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Abstract

The objective of our research is to investigate the emergent successful escaping
behavior, evolved automatically via genetic programming (GP), of a team of prey
(caribou) agents in Wolf-caribou Predator-prey Pursuit Problem (WCP). WCP is
originally defined and investigated by Tian, Tanev, and Shimohara and can be viewed
as a reversed instance of the well-studied predator prey pursuit problem. The proposed
instance of WCP is a multi-agent system, in which a team of inferior prey (caribou)
agents is required to escape from a single superior predator (wolf) in an unlimited two-

dimensional simulated world.

Moreover, we are interested in verifying whether some socio-psychological
aspects, introduced in the behavior of caribou agents would result in (i) an improved
efficiency of both of the evolution of their escaping behavior and (ii) the effectiveness
of this behavior. Our research could be summarized in the following three important

points:

(1) From the viewpoint of evolutionary psychology, we investigated the survival
value of the empathy exhibited by the caribou agents. The empathy is introduced as the
following information, available to each caribou agent: (i) which peer caribou is chased
by the wolf, (ii) whether the chased peer caribou is exhausted (and, therefore, needs a
help). Also, we researched on the effect of consciousness of the caribou agents on the
effectiveness of their escaping behavior. The consciousness is implemented in our work
as an ability of caribou agents to understand whether they are currently being chased

by the wolf.

(2) From philosophical viewpoint, we conducted research on the survival value of
the number (“critical mass”) of the caribou agents that allows a transition from quantity

into quality (“the whole is more than the sum of its parts’) of their escaping behavior.




(3) From system designers’ viewpoint, we investigated the dilemma between the
reactiveness and pro-activeness of the behavioral architectures of caribou agents.
Moreover, we researched the effect of morphological and behavioral fuzziness of the
caribou agents on the efficiency of evolution of the escaping behavior of caribou agents

and the effectiveness and robustness such a behavior.

In our research for the evolution of the behavior of caribou agents we used the in-

house XML-based genetic programming framework (XGP).

The experimental results verified that the empathy improves both the efficiency of
evolution of escape behavior and the effectiveness of such behavior. In the experiments
we consider a team of eight caribou agents. We employed the empathic caribou agent
and obtain the experimental results with the caribou group size equal to 1, 2, 4, 8 and
10. The experimental result shows that the quantity (number of caribou agents) yields
a corresponding quality (i.e., a successful escaping behavior) in that both the efficiency
of evolution and the behavioral effectiveness improved with the increasing of the size
of the team of caribou agents; however when the caribou group size is too high (i.e.,
the population density of caribou is too high), both the efficiency of evolution and the
behavioral effectiveness somehow deteriorate. Also, we found the most important
perception is the superposition of the consciousness and self-consciousness of the
caribou. The experimental result demonstrated that only consciousness and only self-
conscious alone are contributing to the better survival of the caribou agents. However,
when the consciousness and self-conscious are combined together, both the efficiency
of evolution and the effectiveness of the behavior of caribou agents improves

significantly, suggesting a super-additive effect of these two features.

The results of the investigation of the dilemma between pro-activeness and
reactiveness in the behavior of caribou agents indicate that neither a pure reactiveness
nor deep pro-activeness can improve the efficiency of evolution and the effectiveness
of the escaping behavior of caribou. Rather, a trade-off of these two extreme behavioral

features results in best-performing team of caribou agents.




Finally, the experimental results on the incorporation of the fuzziness of the
sensory- and moving abilities of caribou agents demonstrate that this fuzziness indeed
facilitates a better efficiency of evolution and an improved robustness to a realistically

simulated perception noise.

In our future work we are planning to i) investigate the effect of dithering on the
efficiency of the escaping behavior of caribou agents in the proposed WCP, ii)
improve the fuzzy model of caribou agents, and iii) employ co-evolution to evolve the

behavior of both the wolf agent and the caribou agents.
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Charpter—1

Introduction

1.1. Background

As ancient Greek philosopher Aristotle (384 BC — 332 BC) noted, “The whole is
greater than the sum of its parts.” This principle applies particularly well to various
aspects of science, technology, and engineering. In our research, we attempted to verify
this principle in the domain of multi-agent systems (MAS) that model an artificial
society. Moreover, we also investigated whether socio-psychological aspects
implemented in caribou agents —such as empathy, grouping (swarming) and the way of
solving the dilemma between reactiveness and pro-activeness — improve the efficiency

of the simulated evolution of their behavior or the effectiveness of such a behavior.

1. 2. Objective of Research

The objective of our research was to investigate the feasibility of applying genetic
programming (GP) to automatically evolve the escape behavior of a team of caribou
agents. Moreover, we also examined whether some socio-psychological aspects — such

as empathy, grouping (swarming), self-conscious, the trade-off (dilemma) between




reactiveness and pro-activeness — introduced in caribou agents improved the efficiency

of their simulated behavioral evolution or behavioral effectiveness.

In our previous research, we implemented empathic caribou agents and
demonstrated the feasibility of applying artificial evolution (via GP) to automatically
develop the escape strategies of the team of such agents in the WCP. Furthermore, we
verified the importance of the size of the caribou team, and demonstrated the survival
value of empathy in that the latter significantly improves both the efficiency of

evolution of the escape behavior and the effectiveness of such a behavior.

In our current research, we shall consider the surviving effects (if any) of the
introduction of swarming behavior in caribou agents. In addition, we will investigate
the implications of the dilemma between the reactiveness and pro-activeness of caribou

agents on the efficiency of evolution of their escape behavior.

1. 3. Motivation of Research

Firstly, in MAS area, we are interested to find a research tool for collective
intelligence and emergent behaviors through interactions and communications between

agents.

Secondly, in application area, we are interested in problem solving, simulation,

collective robotics, software engineering, and so forth.

Moreover, we are interested to find the reasons why during the millions year’s
evolution, not only us human beings but also the animals emerged numerous social

behaviors. In other words, we are interested in simulating some socio-psychological




aspects which have not been researched and investigate the survive value of such socio-

psychological aspects.

To sum up, we are interested in construction of synthetic worlds, focusing on the

autonomy of agents and the interactions that link them together.

1. 4. Limitation and Challenges

One of the major challenges in developing a functional team of caribou agents in
WCP is the implementation of the escape behavior of these agents. In principle, we can
develop the behavior of caribou agents by applying a top-down approach and
handcrafting the mapping of the current environmental state, available to the agents
(i.e., their perceptions), into desired actions. However, due to the significant behavioral
complexity of the multi-agent system of WCP, we would be unable to infer the required
behavior of the individual entities (caribou agents) from the desired team-level escape
behavior. The relationship between the properties at these two levels (i.e., entity-level
and team-level) is non-linear, very complex, and too difficult to be formalized. Hence,

we rely on GP, which is both a heuristic and holistic approach, to develop such behavior.

Another significant challenge, which is rather specific of the considered case of
the WCP, is to ensure that the escaping caribou agents stay “in touch” with each other
in order to cooperate during the entire duration of the escape behavior. In other multi-
agent systems that model various aspects of behavior of agents in artificial societies
(e.g., herding, surrounding, capturing, etc.), the successful behaviors of entities usually
exhibit swarming as well. For example, in the classic predator-prey problem, the
predator agents naturally “swarm” around the prey while surrounding it from all sides

of the world. Therefore, even the limited sensory abilities of the agents in these systems




would suffice to allow their cooperation through collective (e.g., surrounding) behavior.
Conversely, in the WCP, the escape of caribou from a single wolf would naturally tend
to disperse the caribou radially — a behavior that would somehow impede, or, even
contradict the desired grouping (swarming) of these agents. Thus, the eventual survival
value (if any) of swarming behavior of caribou agents in WCP is not as evident as in

most other commonly considered artificial societies.

1. 5. Methodology

The methodological holism of the proposed approach of applying GP implies that
we can evaluate the quality of the evolved (lower level) behavior of the caribou agents
from the higher-level features of the whole team, namely from the ability to escape
from the chasing wolf. On the other hand, the heuristics of the proposed approach
indicate that in order to develop the escape behavior of the caribou agents, we must rely
on simulated evolution as a variant of an automated trial-and-error-correcting approach
rather than on formal models of the properties of agents and their environment.
Compared to the work of Tian, Tanev, and Shimohara[ 1][2], in our current research we
propose a more plausible model for energy consumption by caribou agents. Moreover,
we investigated the resulting emergent escape behavior of the team of caribou agents

as well as the survival value of the size of the team of caribou agents.

1. 6. Thesis Outline

The remainder of the article is organized as follows: in Section 2 we define the
WCP and present the proposed abstract architecture of caribou agents. In Section 3 we

introduce some background of genetic programming. In Section 4 we elaborate on the




evolutionary framework and simulation framework. From section 5 to section 10, we
implement different socio-psychological aspects to caribou agents, and investigate how
the aspects influence to the efficiency of evolution or to the behavioral effectiveness.

Finally, Section 11 draws a conclusion to our research.




Charpter—2
Basic Model of Wolf-Caribou Pursuit

Problem

2.1. Related Research

The origin version of the predator-prey pursuit problem was introduced by Benda
et al., And consisted of four predator agents trying to capture a prey agent by
surrounding it from four directions on a grid-world. Agent movements were limited to
either a horizontal or a vertical step per time unit. The movement of the prey agent was
random and no two agents were allowed to occupy the same location. This version of

predator-prey pursuit problem was called “orthogonal game” [25].

Gasser et al., approached this problem by allowing the predators to occupy and
maintain what is called a lieb configuration while homing in on the prey. This study
did not provide any experimental results. Hence, their research was difficult to compare

with other works [25].

Korf developed several greedy solutions to problems where eight predators are

allowed to move orthogonally as well as diagonally. He calls this “diagonal game” [25].




The WCP we employed in our research, can be viewed as a reversed instance of
modern predator-prey pursuit problem, which was originally defined and investigated

by Tian, Tanev, and Shimohara[1][2].

2. 2. Wolf-Caribou Pursuit Problem (WCP)

2. 2. 1. Definition of Predator-Prey Pursuit Problem

The predator-prey pursuit problem involves multiple predator agents trying to
capture a prey agent by surrounding it. This domain has many different instantiations

that can be used to illustrate different multi-agent scenarios|8§].

Predator-prey pursuit problem investigates the attack strategies, such as
surrounding and chasing. On the contrary, WCP which we will elaborate later

investigates the defense strategies, such as exhausting and distracting.

It is a realistic simulation system because the similar behaviors were found in real
world by Karsten Heuer, a wildlife biologist in 2003, when he and his wife, Leanne
Allison, followed the vast Porcupine caribou herb. Travelling more than a thousand

miles with the animals, they documented a classic swarm defense of caribou agents[20].

They documented that, when the wolf started chasing, the nearest caribou turned
and ran, and that response moved like a wave through the entire herd until they were
all running. Reaction times shift into another realm. Animals closest to the wolf at the
back end of the herb looked like a blanket unravelling and tattering, which, from the

wolf’s perspective, must have been extremely confusing. The wolf chased one caribou




after another, losing ground with each change of target. In the end, the herd escaped

over the ridge, and the wolf was left panting and gulping snow[20].

In this swarm defense documented by Karsten and Leanne, we can conclude that
every caribou knew when it was time to turn, even if it did not know exactly why. WCP
is proposed by employing this result, and we can know that the emergent behaviors

simulated in WCP are realistic and may appear in real world.

2. 2. 2. Definition of Wolf-Caribou Pursuit Problem (WCP)

The employed instance of the WCP is an instance of a heterogeneous MAS
featuring two types of agents — one superior wolf agent and multiple inferior caribou
agents that must escape from the chasing wolf. In other words, the task of the wolf agent
is to capture at least one caribou during the limited number of time steps of the trial.

The task of the team of caribou is to prevent this from happening.

In our work, we consider an instance of the problem, which is more realistic than
the commonly investigated problems in the past, via proposing a more plausible model

for energy consumption by agents.

The task of the caribou agents is inherently cooperative in that they cannot escape
from the wolf unless they cooperate with each other. Indeed, the wolf is superior to the
caribou in terms of sensory abilities (range of sensors), raw speed, and energy. An
eventual unhindered chase of a single caribou would inevitably result in a capture of
the caribou. Conversely, an eventual cooperative behavior of caribou agent would result
in a longer and, therefore, sub-optimal zigzag chasing trajectory, which, in turn would
yield a higher rates of energy depletion of the wolf. Moreover, such cooperative

behavior of caribou agent might exhibit an alternation of the currently chased caribou,




where a stronger caribou attracts the attention of the wolf away from the already

exhausted one.

2.2.3. Advancements of WCP

Although predator-prey pursuit problem is a well-studied and wild-used research
tool for investigating the collective intelligence and emergent behaviors through
interactions and communications between agents. Nevertheless, considering our
objective is to verify the survive value of socio-psychological aspects, and in predator-
prey pursuit problem social behaviors emerged anyway because their task is to capture
prey by surrounding it. Namely, during the simulation, the predators will become a
swarm and interact with each other inevitably. As a result, we employed WCP in this

work.

Different from the predator-prey pursuit problem, in WCP, caribou agents will
break the swarm naturally due to their escaping behavior. In other word, when and only
when the implemented socio-psychological aspects have survived values, the

corresponding social behaviors will be emerged.

To sum up, the predator-prey pursuit problem works better to investigate the attack
strategies. But WCP is better to investigate defense strategies and verify whether some

aspects help prey to survive which is the most suitable research tool for our work.




2. 3. Simulated World

As we mentioned above, the employed instance of the WCP was comprised of two

types of agents: a single predator wolf agent and multiple caribou agents.

e:Escape

Figure 1 wolf-caribou predator-prey pursuit problem

Figure 1 illustrates a sample snapshot of the proposed WCP, comprising multiple
caribou agents and a single wolf (shown in the top left part of the world). Various
information, pertinent to each of the entities (such as position, heading, currently
executed behavior, etc.) is displayed in real time during the simulation of the WCP. The
dashed circles around the entities correspond to the visible range of their sensors. We
model the world as a two-dimensional continuous (infinite) torus visualized as a 2D-

surface which is widely-used and relatively easy to implemented[3].




2.4. Architecture of the Caribou Agents

We adopt a purely reactive, subsumption architecture of the caribou agents in
which the functional modules are distributed in three “levels of competence” for the
overall behavior of caribou agents: wandering (lowest priority), escaping from wolf,
and social behavior (highest priority) — coordinated movements aimed at distracting or

deceiving the chasing wolf (Figure 2).

The moving abilities of caribou agents are continuous; they can turn a numeral
angle from their current heading. But the speed is discrete, an agent can run at speeds
equal to one of some decided percentage of its maximum speed. Furthermore, caribou
agents feature a gradual decrease in their energy level. The energy decreases linearly
with the increase of the overall distance travelled by the agents since the beginning of

the trial.

The basic perceptions of caribou agents are based on the proximity perception
model, they can see both peer agent and wolf agent. The visual field of the sensors of

caribou agent is 360 degrees[4].
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Figure 2 Subsumption architecture of caribou agents (a) their respective inter-state transition
model (b)

2.5. Summary

In this chapter, we introduced: i) the related works about predator-prey pursuit
problem and WCP, ii) the definition of predator-prey pursuit problem and WCP.
Afterwards, we introduced why Tian et al. proposed WCP - the advancement of WCP
and the documented situations in real world. Finally, we introduced the architecture of

two types of agents: a superior wolf agent and multiple inferior caribou agents.

We mentioned that we employed GP as the solution-search tool in this work, hence,

in chapter 3, we will introduce some basic concepts of GP.
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Charpter—3
Basic Concepts of Genetic

Programming

3. 1. Introduction

Genetic programming (GP) is an evolutionary computation (EC) technique that
automatically solves a problem without requiring a user to know or specify the form or
structure of the solution in advance. In other words, GP is a heuristic solution-search or
optimization technique. At the most abstract level GP is a systematic, domain-
independent method for getting computers to solve problems automatically starting

from a high-level statement of what needs to be done[11].

3. 2. Genetic Representation

In GP, programmings are usually expressed as syntax trees rather than as lines of
code. In more advanced forms of GP, programs can be composed of multiple

components (e.g., subroutines). In this case the representation used in GP is a set of




trees (one for each component) grouped together under a special root node that acts as

glue[11].

3. 3. Selection

As with most evolutionary algorithms, genetic operators in GP are applied to
individuals that are probabilistically selected base on fitness. That is, better individuals
are more likely to have more children programs than inferior individuals. The most
commonly employed method for selecting individuals in GP is tournament selection,
in which a number of individuals are chosen at random from the population. The chosen
individuals are compared with each other and the best of them is chosen to be the

parent[11].

3.4. Crossover and Mutation

GP departs significantly from other evolutionary algorithms in the implementation
of the operators of crossover and mutation. The most commonly used form of crossover
is sub-tree crossover. Given two parents, sub-tree crossover randomly and
independently selects a crossover point (a node) in each parent tree. Then, it creates the
offspring by replacing the sub-tree rooted at the crossover point in copy of the first

parent with a copy of the sub-tree rooted at the crossover point in the second parent.

The most commonly used form of mutation in GP (is called sub-tree mutation)
randomly selects a mutation point in a tree and substitutes the sub-tree rooted there with

a randomly generated sub-tree[11].




3.5. Summary

In this chapter, we introduced basic concepts of genetic programming which is
employed in this work as the solution-search tool. We introduced the representation
used in GP. Furthermore, we introduced the most commonly genetic operators used in
GP: tournament selection, sub-tree crossover and sub-tree mutations. In chapter 4, we
will elaborate the two frameworks employed in this research: i) simulation framework

-- SimBoard, ii) evolutionary framework -- XGP Manager.

3. 6. References
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Charpter—4
Research Framework for Hypothesis

Testing

4.1. Simulation Framework — Simulated Board

4.1.1. Implementation of Simulated World

As we mentioned in chapter 2, we model the world as a two-dimensional
continuous (infinite) torus visualized as a 2D-surface with simulated (scaled down)
dimensions 1800mx1800m. In other words, if any agent is out of the right