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ABSTRAK

MODEL DAN SENIBINA BERBILANG AGEN UNTUK
BANTUAN DAN PERMODALAN PENGETAHUAN
BERBILANG MOD

Perubahan paradigma yang disebabkan oleh perkomputeran berasaskan agen telah membolehkan
penghasilan peralatan, teknik, strategi dan methafora yang berkuasa yang membolehkan
pembangunan dan pengkonsepsian pelbagai perisian. Masyarakat perisian telah mula untuk
mempercayai bahawa perkomputeran berasaskan agen akan membawa keputusan Yyang
memberangsangkan ke dalam arus pembangunan utama sains komputer. Walaupun sistem agen
cerdas dan berbilang agen mempunyai banyak potensi yang menguntungkan dan mempunyai
mekanisma yang unggul, tetapi masih menghadapi pelbagai cabaran daripada pelbagai aspek
berlainan seperti permodelan, analisis, rekabentuk, interaksi, koordinasi, kerjasama, senibina dan
lain-lain lagi. Isu-isu ini telah membantutkan adaptasi teknologi ke dalam arus pembangunan utama

sains komputer.



Dalam tesis ini kami telah membangunkan sebuah metodologi berbilang langkah, 3 fasa yang
diikhtiarkan untuk mengatasi masalah berkaitan dengan sistem agen cerdas dan berbilang agen dan
membangunkan sebuah sistem aplikasi berbilang agen yang berasaskan teknik, strategi dan

mekasnisma dalam tesis ini.

Dalam fasa pertama penyelidikan, pertama sekali, kami telah membangunkan model Agen
Berautonomi Cerdas (ABC) Hibrid yang menyediakan senibina dari segi teori dalam
mendefinasikan spesifikasi untuk rekabentuk agen berautonomi cerdas tunggal. Keduanya, kami
telah mendefinasikan sebuah rekabentuk generik Hibrid ABC berasaskan kepada model Hibrid
ABC. Rekabentuk generik ABC kami boleh bertindak secara perundingan dan reaktif untuk meniru
kelakuan seperti manusia. Ketiga, kami telah membangunkan Model Sistem Berbilang Agen jenis
Kerjasama yang dipanggil Kerjasana Berasaskan Kehendak (KBK). Model ini akan menentukan
skema kordinasi dan kerjasama dengan protokol komunikasi yang bersesuaian untuk mengurangkan
komunikasi dan penggunaan sumber yang berlebihan. Keempat, kami telah membangunkan bahasa
komunikasi agen yang dipanggil bahasa perihalaan pengetahuan (BPP) yang berpegang kepada

protokol yang dibincangkan sebelumnya.

Dalam fasa kedua penyelidikan, pertama sekali, kami telah membangunkan sebuah metodologi
yang berasaskan agen yang cerdas dan berautonomi untuk analisis dan rekabentuk yang berasaskan
kepada pandangan teori agen dan mengambil kira sturuktur organisasi, model organisasi, protokol
kerjasama, perwakilan interaksi luaran dan rekabentuk sistem multi-agen. Kedua, kami telah
membangunkan sebuah senibina Sistem Berbilang Agen Cerdas bagi Bantuan dan Permodalan
Pengetahuan Perbubatan (BACBPPP) yang berasaskan Model Sistem Berbilang Agen jenis

Kerjasama Berasaskan Kehendak.



Dalam fasa ketiga dan terakhir dalam penyelidikan telah membangunkan sistem (BACBPPP) untuk
sistem berbilang agen yang membawa kesemua teknik, metodologi dan strategi yang telah

didefinasikan dalam tesis bersama.

Kami telah menjalankan satu ujian kuantitatif dan kualitatif ke atas kerja yang dilaporkan dalam
tesis ini. Ujian qualitatif telah dijalankan untuk Model ABC Hibrid, senibina generik ABC Hibrid,
model berbilang agen KBK, metodologi berasaskan Agen Berautonomi Cerdas dan KDL.
Sementara itu ujian kuantitatif telah dijalankan untuk system berbilang agen BACBPPP. Keputusan
ujian untuk model ABC Hibrid menunjukkan bahawa model yang dicadangkan lebih realistik,
cerdas, menyerupai tingkah laku manusia dan memberikan lebih kawalan kognitif dan fleksibel
daripada model BDI. Rekabentuk generik ABC Hibird telah dibandingkan dengan senibina PRS dan
DECAF dan keputusan menunjukkan bahawa ABC Hibrid mempunyai ciri-ciri tambahan yang
menjadikannya pilihan yang lebih baik untuk mengatasi masalah yang terdapat dalam PRS dan
DECAF dari segi penjadualan, piawaian definisi mesej, mekanisma komunikasi yang fleksibel,
meniru tingkah laku manusia, merancang dan rancang semula, masa tindakbalas yang pendek dan
permulaan yang mudah. Model berbilang agen KBK menunjukkan keputusan positif dalam
mengurangkan overhed komunikasi di antara berbilang agen terhadap model berbilang agen yang
lain. Penilaian ke atas KDL menunjukkan yang ianya lebih baik dari segi mendesripksi
pengetahuan, senang untuk diterangkan, kerumitan pentaakulan dan perwakilan berasaskan
matlamat berbanding bahasa komunikasi lain seperti KIF dan LARKS. Keputusan penilaian untuk
metodologi berasaskan Agen Berautonomi ABC menunjukkan bagaimana ia berjaya mengatasi
masalah dan memberikan strategi yang lebih baik untuk penganalisaan dan rekabentuk suatu agen
berbanding GAIA dari segi struktur organisasi, senibina berbilang agen, model organisasi,
rancangan dan ketulenan orientasi agennya. Kami telah melakukan suatu penilaian kuantitatif ke
atas sistem berbilang agen BACBPPP yang menunjukkan tahap kebolehpercayaan yang tinggi

sistem ini dan nilai ingat dan kejituan yang tinggi. Kami dapati tahap kebolehpercayaan dan



keefisian menjadi tinggi disebabkan pembahagian index pengetahuan, pembahagian ontologi,

sifatnya yang kerotonomi atau serentak, dan lokasi agen yang teragih.

Kesimpulannya, penyelidikan kami dalam permodelan,rekabentuk dan pembangunan sesuatu yang
menarik yang menuju ke arah penghasilan idea-idea yang baru dan teknik-teknik yang ber inovasi

bagi kemajuan teknologi agen.

ABSTRACT

The paradigm shift set by agent-based computing provides powerful tools, techniques, strategies
and metaphors that have the potential to significantly improve the way in which people
conceptualize and develop different kinds of software. The software community has started to
believe that agent-based computing is the next significant breakthrough for the mainstream of
software development. Although intelligent agents and multi-agent systems provide many potential
advantages and state of the art mechanisms to solve problems, they face many difficult challenges
from different aspects like modeling, analysis, designing, interaction, coordination, cooperation,
architectures etc. These issues hinder the adoption of technology into the mainstream of computer

science.

In this thesis we have developed a contrived, multi-step, three phase methodology to address some

of the problem issues related to intelligent agents and multi-agent systems and developed a multi-



agent system application based on the techniques, strategies and mechanisms developed through out

this thesis.

In the first phase of our research, firstly, we developed Hybrid Intelligent Autonomous Agent (1AA)
model that provides the theoretical framework in defining the specifications for single intelligent
autonomous agent architecture. Secondly, we defined, a Hybrid Intelligent Autonomous Agent (IAA)
generic architecture based on the hybrid IAA model. Our IAA generic agent architecture can act in
a deliberative and reactive manner and it incorporates motivators to mimic human-like behavior.
Thirdly, we developed Demand Based Cooperation (DBC) Cooperative Multi-agent System Model.
The DBC multi-agent system model is a cooperative multi-agent model that specifies the
coordination and cooperation scheme with appropriate communication protocols to lessen the
communication and system resources overheads. Fourthly, we developed a content level agent
communication language called Knowledge Description Lanaguage (KDL) that adheres to the

protocols defined in the DBC multi-agent model.

In the second phase of our research firslty, we developed an Intelligent Autonomous Agent (1AA)-
oriented Methodology for analysis and designing of agents which is based on the holistic view of
agent theory and takes into account the organizational structure, organizational model, cooperative
protocols, explicit interaction representation and designing of the multi-agent system architecture.
Secondly, we developed an Intelligent_Healthcare Knowledge Assistance and Capitalization (IHA)

Multi-agent system architecture that is based on the DBC cooperative multi-agent model.

In the third and final phase of our research, we developed the IHA system for multi-agent system

which brings together all the techniques, methods and strategies defined in this thesis.



We conducted a qualitative and quantitative evaluation of the work presented in this thesis.
Qualitative evaluation was conducted for Hybrid 1AA model, Hybrid IAA generic architecture,
DBC multi-agent model, Intelligent Autonomous Agent (IAA)-oriented methodology, and KDL
while quantitative evaluation was conducted for IHA multi-agent system. Evaluation results for
Hybrid IAA model showed that the proposed model is more realistic, intelligent, mimics human
behavior and provides more cognitive and flexible control than the BDI model. The Hybrid IAA
generic architecture was evaluated against PRS and DECAF architectures and results showed that
the Hybrid IAA has a number of extra characteristics which makes it a better choice by overcoming
problems found in PRS and DECAF in terms of better scheduling, message definition standards,
flexible communication mechanisms, mimicking human behavior, planning and re-planning, short
response time and simple initialization. The DBC multi-agent model showed positive results in the
reduction of communication overhead among multi-agents against other multi-agent models.
Evaluation of KDL showed that it is better in terms of richness of knowledge description,
extensibility, ease of expressiveness, reasoning complexity and goal-oriented representation over
other agent communication languages such as KIF and LARKS. The results of the evaluation for
the IAA-oriented methodology showed how it overcame the problems and provided a better strategy
for the analysis and design of agent compared to GAIA in terms of organizational structure, multi-
agent architecture, organization model, plans and pureness of its agent orientation. We conducted a
guantitative evaluation of the IHA multi-agent system which showed high reliability of the system,
and high Recall and Precision values. We found that reliability and efficiency became high because
of the division of knowledge index, division of ontology, its autonomous/concurrent nature, and the

distributed locations of agents.

In conclusion, our research on the modeling, designing and development of the intelligent agents
and the multi-agent systems designing, modeling and development is an exciting one, leading

towards generation of new and innovative techniques for the advancement of agent technology.






Chapter 1

INTRODUCTION

“Agents are here to stay, not least because of their diversity, their wide range of
applicability and the broad spectrum of companies investing in them. As we move further
and further into the information age, any information-based organization which does not
invest in agent technology may be committing commercial hara-kiri."

—Hyacinth S. Nwana

1.1 Introduction

Agent software is a rapidly developing area of research. The word agent is currently in vogue in the
popular computing press as it is within the artificial intelligence (AI) and computer science
communities (Chauhan, 1997). Agent-based computing provides an exciting new paradigm and
synthesis both for artificial intelligence and, more generally, computer science problem solving, and
has the potential to significantly improve the theory and practice of modeling, designing and
implementing computer systems (Nicholas, 2000). Intelligent agents are an emerging technology
that is making computer systems easier to use by allowing people to delegate work back to the
computer. They help do things like find and filter information, customize views of information, and
automate work. “In our lives, when we find ourselves in a position where time and activities
overtake us, we seek help in the form of assistants - people who take care of things we could do
ourselves, but prefer not to. In the computer world, intelligent agents play the role of such
assistants” (Gilbert, 1997). One important aspect of the current concept of agent is that an agent acts
on behalf of its human user to perform one or more portions of the overall task of gathering and
using information. Unlike an ordinary program on a single computer, an agent may run on any
location or site and report its results to any other location or site or to another agent via the network.
This is contrasted to the traditional programming paradigm where all of the resources and their

locations are known prior to execution of the program or very shortly after execution begins. A key



element in the agent programming paradigm is that of adaptation. Adaptation is essential in multi-
agent systems since the availability of resources may change, agents may not be able to predict
results of information requests and environment changes may require task recognition (Graham,
2001). Agent applications are being developed for fields as varied as manufacturing, entertainment,
electronic commerce, user assistance, service and business management, information retrieval,
research, etc. According to BIS Strategic Decisions, “Agents will be the most important computing

paradigm in the next 10 years”.

1.2 Motivation Towards Intelligent Agent Technology

Agent based computing has been considered the new revolution in software. One of the interesting
and important aspects of agents is that they facilitate cognitive modeling (based on behavioral
aspect fulfilling a particular purpose), as opposed to role modeling (based solely on purpose)
(Rahwan et al., 2000). Agents are different from current programs in three ways: 1) they are
proactive, i.e. they initiate actions, 2) they are adaptive, i.e. they learn from the user's preference and
habits, and 3) they are personalized, i.e. they change their way of helping the user according to what
they have learned about the user (Chavez et al., 1997). Software agents work autonomously without
waiting for a user's command. The user and the agent both communicate to each other to complete a
task. As we depend more on computers to complete our daily tasks, we will have to rely for some
part of our productivity on software agents, or “digital assistants”. As Maes (1994) says, “we
evaluate such digital assistants using two criteria: their ability to perform a task on behalf of the
user, and their trustworthiness, or the assurance that allows the user to delegate tasks to an agent

without worrying. We will only adopt agents if we can trust them and control their actions”.

Agents assist users in various ways and domains. The tasks suited for computer agents are the same
as those to which we employ human agents, i.e. tasks that require expertise, skill, resources, or labor

to accomplish some goal (Maes, 1994). We can categorize those tasks as follows:



¢ Information-based tasks: navigation and browsing, information retrieval, sorting, organizing, and
filtering.

e Work-related tasks: reminding, programming, scheduling, advising, and managing emails.
Learning: coaching, tutoring, and assistance.

¢ Entertainment: playing against, playing with, and performing.

The agent enables a person to state what information he or she requires and the agent then

determines where to find the information and how to retrieve it (Etzioni and Weld, 1995).

Autonomous, intelligent agents may prove to be the key requirement in transforming passive search

and retrieval engines into active, personal assistants (Jansen, 1996).

1.3 Agent Models and Architectures

Agent models provide the basis for defining an agent architecture. There exist different models (see
section 2.4) among which the BDI model is popular for intelligent agents. It has its basis in
philosophy and offers a logical theory which defines the mental attitudes of Belief, Desire, and
Intention using a modal logic (Winikkoff et al., 2001). The central concepts in BDI model are:

o Beliefs: Information about the environment.

e Desires: Objectives to be accomplished.

e Intentions: The currently chosen course of action.

e Plans: Means of achieving certain future world states.

1.3.1 Agent Architectures

A shift from theory to practice leads to a shift from model to architecture that is the construction of
computer systems that satisfy the properties specified by an agent model. Kaelbling defines an agent
archetecture as: “Specific collection of software (or hardware) modules, typically designated by

boxes with arrows indicating the data and the control flow among the modules. A more abstract



view of an architecture is a general methodology for designing particular modular decompositions

for particular tasks” (Kaelbling, 1991).

Agent architectures can be categorized by the way they solve problems. The classic way to build
agents is to build a knowledge base and then enable the agent to reason about the belief contained
therein. This paradigm is known as symbolic Al (artificial intelligence). Agents built on this model
of the world are known as Deliberative Agents or sometimes called symbolic reasoning agents. A
deliberative agent architecture contains an explicitly represented symbolic model of the world (i.e.
the knowledge base). Decisions in the agent are based on pattern matching and symbolic
manipulation in the knowledge base. There are two types of problems with this type of approach

(Jennings, 1995; Graham, 2001).

e How to translate the real world into an accurate, adequate symbolic description in a period
of time rapid enough for that description to be useful.
e How to represent information about complex real world entities and processes and how to

get agents to reason about that representation in time to be useful.

These problems have led researchers to develop what are now known as Reactive Architectures. In
reactive architectures there is no symbolic reasoning. This idea is that intelligent behavior can be
generated without explicit symbolic representation. Without the symbolic representation there is no
need for the complex symbolic reasoning. In a reactive agent, intelligence is an emergent property
of complex systems (Rodney, 1986). Intelligence emerges as a result of an agent’s interaction with
its environment. Real intelligence is situated in the real world and not in a disembodied
representation as in theorem provers and expert systems (Rosenschein and Zlotkin, 1994). Many
researchers have suggested that neither a completely deliberative nor completely reactive approach

is suitable for building agents. They have argued the case for Hybrid architectures. A Hybrid



architecture contains the components that are reactive and also components that are deliberative

(Jennings and Wooldridge, 1995).

1.4 Single Agent Limitations

A single agent is an entity that performs a wide range of user-delegated information finding tasks
with general knowledge. We believe that such centralized approaches have several limitations. A
single general agent would need an enormous amount of knowledge to be able to deal effectively
with user information requests that cover a variety of tasks. In addition, a centralized system
constitutes a processing bottleneck and a single point of failure. Furthermore, unless the agent has
beyond the state of the art learning capabilities, it would need considerable reprogramming to deal
with the appearance of new agents and information sources in the environment. Finally, because of
the complexity of the information finding and filtering task, and the large amount of information,

the required processing would overwhelm a single agent (Sycara and Zeng, 1996).

Most researchers in Al to date have dealt with developing theories, techniques, and systems to study
and understand the behavior and reasoning properties of a single cognitive entity. Al has matured,
and it endeavors to attack more complex, realistic, and large-scale problems. Such problems are
beyond the capabilities of an individual agent. The capacity of an intelligent agent is limited by its
knowledge, its computing resources, and its perspective. This bounded rationality is one of the
underlying reasons for creating problem-solving organizations. The most powerful tools for

handling complexity are modularity and abstraction (Sycara, 1998).

1.5 Multi-agent System Characteristics Over Single Agent

Nikos defines the fundamental aspects that characterize multi-agent systems (MAS) and
distinguishes it from a single-agent system. These fundamental aspects are given below (Nikos,

2003):



Agent design: Tt is often the case that different agents which comprise MAS (multi-agent
system) are heterogeneous and that they have different capabilities and behaviors that would
lead to design differences in hardware or software. Agent heterogeneity can affect all functional
aspects of an agent from perception to decision making, while in single-agent systems the issue
is simply nonexistent.

Environment: Agents have to deal with environments that can be either static (time invariant)
or dynamic. Most existing Al techniques for single agents have been developed for static
environments. In MAS, the mere presence of multiple agents makes the environment appear
dynamic from the point of view of each agent.

Perception: The collective information that reaches the sensors of the agents in MAS is
typically distributed, i.e. the agents may observe data that differ spatially (appear at different
locations), temporally (arrive at different times), or even semantically (require different
interpretations).

Control: Contrary to single-agent systems, the control in MAS is typically distributed
(decentralized). This means that there is no central process that collects information from each
agent and then decides what action each agent should take.

Knowledge: In single-agent systems we typically assume that the agent knows its own actions
but not necessarily how the world is affected by its actions. In MAS, the levels of knowledge of
each agent about the current world state can differ substantially.

Communication: Interaction is often associated with some form of communication. Typically
we view communication in MAS as a two-way process, where all agents can potentially be
senders and receivers of messages. Communication can be used in several cases, for instance,
for coordination among cooperative agents or for negotiation among self-interested agents

(competitive agents).



1.6 Multi-Agent Systems Motivation

In this section we will develop our understanding about the motivations of MAS by going through

different perspective.

1.6.1 General Perspective

The motivation for the increasing interest in MAS research from the general perspective may

include the following abilities (Chavez et al., 1997; Yanai, 1999):

e To solve problems that are too large for a centralized single agent to do due to resource
limitations or the sheer risk of having one centralized system

e To allow for the interconnection and interoperation of multiple existing systems, e.g. expert
system, decision support systems, etc.

e To provide solution to inherently distributed problems.

e To provide solutions which draw from distributed information sources.

e To provide solutions where the expertise is distributed e.g. in healthcare.

e To enhance speed (if communication is kept minimal), reliability (capability to recover from the
failure of individual components, with graceful degradation in performance), extensibility
(capability to alter the number of processors applied to a problem), and the ability to tolerate
uncertain data and knowledge.

e To offer conceptual clarity and simplicity of design.

1.6.2 Information Gathering Perspective

Motivations for multi-agent systems from the information gathering perspective could be analyzed
by looking at the qualities of agents that can benefit the tasks related to information gathering

(Carrick and Qiang, 1999). Some of them are given below:



e Delegation: An agent can receive a query in which the data sources necessary to answer the
query are not specified.

e Transparency: The user should not need to specify how the data is distributed among the
information sources.

e Data-directed execution: Agents can notify users of updates or revised patterns in information
sources.

e Communication: Agents can communicate with other agents to obtain information from
resources to which they do not have access.

e Reasoning: An agent can optimize a given query to minimize communication, time and
expense.

e Planning: An agent can formulate a plan to access appropriate resources to answer a query.

1.6.3 Information Processing and Problem Solving Prospective

In this section, we describe the multi-agent system from the intelligent information retrieval and
problem solving perspective. Characteristics of this perspective include the following (Sycara et al.,
1996):

e Distributed information sources: Information sources available on-line are inherently
distributed. Furthermore, these sources typically are of different modalities. Therefore it is
natural to adopt a multi-agent architecture consisting of many software agents specialized in
different heterogeneous information sources.

o Sharability: Typically, user applications need to access several services or resources in an
asynchronous manner in support of a variety of tasks. It would be wasteful to replicate agent
information gathering or problem solving capabilities for each user and each application. It is

desirable that the architecture support sharability of agent capabilities and retrieved information.



Complexity hiding: Often information retrieval in support of a task involves quite complex
coordination of many different agents. To avoid overloading the user with a confusing array of
different agents and agent interfaces, it is necessary to develop an architecture that hides the
underlying distributed information gathering and problem solving complexity from the user.
Modularity and Reusability: One of the basic ideas behind the multi-agent-based approach is
that software agents will be kept simple for ease of maintenance, initialization and
customization. Another fact of reusability is that pre-existing information services, whose
implementation, query language and communication channels are beyond the control of user
applications, could be easily incorporated in problem-solving.

Flexibility: Software agents can interact in new configurations “on-demand", depending on the
information requirements of a particular decision making task.

Robustness: When information and control is distributed, the system is able to degrade
gracefully even when some of the agents are out of service temporarily. This feature of the
system has significant practical implications because of the dynamic and unstable nature of on-
line information services.

Quality of Information: The existence of (usually partial) overlapping of available information
items from multiple information sources offers the opportunity to ensure (and probably
enhance) the correctness of data through cross-validation. Software agents providing the same
piece of information can interact and negotiate to find the most accurate data.

Legacy Data: Many information sources exist prior to the emergence of Internet-based agent
technology. New functionalities and access methods are necessary for them to become full-
fledged members of the new information era. Directly updating these systems, however, is a
nontrivial task. A preferable way of updating is to construct agent wrappers around existing
systems. This agent wrapper approach offers much flexibility and extensibility. Practically
speaking, it is also easier to implement since the internal data structure and updating mechanism

of the legacy information systems do not need to be modified.



1.7 Multi-Agent System Overview

Traditionally, research into systems composed of multiple agents was carried out under the banner
of Distributed Artificial Intelligence (DAI), and has historically been divided into two main camps
(Shoham, 1997): Distributed Problem Solving (DPS) and Multi-Agent Systems (MAS). More
recently, the term “multi-agent systems” has come to have a more general meaning, and is now used
to refer to all types of systems composed of multiple (semi-)autonomous components. Distributed
problem solving (DPS) considers how a particular problem can be solved by a number of modules
(nodes), which cooperate in dividing and sharing knowledge about the problem and its evolving
solutions. In a pure DPS system, all interaction strategies are incorporated as an integral part of the
system. In contrast, research in MAS is concerned with the behavior of a collection of possibly pre-

existing autonomous agents aiming at solving a given problem.

A MAS can be defined as a loosely coupled network of problem solvers that work together to solve

problems that are beyond the individual capabilities or knowledge of each problem solver (Georgeff

and Rao, 1995). These problem solvers—agents—are autonomous and may be heterogeneous in

nature. When a group of agents in a multi-agent system share a common long-term goal, they can be

said to form a team. Team members (or teammates) coordinate their behaviors by adopting

compatible cognitive processes and by directly affecting each others' perceptory inputs including

via communicative actions. As such, characteristics of MAS are:

e Each agent has incomplete information, or capabilities for solving the problem, thus each agent
has a limited viewpoint.

e There is no global system control.

e Data is decentralized.

e Computation is asynchronous.
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In order to obtain coherent system behavior, individual agents in a multi-agent system should not
only be able to share knowledge about problems and solutions, but should also reason about the
processes of coordination among other agents. Without coordination all the benefits of decentralized
problem-solving can quickly vanish. As in a multi-agent system, there is no possibility of global
control, globally consistent knowledge, global success criterion, or even a global representation of
the system, and therefore the task of coordination can be quite difficult. The coordinating task raises

issues in communication, interaction, cooperation, and coherence.

1.7.1 Coordination

A distinguishing feature of multi-agent system is the fact that the decision making of the agent can
be distributed. This means there is no central controlling agent that decides what each agent must do
at each step, but each agent is to a certain extent responsible for its own decisions. The main
advantages of such a decentralized approach over a centralized one is efficency due to
asynchronous computation and robustness in the sense that the functionality of the whole system
does not rely on a single agent. In order for an agent to be able to carry out thier actions in a
distributed fashion, appropriate additional coordination mechanisms must be additionally
developed. Note that coordination can be regarded as the process by which the individual decision
of the agents result in good joint decisons for the group. A typical situation where coordination is
needed is among cooperative agents that form a team, and through this team, they make plans and

pursue common goals.

1.7.2 Communication

Multi-agent interaction is often associated with some kind of communication. Agents’
communication involves several levels of abstraction. On the lower, “network™ level, it must be
made sure that the messages that are sent among the agents arrive safely and on time at their

destination. On an intermediate, ‘language’ level, there must be a basic set of language primitives
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and a standardized format for exchanging these primitives, so that agents that speak the same
language can easily understand each other. On a higher, ‘application’ level, there must be effective
use of communication for solving standard multi-agent problems, like coordination or negotiation

By nature, multi-agent systems are generally distributed, making interaction more difficult.
Interaction in a multi-agent system involves two key components. First is the language or

interaction protocol, and second is the use of performatives.

In a conversation-centric system, the actions of an agent are driven by the communications it has
with other agents in the system. When dealing with distributed agents, it is important to develop a
common language that any agent can understand. The use of a common language ensures that any
new agent can receive a message, and based on the language protocol in use, extract the information
it requires. This is accomplished through a common message format. A common format allows
agents to interface with other agents regardless of the agents’ internal structure. Once a common
communication protocol has been established, performatives must be developed that can give
receiving agents direction or direct agent actions towards a system goal. As such, performatives are
the speech-act components of the language (Bratman, 1992). Performatives are specific to each

system and are dependent on the functions and goals of that system.

1.8 Challenging Issues in Multi-agent Systems

The transition from single-agent systems to MAS offers many potential advantages, but they also

face many difficult challenges. We present problems inherent in the design and implementation of

MAS (Sycara, 1998; Sandholm and Lesser, 1995; Nicholas et al., 1998):

e How to formulate, describe, decompose, and allocate problems and synthesize results among a
group of intelligent agents?

e How to enable agents to communicate and interact? What communication languages and protocols