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Abstract.1 One of the basic issues to face in Multi-Agent Systems is effectively imple-
menting cooperation among agents. To this aim, a not trivial problem has to be solved:
Among a (possible large) number of agents, how to detect which agents are promis-
ing candidates for cooperation? In this chapter a new approach for dealing with this
problem is proposed. We define a formal model for representing agents and a num-
ber of semantic properties exploited for detecting fruitful cooperation. On the basis
of this model we design a Multi-Agent System, called SPY, capable of managing and
supporting cooperation in the agent community. The system learns semantic proper-
ties by monitoring the user behavior in such a way that it adapts its response to user
expectation.

1 Introduction

Cooperation is often considered as one of the key concepts in Multi-Agent Systems (often
denoted by MAS) [19, 12, 13, 18, 11, 35, 4, 15]. Indeed, each agent, in an agent community,
does not have to learn only by its own discovery, but also by exploiting knowledge coming
from other agents. Cooperation is usually implemented by integrating multiple (even hetero-
geneous) knowledge sources [2, 3, 26, 25, 22, 31, 5, 36]. But a basic problem concerns the
coordination of agent behaviour in order to meet both the knowledge of the interest domain
and the individual requirements. For this purpose, learning and adaptation are considered
essential by many researchers in this field [32, 8, 28, 34, 29]. In order to realize such a coop-
eration, some techniques developed in the field of Machine Learning has been introduced in
various Multi-Agent Systems [20, 9, 21, 10, 33].

This chapter gives a contribution in this context. Basically we study the following prob-
lem: Take a network of agents, each supporting a user, and let the individual knowledge of
each agent be an ontology embedding also knowledge about the user behavior. When a user
would contact other agents, in order to integrate their ontologies with that of her/his agents,
or, in other words, when a user ask for cooperation of other agents, how she/he can select,
among the universe of possible agents, the most appropriate ones?

For giving a solution to the above problem we propose a formal framework in which
we represent by quantitative information a number of semantic properties that we consider
important for detecting fruitful cooperation. Such properties take into account both structural
similarities among agent ontologies, user perception, and attraction power of agents in the

1A short abridged version of this chapter appeared in the Proceedings of the Second International Conference
on Intelligent Agent Technology 2001, pp. 44–53, World Scientific.
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community. Potentially appropriate agents for cooperating with an agent, say �, of the net,
are obtained by solving a linear system. The solution of such a system provides the user of
� with a number of agent lists, each containing the most appropriate agents for cooperation,
from which the user can choose agents she/he want to contact for supporting her/his activity.
The multiplicity of such choice lists depends on the multiplicity of the properties that can be
used as preference criteria. Users are free to use the suggested lists even partially, or to ignore
them. In any case, user’s behaviour induces a modification of some coefficients (describing
reactive properties) in such a way that lists suggested in the future are (hopefully) closer to
real user needs. Therefore, the system learns from user’s behaviour about how to provide
her/him with suggestions meeting as much as possible their expectancy.

On the basis of this model, we design a Multi-Agent System with a client-server archi-
tecture: Client agents, possibly cooperating with one another, support user activity, while the
server side coordinates cooperation. Among all possible applications, we have considered the
case of agent cooperation for helping the user in retrieving information. The user is provided
with a set of recommendations that are generated both by her/his agent and by agents the
system has detected as promising for cooperation.

The chapter is organized as follows. Section 2 relates our work with other proposals. Sec-
tion 3 illustrates how individual knowledge of agents is represented in our model. Section 4 is
the core of the chapter, since it describes which semantic properties we represent and how we
model and solve the problem of cooperation. Section 5 describes how cooperation between
two agents is implemented, that is the integration of the two respective knowledge bases. In
Section 6, the system SPY, implementing the cooperation model, is presented. Section 7 gives
a practical description of a system execution session and some discussion about the system
behavior. Finally, Section 8 gives the conclusions.

2 Related Work

In the context of Machine Learning approaches, [34] illustrates the progress made in the
available work on learning and adaptation in Multi-Agent Systems, and provides a general
survey of Multi-Agent Systems using adaptation and learning. In [32], a demonstration of
how reinforcement-learning agents can learn cooperative behavior in a simulated social en-
vironment is provided, specifying that if cooperation is done intelligently, each agent can
benefit from other agents instantaneous information, episodic experience and learned knowl-
edge. [8] concerns with how a group of intelligent agents can work together in order to solve
a problem or achieve a common goal, by using Machine Learning techniques to refine their
knowledge. An example of a practical situation that needs to be modeled in a group of agents
is presented in [28], where a probabilistic reciprocity mechanism is introduced to generate
stable and cooperative behavior among a group of self-interested agents. In [30], authors
identify procedures and environments under which self-interested agents may find it ben-
eficial to help others and point out that sharing of experiences about other agents among
reciprocative agents will limit the exploitative gains of selfish agents.

A large numbers of Multi-Agent Systems using learning techniques have been proposed
in literature. Among these, we cite some significant proposals:

� In [26], a learning system, called COLLAGE, that endows the agents with the capability
to learn how to choose the most appropriate coordination strategy from a set of available
coordination strategy, is presented.
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� Amalthaea [21], that is an evolving Multi-Agent Ecosystem for personalized filtering,
discovery and monitoring of information sites.

� [10] presents an information retrieval system where a multi-agent learning approach to
information retrieval on the Web is proposed, in which each agent learns its environment
from the user’s relevance feedback by using a neural network mechanism.

� In [20] a system of collaborative agents is proposed, where the collaboration among
agents assisting different users is introduced in order to improve the efficiency of the
local learning.

� The system Challenger [9], consisting of agents which individually manage local re-
sources and communicate with one another to share their resources in the attempt of
utilizing them more efficiently, in order to obtain desirable global system objectives.

� [33] presents a multi-agent architecture applied to Cooperative System Engineering, use-
ful in modeling activities and providing support to cooperative tasks.

� In [6, 7] the authors introduce a principle, called Win or Learn Fast (WOLF), for varying
a learning rate in a new reinforcement learning technique. They examine this technique
theoretically and also present empirical results on a variety of more general stochastic
games.

� [27] aims to establish a mechanism that enables agents to cope with environments that
contain both selfish and co-operative entities, where the mixture and the behavior of these
entities is previously unknown to all agents. Authors achieve this by enabling agents to
evaluate trust in others, based upon the observations they gather.

Such techniques open, on the one hand, the possibility of integrating individual agent
knowledge for acquiring an enhanced knowledge of the environment. On the other hand,
they consider the problem of determining which agents are promising candidates for suitable
knowledge integration, but, differently from our approach, none of them proposes automatic
techniques for solving such a problem.

We point out that in the above approaches the knowledge involved in the cooperative
exchange is not stored in a complex data structure, but it generally consists of unstructured
elementary information about both the environment and the various actions performed by the
agents. But an important issue recently emerged in the MAS field deals with the necessity
of organizing the available knowledge in ontologies [23, 16, 17, 14], that are sophisticated
content oriented data structures.

3 The Knowledge Bases

Throughout the chapter we refer to a given set of agents � of cardinality � and we suppose
that all agents in � can cooperate with each other. Thus we can see the set � as a undirected
complete graph of agents whose arcs represent possible cooperation. W.l.o.g., we identify
agents in � by the cardinal numbers ��� ���� ��.
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3.1 An Ontology for describing the domain of interest

Since we consider only homogeneous agents, we suppose that a unique environment is asso-
ciated with our agent net. We represent such an environment in our model by a set of objects.
For the rest of the section we consider a set of objects � as given.

A domain � on � is a set of classes of objects. We suppose that a suitable semantics
underlying the classification provided in a domain is given. The notion of domain is formally
defined next.

Definition 3.1. A Domain on O , denoted by D , is a set � � �� such that both: (1) �� � �,
��� � �, and (2) there exists an element � of �, called the root such that, �� � �, � � �.
Elements of � are called classes.

In words, a domain is a set object classes containing, at least, a root class collecting all
the objects of � and, for each object � of �, the singleton class ���. Throughout the rest of
the section, we assume a domain � on � as given.

Set containment induces a partial ordering among elements of a domain �. A domain �
plus this ordering in called ontology.

Definition 3.2. An ontology on �, denoted by ��, is a partially ordered set �����. The
ontology graph of �� is a directed graph 	���� with set of nodes coinciding with � an set
of arcs 
 defined as the binary relation obtained as transitive reduction of the relation � of
��

2. The node � of 	����, where � is the root of �, is called root of 	����.

Note that, as a consequence of item (2) of Definition 3.1, each non-root node is reachable
from the root � of 	����. Furthermore, by item (1) of Definition 3.1, nodes of 	���� with
out-degree � coincide with singleton classes of �. An ontology based on a generalization hi-
erarchy is suitable for representing many real-world situations, like the topics in Web engines
and in Web sites, the items in e-commerce, the staff hierarchy of an organization and so on.
It is worth noting that this is not the only possible choice for representing the environment of
agents. Indeed, in different contexts, as semi-structured data in Web documents, other kinds
of ontologies may be better suited (for example OEM-graphs [1], SDR-networks [24], etc.).

3.2 The Local Knowledge Base

The ontology represents the common knowledge about the environment in which the agents
work. However, each agent may have a partial view of the ontology representing the portion
of the world the user monitored by the agent selects by her/his activity. Inside this portion of
the ontology, different priorities for the classes can be inferred by exploiting user behaviour.
This is encoded in the notion of the Local Knowledge Base (�� for short), defined next.

Definition 3.3. Given an ontology �� on � and an agent �, a Local Knowledge Base ���

(of � on ��), is a pair �	�� ���, such that: (i) 	� � ���� 
�� is a sub-graph of 	���� (i.e.,
�� � �, 
� � 
) containing the root � of 	���� and such that each � � �� is reachable
in 	� from �, and (ii) � is a function, called priority function, defining a real weight ranging
from 0 to 1 associated to each arc ��� �� of 	� such that:

���� �� �
����

�������� ���
2����� is in the transitive-reduction of � iff � � � and � � � such � � � and � � �.



Finding the Best Agents for Cooperation 5

where 
����� is the set of nodes adjacent to �, and for each � � 
�����, ��� counts how
many times the user of � has selected an object (that is, a leaf node) through a path selection
including the arc ��� ��. Note that coefficients ��� in a path ��� ��� ����	� are updated only when
the leaf node �	, corresponding to a single object of the domain, is selected. The root � of
	���� is also called the root of ���.

A Local Knowledge Base, representing the local view of the agent, is then obtained by
extracting a sub-graph from the ontology graph including all the classes accessed by the user
(and thus at least the root node). Moreover, arcs of the so obtained graph are weighted for
assigning highest priority to most accessed classes.

4 Extraction of the Semantic Properties

Besides his/her local agent, each user looks at the other agents of the net as a source of po-
tentially interesting information in order to enrich the support to his/her activity. Interest in
agents can be defined by considering some semantic properties. Such properties, useful for
driving users’ choices are of two types: (i) local properties, taking into account information
stored in the LKBs, and (ii) global properties, merging local properties with external knowl-
edge extracted from the general context. An important feature of the model is that the merge
performed in the construction of global properties is based on an adaptive learning technique
involving some parameters by which the user behaviour is taken into account. In other words,
global properties exploit an important kind of properties (encoded in a number of parame-
ters) directly reflecting reactions of users to system advice. We call such additional properties
reactive properties. Next we describe the set of properties used in the model.

4.1 Local properties: Similarity

The only local property we consider is the property we call similarity between two agents
� and �, representing a measure of the similarity of the two corresponding LKBs. Such a
coefficient is a real value ranging from 0 to 1.

Definition 4.1. Let � and � be two agents. Let 	� � �� �� 
�� and 	� � �� �� 
�� be the two
graphs of their LKBs. Let �� and �� be the corresponding priority functions. We define the
similarity ��� between � and � as:

��� � �	
�


 
� � 
� 


�
�
���������

�
�

where

�
� �

�

 ����� ��	 ����� �� 
 if ��� �� � 
� � 
�

� otherwise.

Observe that the term �
������ �

�
�
��������� �
� in the expression defining ��� (for two

agents � and �) represents a dissimilarity between agents � and �. This is defined as a mean of
a number of contributions �
�, each corresponding to an arc ��� �� belonging to the set 
��
� .
For common arcs of the two LKBs, that is, arcs belonging to the intersection between 
� and

� , �
� is the difference (in absolute value) between the respective priority functions (note
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that such a difference is a real value ranging from 0 to 1). In words, common arcs can be view
as “homologous” arcs, and their dissimilarity measures how much these arcs differ in terms
of weight. For the remaining arcs ��� �� � 
� � 
� , we assign the value � to the coefficient
�
�. Indeed, an arc belonging to 
� but not belonging to 
� has not a “homologous” arc in the
LKB graph of the agent � (and vice versa), and thus this is the case of maximum dissimilarity,
leading to a contribution (to the overall dissimilarity) saturated to the value 1.

4.2 Global Properties: Interest and Attractiveness

Recall that global properties merge local properties with knowledge extracted from the con-
text. In this section we introduce the notion of interest coefficient, representing just a measure
of the global properties of a given agent as perceived by another one. Hence, for a pair of
agents � and �, the interest coefficient, besides the similarity between � and �, must take into
account also knowledge extracted from the context. But which kind of contextual knowledge
has to be considered as meaningful?. The choice we make in our model is the following:
The knowledge extracted from the context, used by the agent � for defining the interest co-
efficient ��� w.r.t. another agent �, is a measure of the global interest of all the other agents
(different from �) w.r.t. the agent �, that is a measure of a sort of attractiveness of the agent
� as perceived by the agent �. Recalling that the interest, besides the contextual knowledge,
must take into account also the local knowledge (that is, the similarity), the above definition
of contextual knowledge leads to require that, for each � � � � ���:

��� � �������� �������� 
 � � �� ���� (1)

where ��� and ��� are suitable functions yielding real values from 0 to 1. In particular, ���

returns a measure of the attractiveness of the agent � detected by the agent � from the value
of the interest coefficients of all the agents (different from �) w.r.t �, while ��� combines such
a measure with the similarity ���. Clearly, the function ��� plays also the role of weighing the
importance for the agent � of the local knowledge w.r.t. the contextual one.

For ��� and ��� (where � and � are two agents) we adopt in our model the following
choices: (i) ��� is a function returning the average of the interest coefficients of all the other
agents different from �, (ii) ��� is a function computing a linear combination of the similarity
coefficient between � and � and the attractiveness of � w.r.t �. Applying the above definitions
for ��� and ���, (1) becomes the following linear system:

��� � � � ����
�
��� � ��� � ��� � ��� � ��	 ��� � ��� �

�
���

�
��������� ����

�
(2)

where ��� and ��, for each � � � � ���, are adaptive parameters ranging from 0 to 1
representing a measure of reactive properties that we suppose to be learned from the user
behaviour. ��� plays the role of a reducing factor, filtering the advice of the system on the
basis of the user behaviour, while �� measures the importance that the user gives to the local
knowledge (similarity) w.r.t. the contextual one. Note that both ��� and �� can be estimated
once the reactive properties are defined. We deal with this issue in the next section. Thus,
given an agent �, any value assignment to the interest coefficients of all the other agents w.r.t.
� must satisfy (2). The next theorem shows that, for every value of the parameters occurring
in (2), there exists a unique solution of the linear system (2), that is a value assignment to the
interest coefficients satisfying (2). Obviously, such a solution can be polynomially computed.
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Lemma 4.1. Given an agent � � � and a set of 3-tuples of 	�� �
 real coefficients ����� ���� ���� 

� � � � ��� � ��� � � � ���� �
 � � � ��� � � � ��� � ���, then there exists a unique
solution of the system (2).

Proof. The lemma is trivially true in case � � � � �. Thus, we have to prove the claim
for � � �. To this aim, it is sufficient to show that the rank � of the coefficient matrix � of
(2) is full, i.e., � � � 	 �3. W.l.o.g., just for notation convenience, we suppose � � � � �.
The coefficient matrix � is:

� �

�
� 	� ��� � ��� �

���

���
��� ��� � ��� �

���

���

��� ��� ��� ���
��� � ��� �

���
���

��� � ��� �
���
���

��� 	�

�
	

We proceed by contradiction supposing that � � � 	 �. In such a case, there exists a row
� of � that can be expressed as linear combination of the other rows by means of � 	 �
coefficients, say �
, � � ����, � � �� �. In particular, for the diagonal element ���� �� � 	�
the following holds:

���� �� �
�


������
 �����

�
� � �
� �
�	 �


�	 �
� �
 � 	�� (3)

For the other elements ����  � of the row �, where  � ����,  � �� �, we obtain:

����  � � ��� � ��� �
�	 ��

�	 �
� 	�� �

�

������
�������

�
� � �
� �
�	 �


�	 �
� �
 (4)

that is:

��� � ��� �
���
���

� 	��


� � ��� � ��� �

���
���

�
�

�
�


������
����� �
� � �
� �
���
���

� �
�
(5)

Exploiting (3), (5) becomes:

��� � ��� �
�	 ��

�	 �
� 	�� �

�
� � ��� � ��� �

�	 ��

�	 �


	 � (6)

from which we derive that �� � 	�. For symmetry, �
 � 	� for each � � ����, � � �� �.
As a consequence, (3) becomes:

�

������
�����

�
� � �
� �
�	 �


�	 �
� �� (7)

Hence, we have reached a contradiction, since by hypothesis for each �, either �
 � � or
�
� � � or �
� � �. Thus, (7) is false since

�

������
����� �
� � �
� �

���
���

� �.

Theorem 4.1. Given an agent � � � and a set of 3-tuples of 	�� �
 real coefficients ����� ���� ���� 

� � ��������� � ������ �
 � ����� � ����� � ���, there exists a unique ��	��-tuple
of 	�� �
 real values � � ����� � � � � �������� �������� � � � ���� satisfying (2).

3Recall that the size of � is �� �



8 F. Buccafurri et al.

Proof. Existence and uniqueness is ensured by Lemma 4.1. Thus, we have only to prove
that �
�, for each � � � � ���, belongs to the interval 	�� �
.The theorem is trivially true in
case � � � � �. Thus, we have to prove the claim for � � �.

��� � �, for each � � � � ���. We start by proving that �
� � �, for each � � � � ���.
In particular, we show that the set !� � �� � � � ��� 
 �
� � �� is empty. We proceed by
contradiction, supposing that !� � �. Let "� � �� � � � ��� 
 �
� � ��.

(2) can be rewritten as follows:

��� � ��� � ��� �

�
��� �

�	 ��

� 	 �
�

�
��

����

��� �
�
����

��� 	 ���

�
	
�
	

�

thus:

��� �

�
� �

��� � ��� � ��	 ���

�	 �


� ��� � ��� �

�
��� �

�	 ��

�	 �
�

�
��

����

��� �
�
����

���

�
	
�
	

�

Now, posing ��� � � �
��� 	��� 	�����

���
and applying the summation for each � � !�, we

obtain:

�
����

��� �
�
����

��� � ���

���
�

�
��� �

�	 ��

� 	 �
�

�
��

����

��� �
�
����

���

�
	
�
	

from which we derive:

�
����

��� �

�
��	

�
����

��� � ��� � ��	 ���

��� � ��	 ��

�
	 �

�
����

��� � ���

���
�

�
��� �

�	 ��

� 	 �
�
�
����

���

�
	

�

Posing #� �
�

����

��� 	��� 	�����

��� 	�����
�
�

����
�

�� ���
��� ���� �������

, we obtain:

�
����

��� �
�

�	 #�
�
�
����

��� � ���

���
�

�
��� �

�	 ��

�	 �
�
�
����

���

�
	

�

(8)

Since !� is not empty by hypothesis,
�

����
��� � �. As a consequence, (8) is false, since

its right-hand term is greater than or equal to 0. Indeed, as it can be easily verified, #� � �.
We have thus reached a contradiction and hence the set !� must be empty. It remains to prove
that �
� � �, for each � � � � ���.

��� � �, for each � � � � ���. We shall demonstrate that the set $� � �� � � �
��� 
 �
� � �� is empty. We proceed by contradiction, supposing that $� � �. Let �� �
�� � � � ��� 
 �
� � ��.

First observe that $� cannot be a singleton. Indeed, if in the a tuple � � ����� � � � �
�������� �������� � � � ���� just one element, say it �
�, is greater than 1, then (2) is not satisfied,
as �
� � �
� � ��
 � ��	 �
� �

�
���

�
�����
��� ���� � �.

Thus, we have to consider only the case 
$�
 � �. Denote by % the cardinality of $� .
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First, rewrite (2) as follows:

��� � ��� � ��� �

�
��� �

�	 ��

� 	 �
�

�
��

����

��� �
�
����

��� 	 ���

�
	
�
	

thus:

��� �

�
� � ��� � ��� �

��	 ���

�	 �


� ��� � ��� �

�
��� �

�	 ��

� 	 �
�

�
��

����

��� �
�
����

���

�
	
�
	

�

Now, posing �

�� � � � ��� � ��� �

�����
���

and applying the summation for all � � $� , we
obtain:

�
����

��� �
�
����

��� � ���

�
��
�

�
��� �

�	 ��

�	 �
�

�
��

����

��� �
�
����

���

�
	
�
	

from which we derive:

�
����

��� �

�
��	

�
����

��� � ��� � ��	 ���

�
�� � ��	 ��

�
	 �

�
����

��� � ���

�
��
�

�
��� �

�	 ��

�	 �
�
�
����

���

�
	

�

Posing #
� �
�

����

��� 	��� 	�����

���� 	�����
�
�

����

�
�� ���

	�� ����������

, we have:

�
����

��� �
�

�	 #
�
�
�
����

��� � ���

�
��
�

�
��� �

�	 ��

�	 �
�
�
����

���

�
	

�

(9)

The right-hand term of (9) is upper-bounded by

�
����

�

� � ���
���

�

�
��� �

�	 ��

� 	 �
�
�
����

���

�
	

�

In turn, the latter is upper-bounded by:

�
����

�

� � ���
���

since
�

����
��� � � 	 % � �	 �.

But, �

��
����
���

� �, for each � � $� and, thus, the right-hand term of (9) is less than %. As

a consequence, (9) is false, since
�

����
��� � % and thus we have reached a contradiction.

This concludes the proof.
The above result allows us to define the interest coefficients list of an agent � as the unique

solution of (2).
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Definition 4.2. Given an agent � � �, the interest coefficient list of � is the unique �� 	 ��-
tuple of real values ����� � � � � �������� �������� � � � ���� satisfying (2). Given an agent � � �, the
interest coefficient of � w.r.t � is the value ��� occurring in the interest coefficient list of �.

Besides the interest property, from the knowledge of the interest coefficients lists, agents
can exploit a second type of property. Indeed, an agent can compare different agents on the
basis of their attractiveness coefficient, representing the component of the interest capturing
only the contextual knowledge.

Definition 4.3. Given a pair of agents �� � � �, the attractiveness of � perceived by �, is
the real coefficient 
�� (ranging from 0 to 1) defined as: 
�� � �

���

�
��������� ���, where

����� � � � � �������� �������� � � � ���� is the interest coefficients list of the agent �.

4.3 Choice Lists

Suppose the user of an agent � has the intention of contacting other agents in order to establish
a cooperation. Suppose the similarities between � and every other agent is known as well
as both the interest coefficient of � w.r.t. every other agent and the attractiveness of all the
agents perceived by �. As previously discussed, such values can be effectively computed
once a number of parameter are set (actually, they can be suitably initialized and updated
by learning from the behaviour of the user, as we shall explain in the sequel). Thus, three
agent lists can be presented to the user i associated to the agent �, each associated with one
of the properties similarity, interest and attractiveness. We denote these lists �����, ��(i), and
�����. ����� (�����, �����, resp.) is the list of the � 	 � agents � (different from �) ordered
by decreasing similarity (interest, attractiveness, resp.) coefficient ��� (��� , 
�� , resp.). When
the user � chooses an agent � from the list ����� (�����, �����, resp.), it means that she/he
perceived only the property of similarity (interest, attractiveness, resp.) about the agent �.
From the choices of the users, useful knowledge can be thus drawn, which is potentially
usable as feedback for correcting advice given to them. This issue is discussed in the next
section.

4.4 Reactive Properties

For reactive properties we mean properties describing reactions of users to the suggestions
received from the system at a given time, that must be taken into account for adapting future
responses of the system. We implement such adaptation of the system to the user behaviour by
including into the interest coefficient definition (see Section 4.2) some specific coefficients
that are automatically updated during system running. In this section we describe both the
role of such coefficients and the rules defining their adaptation to user behaviour. Recall that,
given a pair of agents � and �, for defining the interest coefficient ��� , two parameters �� and
��� must be set. They are real parameters ranging from 0 to 1. �� encodes the preference
property and is called preference coefficient of the agent �, while ��� is the product �� � &��

between the benevolence coefficient �� and consent coefficient &��, resp., of � w.r.t. �. Recall
that, given an agent �, by �����, �����, and �����, we denote the three choice lists presented
to the user of agent � by the system.

The Preference Property. It is described by a real coefficient ranging from 0 to 1, denoted
by ��, and called preference coefficient. The property measures how much for an agent � the
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similarity is more important than the attractiveness property for defining global properties.
It is easily recognizable that in the definition of interest given in Section 4.2 the coefficient
�� plays just this role. Now we define how the coefficient �� is updated. Suppose that at a
given time the user of the agent � makes a selection of agents. Denote by ��� (���, �
�,
resp.) the set of the agents that the user has selected from the list ����� (�����, �����, resp.).
Such choices are interpreted in order to define how to update the coefficient ��. The reasoning
we adopt is the following: the ratio between the number of agents selected according to the
similarity property and the total number of selected agents, provides us a perception of the
importance the user gives to the similarity versus the attractiveness. Thus, such a ratio could
be used for evaluating the new value of ��. How to infer the number of agents selected for
their similarity? Certainly all the agents of ��� are chosen for their similarity. On the contrary,
it is reasonably assume that agents of �
� do not give any contribution to the above number,
since they has been chosen only on the basis of the attractiveness property. What about agents
in ���? Here, the choice was done on the basis of the interest property, which mixes similarity
and attractiveness. But we can use the old value of �� for inferring which portion of ��� has
been chosen for the similarity. And this is coherent with the semantic we have given to the
preference coefficient. Thus, the total number of agents chosen on the basis of similarity can
be assumed to be �� � 
���
� 
���
. Taking into account the above observations, updating ��

after a selection step is defined as:

�� �
�

�
�

�

 ��� 
 ���� 
 ��� 



 ��� 
 � 
 ��� 
 � 
 �
� 

� ��


�

where 
 ��� 
 � 
 ��� 
 � 
 �
� 
 is the total number of selected agents. This updating is
obtained by computing the average between the new contribution with the old value of �� in
order to keep memory of the past and avoiding drastic changing of the coefficient.

The Benevolence Property. This property measures a sort of availability of the agent � to
which a user � requires to share knowledge. Such a property is used in order to weight the
interest of � w.r.t. �. For instance, an agent � that recently, and for several times, has denied
collaboration in favor of � should become of little interest for �. The parameter encoding such
a knowledge is called benevolence coefficient, denoted by �� , and takes real values ranging
from 0 to 1. �� � � (resp., �� � �) means the agent � is completely unavailable (resp.,
available) to fulfill the requests of �. The response of � to requests of � updates the value of
�� according to the following rules:

�� �

�
'����� �� � Æ� if � grants the request of �
'�(��� �� 	 Æ� if � denies the request of �

where Æ is a (reasonably small) positive real value.
The Consent Property. This property describes how much the user of an agent � trusts

suggestions of the system regarding another agent � done on the basis of the interest property.
The coefficient associated with this property is denoted by &�� and is called consent coef-
ficient. The updating rules defining how to adapt the coefficients &�� after a user selection
step take into account only the portion of the selection performed on the list �����. Indeed,
from this portion of the user selection, we can draw information about the opinion of the user
about the suggestions provided by the system. For instance, if the user of � completely trusts
the system capability of providing the best suited agent for cooperation by providing the list
����� she/he will choose exactly only the first � agents appearing in �����, where � is the size



12 F. Buccafurri et al.

of the portion of her/his selection extracted from �����. This is not in general the case, that is,
some of the � agents chosen from ����� do not occur in the set of the first � agents of �����.
We defined updating rules by taking into account the above observations according to the
following idea: every agent � chosen by the user from ����� produces a gain of the consent
coefficient &�
 if � is a candidate from the system to be selected, produces an attenuation of
&�
 otherwise. More formally, given an agent � and a selection �� (set of agents) extracted by
the user of � from �����, for each � � ��:

&�
 �

�
'����� &�
 � Æ� if � appears among the first 
��
 elements of �����
'�(��� &�
 	 Æ� otherwise

where Æ is a (reasonably small) positive real value.

5 Integration of Knowledge Bases

Cooperation between two agents is implemented in our model by the integration of their
LKBs. Thus, the user of an agent � which has selected an agent � from one of the three choice
lists can exploit the cooperation of � by consulting the Integrated Knowledge Base �� �� ,
obtained by integrating �� � with ��� . We show next how ���� is defined. Once the
���� has been computed, the integration of the knowledge of the agent � with that of the
client agent � is simply implemented by replacing its LKB with the new �� �� .

Definition 5.1. Let � be an agent. Let � � ������� ������ ������ be one of the choice lists of
� and � be an agent selected by � from the list �. Let 	� � �� �� 
�� and 	� � �� �� 
�� be
the two graphs of their LKBs .

The Integrated Knowledge Base of � in �, denoted by �� �� , is the pair �	��� ����, where
	�� � �� � � � �� 
� � 
�� and ������ �� (i.e., the priority function) is computed on the
basis of the coefficients �
� of the arcs outgoing � in 	�� as defined by Definition 3.3. Such
coefficients, according to the semantics we have given to the priority function, are defined as
follows:

�
� �

��
�

��
� if ��� �� � 
� � 
�

��
� if ��� �� � 
� � 
�

��
� � ��
� if ��� �� � 
� � 
�

where we denote by a superscript the source ontology the coefficients refer to.

In words, the coefficient of an arc in the integrated LKB is obtained by copying the cor-
responding coefficient from the source LKB, say it �, in case the arc belongs only to �, by
summing up the corresponding coefficients, in case the arc appears in both LKBs. The inte-
gration process is further illustrated by the following example.

Example 5.1. Consider two agents � and # working in a musical environment and let ��

and �� of Figure 1 be their respective LKBs (for brevity, we do not show in the figure the
common ontology on which the two LKBs are defined). In Figure 1, the LKB ��� obtained
by integrating the LKBs �� and �� is also shown. Observe that, according to Definition
5.1, the coefficients of the arcs �$)%��� *���� and �*���� �+���,% --�� in ��� have been
obtained as sum of the coefficients of the corresponding arcs in �� and �� . Indeed, such arcs
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Figure 1: Integration of two LKBs

appear both in �� and in �� . Moreover, all the other arcs of ��� keep the coefficient of the
LKB from which they come. For instance, the coefficient of the arc �&.�%%��� ���� is 5,
corresponding to the value weighting the arc �&.�%%��� ���� in the LKB �� .

Once the integration process is completed and the �� �� has been computed, we update
the LKB of � to be ��� � ���� .

6 The SPY System Architecture

The SPY system implements the model described in the previous sections. It is based on a
client-server architecture as shown in Figure 2. Cooperation of client agents is coordinated
and managed from the server side (i.e., the Agency). Client agents, possibly cooperating each
other, support user activity. Among all possible applications, we have considered the case of
agent cooperation for helping the user in retrieving information. The user is provided with a
set of recommendations that are generated both by her/his agent and by agents the system has
detected as promising for cooperation. The server maintains a copy of the LKB of each agent
in the network, updating it each time a change arises. Figure 2 zooms in on the (generic)
client agent �, showing its architecture.

It consists of 4 main modules, that are: (1) the Interface, (2) the Knowledge Base Set, (3)
the Knowledge Base Management System and (4) the Agent Manager. We illustrate in details
each of these modules and their function.

(1) Interface. It is the front-end of the client agent and provides the user with tools for vi-
sualizing choice lists (see Section 4.3), selecting agents to which ask for the cooperation
and, consequently, performing the LKB update (by calling the integration procedure). Of
course, in general, the interface must include also tools which depend on the considered
application setting. Recall that, in our case, the chosen application setting is the informa-
tion retrieval. As usual in front-end modules, it is possible to identifies two sub-modules,
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Figure 2: The Agent Architecture

Figure 3: The Agent Interface Module
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called Sensor and Actuator, the former including all the functions allowing the user to
send request to the system, the latter collecting the functions managing the answer of the
system to the user’s request (see Figure 2). Figure 3 reports a snapshot of the interface
at run time. The button OK, the search box, the tool for selecting agents in the three list
boxes and the button LKB update belong to the sub-module Sensor: When the user clicks
on the OK button, the system is advertised that she/he would like to contact the selected
agents for submitting them the keywords specified in the search box. Furthermore, by
clicking on the button LKB Update, the user may require the integration between her/his
local knowledge base and the set of local knowledge bases of the contacted agents, in or-
der to enrich its local knowledge with an external knowledge she/he considers useful. The
box visualizing the three choice list and the box containing the set of recommendations
provided by the system belong to the sub-module Actuator.

(2) Knowledge Base Set. It contains all the information needed for the agent for performing
its task. Management and update of such an information are carried out by the module (3)
(i.e., the KBMS) which is described below.

As shown in Figure 2, the Knowledge Base Set is composed of the following three sub-
modules:

– the sub-module ��, that is the local copy of the Ontology Domain (recall that it
represents the a-priori knowledge shared by all the agents of the net);

– the sub-module ��, that is the Local Knowledge Base of the agent � (recall that
it embeds the knowledge about how the user explores the Ontology Domain);

– the sub-module Network Knowledge Base (��, for short), which stores the list
of agents of the community and the lists of similarity, attractiveness, and interest
coefficients (���� 
��� ���, for � � �) currently determined between the agent � and
all the other agents � of the net. Such coefficients, are computed by the Agency ac-
cording to rules defined in Section 4 and transmitted to the client agent each time a
change arises. Recall that the computation of such coefficient needs the knowledge
of preference, benevolence and consent coefficients. These are kept by the Agency
and automatically updated on the basis of the choice list exploitation and the coop-
eration grants/denials performed by the users (according to rules defined in Section
4). Observe that the information stored in the �� is needed for providing the user
with the three choice lists.

(3) Knowledge Base Management System (KBMS, for short). It is composed of two sub-
modules, called Knowledge Manager (�$ , for short) and Integrator (see Figure 2). The
Knowledge Manager manages and updates data stored into the Knowledge Base Set (de-
scribed above) and communicates with the Agency both for retrieving information about
the other agents of the community (including the LKBs of agents chosen for cooperation)
and for guaranteeing the consistency between local and remote (i.e., server side) data
(coefficients, LKB, etc.). Moreover, the �$ communicates with the module (4), i.e. the
Agent Manager for receiving user’s request and sending her/him answers (the functions
of this component are next explained).

The other sub-module, that is the Integrator, is the component which perform the inte-
gration between LKBs of the cooperating agents, according to the procedure defined in
Section 5.
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(4) Agent Manager. This module accepts inputs received from the interface Sensor and from
the Knowledge Manager (see above). This latter information is transmitted (after a suit-
able processing) to the interface Actuator in order to make it available to the user. The
Agent Manager is composed of the following sub-modules:

– the Interpreter, which analyzes the Sensor data and, after having checked their cor-
rectness (by submitting a request to the sub-module Validation Component which
we will next describe), sends a request to the �$�; the request can be of two
types: either a searching request, or an update request. The former concerns with
the supported application, the latter corresponds to the user’s request of integrating
the LKB of her/his agent with the LKBs of the agents chosen for cooperation;

– the Working Model Component, which stores the list of the legal actions the user
can carry out through the Interface. For instance, the Working Model Component
could contain a rule of the type: the user cannot choose more than 10 agents from
the interesting agent list.

– the Validation Component, whose task is deciding whether the request is consistent
with both the Domain Ontology and the Working model of the agent. An example of
failure of such a test is the case that the user submit just a keyword not corresponding
to any concept appearing in the Ontology Domain. This task is implemented by
accessing to both the Ontology Domain and the Working Model Component. If the
request is valid, then it is sent to the �$�; otherwise, a message of illegal action
is sent to the interface Actuator.

7 Experiments

In this section we provide a practical demonstration of the system by tracing its execution
during an experimental session. Moreover, we summarize some results obtained from the
analysis of a number of experimental execution sessions.

Consider the case of the Figure 3. A user, named Frank, has selected two agents from the
Interesting Agent list, namely Joan and Paul, and has specified the keyword Orionis in the
Search box. After Frank clicks on the button OK, the Sensor transmits the user specifications
to the Agent Manager. This module generates an updating request to the �$� (requiring
the update of the preference and consent coefficients in the ��), and then verifies that the
specified keyword both corresponds to a concept of the Ontology Domain and satisfies the
Working Model. Then, the Agent Manager generates a searching request for the �$�. As
a consequence, the Knowledge Manager of the �$� requires to the Agency the transmis-
sion of the LKBs of Joan and Paul. After this, the Knowledge Manager looks for the concept
Orionis in the LKBs of Joan and Paul for the concept Orionis, and finds it in both of them.
Starting from the concept Orionis in the LKB of Joan, the Knowledge Manager finds the leaf
nodes accessed with a priority greater than a suitable threshold. In our case, such nodes corre-
spond to the URLs ����������������/	�	
����
/�������/����/
�����/
�����������
and ����������������/	�	
����
/�������/����/
����/��������������������.

Similarly, from the analysis of the Paul’s LKB, the Knowledge Manager finds the URL
���������������/	�	
����
/�������/����/
�����/��������. The three URLs are
then transmitted by the Knowledge Manager to the Actuator, for visualizing them as recom-
mendations.
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Now, Frank, after having received the recommendations, decides to click on ��������
��������/	�	
����
/�������/����/
�����/
�����������. Then, the Sensor noti-
fies the Agent Manager, and this generates an request to the �$� of updating the priority
coefficients of the LKB’s nodes involved in the action performed by Frank (note that the ac-
tion of accessing the node Orionis implies the updating of all the ancestor nodes of Orionis
in the LKB of Frank).

At this point, Frank, being satisfied of the recommendations provided by Joan, decides
to integrate his LKB with the Joan’s one. In order to obtain such an integration, he clicks
on the button LKB update. Then, the Sensor transmits a signal to the Agent Manager which
sends an update request to the �$�; as a consequence, the Knowledge Manager of the
�$� exploits the Integrator component for carrying out the integration between the user’s
LKB and the Joan’s LKB, and updates the Franks’s LKB with the integrated LKB. Finally,
the Knowledge Manager sends the updated LKB to the Agency.

From the analysis of behavior the system showed during several experiments, it results
that the semantic properties, encoded by suitable coefficients, drive users on selecting from
the agent net the most promising candidate agents for fruitful cooperation. User choices are
exploited as feedback for adapting coefficients in such a way that a trade-off among simi-
larity and attractiveness, on the one hand, agent congestion and user dissatisfaction, on the
other hand, is obtained. To summarize, we report here three meaningful cases tested during
experiments: (i) An agent � with high similarity and low attractiveness perceived by another
agent #. The user of # decides to contact a less similar, but more attractive, agent �, and this
means that the current similarity does not fully satisfy #. Since # has chosen �, as expected, it
makes choices more similar to those of � than to those of �, and the similarity between � and
# decreases, coherently with dissatisfaction of the user. (ii) An agent � with high interest and
low similarity (or low attractiveness) perceived by another agent #. The user of # decides to
contact a less interesting, but more similar (or more attractive) agent �. As a consequence, the
interest for � perceived by # decreases, due to the decreasing of the consent coefficient &��.
(iii) An agent � with high interest and high attractiveness perceived by another agent #. The
user of # knows that high attractiveness means probably long waiting time for obtaining an-
swers from � and decides to contact a less interesting agent �. As a consequence, the interest
of # for � decreases.

8 Conclusion and Future Work

In this chapter a framework for representing and managing cooperation among agents in a
Multi-Agent community is provided. The core of the proposal is the definition of a formal
model based on several semantic properties and on a linear system involving some coeffi-
cients associated to such properties. The solution of such a system allows the user to find
the best agents for cooperation in the net, that is those agents from which the most fruitful
cooperation can be reasonably expected. Cooperation between two agents is implemented
by the integration of the respective knowledge bases. The main direction for extending this
work in our future research concerns the case of heterogeneous domains (in this chapter we
assume that agents work in a common environment). In such a case, problems arising from
the possible occurrence of semantic heterogeneities have to be faced. Another future work is
of implementation type: beside enriching the current prototype, we plan to update the system
for incorporating the extensions of the formal model.
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