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MULTI-AGENT DISTRIBUTED COMPUTING
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ABSTRACT. The paper takes a multi-agent approach to distributed cooper-
ative virtual environments. Distributed computing systems aim to connect
human and information resources in a transparent, open and scalable way.
Multi-agent systems are investigated with the aim of compiling a successful
solution for distributed computing problems. An agent-based architecture is
proposed to support distributed computing by enabling interoperation among
distributed resources and knowledge integration. The multi-agent approach
should address load balancing and resource management problems. It is en-
visaged to improve the proposed architecture using stigmergic optimization
techniques, particularly ant-based procedures for generating load balancing
mechanisms.

1. INTRODUCTION

Intelligent agents are regarded as the natural metaphor to address distribution
of data or control, legacy systems and open systems [13, 22]. Composed of several
interacting agents, multi-agent systems (MAS) have the potential to play a cru-
cial role in a large number of application domains including ambient intelligence,
computing, electronic business, semantic web, bioinformatics and computational
biology [3, 14, 15, 17].

Current approach investigates MAS with the purpose of identifying a suitable
architecture to support distributed computing. The proposed Multi-Agent Knowl-
edge Management and Support System (MAKS) enables distributed collaboration,
supports interoperation of heterogeneous resources and facilitates knowledge shar-
ing, reuse and integration in a virtual environment. Performance and efficiency of
the MAKS multi-agent architecture are evaluated for a distributed design environ-
ment. Future work emphasizes possible extensions of the proposed architecture to
better address load balancing problems.
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2. MULTI-AGENT SYSTEMS AND ONTOLOGIES

An agent refers to a system situated in an environment being able to perceive
that environment and to act autonomously in order to accomplish a set of objec-
tives [3, 10, 14, 17]. Agents receive inputs about the state of their environment
through sensors and they can perform actions through effectors [13]. The main
properties of an agent are autonomy, reactivity, pro-activeness, cooperation, learn-
ing and mobility [3, 10, 17].

A multi-agent approach to developing complex systems involves the employment
of several agents capable of interacting with each other to achieve objectives [6].
The benefits of such an approach include the ability to solve large and complex
problems, interconnection and interoperation of multiple existing legacy systems
and the capability to handle domains in which the expertise is distributed [14, 18].
A MAS is composed of several autonomous and possibly heterogeneous agents
[14]. Each agent within the MAS has a limited set of capabilities or incomplete
information to solve the problem. The MAS approach implies that there is no
global system control, data is decentralized and computation is asynchronous [14].

The interoperation among autonomous agents of MAS is essential for the suc-
cessful location of a solution to a given problem. Agent-oriented interactions span
from simple information interchanges to planning of interdependent activities for
which cooperation, coordination and negotiation are fundamental. Coordination
is necessary in MAS because agents have different and limited capabilities and
expertise [16]. The foremost techniques to address coordination in MAS include
organisational structuring, Contract Net Protocol, multi-agent planning, social
laws and computational market-based mechanisms [3, 16]. Negotiation is essential
within MAS for conflict resolution and can be regarded as a significant aspect of
the coordination process among autonomous agents [14, 16, 19]. Agents within
MAS need to communicate in order to exchange information and knowledge or
to request the performance of a task as they only have a partial view over their
environment [14]. Considering the complexity of the information resources ex-
changed, agents should communicate through an agent communication language
(ACL) [9, 17] such as the Knowledge Query and Manipulation Language [9] and
FIPA ACL [12].

A meaningful communication process among agents requires a common under-
standing of all the concepts exchanged by agents. Ontologies represent one of
the most significant technologies to support this requirement being capable of se-
mantically managing the knowledge from various domains [7, 20]. ”Ontologies
are explicit formal specification of a shared conceptualization” [21]. Ontologies
describe concepts and relations assumed to be always true independent from a
particular domain by a community of humans and/or agents that commit to that
view of the world [1, 11].
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3. MULTI-AGENT KNOWLEDGE MANAGEMENT AND SUPPORT
FOR DISTRIBUTED COMPUTING

Emerging enterprise models involve multiple users distributed in a virtual en-
vironment who have to cooperate using the software tools available in order to
solve problems. Being highly heterogeneous, these users (or teams of people) can
be geographically, temporally, functionally and semantically distributed over the
enterprise [6]. A computer-based communication network is the work environment
where interoperation has to take place [3].

The proposed Multi-Agent Knowledge Management and Support System (MAKS)
architecture employs multi-agent systems to manage human and information re-
sources in distributed computing environments. Content-related support is en-
sured by the use of ontologies that handle the information circulated in the envi-
ronment. The MAKS architecture is composed of the following four major classes
of agents (see Figure 1): (1) User Agents represent the interface between the
system and the end user; (2) Application Agents integrate heterogeneous tools
by making the application-specific information globally available; (3) Ontology
Agents manage the information resources of the distributed environment; and (4)
Interoperation Agents supervise the functionality of the system ensuring agents
are meaningfully interconnected and allocation of resources is appropriate.

MAKS Ontology Library composes the machine-enabled framework in which
the system’s information resources are circulated and stored. The aim is to estab-
lish a joint terminology between members of the distributed environment (either
humans or agents) by defining concepts, relations and inference rules [3]. MAKS
Multi-Agent plane of the proposed architecture specifies the types and behaviours
of the software agents required to enable the system’s functionality (see [4]). User
Agents provide different services to the user and respond to queries and events ini-
tiated by the user (or on behalf of the user) with the help of the ontological agents.
Examples of User Agents include a User Profile Manager agent (which should act
autonomously to manage the profile of the user and should learn user preferences
over time) and a User Interface Controller agent (which should provide a customiz-
able graphical user interface based on the user profile). Application Agents are in
charge of retrieving information from the software applications called by the user
and forward it for storage to the ontological agents. Ontology Agents provide on-
tology management services in communication networks. They are able to access,
retrieve, add, modify and delete information from the Ontology Library. Besides
the agents that can read, write and update information (Ontology Reader, Ontol-
ogy Broker, Ontology Reviser, Component Receiver agents), the ontology agent
society should contain agents that are able to supervise the ontology management
process ensuring the consistency of the ontology and the delivery of the requested
ontology-related services (Ontology Manager agents). The fourth class of agents
refers to Interconnection Agents that supervise and support the interoperation
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FiGURE 1. MAKS Architecture for Distributed Computing Environments

process among the other agents. Examples of Interconnection Agents include Sys-
tem Manager agents that supervise the overall functionality of the multi-agent
system and Directory Facilitator agents that facilitate service discovery.

The MAKS architecture manages resources by employing Application Agents
and Ontology Agents to deal with distributed information and knowledge and
User Agents to make knowledge easily accessible and shared among dispersed
computers. Interoperation Agents address load balancing problems by distributing
processing activities across a computer network (creating and activating agents in
different locations). Furthermore, mobile Ontology Agents can move around the
network to spread information.

4. MAKS EVALUATION

The proposed MAKS architecture has been implemented for the distributed
design domain. Designers are able to access information using the proposed multi-
agent system in a web format (MAKS Agent Web Portal) or based on graphical
user interfaces (MAKS Agent Interface).

All MAKS agents have been implemented using a Java-based environment for
MAS development and are able to take the initiative (i.e. pro-activeness) and in-
teroperate (i.e. cooperation) with other agents in order to achieve their objectives.
Moreover, some of the MAKS agents (e.g. User Profile Manager, Application Con-
troller, Ontology Manager, System Manager) should be able to operate on their
own without the intervention of users or other agents. Figure 2 presents a possible
deployment of the MAKS agents in a distributed engineering design environment.
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The computer labelled 'Main’ in Figure 2 represents the main platform containing
the MAKS manager agents e.g. System Manager, Ontology Manager that super-
vise the entire agent interoperation process. The other computers in the network
are used by different designers each served by a User Interface Controller agent
and a User Profile Manager agent (that will have to register with the System
Manager and optionally with the Directory Facilitator). These User agents can
be accessed through either MAKS Agent Interface or MAKS Agent Web Portal.
Furthermore, some designers have one or more Application Controller and Com-
ponent Sender agents active depending on the number of software applications
integrated in MAKS (e.g. the information handled by Designer A using a CAD
application is also organized by an Application Controller agent).

To make the design knowledge manageable by MAKS agents, the distributed
design domain has been mapped to a library of ontologies defining concepts such
as product, property, material, resource and process. The key concept defined in
the engineering design ontology is that of a Product considered the final outcome
of the design process. Figure 3 shows the UML-based ontology diagram describing
the concept of a Product. Each product is viewed as a hierarchy of assemblies and
parts, with each assembly being made-up of further assemblies and parts defined in
terms of their characteristics (e.g. name, mass, version) and relations (has_author,
has_manager, has_feature, has_material).

The testing phase of MAKS for distributed design uses the protocol analysis
(PA ) technique to evaluate the proposed system when used by a single designer or
by a team of designers in a distributed environment to perform a given set of tasks.
The subjects were videotaped while using the system (MAKS Agent Web Portal
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FiGURE 3. UML-based ontology diagram of a product

and MAKS Agent Interface) and verbalizing their thoughts or communicating
with other designers (depending on the task). Besides the proposed multi-agent
system, subjects were asked to use traditional groupware technologies to complete
similar tasks. The intention was to evaluate the proposed system itself using the
PA approach and furthermore to compare it with groupware technologies currently
used by designers (in a best-case real scenario) to share information in a distributed
design environment. The groupware technology selected for this reason is Lotus
Sametime Document Repository, which allows logged users to manage documents
through a web-based interface.

The transcripts of each PA session were designed to support the capture and
analysis of the subject’s exact verbalization, the observer’s notes and the records
of user’s actions. The segmentation of episodes is based on the steps and different
screens used by the subject in order to complete the given tasks. Figure 4 shows
the episode times for each subject in a PA session where the given tasks refer to
the retrieval of specific information about a component in a given assembly.

Each subject used the Sametime Document Repository and the proposed multi-
agent system (through the MAKS Agent Interface and the MAKS Agent Web
Portal) to retrieve the requested information. It is clear that the groupware tech-
nology (see Figure 4) was more difficult to be used whereas the MAKS Agent
Interface and Web Portal have about the same amount of time allocated.

The PA test results show that agent properties such as autonomy, pro-activeness,
cooperation and mobility are highly beneficial to the distributed designer during
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the information-intensive problem solving process of design. Compared to tradi-
tional groupware technologies, the multi-agent approach has clear potential bene-
fits including reliability, robustness and faster access to required information.

5. CONCLUSIONS AND FUTURE WORK

Distributed computing systems aim to connect resources in a transparent, open
and scalable way. The agent-based architecture proposed in the current paper
employs multi-agent systems for interoperation among distributed resources and
ontologies for knowledge sharing, reuse and integration. The proposed system ex-
ploits agent properties such as autonomy, cooperation, learning and pro-activeness
in a semantic approach to support a process that involves dispersed heterogeneous
resources and multidisciplinary people. The main issues addressed by the agent-
based architecture include resource management and information flow in commu-
nication networks.

Future work focuses on the improvement of MAKS using emerging metaheuris-
tics such as Ant Colony Systems and Evolutionary Computing techniques. On-
going research focuses on Ant Colony Optimization [5, 8] algorithms and their
employment for solving load balancing problems in the enhanced extension of the
MAKS system.
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