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Abstract

In this paper we discuss a multi-agent information
trading system, which we argue provides a suitable
and flexible design for distributed IR, and a suitable
test-bed for studying agent cooperation, coordination
and negotiation. Within the fields of Information Re-
trieval (IR) and Information Filtering (IF), agents
represent a suitable paradigm to conceptualise, de-
sign and implement an IR system.

1 Introduction

Information overload is a term frequently used to
describe the vast amount of information available
to readers and the difficulty involved in identifying
relevant material. Research into this problem has
focused on improving retrieval techniques.

Many techniques have been developed to aid users in
dealing with information overload. These techniques,
and systems, attempt to analyse the content of doc-
uments and present only those that are relevant to
a user. Techniques employed to date include the
Boolean model, Vector Space model and Al-inspired
approaches.

With the increased proliferation of data repositories,
techniques are required to effectively query a number
of distributed repositories. Problems in this domain
include source selection (which repository is most
appropriate for a given query) and result merging
(how to combine results from different sites). Our
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system provides a model to incorporate these two
problems within a MAS paradigm.

Multi-agent systems consist of a number of agents
(autonomous, intelligent pieces of software [5])
that are able to interact with each other and the
environment. These agents may possibly differ from
each other in their skills and their knowledge [13].
This involves many problems including those of
cooperation, coordination and negotiation.

The paper is laid out as follows. Section 2 outlines re-
search in IR and distributed IR. Research and devel-
opment in MAS is outlined in section 3. The following
section discusses the design of our system. Section 5
describes current and future experiments. Section 6
summarises and offers some conclusions.

2 Information Retrieval

The International conference on scientific information
in Washington 1958 is said to mark the beginnings of
IR as it is now known. The task of an Information
Retrieval system is to retrieve documents containing
information that is relevant to a users information
need [1]. This task is a difficult one as it usually
deals with natural language which is not always well
structured and may be semantically ambiguous [2].

2.1 Approaches

The problem of satisfying an information need can
be approached in several ways. These approaches are



termed models and range from simple string match-
ing techniques to more complicated neural network
based approaches. The task of IR can be broken down
into three subtasks, namely, representation, compar-
ison and feedback.

2.1.1 Representation

The user of a retrieval system has to translate their
information need into a query. This normally implies
specifying a set of words which convey the seman-
tics of the information need [2]. The documents in
the system must also be represented in a machine
readable manner, such that the system can perform
comparison techniques between the document set and
the user information need. Representation techniques
range from using indexes, vector and matrix repre-
sentation to more modern representations, such as
neural networks, connectionist networks and seman-
tic networks [3].

2.1.2 Comparison

This process involves comparing the user query to
the document set in order to obtain a measure of
the similarity between documents and the query.
The comparison mechanisms used are dependent
on the underlying representations employed in the
system. There are three classic representations (mod-
els) in IR, namely, Boolean, Vector and Probabilistic.

Boolean Model

In this model, the queries and documents are
represented as sets of index terms. Index terms
are either present or absent in a document, as a
result the index term weights are assumed to be
all binary ie., w;; = {0,1}. The user query is
composed of keywords linked together using the
Boolean primitives AND, OR and NOT.

Vector Model

The vector model, recognises the limitations of the
Boolean model and proposes a framework in which
partial matching can be performed. Non-binary
weights are assigned to index terms in queries and
in documents. The best known term-weighting for-

mula was suggested by Salton:
N
wy = filog N,

N being the number of documents in the collection,
N; the number of documents in the collection
containing the term ¢ and f;; the number of times ¢
occurs in the document i [3]. The vector space model
evaluates the degree of similarity between d; and ¢
by computing the cosine of the angle between these
two vectors. Extensions and variations have been
proposed - these include alternative weight schemes
[28], clustering of document vectors (self-organising
maps [29], k-means clustering [30]) and LSI [6]
(wherein the dimensions of the vectors are reduced
to improve effectiveness and hopefully accuracy).

Probabilistic Model

The classic probabilistic model was introduced in
1976 by Robertson and Sparck Jones [10]. The prob-
abilities P(d|R) and P(d|R) (the probability that a
document is relevant or irrelevant to a query) can
be calculated based on the probabilities P(t;|R) and
P(t;|R) (the probability that a term #; describes a
relevant or irrelevant document). Sample implemen-
tations of the probabilistic theory include inference
networks [11] and belief networks [9].

2.1.3 Feedback

The third and final stage in an Information Retrieval
system is that of feedback. Users of IR systems may
have little or no knowledge of the operations of the
system or the documents in the collection. This may
lead to difficulties in formulating queries which allow
the system to meet their information needs. Also,
due to the nature of IR the returned results will be
a partial match to the users query. Mechanisms are
required to improve the accuracy of the returned set.
This is achieved by query reformulation and may be
performed by the user but is largely automated by IR
systems. It involves two steps: expanding the original
query with new terms and re-weighting the terms in
the expanded query. This process allows the system
to modify the search criteria and thus return more
suitable documents to the user.



2.2 Distributed Information Retrieval

As document collections grow larger they become
more costly to manage with an information retrieval
system. Searching and indexing costs increase with
the size of the underlying document collection.
Larger document collections invariably result in
longer response times [4]. To support the demanding
requirements of modern search environments, a need
for alternative architectures and algorithms has
emerged. This has led to the increased adoption of
both distributed and parallel architectures.

A more important factor within distributed infor-
mation retrieval is the proliferation of distributed
information sources. Modern information environ-
ments have become large, open and heterogeneous
[12]. This has increased the need to develop dis-
tributed IR systems.

Commonly identified problems within distributed
IR are those of source selection and result merging.
With respect to source selection many alternatives
exist. If the collection is semantically partitioned,
rule-based approaches may be used to query only
relevant sites. If, however, the document collection
is not structured in this manner, as is becoming
more common, we need means to select the relevant
sources. Approaches to date have involved indexing
centrally all document collections and at query time
using this index to further query a subset of sites.
Oftentimes, such centralised statistical information
is not available and means are needed to identify
suitable sources.

A related problem is that of result merging or fusion,
where the ranked results from a distributed set of
sites must be merged into a complete ranked list.
Voorhees et al. [27] proposed strategies based on
modelling sites using training queries and by query
clustering. Callan et al. [26] provide a weighting
scheme whereby the ranked list is weighted according
to the belief that a given site is relevant.

In recent years, agents have been developed and ‘re-
leased’ into information management environments

in an attempt to improve the mechanisms for find-
ing, fusing, using, presenting, managing and updat-
ing information. Work by Sheth [32], Payne [31] and
Kilander et al. [33] has directly applied agents to in-
formation retrieval, filtering and browsing. The fol-
lowing section details the main concepts within MAS
research.

3 Multi-Agent Systems

Software agents date back to the early days of Al
work and Carl Hewitt’s concurrent actor model [7].
In this model, Hewitt proposed the concept of a self-
contained interactive and concurrently executing ob-
ject which he termed an actor. The object had some
encapsulated internal state and could respond to mes-
sages from similar objects [5]. In recent years inter-
est in agent technology has increased and as a result
several definitions of an agent have been proposed.
Wooldridge [24] states:

An agent is a computer system that is sit-
uated in some environment, and that is ca-
pable of autonomous action in this environ-
ment in order to meet its objectives.

The interest in multi-agent systems is largely founded
on the insight that many real world problems are
best modelled using a set of agents instead of a single
agent. In particular, multi-agent modelling makes it
possible (i) to cope with natural constraints like the
limitation of the processing power of a single agent or
the physical distribution of the data to be processed
and (ii) to profit from the inherent properties of
distributed systems like robustness, fault tolerance,
parallelism and scalability. Generally a multi-agent
system is composed of a number of agents that are
able to interact with each other and the environment
and that differ from each other in their skills and
their knowledge about the environment [13].

Whether an agent is collaborating or competing with
another agent, interaction between the agents will
occur. The agents will need to communicate with
each other, to be aware of each other and to reason
about each other. It is clear that the concept of a



multi-agent system is far more complex than that of
an individual agent. The complexity introduced by
agent-agent interactions has created, among others,
the research areas of agent cooperation, coordination,
coalition formation and negotiation.

3.1 Cooperation

Cooperation is often presented as one of the key con-
cepts which differentiates multi-agent systems from
other related disciplines such as distributed comput-
ing, object-oriented systems and expert systems [14].
Given a multi-agent system wherein the individual
and the subgroups are assigned one or more (possibly
implicit) goals, cooperation occurs when the actions
of each agent satisfy either or both of the following
conditions:

e the agents have a (possibly implicit) goal in com-
mon, (which no agent could achieve in isolation)
and their actions tend to achieve that goal.

e the agents perform actions which enable or
achieve not only their own goals, but also the
goals of agents other than themselves [14].

Notions of shared or joint goals and notions of compli-
mentary individual action have been posited. Theo-
ries from formal logics [15], philosophy [23] and game
theory [22] have been adopted to reason about coop-
eration and to design and develop models whereby
agents cooperate.

3.2 Coordination

Coordination is a central issue in software agent sys-
tems and in Distributed Artificial Intelligence (DAI)
[16, 17]. Coordination is required in a multi-agent
system for many reasons, including: preventing
anarchy or chaos, meeting global constraints, effi-
ciency, distributed expertise resources or information
and dependencies between agents’ actions. It is
important to note, at this stage, that coordination
may require cooperation but cooperation will not
necessarily result in coordination.

Coordination Strategies

Many coordination strategies have been developed,
Nwana, Lee and Jennings [16] categorise them into
four broad categories:

o Organisational Structuring: this is the simplest
coordination scenario which exploits the a pri-
ori organisational structure [16]. The organisa-
tion defines implicitly the agents responsibilities,
capabilities and control flow.

e Contracting: The contract net protocol for de-
centralised task allocation is one of the most im-
portant paradigms developed in DAT [18]. When
an agent needs to find another agent to deal with
a problem that the former cannot solve, it broad-
casts a contract announcement for that problem.
The broadcasting agent then awards the contract
to the agent with the best bid.

e Multi-Agent Planning: Within this approach
agents build a multi-agent plan that details all
their future actions and interactions required
to achieve their goals. The system operates in
an iterative manner, with task execution, plan-
ning and re-planning. Multi-agent planning can
be broken into centralised (one agent gathers
all partial plans and analyses them) and decen-
tralised (each agent has a model of all other
agents plans) multi-agent planning.

e Negotiation: Negotiation is involved in most of
the other coordination strategies in some way.
Much of the work on negotiation strategies has
its roots in game theory: utility values for each
outcome of an interaction are inserted into a
payoff matrix which can (usually) be viewed by
both parties. An interactive process of offers and
counter-offers then ensues, in which each agent
chooses a deal which maximises its expected util-
ity value.

3.3 Coalition Formation

Work on negotiation ranges from bilateral nego-
tiation (agreements reached between two agents)
to m-agent agreement. In the case of bilateral



negotiation there are two options: the agents reach
an agreement, or they do not. On the other hand,
n-agent agreements result in a more complicated
scenario. It is these n-agent scenarios which will be
the focus of this section.

A coalition can be defined as a group of agents
who have decided to cooperate in order to perform
a common task [19]. Shehory, Sycara and Jha
[19] believe that the incorporation of a coalition
formation mechanism will increase the efficiency of
group-wise task execution, resulting in near-optimal
task performance. In general agents will only form a
coalition if each member of the coalition gains more
by joining the coalition than by working alone.

The work in this domain ranges from sub-additive
coalitions (Zlotkin & Rosenschein [21]) to greedy
strategy coalitions (Shehory, Sycara & Jha [19]) and
those that are based on agent negotiation (Reusable
Task-based System of Intelligent Networked Agents).

4 Design - Information Trading

The primary concern of this paper is the application
of agent-based systems to the domain of informa-
tion management. Weiss [13] describes information
agents as: agents that have access to multiple, poten-
tially heterogeneous and geographically distributed
information sources. Information agents have to
cope with the increasing complexity of modern infor-
mation environments, ranging from relatively simple
in-house information systems, through large-scale
multidatabase systems, to distributed information
and knowledge repositories in the Internet. One
of the main tasks of the agents is an active search
for relevant information in non-local domains on
behalf of their users or other agents. This includes
retrieving, analysing, manipulating and integrating
information available from different information
sources.

The purpose of the system described and proposed
in this paper is twofold. Firstly, the system acts as
an agent based information trading system and sec-

ondly it forms a test bed and framework for test-
ing various cooperation, coordination and coalition
strategies. Within this framework, agents may have
the potential to learn about the information needs,
about the other agents abilities etc. As sources be-
come more distributed, we have a set of information
providers, with their set of repositories and an asso-
ciated cost to access this information. We envisage
a set of agents satisfying a set of needs by trading
information.

4.1 Agent Community

The concept of an agent as an autonomous entity
and as part of a larger team has been discussed in a
previous section. Agents have been defined as having
knowledge, beliefs and capabilities.

4.1.1 Agent Architecture

The agents in this system will have the following
architecture:

Knowledge

The agents’ knowledge base includes the concepts of
users and their information needs. Upon registration
the user is assigned an agent and is expected to sup-
ply information needs to the agent. The information
need is essentially the task that the agent is obliged
to carry out for its user. The utility is a measure
of whether or not the agent can ‘afford’ to employ
another agent to help with the task. Another way
to look at the utility is as a measure of how satisfied
the user is with the agent. If the user is happy with
the agents work he/she will have greater trust in the
agent and will increase its utility. This increase will
allow the agent more freedom to employ and ‘trade’
with other agents thus increasing their knowledge
base and their ability to satisfy the users information
need.

Beliefs

This part of the agent’s architecture details the
agent’s opinions of one another. The belief rating
refers to one agent’s level of belief in another agents
ability to perform a task. The trust rating, on the



other hand, relates to an agents belief that the agent
will actually carry out the task. This section is
an important part of the agent architecture. The
belief and trust levels that an agent has in another
agent will be taken into account when an agent is
considering who is most suitable for a particular task.

Capabilities

The capabilities section refers to the tasks that the
agents will be able to perform. All agents will be
capable of carrying out the same tasks (including re-
trieval, learning and trading) but they will differ in
their ability to perform them.

4.2 Interactions

The system is relatively straight-forward if the agents
are capable of performing the task specified by their
users. They simply query their own repositories, us-
ing their IR module, and return the retrieved docu-
ments to their user. This acts as a set of separate
centralised IR systems. The more complicated and
interesting aspects of the system can be seen if it is
cheaper or easier for another agent to perform the
task or if an agent is unable to perform the task re-
quired (due to poor capabilities or repositories). If,
for example, the agent in question does not have ac-
cess to the information needed to fulfill its task(s)
then it must employ the help of another agent. This
is quite a complex task and there are many possibil-
ities that could occur.

4.2.1 1-1 Agent Interactions

In this scenario there are two possibilities that must
be considered, namely, the agents can cooperate with
each other or not. In order to cooperate the agents
must be able to communicate their actions to one
another. They must be able to:

¢ Propose a course of action
¢ Reject a course of action
e Accept a course of action

e Counter propose a course of action

The propose and accept performatives will allow the
agents to cooperate with one another and the addi-
tion of the counter propose performative allows the
agents to negotiate with one another. The propose
and counter propose performatives are essentially do-
ing the same tasks.

4.2.2 N-Agent Interactions

This scenario introduces many more possibilities.
The agents must be able to communicate with one
another, the performatives described in the last
section still hold for this case. The agents will again
be capable of cooperation and negotiation. The
possibilities of the agents coordinating their actions
and forming coalitions must also be considered.

When an agent performs a task it expects its utility
to increase. When a group of agents work together
on a task they still expect to be paid for their part in
the operation. This introduces the notion of a payoff
scheme. The bonus available for the task is still the
same regardless of how many agents work on the
task. The bonus must be split in some way between
the agents. Several coalitions may form within one
agent community. There can be coalitions within
coalitions. It should be noted that the agents are
under no obligation to join in any coalition or even
to cooperate with other agents. It is possible that an
agent may not want to share the payoff with other
agents and therefore undertakes to do the task by
him/herself (the concept of a ‘selfish’ agent). Al-
though the agent will get the full payoff from this task
it may take him longer to complete as he works alone.

In summary, we have a set of repositories, agents
and users. These can be easily expanded if required.
Primitives and protocols exist which allow retrieval,
trading and coordination schemes (coalition forma-
tion). We envisage that this architecture can be re-
used with different mechanisms in place in order to
compare approaches.



5 Experimental Setup

5.1 Information Sources

The information collections used in the system are
standard IR test collections. A collection of ab-
stracts from the communications of the association
of computing machinery (CACM), the CISI collec-
tion and the Cranfield collection. These collections
provide the agents with over five thousand documents
to trade.

5.2 Information Retrieval Systems

Each agent in the system has the ability to search its
own document, collection. We require that different
agents have different capabilities so we have several
IR engines. The IR modules available in the system
are: the Boolean model, the Vector Space model and
the INFOrmer system [25]. The Boolean model and
the Vector Space model have been discussed in a pre-
vious section. The third and final model available to
the agent community is the INFOrmer system which
uses a semantic network representation and spreading
activation techniques to effect the comparison [25].

5.3 Multi-Agent System Protocols

As mentioned the system has been designed with its
use as a test bed in mind. The main motivation be-
hind this approach was to allow for the implementa-
tion of various agent cooperation, coordination and
coalition formation strategies. It was decided that
a possible manner in which to test these strategies
would be to slowly increase the number of agents in
the system and monitor the changes that occur. The
different scenarios that will be examined are 2-agent
scenarios. 3-agent scenarios and m-agent scenarios.
We hope to measure complexity (messages passed),
fitness and user satisfaction.

5.3.1 2—agent Scenarios

Within the 2-agent scenario we can consider the pos-
sibility of the agents cooperating with one another
or working in isolation. The agents have the ability
to communicate, propose, reject, accept and counter

propose courses of action. These performatives allow
the agents to cooperate with one another by propos-
ing a course of action and accepting a course of ac-
tion. We can test various cooperation strategies and
examine the behaviour of the system to gain an indi-
cation of how the agents react to the differing strate-
gies. These results can then be compared and the
‘best’ strategy discovered.

5.3.2 3—agent Scenarios

If we consider a situation where there are three
agents in a system more complexities will come
into play. As there are three agents in the system
their actions will need to be coordinated in order
for the community to maintain a stable state. We
will be able to introduce the possibility of coalition
formation to the system. It is possible that two of
the agents will form a group (coalition) and work
together to achieve their goal(s), thus excluding the
other agent from the coalition. The remaining agent
is then left to work in isolation to achieve its goal.

An agent may want to form a coalition with another
agent or set of agents if it is unable to perform the
task required of it. In order to form a coalition the
agent has to carry out the following steps:

e Decide what agent(s) should be in the coalition.
This decision will be made based on the belief
and trust ratings described in the agents archi-
tecture.

e The agent will then broadcast a message to the
selected agents offering them the opportunity to
join the coalition

e The agent then waits for responses from those
agents. These will either be accept or reject per-
formatives

e The next step may involve negotiation. If the
accepting agents are happy with the terms of
the coalition then there will not be any need for
negotiation. On the other hand if the agents
are not satisfied with the terms of the contract
then they will try to re-negotiate with the offer-
ing agent. This cycle can have several iterations



until the agents decide to join or to finally reject
the coalition

e The contract is implemented. Each agent in the
coalition carries out the task that they were em-
ployed to do and the overall task is completed.

e The final task to be carried out involves the mod-
ification of the belief and trust ratings. The
agent that proposed the formation of the coali-
tion must now examine his belief and trust rat-
ings in the agents and adjust these based on the
agents performance in the coalition.

The n-agent scenario allows a more complex commu-
nity to develop. It is possible that several coalitions
develop and the agents could move in and out of coali-
tions. This scenario is mainly a larger version of the
3-agent one. As there are more agents in the sys-
tem there will be more opportunities available. The
agents can be more selective in the coalitions that
they join. It will also introduce the concept of a
‘price war’. As there are more agents it should be
easier to find one that is capable of performing the
task required at the ‘right price’.

5.4 Summary
5.4.1 Experiments

Initial experiments involve the simulation of a
distributed multi-user IR system wherein users in-
formation needs are satisfied via a set of information
agents. A number of information repositories will be
created and will be accessible by some or all of the
agents.

We can easily implement a naive round robin
merging mechanism. Based on relevance feedback
(automated using available human judgements) we
can learn to, not only modify the user query as in
traditional IR, but can also learn to attach more
trust in certain sites and their associated agents.
Similarly we can, over time, learn to identify suitable
sources to query.

Irrespective of the learning algorithm employed by
the individual agents and or the society of agents we

have an empirically sound means of evaluation.

This setting allows us to categorically quantify the
suitability of agent interaction protocols such as
coalition formation schemes and trust and reputation
models commonly adopted within the agent com-
munity. Initial agent experiments will involve local
updatings of belief and trust models possessed by
individual agents, experiments regarding coalitions
and normative constraints can be easily incorporated
into the existing system.

In summary we propose initially to build a sim-
plistic IR system to use for baseline comparisons.
Subsequent incorporation of agent interaction and
associated protocols will lead to the production of
results regarding the suitability of these approaches.

Motivations behind the development of such a
system include the creation of a test-bed for the
examination of agent interactions and the provision
of a distributed information retrieval architecture
which provides an alternative to and possibly better
approach than, existing designs.

The system, as it is designed, allows users, n agents,
n information needs and m IR modules to interact
within the agent community. The n agents satisfy
the users by providing information, through the use
of m different IR modules.

As mentioned, we propose that the architecture de-
veloped in this system may subsume other distributed
IR models. Problems associated with existing dis-
tributed approaches include source selection and re-
sult merging. The application of the multi-agent
paradigm provides a means of overcoming these dif-
ficulties. Over time the agents will learn about the
quality of information and the ability of an agent to
retrieve this information. Before an agent decides to
‘employ’ another agent it will examine its belief and
trust rating in that agent. If the agent is deemed to
provide accurate information in an appropriate man-
ner it will be selected to aid in the task. The belief
and trust that each agent has in each other agents
information collection and ability provides a means



of automatic source selection. Agents with access to
information of a poor quality or those using simplis-
tic retrieval methods will not be invited to perform
tasks with, or for, other agents.

6 Summary & Conclusion

The areas of IR and multi-agent systems represent
different areas of study but can be combined in or-
der to provide a robust, extendable, intelligent, po-
tentially distributed information management sys-
tem. We believe that this approach provides a unique
method of dealing with the traditional IR problem.
The agents provide an intelligent module, in which
they have the ability to communicate with, learn
from, trust and distrust each other. We believe that
this process of information trading provides a bet-
ter quality of service to the end user. The multi-
agent paradigm undoubtedly extends the capabilities
of IR modules in a distributed environment. Immedi-
ate future work will involve the completion of exper-
imentation using existing coordination and coalition
schemes.
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