KAYl and RAN agent pair (Table 3.16) and KAY2 and RAN agent 

pair (Table 3.17) were calculated using the same procedure. 

Based on the previous tests, I hypothesized that the KAY2 agent would perform 
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Table 3.15 

Summed Deviations for Agents 
KAYl and KAY2 

Date KAYl KAY2 
800 0.768 N/A 
900 0.684 0.410 
1000 0.433 0.146 
1100 0.638 0.441 
1200 0.339 0.269 
1299 0.215 0.118 
Total: 3.077 1J84 

Table 3.16 

Summed Deviations for Agents 
KAYl and RAN 

Date KAYl RAN 
800 0.250 N/A 
900 0.806 0.564 
1000 0.433 0.132 
1100 0.586 0.162 
1200 0.438 0.169 
1299 0.329 0.257 
Total: 2.842 1.284 

Table 3.17 

Summed Deviations for Agents 
KAY2 and RAN 

Date KAY2 RAN 
800 N/A N/A 
900 0.000 0.000 
1000 0.000 0.000 
1100 0.093 0.020 
1200 0.169 0.165 
1299 0.194 0.226 
Total: 0.456 0.411 

better than the KAYl agent, and that the randomly started agents would probably perform 

better than either of them. Tables 3.15, 3.16, and 3.17 list the proportional deviations for 

each agent pair for all the zones at each date, and their totals. The total deviation for the 

KAYl agent (3.077) is much greater than the deviation for the KAY2 agent (1.384), 

indicating that in this case the KAY2 agent did a better job of replicating the distribution 
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of sites in the real valley. In the comparison of the BCAYl agent and the RAN agent, the 

RAN agent (1.284) performed better than the KAYl agent (2.842). The results for the 

BCA.Y2 (0.456) and RAN agents (0.411) were much closer, making it unlikely that the 

apparent difference was significant. My assertion that the KAY2 agent would perform 

better than the KAYl agent, and that the RAN agent would perform better than both of -

them, seems to be supported by this rough calculation. 

3.3 Discussion 

The statistical techniques employed in this chapter have confirmed a number of 

the conclusions that were reached in the quaUtative phase of the study. The distributions 

of settlements on the simulated landscape were found to be significantly different than the 

distributions in the real Long House Valley for all agent types, and agents started from 

random locations. My earlier assertion that the Artificial Anasazi simulation was not 

accurately recreating the historical settlement patterns was therefore corroborated. 

Statistical testing also showed that the addition of clan rules to the BCAYl C and KAY2C 

agents was having no significant impact on settlement location. If clans are to play a role 

in future versions of the simulation this problem must be corrected. The different 

distributions produced by the KAYl and KAY2 agents was confirmed, however, and 

found to be consistent with the rules governing their behavior. By looking at the simuned 



deviations for the two agent types and those started from random locations, I was also 

able to determine which agent was coming the closest to replicating the historical 

distribution of sites in the valley: the agents started at random did slightly better than the 

KAY2 agents, which did significantly better than the BCAYl agents. In the following 

chapter I delve into the ethnographic literature in search of reasons why the simulation 

may not be performing satisfactorily. 
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CHAPTER FOUR 

ETHNOGRAPHIC ANALYSIS 

4.1 Introduction 

The technological context of the Anasazi and the modem inhabitants of the 

Southwest is radically different; the simple, yet efficient, lifestyle of the Anasazi has 

given way before the Information Age of cell phones and computers. The Artificial 

Anasazi simulation seeks to use our current technology to bridge this gap between the 

worlds of the past and the present. As discussed in the previous two chapters, however, 

testing has revealed that there are a number of problems with the Artificial Anasazi 

simulation. The two main problems are an explosive growth of population in the 

simulation, as well as a striking lack of congruence between the settlement patterns 

created by the simulation and those found in the real Long House Valley. The purpose of 

this chapter is to search the ethnographic record for clues about which assumptions made 

by the simulation might be causing the problems. 

4.2 Ethnography and Long House Valley 

As a result of the experiments presented in the previous chapters, I decided that it 



might be helpful to examine the ethnographic record for information relevant to the 

adjustment of the simulation's parameters. I also wanted to assess the validity of a 

number of the assumptions built into the simulation (such as the consumption 

requirements of the household). There are problems, of course, with attempting to use 

historical Native American groups as models for prehistoric peoples such as the Kayenta 

Anasazi. However, the rules for the behavior of the agents in a simulation such as 

Artificial Anasazi must come from somewhere, and in fact a simulation is an excellent 

way to test if the inforaiation obtained from historically known groups is applicable to 

past populations. The unrealistic population growth produced by runs of the simulation 

with the adjustable parameters on their default settings seentis to indicate that the 

household information provided by Alan Swedlund may be inappropriate for the Kayenta 

Anasazi. Native American groups still present in the Southwest such as the Hopi and 

Navajo may provide more accurate models than a more general worldwide survey. 

However, the impact of Spanish and American colonization on the Native 

Americans inhabiting the Southwest must not be underestimated. The changes ushered in 

by contact and the general validity of using the historic Pueblos as models for the ancient 

Anasazi have been a topic of major controversy in archaeology, especially in the debate 

over complexity. Those who support less complex reconstructions of Anasazi social 

organization tend to emphasize the continuity between the modem pueblos and the 

prehistoric Anasazi (Reid and Whittlesey 1990), while those who argue for more complex 
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social systems tend to deny such links (Lightfoot and Upham 1989). The devastating 

effects of the diseases introduced into the New World by the Spanish must be regarded as 

a significant filter obscuring our window into prehistory, no matter which side of the 

complexity issue one chooses to favor (Ramenofsky 1987). By the time that most formal 

ethnographic investigations of Southwestern Native American groups were conducted, 

Spanish and American policies had undoubtedly caused major changes in settlement 

patterns, diet, and a whole host of other variables critical to the Artificial Anasazi 

simulation. 

With these cautions in mind, two Southwestern groups were chosen for 

investigation, but for slightly different reasons. The Hopi are the most likely cultural 

descendants of the Kayenta Anasazi and therefore may possess related social 

characteristics. In fact, some of the assumptions built into the simulation are directly 
* 

derived firom Hopi ethnography, such as matrilineal descent. The farming practices of the 

Hopi are also informative, although the environment exploited by the modem Hopi may 

not be comparable to the prehistoric Long House Valley. The second group explored in 

this analysis is the Navajo, who were late arrivals into the Southwest and are not direct 

descendants of the Kayenta Anasazi. However, the Navajo did adopt many Anasazi traits 

from Pueblo groups like the Hopi that may translate into some commonalities with the 

Anasazi that the simulation is attempting to model. Even more important are the possible 

similarities between the farming practices of the Navajo and the Anasazi; the Navajo are 
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the historic and current occupants of Long House Valley and similar areas such as the 

Shonto Plateau. 

4.3 Adjustable Parameters 

The ethnographic literature was first searched for data relating to the five 

adjustable variables: Land Quality, Harvest Stochasticity, Fission Rate, Fission Age, 

Death Age (Table 2.3). These are the most easily adjusted variables in the simulation and 

therefore provide the simplest way of improving the performance of the simulation. 

Locating reliable data on these variables proved to be a problem, and probably explains 

why a worldwide survey of demographic data was used instead. Complex demographic 

characteristics such as fission age, fertility rate, and death age are fairly plastic and are the 

product of unique culture histories that call into question the use of cross-cultural data or 

even ethnographic information firom closely related groups such as the Hopi. However, 

given that the archaeologist cannot directly observe past human behavior, the careful use 

of ethnographic information provides an invaluable tool for understanding the complex 

social processes that the Artificial Anasazi simulation is attempting to model. 

The first parameter of the simulation that can be modified is Land QuaUty, which 

is strictly an envirorunental variable that defines the agricultural potential for each field in 

the simulation. The environment has already been carefiilly reconstructed in as much 
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detail as possible by Jeff Dean using the best paleoenvironmental information available. 

One of the most useful aspects of the Land Quality variable is that the default setting is 1, 

so that decreasing the value to 0.9 essentially translates into a decrease of 10 percent in 

the land quality of the entire valley. Unfortunately, in reality not all types of land 

decrease in quality at the same rate as a result of climatic or hydrologic conditions. For 

example, the North Valley Floor in Long House Valley is not nearly as affected by 

decreasing rainfall and arroyo cutting as other zones due to its unique geologic 

characteristics. For this reason, one way to improve the simulation may be to allow the 

simulator to vary the land quality of each of the unique environmental zones of the valley 

independently. 

Harvest stochasticity has without a doubt been a major determinant of 

agricultural success on the Colorado Plateau since the introduction of domesticated plants 

in the Archaic Period. Both the Navajo and the Hopi ethnographic data indicate that 

yields can vary dramatically both temporally and spatially. Hopi informants told Emest 

Beaglehole (1937:33) that a field may fail to produce com as often as every third or 

fourth year. Russell (1983) demonstrated that among the Navajo of the Shonto Plateau, 

precipitation is the main determinant of crop yields, and this has probably been true 

throughout the history of the northem Southwest for those fields not irrigated by rivers or 

permanent springs. The paleoenvironmental record indicates that the Colorado Plateau 

has been repeatedly subject to drought and both high spatial and temporal variability in 



rainfall (Dean et al. 1985). The fact that both the Navajo and the Hopi have found ways 

to spread the risk of crop failure indicates how important this issue is to any agricultural 

group farming the relatively arid regions of the northern Southwest. Hopi households 

purposely plant different types of fields in different locations in case any one of them 

fails to produce due to inadequate precipitation; gifts of food are also regularly made 

between households on ceremonial occasions in order to promote the sharing of food 

(Beaglehole 1937; Hack 1942). As the land holding groups in Hopi society, clans also 

usually control land of many different types in order to spread risk in the sharing group. 

Among the Navajo, Russell (1983) found that the exchange of surplus was even more 

important than among the Hopi because Navajo households were not able to cultivate 

fields in a number of different locations and were therefore more susceptible to spatial 

variability in rainfall. However, the fact that the Navajo are primarily sheep herders may 

greatly influence field location and other subsistence variables. By all indications, the 

variable for Harvest Stochasticity should be at least as high or perhaps even higher than 

the default value in Long House Valley simulation. 

Fission Rate is a much more difficult variable to deal with. Basically, Fission 

Rate is meant to be a measure of the fertility of women — how frequently they have 

children who then leave and estabhsh a new household. I am not sure how this value was 

calculated for the simulation, and information on fertility is very difficult to find in the 

literature on the Hopi and the Navajo. The information that is available may be grossly 
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inaccurate reflections of the fertility of the Kayenta Anasazi due to numerous dietary and 

other changes brought about by contact. Mortality data sets have been compiled from the 

skeletal evidence recovered at several prehistoric sites in the Southwest, however. Infant 

mortality is generally agreed to have been very high, ranging from 20 to 50 percent 

(Gaines and Gaines 1997:688). The most reliable ethnographic information comes from 

Oraibi from around the turn of the century, just before the famous split of this village. 

The most recent account of the split at Oraibi by Levy (1992) includes information on the 

average number of children bom to women of different clan rank and lineage groups in 

the village. Totaling these averages for all women over 33 years of age gives an average 

of 8.13 births per woman with only 3.74 children surviving, for a 46 percent total survival 

rate for the entire village sample (Levy 1992:Table 3.3). In addition. Levy (1992;Table 

6.11) also gives the fertility rates for all women over 33 years of age on all three mesas, 

plus a group of Navajo gleaned from other sources. The fertility rate for women on first 

Mesa was 6.51, second Mesa 7.34, and third Mesa 8.09, for an average of 7.31, and a 

fertility rate of 5.3 was given for the Navajo. The survival rates for children bom to 

Kayenta women in Long House Valley were probably much worse than those among the 

Hopi or Navajo due to the effects of the introduction of Westem medical practices into 

the Southwest. 

It is also very likely that the Kayenta took steps to limit the number of children a 

woman produced, although the simulation assumes constant and unregulated population 
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growth. The Navajo, for instance, traditionally practiced a number of methods designed 

to limit the number of pregnancies, such as ceremonial and post partum sexual taboos, 

plant medicines, abortion, and infanticide (Bailey 1950). In their simulation of small-

population dynamics, Gaines and Gaines (1997) used values from 12 to 30 months 

depending upon how long the previous child survived. If anything, the ethnographic data 

indicate that the default fission rate of the simulation may be much too high. This might 

partially account for the unrealistic population growth generated by the simulated agents. 

The age at which the Fission Rate comes into effect, or the Fission Age, also 

seems to be problematical. The simulation assumes that the Kayenta Anasazi of Long 

House Valley were matrilineal, so the Fission Age of 17 years is essentially assiuned to 

be the time at which the first daughter marries and establishes a new household. 

However, if the first child is male rather than female, a new household may not be 

estabUshed by the mother household for several more years; gender and birth order are 

randomly generated by the simulation. Once again, this is merely speculation since we 

have no way of knowing exactly what the nature of Kayenta kinship organization may 

have been. The ages at which males and females are expected to marry varies in the 

ethnographic literature depending on which source is consulted. According to Bailey 

(1950:7), Navajo boys reach puberty at about the age of 12 or 13, and girls reach puberty 

at about the same time; marriage can occur as soon after puberty is reached as desired. 

Adams (1963:88) gives slightly more precise estimates of the age at marriage, with 



Navajo boys usually marrying by age 17 and girls by age 14. The information we have 

on the Hopi is roughly comparable. Titiev (1944) reports that by ages 12 or 13 both Hopi 

boys and girls become sexually active and can marry at any time following this period. 

At Old Oraibi, there were only three women who were not married, all in their 20s, while 

late marriage or even bachelorhood was not uncommon among males (Titiev 1944). 

Therefore, the Kayenta of Long House Valley may theoretically have been getting 

married by as early as age 13, making the default Fission Age of 17 seem a rather 

conservative estimate. 

The simulation assumes that when a girl marries she leaves the household and 

founds a household of her own, but this is not the way that the matrilineal/matrilocal 

organization of Hopi or Navajo society works. Among the Hopi, a woman, her 

daughters, and even her granddaughters may live in the same residence (Titiev 1944:7), 

or at least in the same house block or another matemal house within the same village 

(Beaglehole 1937:5). The Navajo have been observed to be both matriUneal and 

patrilineal, although it is possible that patrilineal social organization may be the result of 

contact with Spanish or American culture (Adams 1963). In those communities that are 

matrilineal a married daughter may build a new hogan, but she will usually stay in the 

same residence group or camp, which basically consists of an extended family living 

within the same area (Adams 1963:57; Levy 1962). The tendency for both Hopi and 

Navajo women to remain with the matrilineal household poses a problem in terms of the 
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simulation's default value for Fission Age, because if indeed Kayenta social organization 

was based upon matrilineal principles (which has not been proved), then girls would not 

be establishing an independent household on the other side of Long House Valley at age 

17 or even age 30. As long as the simulation continues to use a matrilineal model of 

social organization this variable will remain problematical. Perhaps some kind of 

colonization model of new areas might be more appropriate to explain the population 

distribution in the prehistoric Long House Valley. 

Death Age, like Fission Rate, is another variable that is difBcult to investigate in 

the ethnographic literature because of the probable effects that contact with Western 

medicine and diet may have had on the life span of the historically known Hopi and 

Navajo. Technically, Death Age does not refer to the life span of an individual, but 

instead is meant to represent the life span of a household that is assumed to break apart 

with the death of one of the spouses. As already discussed, if the Kayenta Anasazi were 

living in matrilineal extended families like the Hopi or Navajo, the household would not 

really die with the death of one of the spouses, but would still contain all the remaining 

members of the household who would probably continue on much as before. Among the 

Navajo, a dwelling may be abandoned if a person dies in it, but the extended family camp 

or residential group would simply move into a nearby area (Adams 1963). Perhaps it 

might be more appropriate to attempt to estimate the use Ufe of a structure instead or to 

track individuals rather than households in the simulation, since it is very hard to estimate 
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when a household actually "dies." Of course, shifting the level of observation to the 

individual rather than the household would require a major increase in the complexity of 

the program and the time that the computer would need in order to complete each 

iteration. 

Even if we assume that the Death Age variable is fimctioning correctly as a 

measure of the life span of household, the default value of 30 years seems a little harsh 

even for prehistoric populations. For example, if we assimie that girls are marrying by 

age 17 and establishing a new household at that time, then the simulation is assuming that 

the average life span of the individual is around 47 years of age. If the figures given by 

Levy (1992:Figure 11) for the total population of all three mesas at A.D. 1900 are added 

together, a total of 14.44 percent of the population was over age 50, although the impact 

of more modem medical treatment may be a factor in this longevity. Given the explosive 

population growth in the simulation it is clear that there must be some mechanism for 

removing individuals from the population, but exactly what form it should take is unclear. 

The entire parameter of Death Age and its coimection to the nature of the household 

needs to be reconsidered. 

4.4 Subsistence 

In addition to the adjustable parameters, there are also a number of other 
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important assumptions built into the simulation that determine how the Kayenta agents 

behave. One of the most important is the way that agents choose a farmland site, which 

really drives most of the movement around the valley. The household must be able to 

meet the requirements of 800 kg of com per household, or 160 kg of com per person, per 

year or the household will move to find new farmland. How do these com consumption 

figures compare with those foimd in the ethnographic record? Fortunately, there is a 

great deal of information about Hopi and Navajo production and consumption. Again, 

there are problems with this data due to the impact of the Spanish and American 

economies on the subsistence practices of the Native Americans of the Southwest, and 

they must be used with caution. 

The Hopi are pushing the limits of rainfall agriculture on the Colorado Plateau 

since the area around the three Hopi mesas receives only between 10 and 13 inches of 

rainfall per year and has a growing season of only about 130 days (Hack 1942:19). The 

effects of the modem economy upon traditional Hopi subsistence practices are clear: by 

1942 only 54 percent of Hopi income was fi-om agriculture (Hack 1942). According to 

Beagelhole (1937:37) a family of seven to eight Hopi cultivated approximately seven 

acres of land. Working with more detailed information, Bradfield (1971:21) was able to 

estimate that one fully planted acre yielded firom 10 to 15 bushels of com and each person 

needed approximately 692 pounds or 12 bushels of com per year for consmnption, along 

with 12 more bushels for storage and exchange purposes; a total of two acres of land and 
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24 bushels of com were therefore necessary to support each individual person. How do 

these figures compare with those programmed into the simulation? The simulation 

assumes that 160 kg of com were required per person for consumption but does not 

include any more than that for storage or exchange. Bradfield's (1971:21) figure of 692 

pounds per person translates into 311.4 kg per person, much more than that required by 

the simulation for the survival of an individual agent. With Beaglehole's (1937:37) 

estimate of 7 acres for a family of 7 to 8, the requirement would be 10.5 bushels or 

307.13 kg per person, still much more than the 160 kg required by the simulation. 

According to the Human Dependency Survey (1940), for the Hopi and the Navajo 

only 0.8 acres of land were planted per capita of all food types, although 1.2 acres per 

capita were available. The same source lists the per capita amount of com for the Hopi 

and the Navajo in 1940 as 268 pounds or 120.6 kg, which is about 30 kg lower than the 

160 kg in the simulation, but only because the majority of the income for both groups was 
% 

coming firom outside sources. In general, the Navajo are not a very good source for 

determining consimiption requirements for com because the majority of Navajo income 

comes fi-om livestock, although the Navajo still consider themselves to be primarily 

farmers (Adams 1963:123). The disturbing fact is that the simulation does not include 

any food the Kayenta may have obtained through hunting and gathering or other food 

crops, meaning that the simulated agents should require much more com per capita than 

either Beaglehole (1937) or Bradfield's (1971) Hopi populations. Either the ethnographic 
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sources are much too high or the simulation requirements are set too low. 

The simulation does allow for the storage of any surplus that is generated and the 

agents can store up to two years, or 1600 kg worth of com per household. The 

importance of storage is quite clear from the ethnographic sources. Among the Hopi, 

Bradfield (1971:21) calculated that approximately 30 percent of the 24 bushels required 

per person for consumption, storage, and exchange were used for storage, which would 

equal approximately 7.2 bushels of com or 210.6 kg per year; his informants tried to keep 

at least one year's worth in storage at any one time, which would be approximately 1557 

kg (311.4 kg X 5 people) for the entire household. This figure is quite close to the 

maximum storage allowed in the simulation (1600 kg) albeit the 1557 kg only represents 

a total of one year's worth of consumption, while the 1600 kg in the simulation represents 

two year's worth of consumption. Precise figures for the amount of com stored by the 

Navajo are more difficult to find. Hill (1938:42) mentions that each household 

traditionally had between one and four storage pits located in the fields, but gives no 

volumes for these pits. According to Russell (1983:322), the Navajo of the Shonto 

Plateau could only store a maximum of two years worth of com before it would spoil, 

although at the time of his interview each household only stored around 78 pounds or 

35.1 kg due to com's limited role in the modem economy. The storage limit of two years 

worth of consiraiption therefore seems to be reasonable for the Artificial Anasazi 

simulation, although this amount depends upon the consimiption requirements that are 



95 

being used. 

The way in which a simulation household chooses a farmland site is rather simple 

compared with the complex factors that seem to influence field location in reality. 

Simplicity is of course one of the explicit goals of a computer simulation created within 

the Complex Adaptive System framework. If the results presented in the last two 

chapters are any indication, however, the rules in Artificial Anasazi may be a little too 

simple, or at least inaccurate. The simulated BCayenta simply choose the closest farmland 

site on the artificial Long House Valley landscape that is not currently being farmed or 

occupied by a residence and meets the consumption requirements of the five members of 

the household, unless the KAY2 or 2C Agents are being used. The KAY 2 and 2C 

Agents first search the most productive zone of the valley, then the second most 

productive zone, and so on until a field is found that meets the household's requirements. 

For both the Hopi and the Navajo, the sources consistently indicate that two main factors 

are considered when choosing where to locate fields: soil quality (usually its abihty to 

hold moisture) and the water source for the plants, the most favorable being areas that 

collect runoff and therefore do not just rely on direct precipitation (Hack 1942; 

Beaglehole 1937; Hill 1938; Russell 1983; Bradfield 1971). The ecological knowledge 

possessed by the KAY2 agents in the simulation necessary to rank all of the field 

locations in Long House Valley borders on omnipotence, but is in fact supported by the 

ethnographic data. Russell (1983) has demonstrated that the Navajo farming in the 
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Shonto area planned the percentage of com planted on 13 different field types in two 

distinct zones (upland and lowland) based on their observations of winter and late spring 

precipitation patterns. Some Navajo have also been seen scattering seeds in different 

areas and observing the results in order to test which areas are best for agriculture and 

will produce the highest yields (Hill 1938). 

One problem with using modem Navajo land-use practices as a model for the 

Kayenta Anasazi is that fields are usually limited to the grazing areas owned by the group 

since livestock take priority in the economy (Russell 1983:80), although Adams 

(1963:123) insists that the location of farmland takes precedence. Nonetheless, it is clear 

that one of the major problems with the simulation is the lack of field diversity, since 

households can only have one field in one location on which their entire subsistence for 

the year depends. It is well known that the Hopi have fields in several different areas in 

case some do not produce due to spatial climatic variability, and the Hopi also use a 

complex combination of field types planted with different types of crops (Hack 1942). 

The Navajo of the Shonto area have at least 13 distinct types of field, and although each 

household does not have several fields in different areas like the Hopi, they still prefer to 

have at least one runoff and one dry field (Russell 1983:162). If in fact the Kayenta 

Anasazi of Long House Valley were using a number of different field types in different 

locations at once it is likely that the location of their settlements would be considerably 

different than if they had been using only a single field as the Artificial Anasazi 
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simulation assumes. 

4.5 Settlement Location 

Although we have no way of locating where the Anasazi of Long House Valley 

actually located their fields, we do know where most of their settlements were located. 

This provided the basis for my settlement pattern experiment, which demonstrated that 

the simulated households were much too clustered in only a few parts of the valley. In 

the simulation, house location is chosen after farmland based on three criteria: the site 

must currently be unfarmed, it must be within 1.5 km of the field, and it must be in a less 

productive zone then the field; once these criteria are met then the site closest to a source 

of domestic water is then chosen (see Figure 2.4). The fact that the site of the house must 

be currently unfarmed is simple logic, but what about the requirement that the house must 

be within 1.5 km of the farmland site? As mentioned above, if the Kayenta Anasazi in 

the real Long House Valley had fields in several locations then they might locate their 

house so as to minimize the distance between these different fields. Among the Hopi, 

fields may be quite far apart and a household may have a temporary seasonal residence 

next to a field that is over eight miles or 12.8 km away fi-om the main village (Hack 

1942:28). Bradfield (1971:22) has calculated that the maximum distance between the 

residence and the fields is around four miles or 6.4 km if the crop is to be harvested 
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before it spoils and the household does not make use of field houses. I was unable to find 

any data on the Navajo regarding the distance between fields and settlements, but it is 

probably comparable. 

The requirement that the house location must be in a less productive zone than 

the location of the farmland is also logical given that people would want to maximize the 

amount of the most productive land under cultivation, and close proximity to water 

sources is also attested as an important factor in site location among the Hopi and the 

Navajo. There are a number of other factors that also help to determine the location of 

sites that are not considered by the simulation. The most important of these is the 

proximity of the site to the wild resources that the real Kayenta of Long House Valley 

must have been using, and that play such a big part in the subsistence of the Navajo (Hill 

1938; Russell 1983). Dean et al. (1978) did locate a large number of special use sites in 

Long House Valley that were probably used in the collection of wild resources, but there 

are also a number of large permanent sites in upland regions of the valley that are not 

arable and they may have been located so as to minimize the distance between both 

agricultural land and wild resources. Visibility and defense are also important 

considerations in the choice of settlement location, as Kemrer (1974) found for the 

Navajo during the periods when they were under pressure from the United States 

government or other Native American groups. Overall, the requirement that fields and 

settlements must not be further apart than 1.5 km needs to be reevaluated, and the impact 
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of hunting and gathering on site location must be included if the simulated settlement 

patterns are ever to approach the dispersed settlement partem foimd in the actual Long 

House Valley before the Tsegi Phase. 

4.6 Social Organization 

In its current incarnation. Artificial Anasazi is still largely economically, 

demographically, and enviromnentally driven, the only social factors really included 

being matrilineal descent and clan ownership of land. Many of the problems with using a 

matrilineal model for the Kayenta of Long House Valley have already been discussed. At 

the most basic level, each household in the simulation consists of five individuals 

occupying five masomy rooms or one pithouse and this serves as the basic unit of 

production and consumption. For the Navajo, Adams (1963) gives a figure of 5.68 

persons per nuclear family, but it is really the residence group or the camp that is the unit 

of production and consumption and this is an extended family made up of several nuclear 

famiUes. Among the Hopi, the household is the basic unit of production and 

consumption, but it is also part of an extended family consisting of matrilineal kin who 

number more than just five people (Beaglehole 1937:5). Limiting the households in the 

simulation to only five individuals may be unrealistic. 

Clan rules are only active in the simulation when Agents IC and 2C are being 



100 

used and are limited to land owning units, such that once a clan farms or lives in an area 

no other clan can use that land. This basically corresponds to Hopi clans which do 

control land through time. However, households from different clans can live next one 

another in the same village, and I found no reference to certain clans owning residential 

sites. Among the Navajo, it is not the clan but the resident lineage which is the land 

holding unit in society, although the system worics in essentially the same way (Hill 

1938). Although in theory the clans of the Hopi and the resident lineages of the Navajo 

own a piece of claimed land forever, there are exceptions. For example, Hopi clans may 

give others permission to farm their land, and if the clan leaves or dies out its land may 

go to a related clan (Beaglehole 1937). For the Navajo, others can use the land claimed 

by a specific individual or lineage with permission, or if the owners leave the area (Hill 

1938). Given these general patterns, the addition of clan rules in the simulation seems 

like a good idea, although we have no evidence that the Kayenta Anasazi were organized 

along clan lines, and clan ownership is not strictly "forever." Interestingly, there was no 

noticeable difference in the settlement patterns produced by the simulated agents that 

included clan rules in any of my previous experiments. 

Despite the inclusion of a larger corporate social structure in the form of the clan, 

the simulation does not allow for any of the households to share surplus com with one 

another. If a household cannot grow enough food on its current land it must move to 

another location in the valley or leave the valley completely if no acceptable land is 
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available. However, we know that among the Hopi the ceremonial exchange of food is an 

incredibly important means of spreading risk (Hack 1942), and the sharing of food is 

even more important among the Navajo because of their lack of field diversity (Russell 

1983). Using a simulation of her own, Michelle Hegmon (1991) has demonstrated that 

limited sharing between Anasazi households would have improved the survival of all 

households substantially. Artificial Anasazi would definitely benefit firom the addition of 

some type of exchange of surplus between households, although this would probably 

substantially increase the complexity of the simulation. 

The tendency for the simulated households to create a few huge sites rather than a 

more even distribution throughout the valley is probably related to a lack of attention to 

the stresses involved in social integration. The enormous sites that develop early in the 

simulation are simply not possible because there was no way to integrate the inhabitants 

at that time. Kivas did not appear in Long House Valley until the Pueblo II Period (A.D. 

1000-1150) (Dean et al. 1978), but I was getting sites with 20 to 39 households (100-195 

people) apiece by A.D. 800. Pueblo I sites of this size are known in areas around Long 

House Valley, but there were none in the valley itself. I can think of two possible 

solutions to this problem: (1) to simply limit the size that settlements in the simulation 

can achieve before households must find another location in which to settle, and (2) to 

incorporate the limitations described in Johnson's (1982) scalar stress model into the 

program by requiring the simulated households to construct integrative architecture of a 
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certain scale proportional to the number of households living in the village. Great care 

must be taken not to violate the bottom-up approach of agent-based modeling, however, 

making the task considerably more difficult. 

4.7 Discussion 

This brief study of the ethnographic literature indicates that there is a lot of 

information that was not incorporated into the original Artificial Anasazi simulation that 

may assist in improving its accuracy in the future. Like all simulations it must be 

regarded as a work in progress. I have made a nimiber of suggestions that I feel would 

help to curb the overwhelming growth of the simulated population and improve the 

accuracy of the settlement patterns produced by the Kayenta agents, but there are at least 

two main pitfalls that must be avoided. 

More information is not always better ~ if too many variables are added to the 

simulation it may no longer be possible to understand the processes that the simulation is 

attempting to model, which defeats the purpose of modeling something in the first place. 

The second major pitfall is that of determinism. It would be possible to add a number of 

new rules to the simulation to make the agents behave just like the Hopi or Navajo, but 

then nothing would be learned because we would already know the outcome. It is exactly 

this type of top-down, deterministic modeling that agent-based simulations were created 
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to avoid (Gumerman and Kohler 1995). Despite the simplicity of the rales that are 

abready present in the simulation, it still seems too deterministic to achieve the real goal 

of an agent-based model, the so-called "emergence" of complex patterns from a set of 

very simple initial principles (Doran and Gilbert 1994; Gumerman and Kohler 1995). 

The agents within each run of the simulation are homogeneous, since they all have the 

same basic characteristics in terms of nutritional requirements, household size, and so on. 

In addition, all of the agents in the simulation must follow the same set of rules, that 

cannot be changed by the agents themselves, and are not modified by the program either. 

It seems unreasonable to expect that the BCayenta Anasazi would have followed the same 

rules for choosing farmland and site locations for the enormous span of time from 

Basketmaker HI times until the Tsegi Phase. How to make agents problem solving 

individuals that actually leam through time and modify their behavior accordingly is the 

next major hurdle that agent-based simulation will face in the ftiture. 

My suggestions for improving the next version of Artificial Anasazi are aimed at 

curbing the wild population growth and promoting the wider distribution of settlements 

across the valley. The food requirements for each individual and each household should 

probably be increased considerably, and wild resources should be included in the 

subsistence system. I would also like to see the need for agents to build integrative 

architecture such as kivas and plazas added to the simulation. In the end it is important to 

remember that the failure of a simiilation to reproduce reality is not bad. Artificial 
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Anasazi has allowed the testing of a number of important assumptions about why the 

Anasazi located their sites where they did on the landscape, and has also provided support 

for Dean's long-standing hypothesis (Dean et al. 1998) that the entire population of Long 

House Valley need not have left at A.D. 1300, but rather chose to do so based on social 

rather than environmental factors. 
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CHAPTERS 

ARTIFICIAL ANASAZI AND AGENT-BASED MODELING 

5.1 Verification and Validity 

In this study I have attempted to objectively test the Artificial Anasazi simulation 

using data from the archaeological record of the real Long House Valley. The validation 

process consisted of two phases, one quahtative (Chapter 2) and the other quantitative 

(Chapter 3). These tests "verified" that the simulation is internally consistent and 

behaves in a logical fashion given the rules that determine the behavior of the agents. For 

example, the BCAY2 Agents colonized the more fertile northem parts of the valley before 

the KAYl Agents, which is exactly what should happen given the differences in the way 

that the two agents choose farmland. 

However, the simulation did not perform well in replicating the archaeological 

record of Long House Valley; it was not found to be "valid," to use the computer 

simulation terminology. Note that the definition of "valid" used here only refers to the 

lack of fit between the simulation's output and the real world. It does not imply that the 

creation of the simulation was not worthwhile, or that it has no practical value. As 

already mentioned, obtaining unexpected results when working with a simulation is 

usually more informative than simply replicating real-world patterns. In fact, serious 
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doubts have been raised about whether or not it is actually possible, or even desirable, to 

validate an archaeological simulation (Aldenderfer 1981; Dove 1984; Zimmerman 1978). 

The key problem is the nature of the archaeological record itself: It is only a partial, 

twisted record of past human behavior. Using this uncertain record to test the validity of 

a simulation is therefore problematical. What if some of the sites in the real Long House 

Valley were damaged or destroyed before the archaeological survey was conducted? Or 

even worse. What if some of the processes that the simulation is attempting to model 

require information that is just not present in the record at all? 

In order to answer the first question, one must consider the literature on the 

formation processes of the archaeological record. Two sources of distortion have been 

identified: (1) natural formation processes, and (2) cultural formation processes (Schiffer 

1983, 1987). A detailed discussion of formation processes is not appropriate here, but I 

would like to emphasize the point that these sources of bias in the archaeological record 

have been identified and procedures have been developed to deal with them effectively. 

It is certainly dangerous in any archaeological endeavor not to take formation processes 

into account, but we should not let the nature of our data relegate all archaeological 

simulations to the status of untestable models. The carefiil use of well-sampled 

archaeological data to statistically test simulations is the only way to assess the validity of 

the hypotheses being modeled. It is possible, of course, that the data used to test 

Artificial Anasazi in this study are flawed. Not all of the sites may have been recorded 
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during the archaeological survey, especially the ephemeral sites from early time periods. 

Many Pueblo I Period (A.D. 850-1000) sites may have been buried under the floodplain 

alluvium and therefore were not visible. However, the simulated population curve 

matches the historical population curve quite closely during these early periods, and only 

after A.D. 1000 does the simulated population drastically outnumber the population 

reconstructed from the archaeological data. It is also possible that the method used to 

calculate the prehistoric population based on the architectural remains is flawed; five 

surface rooms or one pithouse is assmned to represent five people, "based on numerous 

archaeological and ethnographic analyses" that are not specified (Dean et al. 1998:11). I 

think it unlikely that the ratio of persons to architectural space remained constant for the 

entire span of Anasazi occupation in Long House Valley. This is one area where an 

increase in agent variability (in terms of household size) might be productively added to 

the existing simulation. 

The second question brings up another aspect of the archaeological record that 

archaeologists have bemoaned since the birth of the discipline: some aspects of 

prehistoric behavior are not unambiguously reflected in a society's surviving material 

culture, or if they are we do not know how to recognize them. The clan structiure set up 

in the Artificial Anasazi simulation is a good example, since there is no proven way to 

reconstruct clan systems from the archaeological record. Therefore, I cannot directly test 

the accuracy of the simulation's clan system. I can, however, test the archaeologically 
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visible consequences of the clan rules and other intangible parts of the simulation by 

examining the final settlement patterns that are produced. If the real and simulated 

patterns do not match, then that indicates that the clan rules may be incorrect; the clan 

rules can be modified, and the simulation run again until more valid results are obtained. 

This does not solve the equifinality dilemma, but it does provide a means of uncovering 

incorrect hypotheses about the behavior of prehistoric people. 

5.2 Improving the Validity of Artificial Anasazi 

Given the difficulties involved with evaluating computer simulations discussed 

above, how might the Artificial Anasazi simulation be modified to produce more valid 

results? A number of possible problems with the simulation were explored in Chapter 4 

with reference to the ethnographic literature. Here I consider more general problems with 

the simulation that may be reflected in its poor output validity. 

One of the major problems that has been briefly mentioned is the autonomy of the 

simulated agents. The idea of having only four types of different agent movement rules 

that cannot be modified or combined by the agents is completely unrealistic. Forcing all 

of the agents to use the same type of movement rules for the entire time span of a 

simulation seems to be contrary to the goals of agent-based simulation, although all of the 

agents followed the same rules in the Sugarscape model, as well (Gumerman and Kohler 
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1995; Drogoul and Ferber 1994). However, the agents in the Sugarscape simulation had 

different characteristics for things like sugar metaboHsm and vision (Epstein and Axtell 

1996), while the agents in Artificial Anasazi all share the same individual characteristics, 

such as household size, fertility rate, consumption requirements, and so on. The fact that 

agent heterogeneity is not included in Artificial Anasazi makes it questionable that it is a 

fully realized agent-based simulation. 

Although Artificial Anasazi and Sugarscape both use uniform movement rules for 

agents in a single run, the archaeological data do not support the idea that settlement sites 

were always chosen in the same way in Long House Valley. I have been able to 

demonstrate that the criteria the ancient Kayenta of Long House Valley used to select 

their site locations has changed considerably through time, by performing a few quick 

Chi-square tests on the original S ARG survey data. I divided the sites into six time 

periods based on Dean et al.'s (1978) chronology: (1) Basketmaker II (A.D. 1-550), (2) 

Basketmaker m (A.D. 550-850), (3) Pueblo I (A.D. 850-1000), (4) Pueblo H (A.D. 1000-

1150), (5) Transitional Phase (A.D. 1150-1250), and (6) Tsegi Phase (A.D. 1250-1300). 

The Chi-square tests revealed significant differences between the time periods for a 

number of locational variables, such as Degree of Natural Shelter (p = 0.008), On-Site 

Plant Community (p = 0.001), and Distance to Farming (p < 0.001), among others. The 

factors influencing the way that the simulated agents choose the locations for their 

settlements definitely needs to be reevaluated in light of this evidence. 
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In addition, the complete lack of hunting and gathering in the subsistence system 

of the agents is another major problem that needs to be corrected. It is highly likely that 

the real Kayenta of Long House Valley may have located some of their permanent 

settlements so as to minimize the distance to both valley farmland and wild upland 

resources. The results of the Kruskal-Wallace tests presented in Chapter 3 also strongly 

indicate that the use of clan rules in KAYIC and BCAY2C agents needs to be reanalyzed. 

The apparently superior performance of the agents started from random locations should 

also be seriously considered in terms of finding some way to make the simulated agents 

eschew dense aggregation until later in time. 

Forcing agents to spread out more on the landscape may be seen as a top-down 

measure that is at odds with the Complex Adaptive System (CAS) and agent-based 

modeling framework. I do not entirely agree. According to Wills et al. (1994:299), the 

goal of CAS research is to identify "universal principles" that are common to every 

unique historical sequence. In the Artificial Anasazi simulation, the "universal 

principles" being investigated are the rules that dictate how the agents choose their 

farmland and residence locations. All of these principles appear to be related to the 

interaction between the environment and the subsistence system of the Anasazi. 

However, there should also be universal social/cognitive principles that exist in every 

human society, regardless of time or space. One possible social/cognitive principle that is 

every bit as important as caloric requirements may be the information processing limits 
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discussed by Johnson (1982) with reference to his concept of "scalar stress." The limits 

of human information processing might be integrated into the present simulation by 

requiring agents who aggregate together in large numbers to develop some sort of 

integrative architecture proportional to their numbers. The addition of this rule may seem 

deterministic, but not if the agents are given a choice in the matter, they can choose to 

aggregate at the cost required to constmct the architecture (in this case Idvas), or choose a 

more distant residence site. A decision system would need to be developed that would 

allow agents to weigh the costs and benefits of aggregation, the principal cost being the 

resources needed to build the kiva. Benefits of aggregation might include access to the 

most productive farmland. This would become particularly significant when the 

environment deteriorates in the simulated Long House Valley after A.D. 1150, 

culminating in the severely restrictive agricultural productivity of the Tsegi Phase (A.D. 

1250-1300) (Dean et al. 1978). Not coincidentally, the period of environmental 

deterioration in the real Long House Valley coincides with the aggregation of people in 

large numbers in the northwest part of the valley and the construction of large-scale 

pub he architecture (Dean et al. 1978). 

Giving the simulated agents choices between strategies (with their own 

corresponding rules) as suggested above, would bring the simulation closer to achieving 

the goals of agent-based simulation. A number of strategies might be made available, 

with the only restriction being that minimum requirements and maximum potentials 
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cannot be exceeded. For example, agents could choose to concentrate more on hunting 

and gathering than agriculture or vice versa, the only requirement being that their 

minimum caloric needs are being filled. Of course, implementing these changes would 

probably mean an exponential increase in the complexity of the simulation; not only 

would it be difficult to create, it would also be difficult to interpret, which would defeat 

the purpose of model creation in the first place. 

5^ The Future of Agent-based Simulation in Archaeology 

Agent-based simulation is still in its infancy, and the Artificial Anasazi program 

itself will probably undergo a number of revisions in the years to come. At the current 

time, agent-based simulation has not made a significant impact on archaeology as a 

discipline and the attitudes of most archaeologists toward computer simulation remain 

unchanged. The Artificial Anasazi simulation is conceptually superior to the systems 

theory models that preceded it, but it has not yet reached its fiill potential. Artificial 

Anasazi is still too inflexible to accurately recreate the process of cultural evolution. All 

of the agents in the simulation must behave according to the same rules, which do not 

change through time. All of the agents also have identical characteristics such as 

household size and consumption requirements. A stochastic element is introduced into 

every nm of the simulation by the seed number, and this results in slightly different 
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settlement patterns and population growth curves. This generates between run variation, 

but there is not any heterogeneity in agents or movement rules within a particular run. 

Zubrow (1975) was able to show that in his Hay Hollow Valley simulation different 

settings for growth, migration velocity, and longevity were more or less successful 

depending on the microhabitat being occupied. The different zones that the agents must 

inhabit are not homogeneous, and therefore agent behavior should not be homogeneous 

either. Agents should have the ability to behave differently depending on the 

environmental context they find themselves in. 

Future versions of the simulation will hopefidly capitalize on the potential for 

divergent behavior that is possible when each agent in a program is treated as a separate 

entity, as it is now in Artificial Anasazi. A fully realized agent-based simulation will 

contain agents who exhibit the characteristics of artificial life forms, learning through 

time and altering their behavior accordingly. If such a simulation were ever actually 

created, it is possible that it would not replicate any specific archaeological culture in the 

way that Artificial Anasazi attempts to recreate the Kayenta Anasazi of Long House 

Valley. The reason is that the autonomous agents may evolve in ways that the real 

Anasazi did not simply through historical accident, even if we recreated the virtual 

environment and the agents to match their real-world counterparts exactly. Who is to say 

that if we could "rewind the tape of prehistory" and play it again that we would get the 

same results every time? Whether we like it or not, historical accidents play a significant 
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role in cxUtural evolution. If the agents in Artificial Anasazi were given varying 

characteristics and allowed to engage in interactions such as trade, warfare, and sexual 

reproduction as are the agents in Sugarscape (Epstein and Axtell 1996), they might 

produce patterns even fiirther from reality than the present simulation. 

Although agent-based simulation has not yet achieved the sort of breakthrough 

that will make it a regularly used tool in archaeology, its general benefits as a heuristic 

tool should not be underestimated (Renfrew 1981; Zubrow 1981). The creation of a 

simulation forces the archaeologist to more clearly define the problem under investigation 

and the models used to explain cultural processes. Simulation also provides the only way 

for an archaeologist to explore situations that may have never occurred in prehistory. It is 

simply not possible for archaeologists to "rewind the tape of prehistory," make changes in 

the culture of interest, and then observe the effects in the archaeological record, even if 

such experiments were not completely unethical (Gould 1989). How might Anasazi 

settlement patterns have been different if their subsistence system had included 

domesticated animals? How might Pueblo peoples have evolved differently if they had 

never come in contact with European civilization? Possible answers to these imaginative 

questions can only be investigated using the artificial societies that exist in computer 

simulations. In the Artificial Anasazi simulation, the fact that a reduced population 

continued to occupy the valley after A.D. 1300 shows what could have taken place, but in 

actuality did not (Dean et al. 1998). Taking simulation beyond the replication of existing 
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patterns to the exploration of the possibilities of human behaAaor is the best hope that 

archaeologists and social scientists have for truly understanding the processes of cultural 

evolution. Given the instrumental role of the individual in creating social reality, this 

exploration can and should be accomplished through agent-based computer models such 

as Artificial Anasazi. 
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