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Abstract

This paper reflects preliminary research into emergent multi-
agent interaction in a “temporally asynchronous” environ-
ment. Many traditional approaches to modeling multi-agent
systems involve synchronizing all agent activity in a world
to a single “universal” clock. In other words, all agent be-
havior is regulated by a single timer where all agents act and
interact deterministically in time. However, if the goal is to
model simulated agents which accurately portray the behav-
ior of real-world entities; this timing mechanism yields a re-
stricted representation of actual agent interaction. In addition
to the behavioral autonomy normally associated with agents,
simulated agents must also have temporal autonomy in or-
der to interact realistically. This paper examines the effects
of altering and extending the basic synchronous behavior of a
well known cellular automata system—John Conway’s Game
of Life—to function as a platform for the simulation “tempo-
rally asynchronous” multi-agent interaction.

Introduction

When we discus agents, we use the term agent as it is of-
ten described in common literature (Wooldridge 2002)(Fer-
ber 1999); primarily, an agent should have attributes of au-
tonomity, intentionality, and proactivity. However, in addi-
tion to the behavioral autonomy normally associated with
agents, we add the concept of temporal autonomy to give
agents the freedom to “activate” at the time of their choos-
ing. This includes the ability to send messages to other
agents at any time or perhaps even ignore other messages.
As a preliminary experiment, we have chosen to examine
the effects of temporal autonomy on the well known Game
of Life (Gardner 1970).

Though the Game of Life is normally associated with tra-
ditional cellular automata (Wolfram 1994), diverse applica-
tions have been found in theoretical fields such as number
theory and game theory (Berlekamp, Conway, & Guy 1982),
as well as in applied fields such a materials science (Varde
et al. 2004). For our purposes, it is reasonable to view this
same simulation as a rectangular grid of agents where each
agent is capable of limited communication with neighbor-
ing agents. As opposed to agent states representing “live” or
“dead” as with the cells of the Game of Life, agents may be
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considered active (on) or inactive (off) based upon the rules
of the “game”. Many agent simulations treat agent behav-
ior as state changes that occur in accordance with a global
clock or similar timing mechanism (Hautamäki 1997)(Fon-
seca, Griss, & Letsinger 2002)(Bordini et al. 2006). How-
ever, if simulated agents are to be truly autonomous, then
each agent should have the additional freedom of acting au-
tonomously in time.

The introduction of Temporal Autonomy into the Game
of Life provides a framework for the examination of
non-deterministic temporal variability within an existing,
well studied, and deterministic simulation. Though some
work has been done in examining the effects of syn-
chronous versus asynchronous updating (Blok & Bergersen
1999)(Schönfisch & de Roos 1999) in the Game of Life, lit-
tle work has been done studying these effects as they per-
tain to agent interaction. To provide for temporal autonomy,
we have written a small simulation environment in JavaTM

which alters the traditional Game of Life behavior to allow
each cell in the world to exist within its own independent
thread of execution. Though there are a number of different
techniques which could be employed to simulate this multi-
threaded behavior, the ease of thread manipulation in Java
makes a true mutlithreaded approach ideal.

The following sections outline data gathered in numerous
trials over several unique simulation types. Formal analysis
of the data has been deferred to future research; the intent
of this paper is to present the experiments performed, the
methodologies used, and the data acquired.

The Simulation

The simulation framework consists of highly configurable
rectangular grid of cells known as the world. To allow all
cells within the world to have exactly eight neighbors each,
the grid is internally configured as a torus; the top and bot-
tom edges are joined together as well as the left and right
edges. This was done to better simulate a “closed” world
where no members are more isolated from the group than
any other. For all of the trials outlined in this paper, a 25x25
grid was used, providing 625 discrete cells.

We view each cell of the world as a container for a single
agent, where each agent is capable of two states: active or
inactive. Since the objective of this experiment is to examine
the effects of random time variances in asynchronously com-
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municating agents, each agent is intentionally fixed in space
and contained within a cell within the world. Each agent is
capable of communication only with its adjacent neighbors
by querying the neighbor’s binary state (active or inactive).
For the sake of discussion, we will refer to this process as
an agent “vivification”1. With each agent vivification, the
agent examines the state of its adjacent neighbors, then sets
its own state as discussed below. Furthermore, we define
a vivification resulting the agent being in an active state as
successful. A vivification which results in the agent being in
an inactive state is said to be unsuccessful.

As a simulation progresses, each agent keeps track of its
own number of consecutive vivifications that cause it to re-
main in the active state. This represents the agent’s age;
which is always decoupled from “wall-time”2. In the trials
which are synchronized to a single global clock, agents age
one unit per world generation. In the trials where we elimi-
nate the fixed global clock from the simulation, the concept
of a world “generation” has no meaning; since each agent is
free to update its internal state at any time without regard to
the activities of neighboring agents. With every unsuccess-
ful vivification, the age is reset to zero and the agent then be-
comes “inactive”. A dedicated monitor thread (at the world
level) periodically samples all active agents in the world grid
to compute the average ages, population density, etc. Fig-
ure 1 illustrates the visualization of a world mid-way though
a simulation.

To help understand the overall effects of temporal auton-
omy, we must first look at the traditional “Conway Model”
of the Game of Life. After studying the simulation in its
traditional sense, we can then examine the effects of incre-
mentally modifying some of the simulation’s constraints;
specifically the constraint of synchronous updating. In to-
tal, four different simulation models were constructed (not
including the basic reference “Conway Model”). Each sim-
ulation consists of multiple trials, each with 32,000 genera-
tions or snapshots (depending on the trial type). The number
of snapshots per trial was capped at 32,000 for pragmatic
reasons; we wanted to be able to graph and analyse the data
in a spreadsheet or statistical package—some of which are
limited to 215 rows. This number was also sufficiently high
to clearly observe behavioral differences between simulation
types. Section “Rule Variations” discusses all the simulation
types in detail.

A Brief Overview of the Conway Model

John Conway’s Game of Life is one of the earliest and most
enduring examples of cellular automata (Wolfram 2002). In
the traditional version of this simulation, a rectangular two

1This term was chosen as opposed to a term like “activation” to
avoid confusion with “active” and “inactive” agents.

2To ease some visualization and rendering implementation de-
tails, the agent age was capped at 64 units. Though infrequent, it
is possible for agents to age beyond this limit. In these cases, age
incrementing stops but the agents’ states are otherwise preserved
and continue to follow all other rules. In large populations, the ef-
fect this has on the overall average age is negligible. Additionally,
since we are only looking at relative differences between trials, this
is a non-issue.

Figure 1: Screen-shot taken from a simulation running in random
traversal mode (see section “Random Traversal Model” for details).
On a color display, as the active agents age, they change in color
from blue to yellow (show as dark to light in B/W print). To aid
in the interpretation of the actual age of any given agent, the age
of the agent is overlaid on the cell. Also note the clustering that
occasionally occurs; there is a region in the middle devoid of active
agents, while a cluster of older agents appears the lower left of the
empty region.

dimensional grid of cells is displayed where each cell exists
in one of two states; “live” or “dead”. The grid is synchro-
nized to a master clock where each cell has a specific rule
applied to it with each successive clock tick. The most crit-
ical aspect of this simulation is that all cells are computed
and rendered synchronously3 (or “simultaneously”). In other
words, all cells in the grid are evaluated then updated in two
separate passes. In the first pass, all cells are evaluated and
their new states are determined. In the second pass, the re-
sults of the preceding evaluations are applied.

• The Game of Life world consists of a two dimensional
rectangular grid of cells, each with the potential for har-
boring “life” or “no life”.

• All cells on the life grid updated simultaneously in a series
of successive generations.

• Life is “born” into an empty cell if the cell is bordered by
exactly 3 live cells. In our revised view, an agent becomes
“active” when exactly 3 neighbors are also “active”.

• Existing life is sustained in any cell containing exactly
two neighbors. If a cell with exactly two neighbors is
empty, it will remain empty. In the context of agents, this
means that no state change is made.

3Of course, it is not possible to evaluate each cell in a truly
simultaneous manner. However, the rules are applied as if all cells
in the grid were evaluated simultaneously.
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(a) Step 1 (b) Step 2 (c) Step 3

(d) Step 4 (e) Step 5

Figure 2: This particular pattern—known as the Glider—repeats
itself and moves one unit horizontally and one unit vertically, every
five generations.

• Any life within a cell with fewer than two neighbors will
die. An agent with fewer than two neighbors in the “ac-
tive” state will switch to the “inactive” state.

• Any life within a cell with four or more neighbors will die.
An agent with more than three neighbors in the “active”
state will switch to the “inactive” state.

One of the most important distinguishing characteristics
of Conway’s Game of Life is that it is purely deterministic
(though often unpredictable). I.e., identical world states at
time t produce identical world states at time t + t′. On an
infinitely sized grid, there are three possible outcomes from
any initial starting state: 1) All life is extinguished after a
finite number of generations. 2) Life will expand outward
from its region (or regions) of origin, ever increasing the
number of live cells. 3) Life will stabilize into a static state
or into an oscillating pattern between two or more repeating
states4.

In a constrained space—either toroidal or rectangular—
it is easy to demonstrate that the 2nd outcome will always
manifest itself as either the first or third outcomes. Given
that the world grid has a finite number of agents, each capa-
ble of a finite number of states, any world state wst+1 can
be always be predicted from any given wst. Therefore, in
a closed world there are a finite number of possible world
states; the duplication of any of which would indicate os-
cillation (or simply a fixed state). Figures 2 and 3 illustrate
several different examples of Game of Life possibilities.

In the Game of Life, there are a number of limiting fac-
tors involved with defining the average population age over
a trial. If the all agents become inactive, then the average
age drops to zero. If a static structure emerges, then the av-
erage will grow indefinitely. Oscillation will generally result
in an average age dependent on how many generations any
given cell survives as part of an oscillating structure. Gen-
erally, this would be one or two generations in the case of a
“glider” like structure as in Figure 2, or unbounded in a case
where the oscillating structure contains static cells, as would
be the case with Figure 3.

4“Glider-like” patterns also fall into this category since the total
number of live cells does not continue to grow; only the position of
the cells within the world changes.

(a) Static (b) Oscillator 1 (c) Oscillator 2

(d) Death 1 (e) Death 2 (f) Death 3

Figure 3: Some Other Game of Life Structures: Figure 3a shows a
simple static “still-life” structure. Figures 3b and 3c show a very
simple oscillator that alternates between two world states. Figures
3d–3f show an initial state leading to an “all off” world state in
three generations.

Much analysis of Game of Life and associated world states
has been done since Martin Gardner first publicized Con-
way’s work in Scientific American in 1970. William Gosper,
one of the more prolific researchers on the subject, devel-
oped a technique known as Hashlife which—as the name
suggests—uses hash tables to compute resulting world states
after potentially millions of generations (Gosper 1984). Due
to the deterministic nature of the traditional simulation, in
many cases it is possible to accelerate the evolution of the
world grid without having to perform all of the intermediate
calculations.

Rule Variations

As discussed above, several factors make it difficult to per-
form any meaningful analysis of the Game of Life as a sim-
ulation of agents. The deterministic nature of the simulation
coupled with a tremendous sensitivity to initial conditions
(sometimes known as the “butterfly effect” (Lorenz 1979))
makes this simulation—in its pure form—unsuitable for
agent interaction research. This is partially due to the fact
that even the slightest difference in the initial starting con-
ditions may radically affect subsequent world states. How-
ever, with some relatively simple modifications, the Game of
Life can be transformed into a platform and framework for
studying the effects of non-deterministic agent interaction.

In subsequent sections we will examine a series of simula-
tions ranging from a traditional cellular automata approach
to a version where each cell behaves autonomously and non-
deterministically. Though other studies have looked at how
overall population affects population survival rates (Baray
1998), our goal here is to examining how population age
and density are affected by alterations of simple interaction
dynamics.

We start first by looking at effects of removing the syn-
chronous constraint on updating the world while still main-
taining the concept of “generations”. A “generation” is sim-
ply defined as finite set of agent interactions triggered by
a single clock pulse. We then move onto “generation-less”
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interaction models where the global “world clock” is taken
out of the picture and replaced with temporal autonomy of
each agent. The remainder of this paper details the results of
four variations of agent interaction on a Game of Life board
where each agent obeys the life/death rules of the traditional
model, but the agent vivification methodology is altered.

In following sections, the following designations apply:
Ageavg is the mean average age of a population of agents

for all snapshots in a trial5, agerms is an accumulated RMS
value of the average ages, pdavg is the average population
density across all snapshots in a trial, and pdrms represents
the accumulated population density RMS value for all sam-
ple points in a given trial.

Random Traversal Model

The “random traversal model” is the first model where we
explore the Game of Life in an asynchronous environment.
In this model, all agents of the world are activated in ran-
dom order while guaranteeing that all agents are activated
once and only once per generation. Thus, the algorithm is
similar to a basic “card dealing” algorithm or “random se-
lection without replacement”. This mode is likely akin to
a carelessly implemented version of the traditional Game
of Life (i.e. the updates are asynchronous rather than syn-
chronous). However, in this case, the design has been inten-
tionally chosen to examine the effects of agent age in a non-
deterministically evaluated world that still obeys the same
basic inter-agent rules as the Game of Life.

Though the world in the Conway model is purely deter-
ministic, it difficult to predict the ultimate behavior of the
agents—hence, it is difficult to predict any future state of
the world after a large number of generations without actu-
ally iterating though all interim generations. Ironically, ran-
dom traversal provides very consistent results regardless of
initial starting conditions. Using a randomly generated ini-
tial population covering 20% of the world, the average agent
age and population density after several thousand genera-
tions appear to almost6 invariably converge to results similar
to those shown in Table 1.

Examining the population density results is a bit easier
than examining the average age results. It can be shown
(though non-trivially) that the maximum density of a Game
of Life world is 50% coverage in a “still-life” configuration
(Elkies 1998). A “still-life” configuration is any life board
configuration where life cells exist, but no changes occur in
successive generations. In other words, if St represents the
state of the world at time t then St = St+n for all n > 0.
It is possible to have a valid configuration that exceeds a
density of 50% for a single generation at time t, but this

5With each snapshot, all active agent ages are averaged together
to determine the average population age per snapshot. Ageavg rep-
resents the average of snapshot averages.

6It is theoretically possible for the world to “collapse” into ei-
ther an empty or still-life state. However, in no trial (starting with
≈ 20% coverage) did a collapse ever occur. Additionally, empir-
ical evidence indicates that once the world survives several initial
generations, it is extremely improbable that such a collapse would
occur in this model.

ageavg agerms pdavg pdrms

6.1795 6.3045 0.4202 0.4206
6.2038 6.3278 0.4209 0.4214
6.2355 6.3408 0.4208 0.4212
6.2563 6.3880 0.4215 0.4218
6.2815 6.4207 0.4208 0.4211
6.2911 6.4144 0.4217 0.4220
6.3545 6.4608 0.4219 0.4221

σ̂ageavg
= 0.05856 σ̂agerms

= 0.05685
σ̂pdavg

= 0.00060 σ̂pdrms
= 0.00057

Table 1: A random subset of trial runs in random traversal mode.
The ages age and population densities pd are representative of the
entire population at periodic snapshot intervals over the course of
an entire trial of 32,000 “generations”.

would require an agent become active which would in turn
cause at least some surrounding agents to become inactive
at time t+1. Though not formally proven here, this is a rea-
sonable hypothesis considering that if the maximum steady
state density is 50% then the addition of any active agents
would increase the density beyond 50%, thus disrupting the
steady state.

Though we have yet to complete a full analysis of the
probabilistic model driving results shown in Table 1, we
will use this data as the baseline for the discussion of the
behavior of other the agent vivification/activation strategies
discussed below. One of the most curious aspects of the ran-
dom traversal model is the clustering agents of similar ages7.
This phenomena can be observed clearly in Figure 1; in the
middle of the figure, a large region devoid of active agents
can be seen, whereas the lower portion of the figure illus-
trates a cluster of agents with ages far exceeding the average
age of other active agents in the world.

Figure 4 is representative of several similar graphs pre-
sented in subsequent sections. This graph depicts the aver-
age age of all active agents at the time of the data collection
snapshot for a randomly chosen “random traversal” trial. In
this case—since this model uses population generations—
each snapshot corresponds to a single generation and is rep-
resented by single point on the graph. The stray points to the
left of the primary cluster represent the very low average age
at the very beginning of a trial (since all agents start with an
age of ‘1’). The clusters in this and subsequent graphs are of
primary interest since they give us a visual representation of
how long agents survive and at what population density.

Random Selection Model

This model is essentially “random selection with replace-
ment”. A random agent is selected for vivification n times
per generation where n is the number of cells (and agents)
in the world. The average age and population density data
for this vivification model is shown in Table 2. Though
this model results in slightly higher population densities
than the random traversal model, the average agent age

7Future research will examine this phenomena in greater detail.
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Figure 4: A graph depicting the average age of all active agents at
the time of the data collection snapshot for 32,000 snapshots of a
randomly chosen “random traversal” trial. The population density
can be calculated be dividing the number of active agents by 625 –
the number of cells in the world.

ageavg agerms pdavg pdrms

12.6338 13.0338 0.4322 0.4325
12.6493 13.0923 0.4308 0.4312
12.7075 13.1258 0.4308 0.4312
12.7828 13.2651 0.4309 0.4313
12.9205 13.4276 0.4317 0.4320
13.0278 13.4969 0.4324 0.4327
13.6322 14.2437 0.4325 0.4328

σ̂ageavg
= 0.3505 σ̂agerms

= 0.4168
σ̂pdavg

= 0.0008 σ̂pdrms
= 0.0007

Table 2: Summary of the mean values for the data gathered in 7
trials, each with 32,000 snapshots, sorted by ageavg. Of the data
in table, the mean ageavg and pdavg are 12.9077 and 0.4316 re-
spectively.

is approximately double that of random selection without
replacement—with a larger, though still relatively small σ̂.

Continuous Model

The “continuous model” represents a bridge between be-
tween the concept of an agent vivification model with gen-
erations and a fully multi-threaded implementation. Here
agents simply update themselves continuously in random
order. There is no time t where one “generation” starts or
ends. As the model runs, data collection snapshots are taken
at consistent intervals.

This model is interesting in its own right as it’s the
only model where static “still-life” structures frequently
emerged8. In other words, if a still-life state9 S was reached
at snapshot t then St = St+n for all n > 0. Of the 15
trials shown in Table 3, all but three reached a still life struc-

8In the trials run, the highest “still-life” density achieved was
roughly 47%

9For our calculations, we do not consider agent ages to be part
of the world state. Future experiments may include this factor.

Figure 5: A graph depicting the average age of all active agents at
the time of the data collection snapshot for 32,000 snapshots of a
randomly chosen “random selection” trial. The population density
can be calculated be dividing the number of active agents by 625 –
the number of cells in the world.

ture before 32,000 snapshots were captured. The “Snap-
shots” column reflects the number of snapshots taken before
reaching any potential still-life state. If 32,000 snapshots
were reached, this indicates that no still-life pattern emerged
within the trial run. In no trial did the world ever “collapse”
to a population of zero. The cluster graph in Figure 6 shows
two separate trials, one that reached “still-life” early and one
that remained dynamic until the end of the trial.

Threaded Model

In the threaded model—which is the primary focus of this
study—each agent is controlled by its own thread which ac-
tivates the agent at varying non-deterministic time intervals.
All agents in the world run with a fixed mean vivification
interval within a variable range. For example, the mean viv-
ification interval for a given trial could be fixed at 500ms
with a random variance of ± 250ms. This would represent a
vivification variance ratio of 1:1. The shaded region of Fig-
ure 7 graphically depicts the range of potential vivification
intervals according to the vivification variance ratio.

Trials were conducted with a mean delay time dm of
500ms with delay variances dv chosen to produce dm/dv

ratios rvm ranging from 0.0 to 2.0, as illustrated in Tables 4
and 5. To verify our initial hypothesis that rvm was the rel-
evant independent variable, several preliminary trials were
conducted with dm ranging from 250ms to 1000ms while
adjusting dv to hold rvm constant. These adjustments pro-
duced no statistically significant variation in our results, so
our reported trials were run with a dm of 500ms simply for
consistency. Table 4 shows a subset of results from a much
larger set of trials, where three values for each rvm were
chosen randomly from our database of all trial runs. To sim-
plify and consolidate the data presented in Table 4, Table 5
displays the mean values of the data in Table 4 grouped by
rvm.

Figures 8 and 9 graphically depict rvm versus the agent
ages and population densities as shown in Table 5. An analy-
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Snapshots ageavg agerms pdavg pdrms

3687 12.9362 13.4417 0.4317 0.4320
4610 12.9417 13.4470 0.4320 0.4322
5338 12.9960 13.4752 0.4325 0.4328
5402 13.0300 13.5292 0.4322 0.4325
7110 13.0392 13.5628 0.4324 0.4327
9716 12.9601 13.4467 0.4320 0.4323
10162 12.9818 13.4721 0.4324 0.4326
14255 12.9351 13.4200 0.4321 0.4324
15168 12.9866 13.4789 0.4323 0.4325
15539 13.0374 13.5604 0.4324 0.4326
16651 12.9581 13.4411 0.4322 0.4325
19693 12.9915 13.4667 0.4321 0.4324
32000 12.9736 13.4401 0.4322 0.4325
32000 12.9531 13.4161 0.4323 0.4325
32000 12.7430 13.1830 0.4321 0.4323

σ̂ageavg
= 0.0679 σ̂agerms

= 0.0844
σ̂pdavg

= 0.0002 σ̂pdrms
= 0.0002

Table 3: Summary of the data from 15 trial runs in the “continuous
traversal” model. Only three trials continued executing to 32,000
snapshots before reaching a “still-life” configuration where no fur-
ther changes in the world took place. For the trails that did not
reach a full 32,000 snapshots, all other columns of data are calcu-
lated from the beginning of the trial up to and including the first
snapshot that indicated the would was in a “still-life” state. In a
still-life state, agents simply continue to age indefinitely.

rvm ageavg agerms pdavg pdrms

0.00 4.3015 4.3524 0.4061 0.4065
0.00 4.3465 4.4037 0.4058 0.4064
0.00 4.4243 4.4975 0.4075 0.4080

0.25 4.4482 4.5113 0.4073 0.4078
0.25 4.4848 4.5457 0.4088 0.4094
0.25 4.4873 4.5423 0.4087 0.4092
0.50 4.7220 4.7625 0.4115 0.4118
0.50 4.7244 4.7862 0.4110 0.4115
0.50 4.7536 4.8252 0.4119 0.4124

0.75 5.0734 5.1586 0.4148 0.4153
0.75 5.0813 5.1622 0.4145 0.4149
0.75 5.0836 5.1645 0.4152 0.4157

1.00 5.3732 5.4665 0.4171 0.4175
1.00 5.4638 5.5525 0.4176 0.4179
1.00 5.5299 5.6186 0.4175 0.4179
1.25 5.8849 5.9885 0.4196 0.4200
1.25 5.9123 6.0331 0.4194 0.4198
1.25 5.9980 6.1350 0.4201 0.4205

1.50 6.3888 6.5211 0.4217 0.4220
1.50 6.3950 6.5426 0.4210 0.4214
1.50 6.4247 6.5772 0.4218 0.4223

1.75 6.8383 6.9934 0.4225 0.4228
1.75 6.9322 7.0815 0.4229 0.4233
1.75 7.0611 7.3370 0.4229 0.4233
2.00 7.3521 7.5137 0.4223 0.4228
2.00 7.3702 7.5571 0.4233 0.4237
2.00 7.4239 7.5959 0.4237 0.4241

Table 4: Random sampling of data (3 trials for each rvm tested)
taken from our complete database of trials for sorted by ageavg.

(a) “Still-Life” not Reached

(b) “Still-Life” Reached

Figure 6: Figure 6a shows an Active Agents versus Average Agent
Age cluster graph for a trial which ran to completion without reach-
ing a still-life state. Figure 6b shows the same type of graph for
another trial which only ran for 5042 snapshots before reaching a
still-life state.

Figure 7: The shaded region of this figure depicts range of the viv-
ification intervals according to the vivification variance ratio.
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rvm ageavg agerms pdavg pdrms

0.00 4.3575 4.4179 0.4065 0.4070
0.25 4.4734 4.5331 0.4082 0.4088
0.50 4.7333 4.7913 0.4115 0.4119
0.75 5.0794 5.1618 0.4148 0.4153
1.00 5.4556 5.5459 0.4174 0.4178
1.25 5.9317 6.0522 0.4197 0.4201
1.50 6.4028 6.5470 0.4215 0.4219
1.75 6.9438 7.1373 0.4227 0.4231
2.00 7.3821 7.5556 0.4231 0.4235

Table 5: Summary of average ageavg, agerms, pdavg, and pdrms

portrayed in Table 4 sorted by var/mean.

Figure 8: Vivification variance ratio versus average agent age data
presented in Figure 8. Using Microsoft Excel 2003, the data fits an
approximate trend line of y = −0.2329x3

+1.1010x2
+0.2485x+

4.3557 with an R2 of 0.9998.

sis of the correlations between the vivification variance ratio
and both the average ages and population densities has also
been performed using The R Project for Statistical Comput-
ing. Table 6 shows the Pearson’s product-moment correla-
tion of rvm versus all other columns in Table 4.

Table 7 breaks the data down further; this table looks at
the complete set of sample data for each trial run at a specific
rvm. In this table we look at the correlation between ageavg

and pdavg . In other words, we are correlating the average
age of the population and the population density for each of
the 32,000 entries in the given trial. What is especially in-
teresting about this data is that—though the correlations are
much lower than that of the other tables—the correlations re-
main relatively consistent with a high degree of confidence.
Again, this analysis was performed using The R Project for
Statistical Computing.

Finally, Figure 10 illustrates a progression of cluster
graphs from rvm of 0.25 to 1.00 and finally to 2.00. As
can be seen, the higher the value of rvm, the more snap-
shot points that extend into the higher regions of the graph.
This would seem to indicate that higher degrees of vari-
ability in multi-threaded agent interaction produces greater
variability—and ultimately higher average survival rates—
for the population as a whole.

Figure 9: Vivification variance ratio versus population density data
presented in Figure 9. Using Microsoft Excel 2003, the data fits an
approximate trend line of y = −0.0023x3

+0.0042x2
+0.0092x+

0.4062 with an R2 of 0.9984.

rvm vs. t-score correlation 95%low 95%high

ageavg 31.580 0.98770 0.97282 0.99445
agerms 29.864 0.98627 0.96970 0.99381
pdavg 24.421 0.97968 0.95532 0.99082
pdrms 24.761 0.98021 0.95649 0.99106

Table 6: Pearson’s product-moment correlation of summary data
for the data displayed in Table 5 as calculated with The R Project
for Statistical Computing. All p-value scores were < 2.2× 10

−16 .

rvm t-score correlation 95%low 95%high

0.00 57.5263 0.3061499 0.2961868 0.3160464
0.25 48.0560 0.2594500 0.2492018 0.2696401
0.50 53.1206 0.2846755 0.2745753 0.2947129
0.75 56.5300 0.3013333 0.2913385 0.3112622
1.00 48.5104 0.2617359 0.2515005 0.2719127
1.25 52.0671 0.2794747 0.2693428 0.2895447
1.50 50.3450 0.2709202 0.2607376 0.2810426
1.75 51.1109 0.2747329 0.2645727 0.2848322
2.00 65.5739 0.3441833 0.3344881 0.3538057

Table 7: Pearson’s product-moment correlations between the num-
ber of active agents at any given time interval compared to the
average age of those agents as calculated with The R Project for
Statistical Computing. All p-value scores were < 2.2 × 10

−16.

40



(a) Rvm 0.25 (b) Rvm 1.00

(c) Rvm 2.00 (d) Avg Age vs. Progress

Figure 10: This collection of Figures 10a–10c illustrate a progres-
sion of cluster graphs from rvm of 0.25 to 1.00 and finally to 2.00.
Figure 10d is simply a view of average agent age versus time take
from the same trial as shown in Figure 10b. Also notice the spikes
in Figure 10b; these spikes correspond to the highest—and more
isolated—points in Figures 10a–10c.

Conclusions and Future Work

The research conducted thus far only examines the effects
of temporal variance in asynchronous communication and
simple autonomous agent behavior; where past communi-
cation has no bearing on future communication. Though
this research is still in its early stages and the results have
yet to be subjected to rigorous statistical analysis, we have
made some interesting preliminary observations which war-
rant further study. Of primary interest is the fact that varia-
tions in the timing of asynchronous interaction in a “swarm”
of agents does indeed affect the dynamics of that interaction.

We feel that these preliminary results will be of fur-
ther significance when expanding our study to include the
modeling of message based inter-agent “swarm” activity;
where agents are capable of passing multiple message types
to neighboring agents. The next set of experiments will
model inter-agent communication and interaction with mul-
tiple message types and multiple agent states. Agent states
will not be restricted to simply “active” or “inactive”, but
rather encompass a range of possible values.

Additionally, in the current simulation every agent oper-
ates completely autonomously with respect to its neighbors.
The next stage is designed to allow the vivification of agents
triggered by messages originating in neighboring agents,
thus creating “cascades” of interdependent agent vivification
throughout the world. Through this interaction, we hope to
observe the emergent formation of disparate groups of like
agents as well as observe the effects of variability in tempo-
ral asynchronicity in overall agent interaction.
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Hautamäki, J. 1997. A survey of frameworks. Technical
Report A-1997-3, Department of Computer Science, Uni-
versity of Tampere.

Lorenz, E. N. 1979. Predictability: Does the flap of a
butterfly’s wings in brazil set off a tornado in texas? Talk
given at the annual meeting of the aaas december 29, 1979
in washington, American Association for the Advancement
of Science.

Schönfisch, B., and de Roos, A. M. 1999. Synchronous and
asynchronous updating in cellular automata. Biosystems
51:123.

Varde, A. S.; Takahashi, M.; Rundensteiner, E. A.; Ward,
M. O.; Maniruzzaman, M.; and Jr., R. D. S. 2004. Apri-
ori algorithm and Game-of-Life for predictive analysis in
materials science.

Wolfram, S. 1994. Cellular Automata and Complexity.
Reading, Mass.: Addison-Wesley.

Wolfram, S. 2002. A New Kind of Science. Champaign,
IL: Wolfram Media.

Wooldridge, M. 2002. Introduction to MultiAgent Systems.
John Wiley & Sons.

41



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




