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Preface

The idea to initiate a series of workshops to be entitled “Engineering Societies in
the Agent’s World” (ESAW) originated in late 1999, among members of the working
group on Communication, Coordination, and Collaboration of the Intelligent Informa-
tion Agents special interest group of AgentLink, the European Network of Excellence
for Agent-Based Computing. By that time, the convergence of scientific and technolog-
ical progress in numerous areas, including software engineering, distributed problem
solving, knowledge-based systems, and dynamic pervasive networking had gained sig-
nificant momentum. As a result, the reality of multiagent systems was now a given.

In the eyes of the proposers and supporters of ESAW, these developments led to
a new and manifest need, that was being left all but uncovered by the existing range
of conferences and meetings. A platform that would overcome the disparate roots of
the multiagent systems field by placing a clear focus on an integrative level of anal-
ysis, namely: artificial societies populating a world encompassing the natural and the
artificial, comprising autonomous entities and their environment.

The chosen point of view identifies the topics of autonomy, dynamics, interaction
patterns, agent lifeworlds, and coordination as central notions. Reflections of these are
sought in the “traditional” multiagent systems areas of theoretical foundations for con-
ceptualization, abstractions and models for design, methods and tools for development,
supporting hardware technologies for realization, and procedures for deployment and
governance. For this purpose, contributions are gathered from an open range of rele-
vant areas in the humanities, natural sciences and engineering, technology and industry,
extending those already firmly established within the multiagent systems community.
Together with application experiences already gathered in building the first agent soci-
eties, these shall enable and facilitate pertinent tasks, including

– development of coordination models and technologies for engineering of agent so-
cieties

– engineering of social intelligence and emergent behaviors in MAS
– design of enabling infrastructures for agent societies
– implementation of centralized and decentralized forms of social control
– impacts of visibility and individuality of agents
– verification, validation, and certification of agent societies
– design of interaction/coordination patterns for agent societies
– solving issues of mobility, security, authority, and trust in agent societies
– development of methods, tools, and artifacts for engineering agent societies

ESAW thus commits to the use of the notion of multiagent systems as seed for animated
constructive discussions of high quality about technologies, methodologies, and models
for the engineering of complex distributed applications. Concentrating on social aspects
of multiagent systems, an emphasis is placed on technology and methodology issues,
while also welcoming theoretical and empirical contributions with well-documented
connections to these core subjects. The series enjoyed a successful start as a workshop
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at ECAI 2000 in Berlin, with the results documented in the predecessor of the present
volume.1

The second edition of this workshop series, ESAW 2001 was held at the premises
of the Czech Technical University in Prague (CTU) on July 7, 2001 in co-location with
the second AgentLink II general meeting and the MASAP 2001 courses on Multi-Agent
Systems and Applications: the 3rd European Agent Systems Summer School (EASSS
2001), and ECCAI’s Advanced Course on Artificial Intelligence (ACAI-01). This of-
fered young researchers the opportunity to appreciate first-hand the current consensus
as well as topics of debate among the over 50 attendants participating in the discussions
until the late afternoon. This volume covers extended versions of papers presented at
the workshop, which include results of discussions and insights gained from other pre-
sentations. The content covers the areas of Foundations of Engineering with Agents,
Logic and Languages for MAS Engineering, Agent Middleware, and Applications.

Three main issues emerged from the presentations: agent languages – here the
rather well-known debate about homogeneity vs. heterogeneity ranged from direct uti-
lization of natural language technology over results from ontological engineering such
as in connection with the Semantic Web initiative, existing standards such as FIPA-
ACL, all the way to novel proposals such as Entish language for agent “souls”; context
– aspects of the environment making up the agents’ lifeworld, context of interaction,
available and shared resources, linguistic context; and responsibility – in societies of
differing degree of openness. These can be captured in the following three questions:
What characteristics distinguish a language that is adequate for agents? What does the
notion of “context” have to cover for agents and multiagent systems? Who is responsi-
ble for the behavior and actions of agents and multiagent systems?

These questions were elaborated and supplemented by contributions presented in
an animated plenary discussion that wrapped up this year’s edition of the ESAW work-
shop. There, the central ideas of ESAW as presented above were confronted once more.
Under the heading “The many ends in the Agents’ World to make meet: which, whether,
how?”, a probing was undertaken for common ground, but also prominent obstacles and
clear divides, based upon the problems and successes, fears and hopes, with respect to
one’s own experience and the other’s domains. In this context, it was initially made clear
that “us” and “them” were intended to be represented by top-down MAS designers pro-
gressing from single multi-agent systems to the new challenges posed by “multi-MAS”;
bottom-up Distributed AI and MAS designers identifying mappings from traditional
system structures and properties to situated distributed solutions; middleware designers
investigating how to provide services of increasing complexity; researchers in orga-
nization theory and game theory, identifying and characterizing abstract notions and
measures to structure and analyse the new domain of the societies in the agents’ world;
researches in the social sciences and coordination theory, proposing requirements and
models in terms of mechanisms and infrastructural constituents; application designers
wondering how to predictably bring about all the many “ilities” their case at hand im-
poses; industrials concerned about how to ensure steady and predictable progress so as

1 Omicini, A., Tolksdorf, R., and Zambonelli, F. (Eds.): Engineering Societies in the Agents
World, First International Workshop, ESAW 2000, Berlin, Germany, August 21, 2000. Revised
Papers. LNAI 1972, Springer-Verlag, 2000.
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to turn technological promises into a hard reality; and finally the individual perspective
of each workshop attendant. Among the many issues brought forward (and to be cov-
ered in due detail elsewhere), we summarize a few representative ones in the following.

A basic issue is posed by the need for a clear specification of the notion of “society”
in the agents’ world, similar to the request for a definition of “context” spelled out be-
fore. While it should capitalize upon what is known about “real” societies, the character-
ization of an agent society should not be constrained by it, given that artificial societies
and their lifeworlds do not only have to be modeled but also constructed from scratch. In
particular, giving in to the temptation of anthropomorphism may effectively prevent the
discovery of new, more pertinent and effective approaches. As a consequence, the sci-
entific issue of modeling and the engineering issue of construction at least for the time
being cannot be clearly separated from each other. Relatedly, real world “Embedded
Internet” applications have to deal with potentially hostile and changing environments.
These aspects have arguably so far been insufficiently addressed in MAS research and
development. A shift of focus would be required therefore, from problem solving to
providing societal support that takes the changing and potentially hostile environmen-
tal context into account. Along with consideration of the characteristics of individual
agents and available means for coordination, this should lead to offering an adequate
range of both offensive and defensive operations to different types of threats, including
the issues of disclosure and integrity. This call to move “good societies” stands in inter-
esting contrast to other observations offered in the literature suggesting that the danger
posed by misbehaving entities in a MAS might be a non-issue after all.

As another significant entry, the importance of proper consideration of business
modeling was put forward. The value of MAS as a viable alternative to the breaking
down of chain-based services being experienced today has to be demonstrated. This
must be accompanied with the provision of adequate tools crucial for business takeup.
Also in this context, the co-evolution of technologies; laws, norms, and policies regu-
lating (human) societies and organizations; and habits and trusts in individuals must not
be disregarded. The social perspective on MAS also has to stand up to comparisons to
other approaches and prove its validity. This asks for the identification of proper ways to
characterize performances and system behaviors and procedures for the measurement
and comparison of the qualities of different solutions. Also in this regard, the social
view on multiagent systems is mostly still waiting for its acceptance as a first-class
entity and element of analysis. In fact, the very relationship of the notions of artificial
agent and artificial society is still awaiting a detailed analysis. It remains to be seen to
what extent we may have already embarked upon a transition from the agent-based to a
next, higher, self-contained paradigm.

We hope that these few words managed to convey a little bit of the enthusiasm
and liveliness of debate that characterized the second edition of ESAW, confirming
and even surpassing the success of its predecessor. Its results, compiled in the present
volume, form an important step towards the establishment of a rampant new young
shoot in multi-agent systems research. We look forward with excitement to the results
to be presented at ESAW 2002.

In closing, we would like to acknowledge the exemplary local support provided by
Hana Krautwurmova, Olga Stepankova, and Vladimir Marik, and the kind sponsorship
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of the event offered by the Austrian Society for Artificial Intelligence (ÖGAI). We also
thank the members of the program committee for insuring the quality of the workshop
program by kindly offering their time and expertise so that each contribution could
undergo triple reviewing.

October 2001 Andrea Omicini
Paolo Petta

Robert Tolksdorf
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Categories of Artificial Societies 

Paul Davidsson 

Department of Software Engineering and Computer Science 
Blekinge Institute of Technology, 372 25 Ronneby, Sweden 

paul.davidsson@bth.se

Abstract. We investigate the concept of artificial societies and identify a num-
ber of separate classes of such societies. These are compared in terms of open-
ness, flexibility, stability, and trustfulness. The two most obvious types of arti-
ficial societies are the open societies, where there are no restrictions for joining 
the society, and the closed societies, where it is impossible for an “external 
agent” to join the society. We argue that whereas open societies supports open-
ness and flexibility, closed societies support stability and trustfulness. In many 
situations, however, there is a need for societies that support all these aspects, 
e.g., in systems characterized as information ecosystems. We therefore suggest 
two classes of societies that better balance the trade-off between these aspects. 
The first class is the semi-open societies, where any agent can join the society 
given that it follows some well-specified restrictions (or, at least, promises to do 
so), and second is the semi-closed societies, where anyone may have an agent 
but where the agents are of a predefined type.  

1 Introduction 

A collection of software entities interacting with each other for some purpose, possi-
bly in accordance with common norms and rules, may be regarded as an artificial 
society. This use of the term “society” is analogous to human and ecological societies. 
The role of a society is to allow the members of the society to coexist in a shared 
environment and pursue their respective goals in the presence of others. As a software 
entity typically acts on the behalf of a person or an institution, i.e., its owner, we will 
here refer to these entities as agents. This use of the term “agent” is somewhat more 
general than is common. However, since the principles we will discuss are general, 
covering all kinds of (semi-)autonomous software processes, there is no reason for 
limiting the discussion to "proper" software agents. 

There are a number of other notions used to refer to organizational structures of 
software agents, e.g., groups, teams, coalitions, and institutions (cf. for instance [2, 4, 
9]). Since a society may contain any number of institutions, coalitions, teams, groups, 
and individual agents, the concept of society belongs to a higher organizational level 
than these structures. Also, whereas a society is neutral with respect to co-operation 
and competition, coalitions are formed with the explicit intention of co-operation. 
Similarly, a team is a group in which the agents have a common goal. The difference 
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between a group or a team and an institution is that an institution has a legal standing 
distinct from that of individual agents. 

Artikis and Pitt [1] have provided a formal characterization of an agent society that 
includes the following entities: 

- a set of agents,  
- a set of constraints on the society, 
- a communication language,  
- a set of roles that the agents can play, 
- a set of states of affairs that hold at each time at the society, and 
- a set of owners (of the agents).  
They describe the set of constraints as “constraints on the agent communication, on 

the agent behaviour that results from the social roles they occupy, and on the agent 
behaviour in general.” Another way describing the set of constraints is that they con-
stitute the norms and rules that the agents in the society are supposed to abide. When 
appropriate, we will refer to the above list of entities when discussing different types 
of societies. In addition, we will here regard yet another entity, namely the owner of 
the society. By this we mean, the person or organization that have the power to decide 
which agents may enter the society, which roles they are allowed to occupy, what 
communication language should be used, and the set of constraints on the society. 
Note, however, that all societies may not have an owner and that there is a difference 
between the owner and the designer of an agent or a society [6]. 

Depending on its purpose, an artificial society needs to support the following prop-
erties to different degrees: 

- openness, i.e., the possibilities for agents to join the society 
- flexibility, i.e., the degree to which agents are restricted in their behavior by the 

society 
- stability, i.e., predictability of the consequences of actions, and 
- trustfulness, i.e., the extent to which the owners of the agents trust the society 

(which may be based on e.g. mechanisms for enforcing ethical behavior between 
agents).  

These properties are not completely independent, e.g., the trustfulness of a society is 
typically dependent of its stability.  

An emerging view of future distributed software systems is that of information eco-
systems. These are populated by infohabitants, i.e., (semi-)autonomous software enti-
ties typically acting on the behalf of humans. According this vision, which is inspired 
by biotic ecosystems, the information ecosystem should be able to adapt to changing 
conditions, easily scale up or down, and have an openness and universality. (This 
vision is shared by the Future and Emerging Technologies initiative “Universal Infor-
mation Ecosystem” within the Information Society Technologies program of the Euro-
pean Commission (see http://www.cordis.lu/ist/fetuie.htm).) Thus, information 
ecosystems correspond to artificial societies with a high degree of openness, flexibil-
ity, stability, and trustfulness. 
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In this paper, which builds upon earlier discussions [3], we will categorize artificial 
societies based on their degree of openness. We start by describing two basic types of 
artificial societies, the open and closed societies, and discuss their strengths and weak-
nesses. Based on this discussion we suggest two other types of artificial societies, 
semi-open and semi-closed, which are able to balance the strengths and weaknesses of 
open and closed societies. Finally, we discuss the trade-off between openness, flexibil-
ity, stability and trustfulness. 

2 Open and Closed Agent Societies 

Two basic types of artificial societies are open societies, where there are no restric-
tions for joining the society, and closed societies, where it is impossible for an “exter-
nal agent” to join the society. 

2.1 Open Societies 

In principle, it is possible for anyone to contribute one or more agents to an open 
society without restrictions. An agent joins the society simply by starting to interact 
with some of the agents of the society. 

If we characterize an open society with respect to the four desired properties listed 
in the introduction, it supports openness and flexibility very well, but it is very diffi-
cult to make such a society stable and trustful. For instance, it is not possible to con-
trol the set of constraints or monitor whether the agents abide these. In fact, it is not 
possible to determine the set of agents in any effective way. Within an open society, 
the only structure is typically just a generally accepted communication language and a 
limited set of roles. Of course, it is possible to consider artificial societies that do not 
even have this, which we may call anarchic societies.  

The most obvious example of an open artificial society is the World Wide Web 
(WWW), where the set of members of the society consists of the set of WWW-
browser processes together with the set of WWW-server processes that are connected 
to the Internet. HTTP (Hypertext Transfer Protocol) is the communication language. 
The number of roles is limited to clients, i.e., the browsers, and servers. Finally, the 
set of owners is either the owners of the machines on which the browser and server 
processes are run, or the persons/institutions that started the browser and server proc-
esses. The openness of the society is obvious in this case; anyone with an Internet 
connection is allowed to start a browser process or a server process and join the artifi-
cial society defined by the WWW without any restrictions.  

2.2 Closed Societies 

Closed agent societies are typically those where a Multi-Agent System (MAS) ap-
proach is adopted by a team of software developers to implement a complex software 
system. The MAS is designed to solve a set of problems, specified by the society 
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owner. The solving of these problems is then distributed between the agents of the 
MAS. It is not possible for an “external agent” to join the society. Zambonelli et al. 
[10] refer to this type of systems as “distributed problem solving systems” and de-
scribe them as “systems in which the component agents are explicitly designed to co-
operatively achieve a given goal.” They argue that the set of agents is known a priori, 
and all agents are supposed to be benevolent to each other and, therefore, they can 
trust one another during interactions. In open systems, on the other hand, agents are 
“not necessarily co-designed to share a common goal” and cannot be assumed to be 
benevolent. 

The concept of closed agent society corresponds to the large majority of existing 
MAS. An advantage of closed societies is that it is possible to precisely engineer the 
society, e.g., specify exactly which agents interact, and why etc. Consequently, closed 
societies provide strong support for stability and trustfulness. However, they are able 
to provide very little openness and flexibility. Just as we identified anarchic societies 
as extreme type of open society, it is possible to identify and extreme type of closed 
societies, namely, the fixed societies. In a fixed society, all agents are created in the 
initialization phase, whereas in a close society, the owner/designer of the society may 
create new members of the society during execution time. 

Our conclusion is that neither open nor closed societies to a sufficient degree sup-
port all of the desired features, i.e., flexibility, openness, stability, and trustfulness, 
that are required for the implementation of large class of software systems, e.g., in-
formation ecosystems. We will now investigate two types of artificial societies that are 
more suitable for this type of systems, namely “semi-open” and “semi-closed” socie-
ties to which anybody may contribute an agent, but where entrance to the society is 
restricted and behavior may be monitored by some kind of institution: 

- in semi-open societies, the agents may be implemented and run locally 
- in semi-closed societies, the agents are implemented and run on remote servers. 

3 Semi-open Artificial Societies 

In what we will call semi-open artificial societies, there is an institution that function 
as a gate-keeper. Agents wanting to join the society contacts the institution to whom it 
promises to follow the set of constraints of the society. The institution then makes an 
assessment whether the agent is trustworthy and eligible and decides whether to let it 
join the society or not. (See Figure 1.) It is, of course, possible to differentiate be-
tween classes of trustworthiness so that agents that are considered more trustworthy 
are given access to more services etc than agents considered less trustworthy. 

A type of institution that implements this functionality to some extent is the portal 
concept as used in SOLACE [5]. In addition to keeping track of the entities and ser-
vices of the society, it can be used to “ensure that requirements such as security, integ-
rity, and privacy of information related to the services associated with a particular 
portal is effectively taken care of.” 
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In fact, there are already a number of distributed information systems that resemble 
semi-open societies. For example, consider peer-to-peer systems [8], such as the Inter-
net-based Napster service (cf. www.napster.com) which let users share their achieves 
of mp3 files containing music. Each user must use a particular type of Napster 
software. In order to get access to other users' files, a Napster software process needs 
to connect to a central server, which then may let the process join the society. If the 
process succeed to join the society, it will be able to interact with other users’ Napster 
software processes, downloading and uploading mp3 files. Thus, anyone may 
potentially contribute an agent (or more) to the society, but before it joins the society 
it is registered at the central server. 

We argue that semi-open societies only slightly limits the openness compared to 
completely open societies, but have a much larger potential for providing stability and 
trustfulness. For instance, it is possible to monitor which agents are currently in the 
society. This also makes the boundary of the society explicit. 

4 Semi-closed Agent Societies 

In what we will refer to as semi-closed societies, external agents are not allowed to 
enter. However, they have the possibility to initiate a new agent in the society which 
will act on the behalf of the external agent. This is done by contacting a kind of insti-
tution representing the society and ask for the creation of an agent (of one of a number 
of predefined types). The institution then creates an agent of this type, which enters 
the society with the goal of achieving the goals defined by the external agent. (See 
Figure 2.)  

1

2  

Fig. 1: Logical view of an agent entering a semi-open society. Agents may 
be arbitrarily distributed in the physical space. 
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e run on the same (set of) servers. Typically, the agents are imple-
servers are managed by a third party, i.e., the owner of the society. As 
aviors of all agents are known, it is easier to control the activities in 

g example of a semi-closed society is based on the activity of search-
king “last-minute” holiday travel tickets. The price of this type of tick-
 on a daily basis and are determined by current supply and demand. 
 the whether is nice at the place from where the travel departures, 
 tickets to Mediterranean beach resorts typically drop as the departure 
. Today, customers find and buy tickets manually by browsing news-
WW-pages, as well as phoning and visiting local travel agents. Most 

his as a time-consuming and boring activity and would probably be 
ware agents do the job. 
s based on an existing prototype implementation.1 Customers specify 
s (departure date, destination, max. price etc.) through either a WAP 
ace. An agent is then initiated on a service portal (at a remote com-

goal of finding a ticket satisfying the customer preferences. It continu-
number of databases until it reaches its goal (or is terminated by the 
n a ticket is found, the agent either books it directly, or sends an SMS 
 asking for confirmation. To book the ticket, the customer agent con-
epresenting the travel company (the info in the database contains the 
ravel agent). When the customer agent receives a confirmation, it im-
 an SMS message to the customer about this and then terminates. 

                                  
s developed during the first five months of 2000 by a group of 14 students 
l exam project for their B.Sc. theses at Blekinge Institute of Technology, un-
sion of the author. It was a joint project with HP, who donated servers, work-
-speak licences, and Aspiro, a Swedish company in the area of Internet-based 
ontributed knowledge about development of Internet-based services and reuse 
-speak is a platform for service management developed by HP and was used 
istration and communication. 

1 

 

g. 2: An Agent Initiating a Representative in a Semi-closed Society. 
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The description above corresponds to the current version of the system. However, it 
is easy to imagine possible future extensions, e.g.: 

- letting the customer agent and the travel company agent negotiate about the 
price, 

- auctioning off the remaining tickets when there is only a specified number of 
hours or days left until departure, 

- letting the travel company agents autonomously decide the ticket price based on 
available information about the current situation (e.g., supply, demand, and num-
ber of days before departure). 

Semi-closed societies provide almost the same degree of openness as semi-open 
societies but are less flexible. On the other hand, they have a larger potential for im-
plementing stability and trustfulness. An interesting property of the semi-closed socie-
ties is that they seem to indicate the limit of how open a society could be where the 
owner of the society may still control the overall architecture of the society. To have 
control over the architecture is a prerequisite for applying many of the ideas on how to 
achieve multi-agent coordination (cf. Lesser [7]). Moreover, this type of society poses 
interesting questions regarding ownership: Who is actually responsible for the actions 
of the agents?  

5 Conclusions 

We have described four different categories of artificial societies that balance the 
trade-off between openness, flexibility, stability, and trustfulness differently. Based on 
the analysis of completely open and completely closed societies, which revealed that 
open societies support openness and flexibility but not stability and trustfulness and 
that the opposite is true for closed societies, we suggested two other categories, 
namely semi-open and semi-closed societies. We argue that these types of society let 
us have the best from both worlds. Whereas semi-open societies are more flexible than 
semi-closed societies, they have lower potential to achieve stability and trustfulness. A 
summary comparison between the different types of societies (ordered in degree of 
openness) is provided in Table 1. 

The balancing of trade-off provided by the semi-open and semi-closed societies is 
necessary for implementing systems that can be characterized as information ecosys-
tems. In this type of systems there is a strong need for mechanisms for “enforcing” 
ethical behavior between agents in order to provide trustful systems to end-users. In 
completely open societies such mechanisms probably need to be very complex (if they 
exist at all), which means that the potential for achieving trustful systems is very low. 
In completely closed systems, on the other hand, the potential for achieving trustful-
ness is great, but the price you have to pay, by making it impossible for new 
agents/owners to enter the society, is too big in applications where openness is de-
sired. 
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Table 1.  A Comparison between the Different Types of Artificial Societies. 

 Fixed Closed Semi-closed Semi-open Open Anarchic 
Agents Fixed at 

design time 
Known at 
design time 

Known at 
run time 

Known at 
run time 

Cannot be 
known 

Cannot be 
known 

Constraints Fixed Fixed Fixed Fixed Not fixed Not fixed 
Communica-
tion language 

Fixed Fixed Fixed Fixed Usually 
fixed 

Not fixed 

Roles Fixed Fixed Fixed Usually 
fixed 

Usually 
fixed 

Not fixed 

State Can be 
monitored 

Can be 
monitored 

Can be 
monitored 

Cannot be 
monitored 

Cannot be 
monitored 

Cannot be 
monitored 

Agent owners Fixed at 
design time 

Fixed at 
design time 

Can be 
known 

Can be 
known 

Cannot be 
known 

Cannot be 
known 

Society owner yes yes yes yes no no 
 

5.1     Future Work 

In this work we focussed on four properties of artificial societies that we believed 
were the most important. However, there are a number other properties that may be 
relevant in some domains. Examples of such properties are: fairness, i.e., the degree to 
which the society members are treated equally, performance, i.e., how efficient is the 
society (measured in e.g., time or number of messages needed to perform a certain 
task), and "controllability", i.e., the support for the owner of the society to control the 
activities in the society, e.g., by punishment. Future work will take also take these and 
other relevant aspects into account.  

An important part of the future work is the definition of appropriate metrics for 
quantifying the properties of artificial societies and developing methods for measuring 
them. Also, methods for determining how well different types of artificial societies 
balance the trade-off between these aspects need to be developed. Such methods could 
be based on simulation experiments and/or theoretical analyses. 

Finally, both theoretical and practical aspects of institutions need further investiga-
tion. The theoretical aspects include questions regarding what functionality actually is 
possible to implement and what is not. The practical work includes the development 
of mechanisms for: accepting new agents to a society, monitoring the behavior of 
individual agents, and "enforcing" ethical behavior between agents in order to provide 
trustful systems to end-users. 
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Abstract. We propose a new methodological approach for engineering of agent
societies. This is needed due to the emergence of the Embedded Internet. We ar-
gue that such communication platforms call for a methodology that focuses on
the concept of open computational systems, grounded in general system theory,
and natural systems from an engineering perspective. In doing so, it stands clear
that forthcoming research in this problem domain initially have to focus on cogni-
tive primitives, rather than domain specific interaction protocols, in construction
of agent societies.

1 Introduction

Communication and information technology can be considered to be at the forefront of
technological advancement with high societal impact. Evidence of this has manifested
itself in the successful acceptance of stationary communication platforms, such as the
Internet, and virtually everywhere in our societal infrastructures and social activities. In
addition to this, the development and deployment of mobile communication platforms
has also gained momentum. As a result from combining these communication platforms
we get a merged communication network, commonly denoted as the Embedded Internet
[4]. The main features and related issues of the Embedded Internet have previously
been identified by Tennenhouse in terms of proactive computing, where he describes
the network, growing with a factor of eight billion new interactive computational nodes
per year, to be in serious need for a unified approach to construction and observation of
the network’s behavior:

“One can imagine the underpinning of computer science taking a leap from
deterministic to probabilistic models in much the way that physics moved from
classical to quantum mechanics. . . . Very little has been done by way of adopt-
ing lessons learned in the mainstream computer science systems and theory
communities or in rethinking the fundamentals of the various engineering dis-
ciplines in light of cheap, plentiful, and networked computation.” – Tennen-
house, D. [15].

From a qualitative perspective, the emergence of communication platforms such as the
Embedded Internet obviously introduces us to many new, interesting and unique oppor-
tunities. However, along with the opportunities comes an equal amount of problematic

A. Omicini, P. Petta, and R. Tolksdorf (Eds.): ESAW 2001, LNAI 2203, pp. 10–24, 2001.
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issues that have to be dealt with up front. Tennenhouse identifies three primary areas
of investigation concerning the behavior of proactive systems (e.g. the Embedded In-
ternet): (i) pervasive coupling of networked systems to their environments, (ii) bridging
the gap between control theory and computer science, and (iii) proactive modes of op-
eration in which humans are above the loop. Currently, much of the research addressing
these issues does so in terms of distributed artificial intelligence (multiagent systems)
and software engineering. In addressing the emergent issues as described by Tennen-
house, a common approach is to assimilate conceptions and metaphors related to the
notion of system organization and control, mainly from the area of sociology. How-
ever, as argued by Malsch in Naming the unnameable [ 11], there is a danger in such an
approach since it more often than not focus on construction of single agents, modeled
in terms of sociological metaphors. It is important to understand that the sociological
answers we seek, e.g. organization and control, will not be found as long as the idea of
single agents with predetermined motives, interests, and intentions prevails. Previously,
this argument was advocated by Gasser in a notable passus of his:

“. . . DAI systems, as they involve multiple agents, are social in character; there
are properties of DAI systems that will not be derivable or representable solely
on the basis of properties of their component agents. We need to begin to think
through and articulate the bases of knowledge and action for DAI in the light
of their social character.” – Gasser, L. [5].

The general message brought to light by such statements can be considered as twofold.
First, we must necessarily avoid making use of metaphors in construction of complex
artificial systems, if the constructed behavior of system components does not conform
to the behavioral principles, or laws, of the theoretical understanding and foundations of
the metaphors. Secondly, when we consider open systems, artificial or not, these must
necessarily be grounded in the notion of behavior as a result from interaction between
multiple agents, as opposed to internal behavior of a single agent. Consequently, the
material presented in this paper is focused on three key statements of ours. We claim
that we have to develop new engineering methodologies that, from a general perspec-
tive on open and proactive systems, focus on building, deploying and maintaining new
services of the Embedded Internet. We also claim that multiagent systems will be one
of the enabling technologies utilized by those new methodologies. Finally, we claim
that identification of new appropriate methodologies have to begin with assessments
of underlying (hidden) assumptions of current software engineering paradigms as well
as assessments of principles behind other (civil) engineering paradigms and models of
complex systems. The paper is organized as follows. In the next section we set the stage
by making a comparison of different engineering principles. We propose new engineer-
ing principles of software that are in accordance with other engineering principles with
one important exception. We have to engineer the nature and societal fabric of com-
putational systems as well. Following that line of reasoning we introduce basic World
Views of Multiagent Systems in Section 3 and The World View of Open Systems in Sec-
tion 4. The synthesis of our work is summarized in Section 6 on Engineering of Agent
Societies. We conclude the paper, in Section 7, with a summary and pointers to sugges-
tions for future investigations and research.
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2 Comparison of Different Engineering Principles

A major part of the currently deployed computational systems are based on an exist-
ing foundation of embedded and communicating systems that are inherently distributed
with respect to location as well as control and access. As described by Gustavsson et
al., yet another aspect of these systems is their focus on providing services of a qual-
itative nature to various users in a societal setting [8]. Therefore, in many systems of
this nature, properties such as added customer value and trust are of key importance in
order for system acceptance to manifest itself. The challenge confronting future system
developers can be formulated as follows. There will be no such thing as system devel-
opment in the traditional meaning. That is, few systems (applications) will be developed
from scratch, we will rather focus on enhancements of existing software by including
new functions and services based on assessments of existing system capabilities and
constraints.

2.1 Models of Society and Nature

In this respect software engineering will be more in line with traditional engineering.
We are, for instance, building new communication vehicles respecting societal laws
(safety, pollution and so on) as well as natural laws (laws of friction, physical and chem-
ical laws of combustion engines and so on). Automobile engineering is about building
artefacts that can be deployed or retracted from the existing open society of surface-
based communication. The automobile engineering can thus focus on added value for
customers or benefits for the society, such as safety and less pollution, as long as the so-
ciety and natural laws are respected. The last sentence is a key statement. It presupposes
that those laws and norms, of the (conditional) open society of surface-based commu-
nication, are known to the engineering process. Hence, the main difference between
scientific research and engineering in the natural sciences is that scientific research fo-
cuses on understanding aspects of our natural environment by finding models and laws
that capture relevant aspects. In engineering, those scientific models are tailored into
well-established engineering principles, allowing us to build artefacts with intended
functionality and behavior. In traditional engineering, nature has the final saying. It is
impossible to build an artefact whose functionality or behavior requires that some natu-
ral law is violated. If we related this line of reasoning to observation and construction of
open computational systems, it should be noted that we have come to the point where we
actually have to come to terms with the foundations of behavior in open systems. Either
we continue to create isolated artifacts, that by appearance remind us of their physical
equivalence, e.g. humans versus intelligent agents, or we focus on artifact interactions
that are grounded in principles of natural systems. Following this chain of reasoning
we firstly state that the Embedded Internet is, or will soon be, of such complexity that
we can and must regard it as a physically grounded environment. Secondly we have to
recast engineering of software accordingly, that is; software engineering has to focus
on development of computational entities that are respecting societal and natural laws
of interaction.
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2.2 Models of Computation

In light of the previous line of reasoning, engineering of a sustainable Embedded Inter-
net is much more complex than traditional engineering of physical artefacts. That is, we
have to develop both nature and corresponding laws in parallel and in accordance with
the existing infrastructure. To do so, we have to begin with an assessment of some basic
underpinnings of current paradigms of scientific research in computing and in software
engineering. Scientific research in computing is focusing on investigations of models
of computing. Examples include programming of abstract machines, leading to theories
of algorithms, protocols, automata and formal languages, complexity theory, verifica-
tion of correctness of programs, algorithms, protocols, etc. In short, scientific research
in computing has been focusing on setting up models of computations and verifying
properties of such models. This line of research is in fact a field of applied mathemat-
ics. Such a methodological approach to scientific research in multiagent systems can,
for instance, be found in research on agent communication languages, as described by
Wooldridge [17]. The theoretical findings have then led to better and more efficient
engineering principles of software, e.g. parsers, compilers, and debugging tools.

2.3 Coupling of Methodological Approaches

We can summarize scientific research and engineering paradigms in natural systems as
a bottom up phase, e.g. modeling of relevant aspects of the existing reality, followed
by a top down phase where scientific findings of the models are transformed into well-
established principles of engineering. We argue that the current coupling between sci-
entific research and engineering in computing only takes into account the top-down ap-
proach. Up to this point, such a methodological approach has been sufficient due to the
focus on standalone application development, i.e. engineering of closed computational
systems. We argue that in order to meet the challenges of application development in the
future Embedded Internet, we also have to include a bottom-up phase in our methodol-
ogy. In many cases an appropriate methodological approach to systems engineering is
indeed to primarily consider the physical implementations of some model rather than
the abstract computational model. Examples of such qualitative approaches to engi-
neering of multiagent systems and agent societies have previously been advocated by
Gustavsson et al. [7] and Castelfranchi [2]. In order to develop tools for a bottom-up
modeling approach of the existing Embedded Internet, we suggest an assessment of
methodologies developed in system theories of natural and artificial systems. The pur-
pose of such an approach is to observe and construct (discover, design, and implement)
an appropriate set of societal and natural laws of our system, e.g. the Embedded Inter-
net. We return to these topics in Section 4 on The World View of Open Systems and in
Section 6 on Engineering of Agent Societies. However, as a preparation, we start with a
proposal for world views of multiagent systems in the next section.

3 World Views of Multiagent Systems

It is often the case that we make a distinction between two unique tools used in research
activities: the scientific method as such and the methodological approaches put to use
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(ii)

induction

deduction

(iii)explanatory principlesobservations(i) observations

Fig. 1. The inductive–deductive procedure of the scientific method. An explanatory in-
quiry begins with knowledge that certain events occur. Explanation is achieved only
when statements about these events are deduced from (ii) explanatory principles. Hence,
explanation is an inductive–deductive transition from (i) knowledge of an event to (iii)
knowledge of the cause for the event.

in applying the scientific method. We consider the scientific method (Fig. 1) to be the
full spectrum of activities ranging over: (i) observation of phenomena, (ii) formulation
of hypotheses, (iii) prediction of new observations, and (iv) performance and analysis
of experimental tests. As a complement to the scientific method and its involved ac-
tivities we consider different methodological approaches. The intent of applying these
approaches is obviously manyfold, but one aspect is that they should help us in describ-
ing phenomena observations and corresponding behavioral predictions. Consequently, a
very important component of any methodological approach is something often denoted
as the world view. However, before delving into the currently applied methodological
approaches in engineering of agent societies, let us try to clarify the general concept of
a methodological approach. Note that the particular approach described in this paper
addresses man made systems, i.e. systems that (at first) are not a priori part of nature,
but rather introduced by means of human intervention. Still, as a result from the systems
being of an open nature, i.e. subjects to external stimuli, their behavior are to a great
extent under the influence of their respective environments.

3.1 A Methodological Perspective

An example of a methodological approach towards engineering of (knowledge-based)
information systems was introduced by Schreiber et al.[14] in knowledge engineering,
involving the following components: world view, theory, methods, tools, and usage.

– World View. The world view component explicitly defines the boundaries of a cer-
tain problem domain, in terms of structural models and their constituents. In prin-
ciple, these models define what entities supposedly exist in a system and in what
way they relate to each other. Hence, an example of a world view is consequently
what we often refer to as an ontology.

– Theory. Based on the world view component, a hypothesis can be constructed. The
main intent of such a hypothesis is to assert or refute certain theories concerning
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explanatory principles of the system considered in the world view. The theory com-
ponent of a methodological approach therefore involves the construction of theories
concerning system behavior.

– Methods and Tools. Grounded in the world view and its corresponding theory com-
ponent, a number of methods and tools can be identified that seek to aid the activ-
ities of observing a system. Consequently, the methods and tools derived from the
world view component and the theory component seek to aid us in deducing new
observations from a prior set of observations in conjunction with certain explana-
tory principles.

– Usage. As a result from the previous components of the methodological approach,
we have a set of models at our hands, describing certain features and aspects of a
given system, that will be put to some specific use. Hence, it should be pointed out
that a model can be used as input to two completely different activities: verification
and validation.

Obviously, it is important to emphasize the strong connection between world view (ob-
servation) and the problem domain of model usage (observation and construction).
From a pragmatic perspective, it can be said that no matter what type of system or
specific phenomenon we are currently dealing with, it must primarily be possible to
both observe and construct such a system using the same set of models. If this is not
the case, there must necessarily be something wrong with our fundamental world view,
being the basis for all model creation. Consequently, it should be pointed out that this
methodological perspective is based on the assumption that in principle there is no
difference between the behavior of physical and natural systems. We consider the be-
havior of natural systems to be spontaneous, or emergent, and we consider the behavior
of physical systems to be constructed, or designed, from well known principles. Both
types of systems manifest themselves in terms of processes and structural evolvement,
but the former is not primarily considered to be man made. Examples of such system
classes are, respectively, chemical compounds (natural system) and multiagent systems
(physical system).

3.2 A Multiagent Systems Perspective

Distributed computing, as manifested in increasingly sophisticated net-based applica-
tions, is an area of major importance in computer science and software engineering,
but also to our society at large. With the advent of the Embedded Internet, in combina-
tion with previous research on artificial intelligence, organization, and control, we are
currently addressing advanced distributed applications in terms of multiagent systems
construction and control. The main reason for this is probably that such methodological
approaches explicitly address complexity issues in computational systems that neces-
sarily cannot be considered to function in isolation, but rather under the influence of
stimuli from the surrounding environment:

“. . . intelligent systems do not function in isolation – they are at the very least
a part of the environment in which they operate, and the environment typically
contains other such intelligent systems.” – Huhns, M. N. [9].
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As a result from the fact that the environment under study is situated in a societal con-
text, identification of different perspectives on the nature of these societies of agents
has started to emerge. From one point of view, the construction of agent societies is of
major concern, and a focus on technical aspects of system construction is introduced.
An example of this (physical systems) perspective is described by Jennings [ 10], in that
issues of system complexity is addressed in terms of decomposition, abstraction, and
organization of multiagent systems. Yet another point of view is that of control and or-
ganization and, since the system under study is situated in a societal context, an explicit
focus on qualitative aspects of system organization is introduced. A notable example
of this perspective has previously been introduced by Castelfranchi [ 2], in that issues
of system complexity is addressed in terms of emergent behavior as a result from local
design of interacting agents:

“. . . obtaining from local design and programming, and from local actions, in-
terests, and views, some desirable and relatively predictable / stable emergent
results.” – Castelfranchi, C. [2].

If we consider the existing Embedded Internet as a basic starting point for our investi-
gation of multiagent systems in societal settings, we necessarily have to come up with
a common conceptual framework that deals with both observation of emergent system
behavior as well as engineering of the involved system structures. In pursuit of such
a common conceptual framework, we believe that general system theory and the con-
cept of open computational systems is an appropriate starting point. The concept of
open systems as such has taken on a prominent role in research disciplines dealing with
computational complexity, e.g. multiagent systems and software engineering, and con-
sequently, issues related to system organization and construction are addressed up front
in these areas of research. Unfortunately, there is little consensus concerning a common
understanding of what an open system is. Therefore, in the next section of this paper we
will try to clarify the concept of open systems as it is currently applied in a range of sci-
entific disciplines. These perspectives, or rather their differences, are then summarized
in order to present an initial understanding of open systems in our context.

4 The World View of Open Systems

From Popper’s point of view, open systems are considered as systems in a state, far
from equilibrium, that shows no tendency towards an increase in disorder [ 13]. Such
structural disorder in a system is described in terms of entropy; corresponding to a
measurement of some subject’s structural organization. Initially, the notion of entropy
stems from the second law of thermodynamics; stating that the molecular disorder of a
closed system can only increase until it reaches its maximum, i.e. total disorder. In the
more general case of an open system, entropy is considered as possible to export into the
surrounding environment and, hence, the system’s structural order can increase rather
than decrease. Consequently, from the perspective of organization, an open system can
develop structural properties that are the very opposite of turning into an equilibrium
state. Nicolis and Prigogine describes the development of such far from equilibrium
properties as attributed to a flow of mass or energy in the system, to or from a system’s
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surroundings [12]. In effect, it is primarily the origin and destination of this flow that
classifies a system as open or closed (external versus internal). Another perspective of
open systems is that which is found in various research disciplines related to computer
science and computational complexity, e.g. multiagent systems and software engineer-
ing. The concept of an open system is then primarily considered in terms of a dynamic
set of interacting entities, where no single individual or organization is in control of
the construction or, consequently, behavior of the set as a whole. One example of such
a (societal) perspective on open multiagent systems has been advocated by Davidsson
[3]. However, the interactions that take place between the entities in the set are not of
an open nature, in the sense that each interaction necessarily must be constructed ac-
cording to some syntactical structures, i.e. an interaction protocol, agreed upon prior to
the construction of the involved entities. Consequently, an open system from the latter
perspective could be defined as a dynamic set of interacting entities, restricted by the
precedence of interaction protocols over entity construction. Cf. our previous discussion
in Section 2 on restrictions imposed on a system by natural and societal laws that exist a
priori. Obviously, the difference between definitions on the concept of open systems lies
in the very nature of the systems under study. The common denominator of such sys-
tems is their inherent complexity. However, the systems can be said to differ in respect
of their origin. The first perspective deals with system complexes that primarily are a
priori a part of nature. The second perspective, on the other hand, deals with systems of
an abstract nature, i.e. the involved complexes are not a priori a part of nature. In effect,
if we are interested in broadening our understanding of system construction and engi-
neering as well as observation of emergent system behavior, the common conceptual
framework of open computational systems must necessarily address system properties
from a more general systems perspective.

4.1 A General Systems Perspective

As previously described, one of the main intents of this paper is to identify a proper
starting point regarding the definition of a conceptual framework for open computa-
tional systems. A basic condition for the existence of such systems is considered to be
that of the Embedded Internet. In an open computational system there is no single in-
dividual or organization that is responsible for the construction and consequently the
organization of the system as a whole. Therefore, if we are interested in systemic prop-
erties of the system as a whole, we have to make use of a conceptual framework that
enables us to generalize systemic properties of an open system’s parts into an under-
standing of systemic properties of the system as a whole. Such a theoretical framework
has previously been advocated in the form of general system theory:

“Thus, there exist models, principles, and laws that apply to generalized sys-
tems or their subclasses, irrespective of their particular kind, the nature of
their component elements, and the relations or forces between them. It seems
legitimate to ask for a theory, not of systems of a more or less special kind, but
of universal principles applying to systems in general.” – von Bertalanffy, L.
[16].
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Fig. 2. An illustration of system primitives of an open computational system. Both en-
tities and relations can differ in number and/or class.

General system theory is primarily grounded in the notion that the whole is more than
the sum of its parts. The meaning of this notion is simply that the constitutive character-
istics of a given system, or complex, are not solely explainable from the characteristics
of isolated parts. In effect, a system’s constitutive characteristics therefore appear as
new or emergent. However, if we know the total of parts and the relations between
them in a system, the global behavior of the system can be derived from the behavior
of the individual parts. From a holistic perspective this means that if the interactions
between a system’s parts cannot be considered as non-existent (e.g. weak enough to be
neglected) or that the relations describing the behavior of parts are not linear, we nec-
essarily must take on a constitutive, rather than summative, approach in describing the
behavior of the system. In general system theory, a system is described in terms of com-
plexes of interacting entities. The entities as such can be considered in isolation from
three different perspectives: number, species, and relations. These different perspectives
of the complexes constituting a system are the basis for two classes of characteristics:
summative and constitutive. Summative system characteristics are those that may be ob-
tained by means of summation, within or outside the complex, e.g. number of entities.
Constitutive system characteristics on the other hand are characteristics that depend on
specific relations within the complex, i.e. we must know not only the parts, but also their
relations. In light of the previous discussion on similarities and differences between the
scientific disciplines and our understanding of general system theory, let us define an
open computational system more precisely.

4.2 An Open Computational Systems Perspective

In summary, we have understood that a system is considered to be a dynamic set of
entities that interact. Furthermore, a system can only be characterized as open in relation
to certain system properties, e.g. natural and societal laws as described in Section 2.
According to general system theory, this leaves us with three primitive properties of
any given system that are affected by such laws: number of entities, entity species,
and entity relations. However, we argue that it is not only the entities that belong to
some species, or types, but also the relations (Fig. 2). In order to deal with this issue,
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we characterize the primitive properties of an open computational system as entities
and relations. This introduces us to the system property that renders a system as open,
namely its physical structure. In principle, this means that we no longer consider an
open computational system to primarily be the manifestation of an abstract model, but
rather that it is grounded in the physical world and that we seek a conceptual model that
helps us to understand the system’s emergent properties.

– Entities. As with all systems, a computational system can be modeled and analyzed
at different levels, or layers, of abstraction. These different layers all share a com-
mon property, namely that they can be described as constituted by a set of entities
that in some way are related to each other. Hence, we consider any system to be
a population of an unknown number of physical entities. We denote such physical
entities as primitives. From a cognitive perspective, an entity can also be a combi-
nation of two or more primitive entities in relation to each other. We denote such
entities as composites. As a result from this perspective of abstraction, each com-
posite can be described as adhering to a certain class, primarily characterized by its
structure.

– Relations. Given that we are studying systems of a physically open nature, all en-
tities can interact with each other by means of a number of relations. In line with
the previous discussion on cognitive properties of entity composition, the relations
of an entity can also be considered in terms of primitives and composites. In other
words, if there exists a relation between two primitive entities, we denote such a
relation as primitive. Consequently, if there exists a relation between two compos-
ite entities, we denote such a relation as composite. From a cognitive perspective,
a composite of relations can be described as adhering to a certain class, primarily
characterized by its structure.

In light of the previously described world view of open computational systems, any
entity can be considered as a distinct and separate existence that from a cognitive per-
spective is perceivable by some external party. Along with this description comes the
fact that all entities can have either direct or indirect relations to each other. This focus
on primitive and composite structural properties of a natural system and its constituents
introduces us to a quite important issue:

“Because the entity exists independent of all other things, its behavior is known
only to itself. Unless the entity shares its behavior with a different entity, no one
has knowledge of its unique behavior.” – Ghosh, S. [6].

5 The Theory of Open Systems

The previously described world view of open computational systems identifies an im-
portant difference in our understanding of construction versus observation of system
behavior. If a system can be characterized as open, this must necessarily mean that no
single individual or organization is solely responsible for its construction, and conse-
quently, that no single individual or organization can be fully aware of its true behavior
either. Such a property of a system is what we would refer to as emergent behavior.
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Hence, an important question we should ask ourselves is therefore what systemic prop-
erties we actually can observe if we are dealing with open computational systems. In
search for an answer to this question, we argue that our understanding of construction
and observation of open computational systems could benefit from a dynamical and
complex systems perspective.

5.1 A Dynamical Systems Perspective

From a pragmatic perspective, an entity does not necessarily have an explicit relation
to all other entities in its surrounding environment, but from a systemic perspective
all entities actually do have some form of direct or indirect relation with all entities
in the surrounding environment. These entities and relations form the structure of a
system. In software engineering this structure is considered to be of a closed nature
and hence local coherence of the system is in focus. That is, the focus is on a specific
application where the physical components and their interaction in principle is a stable
result from the design-phase of the application development process. However, with
open computational systems, it is global coherence that is of the essence. The notion
of global coherence focuses on the idea that a system’s structure evolves over time
as a consequence of communication between the involved entities. The description of
such structural evolvement is called the behavior of a system, and in computer science
these issues are addressed in research and development on coordination, control, and
organization. This dynamical systems perspective is addressed in terms of structures,
patterns, and processes.

– Structures. The basic property of any given system is its structure, as character-
ized by an unknown number of physical entities and their relations. However, it is
not structures that are subject to principle investigation in dynamical and complex
systems but rather patterns and the evolvement of these patterns through certain
processes.

– Patterns. A pattern in dynamical systems is considered to be the abstract manifes-
tation of the system’s physical structure, or configuration of relationships [ 1], and
it is such patterns that are considered to form the basis for emergent behavior of
some system. Hence, if we are interested in system dynamics, we are primarily in-
terested in studying patterns and their evolvement over time, presupposing that they
are abstract derivations from some natural or physical system.

– Processes. When it comes to system dynamics, a process can be considered as the
continuous manifestation of some system’s pattern of organization. In principle,
this means that processes are, in the same way as patterns, of an abstract nature,
derived from an underlying natural or physical structure.

An example of system dynamics in terms of the previously described concepts would
be that of a feedback loop in a societal setting. Generally speaking, a feedback loop
can be defined as a cyclic path in a network pattern, where a signal travels along some
path in the underlying physical structure and visits all nodes in such a way that after
the signal has visited the last node, the signal returns to the first node. This process
continues until the pattern of organization is changed in some way. The derivation of
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such a process, e.g. the invisible hand in social sciences [2], can be said to correspond
to the self-organization of some system’s physical structure. For example, a negative
rumor, concerning the performance of some entity, is introduced into a cyclic path of
communication between a set of entities involved in the trade of some commodity. As a
result of this rumor, the reputation of the implied entity is spread throughout the network
in the form of a negative reputation, resulting in the exclusion of the entity. In effect, the
structure, as well as the corresponding pattern, is reduced by one node and the system’s
organization has changed.

6 Engineering of Agent Societies

When it comes to engineering of agent societies, i.e. the Embedded Internet, we state
that there are currently two distinct approaches applied in this problem domain: con-
struction of system structures and observation of system behavior. Obviously, there is
quite a profound difference in focus between the approaches, but we believe that they
share a common (implicit) denominator; an open computational systems perspective
on the environment under study. Previously in this paper, we have therefore presented
an initial understanding of the general assumptions and implications of the two ap-
proaches (see Section 2 Comparison of Different Engineering Principles and Section 3
World Views of Multiagent Systems). In summary, we argue that, with the advent of the
Embedded Internet, construction and observation of agent societies should no longer be
considered as separate disciplines, nor should the subject of investigation be considered
in terms of metaphors, but rather as grounded in principles of interaction laws in natural
systems. A methodological approach to engineering of agent societies must necessar-
ily comprise principles of both observation and construction that applies to the whole
system. The reason for this is primarily that all constituents of the system under study
are able to communicate with each other. Consequently, in this section we outline the
basic structure of such a methodological approach, that explicitly focuses on an open
computational perspective on engineering of agent societies.

6.1 An Open Computational Systems Approach

The foremost difference between construction and observation of agent societies lies in
the relation between system and model, as described in Section 2. If we explicitly focus
on construction of a system, it is implicitly stated that the models have precedence over
the system, in that they are used as templates for system behavior. Such an approach
also implies that models can be nothing but subject to verification, since the process of
validation necessarily assumes that there exists some corresponding real system a pri-
ori. This does not necessarily pose a problem, if we would be dealing with systems of a
closed nature. However, if we acknowledge the fact that new species of agents possibly
could enter a system at any point in time, rendering it as open, we can no longer be cer-
tain of a system’s behavior at design time. If not always the case, this situation is very
common in the physical sciences; where the system under study is considered to have
precedence over the corresponding models. Alas, prior to construction and deployment
of an agent into some system we must first observe and establish general principles of
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Fig. 3. The general structure of a methodology for engineering of agent societies. Ob-
servation of a system, existing a priori in nature, results in a model from applying a set
of explanatory principles to observed system properties. Construction and deployment
of agents is then performed by applying certain behavioral principles to a given model.

system behavior that might affect the agent’s behavior. This activity of observing the
general system properties of an open computational system could be, as argued in Sec-
tion 2, described as the identification of natural and societal laws of agent societies. In
summary, we state that if all entities in a system at any point in time are able to commu-
nicate with each other, as is the case with the Embedded Internet, we must necessarily
consider a methodological approach that comprises both principles of system observa-
tion as well as those of system construction (Fig. 3). From a general perspective, the
methodology we propose is constituted by the traditional approach of the inductive–
deductive procedure, coupled with the principles of any engineering procedure. Fur-
thermore, it should be noted that we assume that the term system in this context refers
to a universal and open system and not some closed subsystem in isolation from its en-
vironment. Given this general methodological perspective, it stands clear that we seek
an approach to engineering of agent societies that offers us the possibility to deduce
and induce systemic properties of a general nature. Hence, the foremost requirement
imposed on the methodological approach that we propose is that any part(s) of the open
computational system must be possible to model using the same general systemic prim-
itives. We deal with this requirement in terms of entity complexes and corresponding
relation complexes. Furthermore, the structures formed by these complexes are consid-
ered as the fundamental basis in modeling of system dynamics, in terms of patterns
and processes. Consequently, the methodological approach we propose calls for meth-
ods and tools in engineering of agent societies that reflects the previously described
modeling primitives and principles of behavior in natural systems. Not until then will
we be able to observe or construct the behavior of the Embedded Internet as a whole
system. The foremost utility of our proposed methodological approach to engineering
of agent societies is that, by focusing on general system primitives and principles, we
can directly apply the models resulting from explanatory principles in observation to
the behavioral principles in construction.
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7 Discussion and Concluding Remarks

We have outlined a methodological approach in terms of a corresponding world view
and an initial understanding of its theoretical foundations. In summary, our method-
ological approach identifies an open computational systems perspective to be the basis
for a common world view. This world view deals with structural properties of a system
in terms of entities and relations from a natural systems perspective. However, since the
world view of any methodological approach typically only addresses cognitive proper-
ties of the system under study, we have also proposed an initial theory that focuses on
system dynamics and behavior. This theory is based upon the dynamical systems per-
spective on behavior of open systems, also grounded in a natural systems perspective on
engineering. Following this line of reasoning, it stands clear that forthcoming research
in this problem domain initially has to focus on methods and tools in construction that
reflects the requirements and needs of observation and explanation of natural system
properties. Not until then can we understand in what way the deployment of agents
into our societal fabric is affected by the a priori existing system, or in what way the
system itself is affected by the introduction of new and unknown agents. In an attempt
to achieve this, we are currently conducting a project at the Societies of Computation
Laboratory called SOLACE (Service-Oriented Layered Architecture for Communicating
Entities). The main objective of the project is to study mechanisms that are involved in
the continuous manifestation of systemic patterns in open computational environments,
grounded in principles of behavior in natural systems.
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Abstract. An open multi-agent system (MAS) is a MAS where agents
may be added, be removed or evolve (e.g. modify their abilities). Usually,
the openness of a MAS is controlled by a middle-agent. In this paper,
we tackle the problem of openness from a general point of view (consid-
ering the middle-agent approach as one of the possible solutions). Then,
we propose an original approach based on the principle of distribution
which requires a collective activity of the agents to manage openness.
Finally, we compare these two approaches to determine the advantages
and disadvantages of each.

1 Introduction

Multi-agent systems (MAS) are often presented as a powerful paradigm for
studying and designing evolutive distributed systems. In this paper, we will
focus on a specific kind of evolutive MAS which are open multi-agent systems.
An open system should support the addition or the removal of some functions
after its design (and generally, during its execution). In a MAS, the global func-
tions of the system are carried out by one or several agents. Thus, an open MAS
should support the addition of new agents, the removal of agents and the internal
evolution of agents (e.g. modification of their abilities).

Usually, the openness of a MAS is ensured by an entity, called a middle-
agent. This approach, first established by Y. Labrou and T. Finin [10], is easy to
implement, and is used by most of the existing works on open MAS. Research in
this area is mainly concern in designing brokering architectures [1,8], brokering
protocols and communication languages [10,6] or formalisms to represent agent
capabilities [7,14,16,20]. However, the use of a middle-agent to manage the sys-
tem openness has some limits and is not suitable in some contexts. The goal of
our work is to consider the openness from a general point of view in order to tar-
get the main problems that should be solved during the design of an open MAS.
Then, we will be able to suggest new solutions in order to tackle the problem of
openness.
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2 Features of an Open MAS

The functions available in a MAS may be executed by an agent or by the way of a
cooperation involving several agents. In the context of an open MAS, we focus on
two points: the composition of a MAS (its number of agents and the distribution
of capabilities among them) and the possibilities of cooperations between agents.
An open MAS should support and deal with three possible modifications of its
composition:

• Addition of an agent to the MAS (in order to provide new capabilities for
example);

• Removal of an agent from the MAS (if its capabilities are obsolete for
example);

• Evolution of an agent (the agent gains new capabilities and loses some of
its old capabilities).

These modifications are “physical” alterations of the MAS which have a
great influence on the possibility of cooperations between agents. Indeed, the
addition of an agent to a MAS creates new possibilities of cooperation between
this agent and some other agents of the system, whereas the removal of an
agent causes some of these possibilities to become obsolete. When an agent
evolves, its possibilities of cooperation also change because it has a different set
of capabilities and different needs.

Such modifications break the stability of the system since some possibilities
of cooperations between agents are no longer valid and that new possibilities
exist but are unknown by the agents. Therefore, the management of an open
MAS mainly consists in detecting the possibility of cooperations between agents.
Whichever entity is responsible for this detection, it has to know the characteris-
tics of the agents by the way of agent representations. Each representation should
contain a set of descriptors which may be compared to check if two descriptors
are complementary. Then, a possibility of cooperation between two agents ωi and
ωj may be detected if there exists a complementarity between one descriptor of
ωi and one descriptor of ωj.

Openness management is closely related to the problem of complementari-
ties detection (which can be considered as a part of the connection problem [4]).
Checking the success of the addition, removal or evolution of an agent requires
the introduction of a third notion: the integration state of an agent. An agent
would be considered as integrated if and only if every complementarity between
each of its descriptors and each of the descriptors of all other agents of the MAS
have been detected. To give a formal definition of the complementarity between
two descriptors, we need to define the concepts handled in an agent representa-
tion (what is done in section 3). In section 4, we study different approaches of
openness management, each of them having its own evaluation of the integra-
tion state of an agent, and we compare them in section 5. Section 6 presents our
directions for future work.
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3 Agent Modeling in an Open MAS

Several formalisms for agent representations have been proposed in related work.
Some of them focus on the mental state [12,13] on the decision process [2,9], or on
the capacities [7,16,17] of the agents. For our purpose, the used formalism should
be suitable to calculate complementarities between two agents. According to G.
Wickler [20], agent representations should be based on their capacities in order
to be used for brokering. Thus, an agent which has a specific capability that can
address a given problem can be found by searching the set of representations.

K. Decker et al. [5] distinguished two types of information that should be
contained in an agent representation: capabilities and preferences. Capabilities
describe the kind of services that an agent can provide and preferences are the
services that an agent may require. In our representation formalism, we define
these two types of information. This formalism is quite close to the one defined
by J. Sichman [15,14] who suggested a model for social reasoning based on
the dependence theory [3]. As dependence detection and complementarities are
similar problems, Sichman’s formalism only needs a few adjustments in order to
be suited to openness management.

We define an agent description (ADi, such that i is the id of the represented
agent) as being composed of two parts: (i) a functional description (FDi) to
represent its goals and capacities, (ii) a cooperative description (CDi) to rep-
resent its requirements (corresponding to the concept of preferences mentioned
by K. Decker et al.). Besides of the descriptors contained in these two parts,
an agent should also have some meta-knowledge about these descriptors which
define their semantics. We consider that this meta-knowledge are classes and
that a descriptor is an instance of one of these classes.

3.1 Functional Description

The functional description of an agent ωi is a quadruplet FDi = (Gi, Pi, Ai, Ri)
such that:

• Gi is the set of agent i’s goals;
• Pi is the set of agent i’s known plans;
• Ai is the set of agent i’s available actions;
• Ri is the set of agent i’s available resources.

Each of these descriptors refers to a class of descriptors. Thus, an agent’s
meta-knowledge contains goal classes, plan classes, action classes and resource
classes which are structured in trees in order to express different levels of gener-
ality (more details on the structure of these classes may be found in [19]). The
assumption is made that the agents’ meta-knowledge comes from a common on-
tology and that they are compatible. Each agent’s meta-knowledge is a part of
this ontology.

Some functional descriptors represent goals or capabilities which may need
the use of other capabilities. For example, a plan achieves a goal by the accom-
plishment of a few actions or sub-plans, and an action may use and produce
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some resources. These relations can be used to automatically deduce an agent’s
requirements which are represented in a cooperative description.

3.2 Cooperative Description

The cooperative description of an agent ωi is a triplet CDi = (PRi, TRi, RRi)
such that:

– PRi is a set of plan requirements. If the agent i has a goal of a class g∗, it
requires to know which of its acquaintances knows a plan that can achieve
a goal of the class g∗. Thus, the agent ωi has a plan requirement pr ∈ PRi

such that pr designates the goal class g∗. Each plan requirement is described
by the goal class that has to be achieved;

– TRi is a set of task requirements. We use the word “task” to refer to a plan
or an action (without knowing if the descriptor is a plan or an action). A
task requirement contains only the task class that is required. An agent ωi

has a task requirement tr ∈ TRi about the task class t∗ if and only if it
knows a plan p ∈ Pi in which t∗ may be accomplished;

– RRi is a set of resource requirements. A resource requirement is described
by a resource class. An agent ωi has a resource requirement rr ∈ RRi about
the resource class r∗ if and only if it may accomplish an action a ∈ Ai which
may use a resource of class r∗.

We suggest here to deduce an agent’s requirements from its capabilities but
it is also possible to determine them by another way (some other algorithms or
at the creation of the agent).

3.3 Complementarity of Descriptors

We can now define a predicate to evaluate the complementarity between an
capability c and a requirement r:

compl(c, r) ≡ class(c) � class(r)

class(c) (or class(r)) is the descriptor class of the capability c (or r) and
the symbol � checks if the first class is the same or a specialization of the
second class. For example, if an agent ωi can use a resource which refers to a
resource class ColorPrinter and an agent ωj has a resource requirement about
the resource class Printer, these two descriptors would be complementary if and
only if the resource class ColorPrinter is a specialization of the resource class
Printer.

Agent representations are essential in an open MAS to detect any changes in
the possibilities of cooperation between agents and to maintain their integration
state. We consider that an agent has a true and complete agent description
about itself and that it only knows a partial agent description for a few other
agents. Then, the integration state of an agent depends on the content of these
descriptions about others. In the next section, we present how this integration
state may be maintained in an open MAS and study two main approaches.
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4 Openness Management

Cooperation possibilities are deduced from a comparison of agent descriptions in
order to find complementarities. This implies that there should exist one or more
agents which know several agent descriptions. Furthermore, modifications of the
composition of an open MAS may render some agent descriptions invalid or
incomplete. Then, some mechanisms to update the agent descriptions (wherever
they are) must be defined in order to manage the openness of the MAS. The
figure 1 illustrates these problems and introduces the distinction criteria between
the two main approaches that we study.

Centralized

Distributed
or

Openness

Cooperation

Needed for

Affects

Agent Modelling

Fig. 1. Openness Management Approaches.

This distinction relies on the number and the roles of agents which are in
charge of openness, agent modeling and cooperation detection.

4.1 Centralized Approach

In this approach, a specific agent is included in the MAS to deal with openness, to
maintain agent representations and (sometimes) to find cooperation possibilities.
Most of the existing works on open MAS follow this approach, defining such an
agent, usually called a middle-agent. This solution is very popular because it is
easy to implement and openness can be achieved by simply creating a middle-
agent. The other agents of the MAS do not have to be modified to support
openness except that they must know how they should interact with the middle-
agent.

Several kinds of middle-agent (see table 1) are distinguished by K. Decker
et al. [5]. The role of each middle-agent depends on its knowledge and on the
knowledge of the agents which have some capabilities (the providers) and of the
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Table 1. Different Roles for a Middle-Agent (see [5] for More Details).

Capabilities known by
requirements provider provider + middle-agt provider + middle-agt
known by + requester

requester (broadcaster) “front agent” matchmaker /
yellow-pages

requester + anonymizer broker recommender
middle-agt

requester + blackboard introducer/ arbitrator
middle-agt + bodyguard
provider

agents which have some requirements (the requesters). An agent may be both a
provider for some capabilities and a requester for some requirements.

The type of the middle-agent has an influence over some features of the MAS.
For example, if capabilities are not known by the requesters, the system may
ensure the privacy of these informations and if requirements are not known by
the providers, the agents’ requirements may be private. The characteristics of a
centralized approach, using a middle-agent, are:

• Openness (centralized): each time a modification of the MAS composition
occurs, the set of abilities and requirements available in the system change. If
the knowledge of the middle-agent should be updated, it has to be informed
about this change. Then the middle-agent propagates this information to
providers or requesters according to the amount of knowledge they should
have.

• Agent modeling (centralized): in most of the case, the middle-agent knows
every agent in the system and maintains a description for each of them. It
keeps this knowledge available for the agents of the system and can commu-
nicate part of it to providers and requesters.

• Cooperation detection (centralized or distributed): Cooperation detection
needs that an agent knows both the capabilities and requirements of the
agents of the MAS in order to compare them and find complementarities.
If providers and requesters has some knowledge about capabilities and re-
quirements, they are able to detect cooperation possibilities. In all the other
cases, the middle-agent is needed as an intermediary for cooperation detec-
tion. The middle-agent may only give some informations about other agents
(e.g. enumerate all the providers which have a given capability) or it may
establish a cooperation on behalf of another agent (e.g. find all the providers
matching a given requirement, propose to some of them to cooperate and
inform the requester of the chosen partner).

To give a definition of the integration state of agents we need to add an index
to the notations previously introduced in order to represent which agent has the
specified knowledge. For example, we note ADi

j the agent description known by
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an agent ωi to represent an agent ωj. To designate the middle-agent, we use
the index ma. Then the integration state of the agents depends on the kind of
middle-agent that is used. If a broker is used, the integration state of an agent
ωi is:

integrated(ωi) ≡ (ADi
i = ADma

i )

This definition ensures that an agent ωi is integrated if and only if the bro-
ker knows its agent description and that it is up to date according to the the
capabilities and requirements of ωi. To deal with the removal of an agent, we
assume that the agent description is specific to the concerned MAS and that it
should indicate if the agent has left the MAS (for example, by the use of a flag
or by setting the agent description to null, ADi

i = ∅).
If providers should know the requirements of other agents the following for-

mula has to be added to the integration state:

∀ωj ∈ Ω, ∀a ∈ FDi
i, ∀r ∈ CDj

j , compl(a, r) ⊃ r ∈ CDi
j

Such that Ω is the set of all the agents of the MAS. If requesters should
know the capabilities of other agents the following formula has to be added to
the integration state:

∀ωj ∈ Ω, ∀r ∈ CDi
i, ∀a ∈ FDj

j , compl(a, r) ⊃ a ∈ FDi
j

The use of a middle-agent has first been suggested by Y. Labrou and T. Finin
[10] and has been specified by the FIPA [6]. The agent platform of the FIPA is
open since it provides the middle-agent services by the way of two agents: the
agent management system (which provides a naming service) and the directory
facilitor (which provides yellow pages services).

The centralization of the agent representations and the openness manage-
ment seems suitable and efficient in order to maintain the integration state of
the agents. Nevertheless, the middle-agent is a critical entity which is essential
to openness and cooperation in the MAS. A centralized approach has two draw-
backs [11]: (i) the MAS is vulnerable to middle-agent failure (cooperations would
be impossible), (ii) since cooperation between agents needs the middle-agent, it
may be overloaded by messages and knowledge.

4.2 Distributed Approach

In their classification, K. Decker et al. [5] (see section 4.1) mentioned that the
lack of a middle-agent implies that the agents have to communicate by broadcast
messages. We suggested [18] a new approach to deal with openness, without any
middle-agent, and where agents do not communicate by broadcast messages.
Each agent has its own representation of other agents, can detect its possibilities
of cooperation and is involved in openness management. A distributed approach
is characterized by:
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• Openness (distributed): A modification of the MAS composition implies
that the agent representations of some agents must be updated. The openness
management requires a collective activity of the agents to find out which are
these agents in order to inform them of this modification. To ensure that this
collective activity leads to a successful openness management, we make the
assumption that the agents are cooperative and trustful in their interactions.

• Agent modeling (distributed): Each agent knows only a few other agents
and only a few descriptors about them. To select which agents and which
descriptors should be known, we defined the notion of relevance of an agent
description. An agent ωi has a relevant representation of an agent ωj if every
descriptor that ωi knows about ωj is complementary to one of ωi’s own de-
scriptors. Then, a relevant representation of another agent does not contain
any descriptor which is useless for cooperation detection. To compare the no-
tions of relevance and integration, we can say that the relevance requires that
only useful informations about other agents are known whereas integration
ensures that all useful informations about other agents are known.

• Cooperation (distributed): As every agent has a relevant representation of
other agents, each of them knows its own possibilities of cooperation with
others. Therefore, they can locally select their partners and directly propose
them to cooperate.

The integration state of an agent depends on the capabilities and require-
ments of the other agents of the MAS. This state corresponds to the following
formula:

integrated(ωi) ≡
∀ωj∈ Ω, ∀r ∈ CDi

i, ∀a ∈ FDj
j

compl(a, r) ⊃ a ∈ FDi
j

∧
∀ωj ∈ Ω, ∀a ∈ FDi

i, ∀r ∈ CDj
j

compl(a, r) ⊃ r ∈ CDi
j

One agent is integrated if and only if it knows (i) all agents having a descriptor
complementary to one of its own descriptors and (ii) if it knows, about each of
these agents, all these complementary descriptors. In a distributed approach, the
agent targeted by this modification (the one which is added, removed or which
evolves) has the responsibility of updating its own representation of others and
of notifying the modification to the concerned agents. According to the kind of
the modification, the agent accomplishes such updates with the help of other
agents in different ways:

• Addition: it should find the agents with descriptors complementary to some
of its own descriptors;

• Removal: the agent should only notify its acquaintances that it is leaving
the MAS (only its acquaintances know the agent to remove);
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• Evolution: it is a combination of the operations needed for the two previous
modifications. For every descriptor that disappeared, the agent should notify
it to the other agents which have a complementary descriptor, and for its
new descriptors, it has to find the relevant agents.

Presentation Protocol.

To reach integration, the added or evolved agent initiates a presentation pro-
tocol (shown in figure 2) with another agent. This first other agent may be
randomly chosen.

integrate
Agent to

request(inform-ref((ability,explanation)*,
(requirement,explanation)*))

request(inform-ref(requirement*))

inform((requirement,explanation)*)

inform((ability,expl...)*,(req...,expl...)*)

inform(ability*)

request(inform-ref(ability*))

inform(recommendation*)

agent

inform(requirement*)

inform(ability*,requirement*)

inform((ability,explanation)*)

Integrated

Fig. 2. The Presentation Protocol.
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This protocol is basically composed of two parts:

• Presentation: The agent to integrate (ωi) informs the other (ωj) of its re-
quirements. If some of these requirements refers to some meta-knowledge
that ωj does not know, this one may ask and receive explanations about the
semantics of some requirements (their position in the tree of classes). Then
ωj selects its capabilities which are complementary to one of the communi-
cated requirements, and all its own requirements to send these informations
to ωi. Here again, explanations may be requested. At last, ωi selects its ca-
pabilities complementaries to one of ωj ’s requirements and send them (with
an explanation if required). At the end of the presentation, each agent has
a relevant representation of the other.

• Recommendation: In order to be integrated, the agent ωi may need to
know some other agents than the one involved in the presentation protocol.
Thus, ωj recommends to ωi to start a presentation protocol with some of
its own acquaintances. Then, ωi selects an agent ωk from the list of rec-
ommended agents, initiates a new presentation protocol with it, acquires a
relevant representation of ωk and collects a new list of recommended agents.

Recommendations.

The recommendation step is very important for a distributed approach. We do
not want that the agent ωi introduces itself to every agent of the MAS, so it must
be able to estimate its integration state on the basis of the recommendations of
other agents. We defined several kinds of recommendations (to get more details
see [18]):

• Direct: ωj knows all the agents having a descriptor which is complementary
to a descriptor of ωi;

• Indirect: ωj knows at least one other agent which can give a direct recom-
mendation to ωi;

• Partial: ωj knows some agents (but not all of them) having a descriptor
which is complementary to a descriptor of ωi;

Direct recommendations are essential in order to allow an agent to evaluate
its own integration state. If ωj knows all the agents having a descriptor which is
complementary to a descriptor d (it is the case if ωj is integrated and if d ∈ ADj

j ),
ωj sends a direct recommendation to ωi about all these agents. According to
the definition of the integration state, ωi considers itself as integrated if ωi has
received a direct recommendation about each of its own descriptors.

The goal of an indirect recommendation is to identify an agent which can
provide a direct recommendation for a given descriptor. Partial recommendations
are used for the descriptors which can not be subject to a direct or indirect
recommendation, but no deduction is possible for the integration state. If some
of ωj ’s acquaintances are not involved in a recommendation, ωj sends their
address to ωi in a plain message (no recommendation).
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Recommendation Use.

The agent ωi uses the received recommendation to initiate new presentation
protocols. For its next presentation, it will choose (in a decreasing priority):

• The agent which has the most indirect recommendations;
• The agent which has the most partial recommendations;
• The agent which has the most direct recommendations;
• any other agent.

This sequence of presentations stops in two cases: (i) ωi consider itself as
integrated, or (ii) the list of agent that ωi knows and which have not been
contacted for a presentation is empty. In this second case, the agent ωi may
consider that it has contacted all the agents of the MAS (which may be true
if some assumptions, explained below, are made) and then believe that it is
integrated. At the end of the presentations, ωi should communicate with the
agents which are concerned by a direct recommendation (if it has not been done
in a presentation) to notify them its existence and their complementarities.

To ensure that an agent will be integrated, a few assumptions and constraints
should be adopted. The presentations and recommendations are efficient if:

• an agent which is not integrated can only formulate a direct recommendation
for a descriptor if it has received a direct recommendation for this descriptor;

• a presentation protocol is a critical section (an agent cannot be involved in
two presentation protocols at the same time).

These constraints allow simultaneous modifications of the MAS (i.e. more
than one agent may be trying to reach integration at the same time). In the
worst case, we mentioned that an agent may have to contact all other agents of
the MAS. This is possible if:

• for any two agents of the system, there must exist an acquaintance path
between them (i.e. if we consider a graph where the nodes represent the
agents and one edge represents the fact that the “linked” agents have a
representation of each other, the graph has to be connected).

To keep this assumption true, the removal of an agent should be done care-
fully. When an agent wants to leave the MAS, it should check if its removal will
affect the graph connectivity. If it is true, this agent should notify this to all its
acquaintances in order to create “fake” acquaintance links in order to preserve
the connectivity.

Our proposition has been implemented as a partial social agent model. The
knowledge and functions needed by an agent in a distributed open MAS are
grouped in a welcoming facet. An agent with a welcoming facet (we call such an
agent a welcoming agent) can detect complementarities between descriptors, ini-
tiate or participate in a presentation protocol, and formulate recommendations.
Then, it is possible to build an open and distributed MAS if it is composed of
welcoming agents.
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Compared to the centralized approach, the use of welcoming agents is inter-
esting because no agent is essential for openness or cooperation. Therefore, such
an open system is robust because an agent failure does not prevent the other
agents to cooperate and the system remains open. The cost of this robustness is
that openness management needs more communications.

5 Comparison of the Approaches

These two approaches of openness management can be compared by few criterias:

• the number of agents to communicate with to deal with a modification
of the composition of the MAS (openness) or to find a cooperation partner
(cooperation);

• the relevance of the representation of other agents: a representation
that is not relevant implies a cost to select relevant informations while seeking
a cooperation partner and contains useless informations;

• the robustness of the system: the MAS is robust if it can support agent
failures.

The features of each approach of openness management are summarized in
the table 2.

Table 2. Comparison of the Centralized and Distributed Approaches.

Communications Relevance Robustness
Openness Cooperation

Centralized 1 2 No No

Distributed � Ω 1 Yes Yes

In a centralized approach, the cost in communication is very low : the mod-
ification of the MAS composition requires only the sending of a message to the
middle-agent. Following our distributed approach, an agent may have to contact
all the agents of the MAS. Thus, the number of agents to contact is bounded
by the total number of agents (Ω). Seeking a partner to cooperate is a bit more
costly if a middle-agent is used but this low difference may be important for two
reasons: (i) in most of the systems, there is much more cooperations between
agents than additions, removals or evolutions of agents, and (ii) the middle-
agent is always involved in these communications and may be overloaded by the
request of other agents.

The main advantages of our proposition are the relevance of the represen-
tation of other agents and the global robustness of the MAS. The distributed
approach may be appropriate in contexts where the agents’ knowledge are lim-
ited in size (useless informations about others may be forgotten) and where
agent failures may occur. For example, it seems suitable to conceive open MAS
in domains like robotics or nomadic computing.
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We are now working on an experimental comparisons of the centralized and
distributed approach. These tests would allow us to determine empirically the
cost in communications of our proposition, and to increase the precision of the
comparison of the approaches.

6 Future Work

In this paper, we target the main concepts (complementarity, integration, rele-
vance, recommendation) that are taken into account during the openness man-
agement. We were interested in their application and definition according to
a centralized or a distributed approach. However, these two categories of ap-
proaches are very general and there exists some open MAS which follow hybrid
approaches.

Our final goal is to define a generic framework for openness, based on the
concepts presented above. Thus, our future work will be to describe these hy-
brid approaches and to continue our generalization of the openness to build a
framework independent from the approach chosen or from the agent representa-
tion structure. Moreover, we are interested in the definition of different kinds of
agent integration. For example a partial integration, where an agent only knows
a sub-set of its possible partners for cooperation, may be appropriate in some
contexts.

Our work will also be implemented on a concrete application for the E-
Alliance1 project (funded by the Région Rhône-Alpes Thematic Program). The
aim of this project is to build a software infrastructure for the management of
an alliance of several printshops. This infrastructure should allow information
exchange, cooperations and negotiations between printshops and should be open
to new printshops or to other partners (for the delivery of the print jobs for
example).
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Abstract. Mobile application components can be effectively and uniformly 
modeled in terms of autonomous agents moving across different contexts 
during execution. In this paper, we introduce a conceptual framework based 
on the definition of programmable organizational contexts, which can promote 
an engineered approach to application design and that, if is supported by a 
proper programmable coordination infrastructure, can make applications more 
modular and easy to maintain. On this base, the paper analyses several issues 
related to the implementation of programmable coordination infrastructures 
for mobility. In addition, the paper introduces a preliminary proposal for the 
modeling of programmable coordination infrastructures in terms of a general-
purpose event-based infrastructure.  Finally, the paper sketches open issues 
and promising research directions.  

 

1 Introduction 

The wideness and the openness of the Internet scenario makes it suitable to design 
applications in term of components that are aware of the distributed nature of their 
own environment, and that are able to move trough this environment. 

Mobility may appear in different flavors in today’s computing environments: 
• Virtual mobility. Components virtually move across Internet resources [7] by 

accessing resources and interacting in a network-aware fashion. They 
“navigate” the Internet by explicitly locating services and resources.  

• Actual mobility. This refers to the components' capability of moving across 
Internet sites while executing by dynamically and autonomously transferring 
their code, data and state, toward the resources they need to access [19].  

• Physical mobility. Mobile devices – such as palmtop, cellular phones, etc. –
accessing the Internet and/or interacting with each other in the context of mobile 
ad-hoc network (MANETs) will be more and more present in application 
scenarios, and they will have to be properly handled and modeled [16].  
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To limit complexity of application design and development, suitable models and 
infrastructures are needed to handle the different types of mobility in a natural and 
uniform way.  

A promising approach to uniformly deal with all the above kinds of mobility is to 
model application components, as well as physical mobile devices and computer-
based systems, in terms of autonomous mobile agents. In general terms, agents are 
autonomous entities capable both of reacting to changes in the environment and of 
executing in a proactive way, and often typically implemented by active objects 
integrating event-handling and exception-handling capabilities [10]. These 
characteristics imply that: 
• Agents are provided local control over their activities, thus enabling dealing in a 

natural and decentralized way with the openness, dynamism, and 
unpredictability of the Internet and, more generally, of dynamic and 
decentralized networked scenarios;  

• Agents are explicitly designed to be situated in an environment. This naturally 
invites thinking mobile application components in terms of agents that situate in 
different environments during their lives. 

• Physical mobility, unlike virtual and actual ones, cannot usually be controlled at 
the application level, and a useful way of modeling it is in terms of an additional 
dimension of autonomy of application components. In other words, even if no 
agent-technology is exploited inside a mobile device, its observable behavior 
w.r.t. the fixed infrastructure or to other devices is actually those of an 
autonomous component, i.e., of a mobile agent, and will have to be modeled 
accordingly. 

In the following of this paper, we detail how the above perspectives on mobility 
can drive the definition of a suitable organizational framework for the design of 
applications (Section 2). Because the organizational framework needs to be 
supported, at the middleware level, by a proper programmable coordination 
infrastructure for application development and execution, we analyze the main 
issues arising in the definition of such an infrastructure (Section 3). In addition, we 
discuss our preliminary attempts at modeling programmable coordination 
infrastructures for mobility via the definition of a general-purpose event-based 
kernel (Section 4). Finally, we sketch what are, in our opinion, the key research 
directions in the area of middleware and coordination infrastructure for agent-based 
mobile computing (Section 5). 

2 The Conceptual Framework 

2.1 Local Interaction Context 

Handling mobility requires facing different issues at different levels, also depending 
on the type of mobility. However, as far as the high-level issues related to the 
modeling, design and development of complex multi-component applications are 
concerned, handling mobility is basically a problem of managing the coordination 
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activities of application agents. These may include accessing the local resources of 
an environment and communicating and synchronizing with executing agents, 
whether belonging to the same application or foreign Internet agents. 

In our approach, we model mobility of agents across the Internet as movements 
across local interaction contexts. A local interaction context defines the agents’ 
perceivable world, which changes depending on the agent position, and which 
represents the logical place in which agents’ coordination activities occur. What is 
the interaction model to be actually exploited for modeling interaction in a context is 
not of primary influence. In fact, for the fact of moving across the Internet, agents 
access different data and services, and interact with different agents, depending on 
their current interaction context, independently of the model via which interactions 
occur. Interactions may occur via message passing and ACLs [6], via meetings [19], 
or via shared dataspaces [1, 8]. What really matters from the software engineering 
perspective is the locality model enforced, which reflects – at the level of application 
modeling – a notion of context intrinsic in mobility.  

We disregard the modeling of the execution contexts intended as the places in 
which the agents actually execute. In this way, our model can be defined 
independently of the type of mobility exhibited by application agents (i.e., virtual, 
actual, or physical), fully disregarding the specific mobility issues.  

2.2 Local Organizations 

Movements across local interaction contexts may impact on agents’ coordination 
activities. In fact, in the open Internet scenario, one cannot conceive that agents’ 
coordination activities can be totally free and unregulated. Instead, coordination 
activities in the Internet are likely to be strictly ruled by proper security and resource 
control policies, which may be different from site to site, i.e., from a local 
interaction context to another. Moreover, each local interaction context is likely to 
adopt peculiar choices for the representation of local resources, and it is likely to 
host the coordination activities of different agents, and of making available different 
services to agents. In such a scenario, the local interaction context cannot be simply 
considered as the place in which coordination activities occur, but it is also an active 
environment, capable of enacting specific local coordination laws to rule and 
support the agents’ coordination activities.  

By assuming an organizational (or social) perspective [20, 21], one can consider 
the local interaction context in terms of an organizational (or social) context. In 
facts, one must consider that an agent, by entering via a movement an interaction 
context, enters a foreign organization (society) [23] where specific organizational 
rules (or social conventions) are likely to be enacted in the form of coordination 
laws. Thus, for the sake of conceptual simplicity, one must consider the interaction 
context as the locus in which the organizational laws ruling the activities of the local 
organization reside [21]. 
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2.3 Application-Specific Organizations 

The above is not the full picture. In fact, apart from the previous presented issue. 
Agents may be part of a cooperative multi-agent application, and move in the 
Internet to cooperatively achieve, according to specific protocols and patterns, 
specific application sub-goals. Given that, it is clear that agents’ coordination 
activities within a multi-agent application may not be fully deregulated but, again, 
may be required to occur accordingly to specific laws that rule the whole application 
and ensure the proper achievement of the application goal. In other words agents, 
belonging to a specific application, can logically constitute their own application-
specific organizational context. 

By assuming if fact the organizational perspective, the context in which an agent 
executes and interacts is not only the one identified by the local organizational 
context, but is also the one of its own organization. As that, a local organizational 
context should not only be thought as the place in which local organizational rules 
reside, but also as the active context in which application agents may enact their 
own, application-specific, organizational rules in the form of coordination laws. 

2.4 Designing Applications around Programmable Organizational Contexts 

The above analysis suggests modeling and designing applications in terms of agents 
interacting via active organizational contexts. Contexts are no longer merely the 
place in which agent’s coordination activities occur, but they become the place 
where both local and application-specific organizational laws reside and are enacted, 
via programmability of the behavior of the interaction spaces.  

The adoption of such a conceptual framework – that we have defined context-
dependent coordination [2] – can have a very positive impact on the engineering of 
mobile agent applications. From the point of view of application designers, the 
framework naturally invites in designing an application by clearly separating the 
intra-agent aspects and inter-agent (organizational) ones. The formers define the 
internal behavior of agents and its observable behavior. The latters define the 
application-specific organizational laws according to which agents should interact 
with each other and with external entities for the global application goal to be 
coherently achieved, and lead to the identification of the coordination laws that 
agents should spread on the visited interaction contexts. This separation of concerns 
is likely to reduce the complexity of application design and can make it more 
modular and easy to be maintained (design-for-change perspective).  

Independent of the role of the application designers is the role of site 
administrators. When new kinds of application agents are going to be deployed on 
the Internet, the administrator of one site can analyze which local organizational 
laws that (s)he may find it necessary to locally enforce in terms of coordination laws 
on the local interaction context. These can be used both to facilitate the execution of 
the agents on a site and to protect it from improper exploitation of the local 
interaction context. These site-specific laws will work together with the application-
specific organizational laws, to be possibly spread by application agents.  
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3 Implementing Programmable Coordination Infrastructures 

The separation of concerns promoted by context-dependent coordination during 
analysis and design can be preserved during the development and maintenance 
phases too if a proper coordination middleware infrastructure is available that 
somehow reflects the concepts and the abstractions of the context-dependent 
coordination. In that case, the code of the agents can be clearly separated from the 
code implementing the coordination laws (whether local organizational laws or 
application-specific ones). Thus, agents and coordination laws can be coded, 
changed, and re-used, independently of each other.  

A coordination infrastructure for context-dependent coordination must be based 
on an architecture implementing the abstraction of active organizational contexts, 
i.e., implementing programmable coordination media [5]. By programmable 
coordination medium, we intend the software system mediating and ruling all 
coordination activities of application agents within a locality, accordingly to user (or 
agent-specified) coordination laws, embedded into the medium itself.  

There are several issues to be handled in the definition of a programmable 
coordination middleware infrastructure for the handling of agents’ coordination 
activities. Such issues include: 
1. Defining an architecture based on a multiplicity of independent and 

independently programmable coordination media, each associate to a locality 
scope, and providing for dynamically binding an agent to a coordination 
medium accordingly to the agents' movements (virtual, actual or physical); 

2. Defining the interaction model to be actually supported by the coordination 
media, e.g., message-based, or tuple-based, or event-based; 

3. Enabling a dynamic programming of the behavior of coordination media both 
by the local administrators and by application agents’ themselves; 

4. Identifying a suitable model (and the associated language) for the programming 
of the coordination media behavior. 

In the following, we mainly focus on issues 1 and 3 by distinguishing the case in 
which a fixed network infrastructure is available from the one in which it is not. 

3.1 Fixed Network Infrastructures 

When agents execute and interact via the support of a fixed network infrastructure, 
the most natural choice is to conceive coordination media as allocated on the fixed 
network architecture.  

With regard to the architecture of coordination media, several choices can be 
adopted.  

On the one hand, coordination media can be associated to single Internet nodes, 
to act both as the place via which to access to the local resources of that node and as 
“agora” for a set of interacting agents. On the other hand, a set of Internet nodes 
composing a domain can share a single coordination medium, to be exploited for all 
the agents interacting in the context of that domain. In this last case, the coordination 
medium can be associated to a single node of the domain, or it can be implemented 
in a distributed way across a multiplicity of nodes in the domain. It is also worth 
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noting that nothing prevents from applying the last implementation schema to a 
geographically distributed domain of nodes, which happens when a single 
organization spans across the Internet. However, in these cases, implementation 
problems arise in guaranteeing a correct and consistent execution of programmed 
behaviors. In fact, the behavior of a coordination medium can rely on the access to a 
possibly large status of the medium itself. Thus, maintaining the consistency of the 
state of geographically distributed coordination media can incur in high overhead 
and made the behavior of the medium itself unreliable. These problems may be 
affordable when the interaction model defined by a coordination medium and the 
specific behaviors programmed in it are likely to exploit only loosely the state of the 
media, as it can be the case of a message-based coordination medium. However, in 
the case of interaction models in which the status of the medium plays a central role, 
as it can be the case of tuple spaces, the cost of maintaining the consistency on large 
status may be simply unaffordable. Thus, in general, we can see a federation of 
geographically distributed nodes not as a set of nodes sharing a single coordination 
medium, but rather as a set of nodes each implementing its own independent 
medium, and sharing only the coordination laws enacted in their media. In other 
words, geographically distributed nodes have to maintain their independence as 
coordination media, although they may decide to enact the same rules to represent 
logically a single organization.  

In multi agent application, the specific-application organizational context is 
enforced by giving application agents the capability to dynamically programming 
the visited coordination media with application-specific organizational laws. In this 
case, all agents of an application spread the same coordination laws over all visited 
sites to share the same application-specific organizational laws (in addition to the 
locally enforced ones). 

Enabling dynamic programmability of coordination/organizational laws is 
basically an issue of code mobility. In general, coordination laws represent a 
computational behavior to be assumed by the coordination media in response to 
interaction events. Then, as agents interact with different coordination media 
allocated on different sites during their lives, and they may be in need of 
programming such media, coordination laws must be necessarily expressed by using 
mobile code technology [7]. However, it is interesting to show how the specific type 
of agent mobility may impact on the specific paradigm of code mobility to be 
adopted for enabling agent to program the accessed coordination media via 
application-specific coordination laws. 

In the case of a virtual mobile agent (Figure 1a), the agent can interact with 
remote coordination media without actually transferring itself. However, if the agent 
wants to impose some specific coordination laws on a remote medium, it has to 
upload to the remote medium the mobile code implementing the coordination laws. 
That defines a model of “remote evaluation”, in that the code is transferred to a 
remote site and there execute in response to the agent’s coordination activities. A 
similar approach is followed by the TuCSoN coordination model [13], to program 
the behavior of remote tuple spaces, and by T Spaces, to insert new communication 
primitives into tuple spaces [9]. 

In the case of an actual mobile agent (Figure 1b), the agent transfers across the 
network its code and state, and carries on also the mobile code needed to implement 
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the application-specific coordination laws. This is the approach adopted by the 
MARS infrastructure for actual mobile agents [1].  
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Download of Mobile 
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Fig. 1a (top): A virtual mobile agent uploading coordination laws. 1b (middle): An actual 
mobile agent carrying coordination laws. 1c (bottom): A physical mobile agent causes its 
current coordination medium to download the coordination laws. 

In the case of a physical mobile agent, one can think at having the agent itself 
(i.e., the physical device it represents) carry the code needed to implement the 
coordination laws, and install it in the coordination media it connects to during its 
itinerant life. However, in most of the cases, mobile devices are likely to be 
resource-limited devices, for which it is often desirable to limit the amount of 
memory exploited by application as well as the amount of bandwidth. Therefore, a 
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more suitable way for physical mobile agents to program coordination media is to let 
the coordination media, upon the access of a physical mobile device, download from 
a specific “home site” the required code (Figure 1c). This defines a model of “code 
on demand”, in which the code is transferred to a coordination medium upon a local 
request generated from the coordination medium itself. A recent extension of the 
MARS infrastructure integrates this feature. 

In any case, we emphasize that, whatever the type of mobility of application 
agents and whatever the consequent type of code mobility, they can coexist in a 
coordination media. In fact, the coordination media, upon notification of the arrival 
of agents, can discover whether has virtually, actually, or physically arrive, and can 
act accordingly for properly installing the coordination laws. Thus, all types of 
mobility can be handled transparently from the point of view of application 
designers. 

3.2 Mobile Ad-Hoc Networks 

More challenging from the implementation point of view is the case in which agents 
have to interact in the absence of any fixed infrastructure, i.e., the case of mobile ad-
hoc networks (MANET). We believe that the cases in which a set of mobile devices 
will have to compulsory interact in the absence of any fixed infrastructure are very 
limited (e.g., satellite communications will be ubiquitous). Nevertheless, other 
reasons such as the need of limiting energy consumption or the high costs possibly 
implied in interacting with a fixed infrastructure may suggest minimizing in any 
case the exploitation of the services of the fixed infrastructure. The problem, in this 
case, is that the absence of the fixed infrastructure makes it hard to find a place 
where to actually allocate coordination media.  

Virtual Coordination Medium

Mobile Coordination
Laws to be Attached
to New Agent

Agent

Agent

Agent

Agent

Newly
Arrived
Agent

 
Fig. 2. Programmable Coordination Infrastructure for a MANET. 
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The basic conceptual framework will not substantially different from the 
application developers' point of view. However, due to the lacking of a physical 
network infrastructure, the coordination media via which agents have to interact and 
in which coordination/organizational laws reside becomes only a virtual medium, 
implemented in a distributed way. The idea is to have a group of agents interacting 
in the context of a mobile ad-hoc network being somehow “attached” to a software 
substrate capable of influencing their coordination activities and, thus, of enacting 
specific coordination laws. When an agent arrives within a MANET, i.e., get 
connected to a new group and to the corresponding virtual coordination medium (see 
Figure 2), the code implementing the coordination laws and the software substrate 
needed to enact them is dynamically uploaded locally to the agent and attached to 
him to filter all its coordination activities. Such a substrate, again, can exploit mobile 
code technology to transfer coordination laws from an agent to another one.  The 
substrate, in itself, can be implemented and attached to the agents using different 
techniques, such as aspect-oriented or reflective programming, or it can be an 
autonomous software component in its turn, acting as a mediator between the agent 
and the network. A similar approach has been followed by the LGI model [11] and 
within the FishMarket project [12]. The way of influencing the behavior of agents 
by dynamically attaching coordination laws to them strongly resembles the above 
approach. However, these proposals take into account neither mobility nor the 
absence of a fixed network infrastructure. LIME [15] defines an interesting and 
peculiar tuple-based architecture for handling in a uniform way both physical and 
actual agent mobility, also in the context of MANETs. It integrates useful forms of 
reactivity of the coordination media. However, LIME does not reach the full 
programmability required for context-dependent coordination and does not promote 
in any case an organizational perspective. 

Again, the type of interaction model that one may wish to adopt for the virtual 
interaction media may strongly influence the complexity and the efficiency of the 
implementation. A peer-to-peer interaction model it is likely to limit the state size of 
the virtual interaction medium, and this it is like to reduce the problem of 
maintaining the consistency of the state of the medium and of properly enacting the 
coordination laws. However, as MANET typically defines a very dynamic scenario, 
in which agent can connect and disconnect very frequently from a group, relying on 
direct peer-to-peer agent interactions may be problematic. Conversely, a data-
oriented model such as a tuple-based one, by fully uncoupling interacting entities, 
alleviates the problem related to the dynamism of agents’ connection and 
disconnection. However, it introduces the problem of maintaining the consistency of 
a possibly very large state size of the coordination medium. In between, the adoption 
of an event-based model, exploiting a global data status of limited size, may achieve 
a good trade-off between the two issues of uncoupling and state consistency. 

An additional issue that arises in MANET is that the lack of a fixed infrastructure 
makes the distinction between “local organizational laws” and “applications-specific 
organizational laws” less sharp. However, the detailed analysis of this issue would 
require investigating the possible application scenarios of MANET, and it is outside 
the scope of this paper. 
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4 Towards a General Model 

The introduced organizational framework – together with the availability of a 
programmable coordination infrastructure – can provide advantages and reduce 
complexity of application design and development. However, they also introduce the 
issues – in the design phase – of identifying organizational rules and their 
composition and – in the development and maintenance phases – of correctly 
programming coordination laws into coordination media. More drastically, context-
dependent coordination promotes a shift of focus from “engineering components” to 
“engineering organizational contexts” (or “engineering infrastructures”).  

In another work [2], we have shown several simple examples of dynamic and 
harmless composition of coordination laws in our MARS tuple-based programmable 
coordination infrastructure. However, in general, programming the behavior of the 
interaction space via complex compositions of coordination may be very difficult to 
be handled. In addition, local organizational laws may have to be dynamically 
composed with application-specific organizational laws. As a consequence, for the 
approach to be effective and practically usable there is the need for models of 
programmable interaction contexts, enabling a suitable and engineered approach for 
the definition and verification of coordination laws.  

Unlike other computational models [3], the model should abstract away from 
internal details about the behavior of agents, e.g., of the entities that are intended to 
be coordinated by the model. Instead, it only has to focus on the observable 
behavior of components [5]: no matter what agents internally do, what it is 
important is that, as far as interactions with the external world are concerned, 
coordination laws can be effectively modeled and their properties verified. Such a 
property of the model is of dramatic importance in open scenario, as it is the case of 
the Internet and of mobile ad-hoc network, where one can neither assume any 
knowledge about the “internals” of the software components, nor act on it.  

The starting point for the definition of our model is to conceive an interaction 
context as having an event-based space as a kernel: 
• At the kernel-level, agents interact via the interaction context by generating 

events and by subscribing to events, that the event space handles according to the 
specific behavior programmed in it (Figure 3). 

• At the application level, however, agents do not necessarily perceive the 
interaction context as an event-based space, nor they have to interact via a 
publish-subscribe event model (Figure 4).  

 
In general, an event is characterized by a set of parameters and we indicate it by 

using the following notation: E(x,y,z). 
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E(X,Y,Z) 

Event Space 
 

Subscribe to Event: 
Ê (Rct, E(X,Y,Z)) 

Kernel Level 

 
Fig. 3. Interaction Context: Kernel Level. 

Instead the subscription mechanism consists in associating reactions to class of 
events. Reactions are associated to specific events on the basis of the parameters that 
characterize an event. We indicate an event subscription with the notation Ê(Rct, 
E(x,y,z)): it means that the reaction Rct (which can be an arbitrary piece of code) 
will be triggered when the event E(x,y,z) is fired. A subscription can have some non-
defined values, in which case it associates the specified reaction to all the events that 
match it. For example, the subscription Ê(Rct, E(null,y,null)) associates the reaction 
Rct to all the events described by three parameters, having y as second parameter. 
This approach is clearly inspired by our previous work on MARS [1]. Moreover, 
even events can have some non-defined values: e.g. E(null,X), and subscriptions like 
Ê(Rct, E(A,null)) are triggered by events like the previous one, because the null 
value in the event is matched with the A value of the subscription, while the null 
value of the subscription is matched with the X value of the event. 

This publish-subscribe event model is very general and in the next section we will 
show how it can be exploited effectively. 

4.1 Application-Level Events 

Despite its kernel-level event-based architecture, the interaction context can be 
perceived and accessed by agents accordingly to any suitable model, e.g. a message-
passing model or a tuple-based one. In order to interact and coordinate according to 
a given interaction model, agents typically invoke operations and do actions, that 
can be easily modeled in terms of events generations and/or subscriptions [22]. In 
other words, a given interaction model simply defines a sort of high-level 
operational interface to the event space (Figure 4). From an implementation point of 
view, we can imagine to have different coordination interfaces that map agents 
operations to events. For example a Linda-like coordination interface will translate 
typical Linda-like operations (i.e. in, rd and out) to events.  
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Fig. 4. Interaction Context: Application Level.  

 
For each coordination interface, a set of subscriptions have to be preinstalled into 

the event kernel, in order to let the interaction model used (e.g. Linda) be realized in 
terms of the event model. In general these subscriptions have the form: 

  Ê (RctToOp, E(null,Op,null,…,null)) 
So, in general (Figure 4), if agent A performs the operation Op with parameters 

par1,…,parn:  
Op(par1,….parn) 
This generates an event on the interaction space, characterized by a set of 

parameters derived from the characteristics of the generating operation as follows: 
E(A, Op, par1,…,parn) 
This matches the previous subscription and triggers the reaction RctToOp. 
In addition, the operation may (but does not necessarily) imply the subscription of 

agent A for being notified about a reply event (Figure 4): 
  Ê (ReplyCode, E(A, Reply)) 
Let us clarify these concepts with an example. Consider an agent A, accessing the 

coordination media through a Linda-like interface, who performs the operation 
out(tupleX). We already know that the tuple-based coordination interface will 
translate its request generating an event E(A,out,tupleX). However there is also need 
that the event space has been previously programmed in order to let it store 
someway the tuple tupleX. When the Linda-like interface is installed upon the event-
space, the following subscription is placed in the event-based space for dealing with 
the out operation: 
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 Ê (code1, E(null,out,null)) 
 The reaction code1 is in charge to store the tuple identified by the third 

parameter of the event in the event space and to notify to possibly waiting agents the 
arrival of the new tuple. 

  Instead, if an agent B performs the Linda operation rd(tupleX), the coordination 
interface has to install the subscription: 

Ê (code3, E(B,tupleX)) 
It implies that when the reply event E(B,tupleX) is produced, then the reaction 

code3 is executed, which returns the tuple tupleX to agent B. Then the coordination 
interface translates B’s original request by the event E(B,rd,tupleX). 

Moreover, when the Linda-like interface is installed upon the event-space, the 
following reaction is placed in the event-based space: 

Ê (code2, E(null,rd,null)) 
The reaction code2 is in charge to search the tuple identified by the third 

parameter of the event, and if it is found, it generates the event E(null, tuple-found) 
e.g. E(null, tupleX). The first parameter is set to null to specify that this event is 
catchable from all the agents made rd(tupleX). 

In this way when the event E(null, tupleX) is fired, it is matched with Ê(code3, 
E(B,tupleX)) and tupleX is returned to agent B. 

The event-space coordination space can serve not only as a coordination kernel, 
but also to deal with other agent aspects. In general, particular interfaces can 
translate to events agents’ lifecycle actions, i.e., with regard to mobility, those 
related to the arrival and the departure of agents to and from interaction contexts. 
Again, these events can be characterized by different parameters (e.g., specifying the 
identity and the nature of the agent, its budget, etc.) However, it is worth 
emphasizing that modeling the arrival/departure of an agent in an interaction context 
in terms of events once again enforces a uniform and general way of handling 
mobility. In fact, from the point of view of the interaction context and of the events 
it perceives, there is no difference between the virtual, actual, or physical arrival of 
an agent. If necessary, specific event parameters can be used to associate different 
event handlers for different types of agents. 

4.2 The Event-Kernel 

The event space is the place in which all the events generated at the application level 
are caught and processed and where event subscriptions’ pattern matching is 
executed. Programmed behaviors are represented by processes waiting to be 
triggered by the occurrence of specific events (or classes of events) to which they 
are subscribed. Programmed behaviors, once triggered, can generate new events, and 
subscribe to events. 

In addition, the event space has a persistent state, and programmed behaviors 
have the capability of accessing the state of the event space, modifying it, and 
discriminate among their actions depending on the state. Events’ subscriptions and 
reactions are stored in the event space persistent state. For example, the event space 
persistent state can be exploited by a tuple-based coordination interface as a mean to 
store the tuples written in the tuple space. If we take in consideration the example 
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made in the previous section, the tuple-based coordination interface is in charge to 
program the behavior of the event kernel so that it will respond to the event 
E(A,out,tupleX) by storing the tuple tupleX in the persistent state. From the 
programmed behavior point of view, subscription to events occurs via an associative 
mechanism by specifying a “template” event. A matching mechanism checks the 
possibility of match between the template event and any event occurred.  If there is 
match, the execution of the process is triggered to handle the event. In particular a 
pattern-matching mechanism is activated for any access to the event space, to detect 
the presence of reactions to be executed and trigger their execution. This is a very 
general mechanism to event subscription, also adopted in other event-based systems 
and models, e.g., JEDI [4].  

Although our model can be effectively used to model interaction contexts build 
around different specific interaction models, what distinguishes it from other 
approaches to the modeling of interactions is that we do not fix the behavior of the 
event space in reacting to events. In non-programmable interaction spaces the 
behaviors in reaction to a given event is fixed once and for all by the model: 

E � fixed_bhvr  
In our approach, the behavior in response to a given event can be programmed: 
E � programmed_bhvr 
Moreover, programming of each interaction context is performed to embed in it 

both site-specific coordination laws and application-specific ones, so as to result in a 
dynamic composition of different behaviors, independently programmed by different 
entities and in different times: 

E � prog_bhvr|prog_bhvr2|prog_bhvr3 
This programmable model promotes a great dynamism in the event-reaction flow. 

In fact, if several templates satisfy the matching mechanism, all the corresponding 
reactions are executed according to their installation order. Moreover if the reaction 
to one event generates other events, these are matched for other possible reactions, 
and possibly other reactions can be fired (Figure 5). Because agents or site-
administrators can add new reactions on the fly at any time, the reaction flow can 
change in a complete dynamic way. In fact, a single new reaction, which generates 
events, can in principle lead to a chain reaction that alter the global coordination 
media behavior. 

At the time of writing, we are completing the definition of the formal and 
operational semantics of the model, and the evaluation of its expressiveness. The 
idea is that the operational semantics, once completed, can be effectively used 
whenever a given computation inside the event space evolves so as to implement the 
required coordination laws, given the generation or subscription to specific events at 
the application level. For instance, one can use it to determine whether the insertion 
of an application-specific coordination law into one interaction context can 
undermine the global behavior of the space, and viceversa. Moreover, because of the 
great dynamism of the model proposed a careful analysis is needed to prevent 
endless recursions in events’ reactions.  
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Fig. 5. Event-Reaction Flow. 

5 Conclusions, Future Work, and Open Research Directions 

In this paper we have argued that mobile application components can be effectively 
and uniformly modeled in terms of organizations of mobile and autonomous agents, 
and have introduced a conceptual framework for the modeling of such applications. 
When such a framework is supported, at the middleware level, by a proper 
programmable coordination infrastructure, it can make applications more modular 
and easier to develop and maintain. On this base, the paper has analyzed the main 
issues arising in the implementation of such a programmable infrastructure, also in 
the context of mobile ad-hoc networks. Moreover, we have outlined the need of a 
suitable formal model for the analysis of coordinated applications in mobile setting, 
and have proposed a general-purpose modeling of programmable infrastructure 
based on an event-based coordination kernel. The driving idea underlying both the 
analysis of the implementation issues and the proposal of the event-based model is 
that the effective design and development of mobile applications requires a careful 
engineering of the infrastructure and of its behavior, other than an engineering of the 
application components/agents. 

Our current research work has two primary objectives. 
On the one hand, we aim at completing the definition of the event-based model 

and at using it to analyze the characteristics of different coordination infrastructures, 
there included MARS, TuCSoN, and LIME. We also intend use the model to 
analyze and verify the properties of several proof-of-concepts infrastructures, with a 
specific attention to the MANET scenario. In addition, we will use the model to 
analyze different possible use-case coordination laws, enacting specific widely used 
coordination patterns or security policies. 

On the other hand, building from both the results of the above analysis and our 
experience on the implementation of MARS, we plan to develop a coordination 
infrastructure built upon a programmable kernel implemented accordingly to the 
presented event-based model. The goal is to produce a system capable of 
coordinating mobile agents both with the support of a fixed network, wired or 
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wireless, and also without any fixed infrastructure, in the context of MANETs. In 
this work, our main concerns will be scalability and interoperability. With regard to 
scalability, as mobility concepts gain success and more and more mobile agents – 
whether software and hardware – will populate the Internet and will forms 
MANETs, the capability of the infrastructure to scale well with the number of 
coordinated entities and its capability of distribute the burden between them will 
play a central role for acceptance and usability. With regard to interoperability, a key 
role will also be played by the capability of the infrastructure to take into 
consideration any existing standard as well as emerging ones. In this context XML is 
becoming the de-facto standard for data representation and exchange across the 
Internet. Therefore we wish to build a system completely XML compliant, not only 
for data exchange, but also for any coordination related issue. Moreover,  we will 
look with particular attention to those new standards that aim to add semantic 
description to data, like DAML [25]. Only by exploiting these semantic capabilities, 
we could effectively manage interoperability between heterogeneous components.   

During the above described research activity, we intend to assess and validate our 
results via the prototype development of real-world applications. We are particularly 
interested in application scenarios exploiting physical mobility, and we plan to 
develop applications targeted for wireless devices that incorporate Bluetooth or 
IEEE802.11 technologies.  

 
Open research directions will take the moves for the following considerations.  
We expect that in the next few years advances in wireless and embedded 

technologies will change completely the information technology application 
scenarios. On the one hand, new, small, powerful and intelligent components will be 
distributed and embedded everywhere in the environment and in our everyday 
objects (embedded systems). On the other hand, thanks to the advances in wireless 
communication, it will become less expensive and easy to connect all these systems 
with each other and to the Internet, and to integrate inherently mobile entities like 
appliances, robots, people, etc. This trend is already begun, and although the number 
of embedded and mobile devices is growing very fast, their number is still orders of 
magnitude below the next 20 years’ expectations [17, 18]. We expect that the 
number of these components will somewhen reach an upper threshold over which 
radically new problems will arise, and conventional approaches and solutions will 
become inapplicable. In particular, we think it will not be possible to program and 
control these kinds of embedded applications in a conventional manner [24]. Our 
perception is that this kind of applications will require a deep exploitation of the 
notions of emergent behaviors and auto-adaptiveness. In particular we feel that the 
lessons of swarm-based computing [14], where engineering of complex – and useful 
– behaviors is achieved via environment-mediated interactions of a multitude of very 
simple agents, can be of much use in this direction. Thus, we plan to conduct 
simulations of large mobile applications, including thousands of mobile agents, with 
the goal of analyzing the global behaviors of these agents’ ensembles, and of 
verifying how and to which extent a programmable coordination infrastructure can 
be use to control the global behavior of these large applications.  
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Abstract. We present a logical framework and the declarative semantics of a
multi-agent system in which each agent can communicate with and update other
agents, can react to the environment, is able to prefer, whether beliefs or reac-
tions, when several alternatives are possible, and is able to abduce hypotheses to
explain observations. The knowledge state of an agent is represented by an updat-
able prioritized abductive logic program, in which priorities among rules can be
expressed to allow the agent to prefer. We sketch two examples to illustrate how
our approach functions, including how to prefer abducibles to tackle the problem
of multiple hypotheses and how to perform the interplay between planning and
acting.
We argue that the theory of the type of agents considered is a rich evolvable
basis, and suitable for engineering configurable, dynamic, self-organizing and
self-evolving agent societies.

1 Introduction

We present a logical formalization of a framework for multi-agent systems and we
define its semantics. In this framework, we embed a flexible and powerful kind of agent.
In fact, these agents are rational, reactive, abductive, able to prefer and they can update
the knowledge base of other agents (including their own).

The knowledge state of each agent is represented by an an abductive logic program
in which it is possible to express rules, integrity constraints, active rules and priori-
ties among rules. This allows the agents to reason, to react to the environment, to prefer
among several alternatives, to update both beliefs and reactions, and to abduce hypothe-
ses to explain observations. We present a declarative semantics of this kind of agent.

These agents are then embedded into a multi-agent system in such a way that the
only form of interaction among them is based on the notions of project and update. A
project of the form α:C of an agent β denotes the intention of β of proposing to update
the theory of an agent α with C. Correspondingly, an update of the form β÷C in the
theory of α denotes the intention of β to update the current theory of α with C. It is then
up to α whether or not to accept that update. For example, if α trusts β and therefore α
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is willing to accept it, then α has to update its theory with C. The new information may
contradict what α believes and, if so, the new believed information will override what
is currently believed by α. β can also propose an update to itself by issuing an internal
project β:C.

The semantics of the multi-agent system provides a logical description of the agent
interactions. The definition of the semantics depends also on the goal that each agent has
to prove at a certain moment in time. In fact, by proving a goal the agent may abduce
hypotheses that explain that goal, and in turn these hypotheses may trigger reactive
rules, and so on. Hypotheses abduced in proving a goal G are not permanent knowl-
edge, rather they only hold during the proof of G. To make them permanent knowledge,
an agent can issue an internal project and update its own knowledge base with those
hypotheses.

The engineering of our agent society is based exclusively on the notions of projects
and updates to model the agent interactions since we aim at building autonomous and
distributed agent systems. This form of interaction is powerful and flexible, and a num-
ber of communication protocols can be built based on it. However, the main contri-
bution of the paper is to assemble all the ingredients of the agent architecture needed
to engineer configurable, dynamic agent societies where the agents can self-organize
themselves with respect to their goals, and self-evolve. In this way, the overall “emerg-
ing” structure will be flexible and dynamic: each agent will have its own representation
of its organization which, furthermore, is updatable by preferring.

The remainder of the paper is structured as follows. Section 2 presents the logi-
cal framework. Section 3 introduces our conception of abductive agent and multi-agent
system. The declarative semantics of abductive agents and multi-agent systems is pre-
sented in Sections 4 and 5, respectively. Two examples to illustrate how the approach
functions, including how to prefer abducibles to tackle the problem of multiple hy-
potheses and how to perform the interplay between planning and acting, are shown in
Sections 6 and 7. Finally, Section 8, Conclusion and Future Work, argues that the theory
of the type of agents considered is a rich evolvable basis, and suitable for engineering
configurable, dynamic, self-organizing and self-evolving agent societies, and discusses
future work.

2 Logic Programming Framework

Typically, an agent can hold positive and negative information, and it can update its
own knowledge with respect to the new incoming information. Thus the language of an
agent should be expressive enough to represent both positive and negative information.
In order to represent negative information in logic programs, we need a language that
allows default negation not A not only in premises of clauses but also in their heads 1.
We call such programs generalized logic programs. It is convenient to syntactically
represent generalized logic programs as propositional Horn theories. In particular, we
represent default negation not A as a standard propositional variable.

1 For further motivation and intuitive reading of logic programs with default negations in the
heads see [2].



Preferring and Updating in Abductive Multi-agent Systems 59

Propositional variables whose names do not begin with “not” and do not contain
the symbols “:” and “÷” are called objective atoms. Propositional variables of the form
not A are called default atoms. Objective atoms and default atoms are generically called
atoms.

Propositional variables of the form α:C (where C is defined below) are called
projects. α:C denotes the intention (of some agent β) of proposing the updating the the-
ory of agent α with C. Projects can be negated. A negated project of the form not α:C
denotes the intention of the agent of not proposing the updating of the theory of agent
α with C.

Propositional variables of the form β ÷ C are called updates. β ÷ C denotes an
update that has been proposed by β of the current theory (of some agent α) with C.
Updates can be negated. A negated update of the form not β÷C in the theory of an
agent α indicates that agent β does not have the intention to update the theory of agent
α with C.

Definition 1. Let K be a set of propositional variables consisting of objective atoms
and projects such that false �∈ K. The propositional language LK generated by K is the
language which consists of the following set of propositional variables:

LK = K ∪ {false} ∪ {not A | for every objective atom A ∈ K}
∪ {not α:C,α÷C,not α÷C | for every project α:C ∈ K}.

Definition 2 (Generalized Rule). A generalized rule in the language LK is a rule of
the form: L0 ← L1 ∧ . . . ∧ Ln (n ≥ 0), where L0 (with L0 �=false) is an atom and
every Li (1 ≤ i ≤ n) is an atom, an update or a negated update from LK.

Note that, according to the above definition, only objective atoms and default atoms can
occur in the head of generalized rules.

We use the following convention. Given a generalized rule r of the form L 0 ←
L1 ∧ . . . ∧ Ln, we use head(r) to indicate L0, body(r) to indicate the conjunction
L1∧ . . .∧Ln, bodypos(r) to indicate the conjunction of all objective atoms and updates
in body(r), and bodyneg(r) to indicate the conjunction of all default atoms and negated
updates in body(r). Whenever L is of the form not A, not L stands for the atom A.

Definition 3 (Integrity Constraint). An integrity constraint in the language LK is a
rule of the form: false← L1 ∧ . . .∧Ln ∧Z1 ∧ . . .∧Zm (n ≥ 0,m ≥ 0), where every
Li (1 ≤ i ≤ n) is an atom, an update or a negated update, and every Z j (1 ≤ j ≤ m) is
a project or a negated project from LK.

Integrity constraints are rules that enforce some condition over the state, and therefore
always take the form of denials, without loss of generality, in a 2-valued semantics. Note
that generalized rules are distinct from integrity constraints and should not be reduced
to them. In fact, in generalized rules it is of crucial importance, when updating which
atom occurs in the head.

Definition 4 (Query). A query Q in the languageLK takes the form: ?− L1∧ . . .∧Ln

(n ≥ 1), where every Li (1 ≤ i ≤ n) is an atom, an update or a negated update from
LK.
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The following definition introduces rules that are evaluated bottom-up. To emphasize
this aspect, we employ a different notation for them.

Definition 5 (Active Rule). An active rule in the language LK is a rule of the form:
L1 ∧ . . . ∧ Ln ⇒ Z (n ≥ 0), where every Li (1 ≤ i ≤ n) is an atom, an update or a
negated update, and Z is a project or a negated project from LK.

We use the following convention: given an active rule r of the form L 1∧ . . .∧Ln ⇒ Z ,
we use head(r) to indicate Z , and body(r) to indicate L1 ∧ . . . ∧ Ln.

Active rules are rules that can modify the current state, to produce a new state,
when triggered. If the body L1 ∧ . . .∧Ln of the active rule is satisfied, then the project
(fluent) Z can be selected and executed. The head of an active rule must be a project
that is either internal or external. An internal project operates on the state of the agent
itself (self-update), e.g., if an agent gets an observation, then it updates its knowledge,
or if some conditions are met, then it executes some goal. External projects instead
are performed on the environment, e.g., when an agent wants to update the theory of
another agent. A negated project that occurs in the head of an active rule denotes the
intention (of some agent) not to perform that project at the current state.

We assume that for every project α:C in K, C is either a generalized rule, an in-
tegrity constraint, an active rule or a query. Thus, a project can only take one of the
following forms:

α:(L0 ← L1 ∧ . . . ∧ Ln)
α:(false← L1 ∧ . . . ∧ Ln ∧ Z1 ∧ . . . ∧ Zm)

α:(L1 ∧ . . . ∧ Ln ⇒ Z)
α:(?−L1 ∧ . . . ∧ Ln)

Note that projects and negated projects can only occur in the head of active rules and in
the body of integrity constraints.

Example 1. The integrity constraint false ← A ∧ β:B in the theory of an agent α
enforces the condition that α cannot perform a project β:B when A holds. The active
rule A ∧ notβ÷B ⇒ β:C in the theory of an agent α instructs it to perform project
β:C if A holds and agent β has not wanted to update the theory of α with B.

Let < be a binary predicate symbol whose set of constants includes all the generalized
rules in the language LK.

Definition 6 (Priority Rule). A priority rule in the language LK is a generalized rule
defining the predicate symbol <.

It is assumed that the set of constants of < does not include < itself. r1 < r2 means
that rule r1 is preferred to rule r2.

Definition 7 (Prioritized Logic Program). A prioritized logic program P in the lan-
guage LK is a set of generalized rules (possibly, priority rules) and integrity constraints
in the language LK.

Definition 8 (Prioritized Abductive Logic Program). A prioritized abductive logic
program is a pair (P,A), where P is a prioritized logic program andA is a set of atoms
in the language LK. The atoms in A are referred to as the abducibles.
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The definition of prioritized abductive logic program generalizes the one given in [ 9] to
allow for priority rules. The intuition is that the program P formalizes the theory of an
agent, and the priority rules express preferences among rules in P , in a sense to be made
concrete later. Abducibles can be thought of as hypotheses that can be used to extend the
given prioritized logic program in order to provide an “explanation” for given queries.
Explanations are required to “satisfy” the integrity constraints in P . Abducibles may
also be defined in P by generalized rules as the result of a self-update which adopts an
abducible as a fact.

3 Abductive Agents and Multi-agent Systems

This section presents the conception of abductive agent and of multi-agent system. The
initial knowledge of an agent is modeled by the notion of initial theory.

Definition 9 (Initial Theory). The initial theory T of an agent α is a tuple (P,A, R),
where (P,A) is a prioritized abductive logic program and R is a set of active rules.

(P,A) formalizes the initial knowledge state of the agent, and R characterizes its reac-
tive behaviour. The knowledge of an agent can dynamically evolve when the agent re-
ceives new knowledge, albeit by self-updating rules, or when it abduces new hypotheses
to explain observations. The new knowledge is represented in the form of an updating
program, and the new hypotheses in the form of a (finite) set � ⊆ A of abducibles,
possibly negated.

Definition 10 (Updating Program). LetM be a multi-agent system (defined below).
An updating program U is a finite set of updates such that if an update v÷C ∈ U then
v is an agent ofM.

An updating program contains the updates that will be performed on the current knowl-
edge state of the agent. To characterize the evolution of the knowledge of an agent we
need to introduce the notion of sequence of updating programs. Let S = {0, 1, . . . ,m}
be a set of natural numbers. We call the elements s ∈ S states. A sequence of updating
programs U = {U s | s ∈ S and s > 0} is a set of updating programs U s superscripted
by the states s ∈ S.

Definition 11 (Agent α at State s). Let s ∈ S be a state. An agent α at state s, written
as Ψs

α, is a pair (T ,U), where T is the initial theory of α and U = {U 1, . . . , Us} is a
sequence of updating programs. If s = 0, then U = {}.

An agent α at state 0 is defined by its initial theory and by an empty sequence of
updating programs, that is Ψ 0

α = (T , {}). At state 1, α is defined by (T , {U 1}), where
U1 is the updating program containing all the updates that α has received at state 1,
either from other agents or as self-updates. In general, an agent α at state s is defined
by Ψ s

α = (T , {U1, . . . , Us}), where each U i is the updating program containing the
updates that α has received at state i.

Definition 12 (Multi-agent System at State s). A multi-agent systemM = {Ψ s
α1
, . . . ,

Ψs
αn
} at state s is a set of agents α1, . . . , αn each of which at state s.



62 Pierangelo Dell’Acqua and Luı́s Moniz Pereira

Note that the definition of multi-agent system characterizes a static society of agents in
the sense that it is not possible to add/remove agents from the system, and all the agents
are at one common state. Distinct agents inMmay have different setsA of abducibles.

Within logic programs we refer to agents by using the corresponding subscript. For
instance, if we want to express the update of the theory of an agent Ψα with C, we write
the project α:C.

To begin with, the system starts at state 0 where each agent α is defined by Ψ 0
α =

(Tα, {}). Suppose that at this state α abduces� = {a,not b} to provide an explanation
for an observation made. Suppose also that at state 0 agent β wants to propose an update
of the knowledge state of agent α with C by triggering the project α : C. Then, at the
next state α will receive the update β ÷ C indicating that an update has been proposed
by β. Thus, at state 1, α will be defined by (Tα, {U1}), where U 1 = {β ÷ C} if no
other updates occur for α.

The hypotheses� abduced by α at state 0 are by default discarded at state 1. Thus,
α normally does not have memory of what it has assumed. If we want instead to model
an agent α that is able to enrich its experience by assuming hypotheses during the
process of proving queries and explaining observations, and it is able to adopt previ-
ously assumed hypotheses, we can equip the theory of α with active rules of the form:
a ⇒ α:a, for whatever abducible a ∈ A desired. In this way, when α abduces a the
project α:a will be triggered, and at the next state its theory will be updated with a
itself.

4 Semantics of Abductive Agents

This section introduces the declarative semantics of abductive agents and of multi-agent
systems. We need the following definitions. Let U be an updating program.

Π(U) = {r | r is a generalized rule and α÷r ∈ U}
Ω(U) = {a | a is an active rule and α÷a ∈ U}

Definition 13 (Default Assumptions). Let (P,A) be a prioritized abductive logic pro-
gram and M a model of P . Let � ⊆ A be a set of abducibles. The set of default
assumptions2 is:

Default(P,�,M) = {not A | A is an object atom, A �∈ �,not A �∈ �, and
�∃r ∈ P such that head(r) = A and M |= body(r)}.

The knowledge of an agent α is characterized at the start by its initial theory T . Its
knowledge can dynamically evolve when α receives new knowledge, via a sequence of
updating programs U = {U 1, . . . , Us}, or when α assumes new hypotheses to explain
new observations, via a set of abducibles �. Intuitively, the evolution of knowledge
may be viewed as the result of, starting with T , updating it with U 1, updating next
with U2, and so on. Similarly to the rationale of Dynamic Logic Programming (DLP)
[2], the rules proposed via updates can be added to the knowledge state of α provided

2 For simplicity, we assume positive abducibles false by default.
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that α does not distrust the update, for instance if it goes against its presently assumed
hypotheses and without bothering whether they conflict with previous knowledge of α
itself. For example, if an agent α receives an update of the form β÷C and α does not
distrust it, then the rule C will be added to the knowledge state of α. Also similarly
to DLP, the role of updating is to ensure that the rules contained in these newly added
updates are in force, and that previous rules are still valid (by inertia) as far as possible,
i.e., they are in force while they do not conflict with newly added rules, and they lose
force if they so conflict and the new rules remain in force themselves. This rationale is
at the basis of the notion of rejected rules.

Definition 14 (Rejected Generalized Rule). Let (P,A) be a prioritized abductive
logic program and M a model of P . Let s ∈ S be a state of an agent, U = {U i | i ∈
S and i > 0} a sequence of updating programs and� ⊆ A a set of abducibles. The set
of rejected generalized rules at state s is:

RejectGr(P,U ,�, s,M) =

{r ∈ P | r is a generalized rule and ∃α÷r′ ∈ U i such that 1 ≤ i ≤ s,
head(r) = not head(r′),M |= body(r′) and M |= not distrust(α÷r′)}

∪ {r ∈ P | r is a generalized rule and ∃L ∈ � such that head(r) = not L}
∪ {r | r is a generalized rule, ∃β÷r ∈ U i and ∃α÷r′ ∈ U j such that i < j ≤ s,

head(r) = not head(r′),M |= body(r′) and M |= not distrust(α÷r′)}
∪ {r | r is a generalized rule, ∃β÷r ∈ U i, 1 ≤ i ≤ s and ∃L ∈ � such that

head(r) = not L}.

According to the definition above, a generalized rule r either in P or proposed via an
update in U i is rejected at state s by a model M if there exists a newer generalized
rule r′ proposed via a subsequent update in U j by any agent α, such that the head of
r′ is the complement of the head of r, the body of r ′ is true in M and the update is not
distrusted. r can also be rejected if there exists an hypothesis L ∈ � that is the com-
plement of the head of r. Mark that: (1) whenever an agent distrust an update proposed
by another agent, the rule proposed is not in force; (2) at state 0 no rule is rejected,
i.e., RejectGr(P,U ,�, 0,M) = {}; (3) all non rejected rules persist by inertia; (4)
distrust/1 is a reserved predicate which can itself be updated; (5) it is not required of
r′ itself not to be rejected to allow it to reject r, simply because if r ′ is itself rejected
then some subsequent rule has reinstated the conclusion of r and so the rejection of r is
immaterial; this comment applies as well to the next definition. Generalized rules defin-
ing abducibles can also be rejected. Abducibles may have defining rules in the theory
of an agent α either because communicated by other agents via updates, or because of
a self-update, like in the case where there exists an active rule of the form a ⇒ α : a
(with a ∈ A). Thus, an agent may assume new hypotheses to motivate an observation,
and later on discard those hypotheses because it turns out (by performing subsequent
observations) to be not correct or because the world has evolved and those hypotheses
became obsolete.

Active rules can also be rejected in a way similar to that of generalized rules.

Definition 15 (Rejected Active Rule). Let (P,A, R) be the initial theory of an agent
and M a model of P . Let s ∈ S be a state and U = {U i | i ∈ S and i > 0} a sequence
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of updating programs. The set of rejected active rules at state s is:

RejectAr(R,U , s,M) =
{r ∈ R | ∃α÷r′ ∈ U i such that 1 ≤ i ≤ s, head(r) = not head(r′),

M |= body(r′) and M |= not distrust(α÷r′)}
∪ {r | ∃β÷r ∈ U i, r is an active rule and ∃α÷r′ ∈ U j such that i < j ≤ s,

head(r) = not head(r′),M |= body(r′) and M |= not distrust(α÷r′)}

As the head of an active rule is a project and not an atom, active rules can only be re-
jected by active rules. Rejecting an active rule r makes r not triggerable even if its body
is true in the model. Thus, by rejecting active rules, we make the agent less reactive.

While updates allow us to deal with a dynamically evolving world, where rules
change in time, preferences allow us to choose among various possible models of the
world and among possible incompatible reactions. In [ 4], two criteria are established to
remove unpreferred generalized rules in a program: removing unsupported generalized
rules, and removing less preferred generalized rules defeated by the head of some more
preferred one. Unsupported generalized rules are rules whose head is true in the model
and whose body is defeated by the model.

Definition 16 (Unsupported Generalized Rule). Let P be a prioritized logic program
and M a model of P . The set of unsupported generalized rules is:

Unsup(P,M) = {r ∈ P |M |= head(r),M |= bodypos(r) and M �|= bodyneg(r)}.

Definition 17 (Unpreferred Generalized Rule). Let P be a prioritized logic program
and M a model of P . Unpref (P,M) is a set of unpreferred generalized rules of P and
M iff:

Unpref (P,M) = least(Unsup(P,M) ∪ X )
where X = { r ∈ P | ∃r′ ∈ (P −Unpref (P,M)) such that:

M |= r′ < r, M |= bodypos(r′) and [ not head(r′) ∈ bodyneg(r) or
(not head(r) ∈ bodyneg(r

′), M |= body(r)) ] }.

In other words, a generalized rule is unpreferred if it is unsupported or defeated by a
more preferred generalized rule (which is not itself unpreferred), or if it attacks (i.e.,
attempts to defeat) a more preferred generalized rule.

Active rules are rules that enjoy the property that they can be triggered when their
body is true in the model. Triggering an active rule means to execute the project occur-
ring in its head. For example, given an active rule L1 ∧ L2 ⇒ α : C and a model M ,
if M |= L1 ∧ L2, then the project α : C can be executed. Executing the project α : C
denotes the intention of the agent of updating the knowledge state of agent α with C.
The set of executable projects is the set containing the projects of all the active rules
that are triggered and preferred by a model M .

Definition 18 (Executable Project). Let R be a set of active rules and M a model. The
set of executable projects is:

Project(R,M) = {α:C | ∃r ∈ R such that head(r) = α:C and M |= body(r)}.
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The following definition introduces the notion of preferred abductive stable model of
an agent α at a state s with set of hypotheses �. Given the initial theory T of α, a
sequence of updating programs U and the hypotheses � assumed at state s by α, a
preferred abductive stable model of α at state s is a stable model of the program X
that extends P to contain all the updates in U , all the hypotheses in �, and all those
rules whose updates are not distrusted but that are neither rejected nor unpreferred. The
preferred abductive stable model contains also the projects of all active rules (both in P
or proposed via an update) that are triggered (i.e., all the executable projects).

Definition 19 (Preferred Abductive Stable Model of Agent α at State s with Hy-
potheses �). Let s ∈ S be a state. Let Ψ s

α = (T ,U) be agent α at state s and M an
interpretation such that false �∈M . Assume that T = (P,A, R) and U = {U i | i ∈
S and i > 0}. Let � ⊆ A be a set of abducibles. M is a preferred abductive stable
model of agent α at state s with hypotheses� iff:

− ∀r1, r2 : if (r1 < r2) ∈M , then (r2 < r1) �∈M
− ∀r1, r2, r3 : if (r1 < r2) ∈M and (r2 < r3) ∈M , then (r1 < r3) ∈M

−M = least(X ∪Default(Y,�,M) ∪ Project(Z,M)), where:

Y = P ∪
⋃

1≤i≤s U
i ∪� ∪ {r | r is a generalized rule or an integrity

constraint and ∃α÷r ∈
⋃

1≤i≤s U
i such that M |= not distrust(α÷r)}

X = Y − RejectGr(P,U ,�, s,M)− Unpref (Y − RejectGr(P,U ,�, s,M),M)
Z = R ∪ {r | r is an active rule and ∃α÷r ∈

⋃
1≤i≤s U

i} − RejectAr(R,U , s,M).

In general, at a certain state an agent α may have several preferred abductive stable
models. Note that if � = {} and s = 0 or each updating program in U is empty, then
the last condition of the definition above reduces to:

Y = P X = Y −Unpref (Y,M)

M = least(X ∪Default(Y, {},M) ∪ Project(R,M)).

This condition reduces further, if (in addition) there are no preference rules in P , to:

Y = P X = Y −Unsup(Y,M)

M = least(X ∪Default(Y, {},M) ∪ Project(R,M))

= least(P ∪Default(Y, {},M) ∪ Project(R,M)).

When there are neither projects nor updates nor hypotheses (i.e., � = {}), the se-
mantics reduces to the Preferential semantics of Brewka and Eiter [6]. If updates are
then introduced, the semantics generalizes to the Updates and Preferences semantics of
Alferes and Pereira [4], which extends DLP with preferences. Our semantics takes the
latter and complements it with abducibles, with mutual and self-updates by means of
active rules and projects, plus queries, within a society of agents.

Definition 20 (Abductive Explanation of Agent α at State s for Query Q). Let s ∈
S be a state and Ψ s

α = (T ,U) agent α at state s. Let Q be a query. An abductive
explanation of agent α at state s for Q is any subset � of A such that there exists a
preferred abductive stable model M of α at s with hypotheses� and M |= Q.
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5 Semantics of Multi-agent Systems

We can now present the semantics S of a multi-agent systemM embedding abductive
agents. The role of S is to characterize the relationship among the agents ofM. This
is achieved by formalizing the relation between projects and updates. S is defined as
the set of preferred abductive stable models of each agent ofM. It uses the following
function. Let {M s−1

α1
, . . . ,Ms−1

αn
} be a set of the set of models of the agents α1, . . . , αn

at state s− 1.
γ({M s−1

α1
, . . . ,Ms−1

αn
}) = {Us

α1
, . . . , Us

αn
}

where an update (αj÷C) ∈ Us
αi

iff the project αi:C belongs to all the models of α
at state s − 1, that is: (αi:C) ∈

⋂
M s−1

αj
, for 1 ≤ i, j ≤ n. The intuition is that α at

state s can have several preferred abductive stable models, each of which may trigger
distinct active rules (and therefore each model will contain distinct executable projects).
According to γ the projects that will be executed are the selectable projects that occur
in every model of α at state s. Note that when j = i we have a self-update: the agent
chooses to update its own theory.

Definition 21 (Semantics of M). Let M = {Ψ 0
α1
, . . . , Ψ0

αn
} be an abductive multi-

agent system at state 0. Let s ∈ S be a state. The semantics S s of M at state s is
defined inductively as follows.

Base Case (s = 0) That means that Ψ 0
αi

= (Tαi , {}), for every agent αi (with 1 ≤
i ≤ n). Suppose that Q0

αi
is the query of αi at state 0. Let M0

αi
be the set of preferred

abductive stable models of αi at state 0 each of which with hypothesis any abductive ex-
planation�0

αi
of αi for Q0

αi
. Then, the semantics So ofM is S0 = {M0

α1
, . . . ,M0

αn
}.

Inductive step (s > 0) Let {Ψ s−1
α1

, . . . , Ψs−1
αn
} be the multi-agent systemM at state s−1

and Ss−1 = {M s−1
α1

, . . . ,Ms−1
αn
} its semantics. Suppose that Ψ s−1

αi
= (Tαi , {U1

αi
, . . . ,

Us−1
αi
}), for 1 ≤ i ≤ n. Assume that γ(Ss−1) = {Us

α1
, . . . , Us

αn
}.

Then, the multi-agent systemM at state s is {Ψ s
α1
, . . . , Ψs

αn
} with Ψ s

αi
= (Tαi , {U1

αi
,

. . . , Us−1
αi

, Us
αi
}). Let Qs

αi
be the query of αi at state s, and M s

αi
the set of preferred

abductive stable models of αi at state s each of which with hypothesis any abductive
explanation�s

αi
for Qs

αi
, for 1 ≤ i ≤ n. Then, Ss = {M s

α1
, . . . ,Ms

αn
}.

The semantics of the multi-agent system depends on the queries of the agents. In fact,
the models of an agent at a certain state depend on the abducibles assumed at that state
which in turn depend on the queries of the agent.

6 Preferring Abducibles

In our framework we defined the priority relation over generalized rules. A possible
question is: Can we also express preferences over abducibles ? Being able to do so will
allow us to perform for example exploratory data analysis which aims at suggesting a
pattern for further inquiry, and contributes to the conceptual and qualitative understand-
ing of a phenomenon.
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Preferences over alternative abducibles can be coded into cycles over negation, and
preferring a rule will break the cycle in favour of one abducible or another. Let  be a
binary predicate symbol whose set of constants includes all the abducibles in A. a  b
means that abducible a is preferred to abducible b.

Assume that a unexpected phenomenon, x, is observed by an agent α, and that α
has three possible hypotheses (abducibles), a, b and c, that are capable of explaining it.
In exploratory data analysis, after observing some new facts, we abduce explanations
and explore them to check predicted values against observations. Though there may
be more than one convincing explanation, we abduce only the more plausible ones.
Suppose explanations a and b are both more plausible than (and therefore preferable to)
explanation c. This can be expressed as:

P =




x← a
x← b
x← c


 and the preferences as:




a  c
b  c


 .

The program above can be represented by a prioritized abductive logic program (P ′,A),
where A = {a, b, c, a∗, b∗, c∗} and

P ′ = P ∪




a← a∗ ∧ not b ∧ not c (1)
b← b∗ ∧ not a ∧ not c (2)
c← c∗ ∧ not a ∧ not b (3)
1 < 3
2 < 3



∪




a+ ← not a∗ ∧ not b+ ∧ not c+

b+ ← not b∗ ∧ not a+ ∧ not c+

c+ ← not c∗ ∧ not a+ ∧ not b+

not a← a+

not b← b+

not c← c+




.

The first three rules (called (1), (2) and (3)) code the alternative abducibles a, b and c
into cycles over negation, and the following two priority rules state that the first two
rules (i.e., rules (1) and (2)) are preferable to the third rule (i.e., rule (3)). Since it
is possible in our framework to abduce also negative abducibles, it is needed to add
the rules stating that the negative abducibles not a, not b and not c are alternative
abducibles. This is achieved by the last six rules by introducing the new atoms a+, b+

and c+.
For simplicity, assume that the initial theory of α is T = (P ′,A, {}) and that there

are no updates in the sequence U of updating programs of α. Then, α has two preferred
abductive stable models to explain its observationx: M1 = {a, x, 1<3, 2<3, a∗, b+, c+}
andM2 = {b, x, 1<3, 2<3, b∗, a+, c+}. By removing the priority atoms, the abducibles
superscripted by ∗ and the atoms superscripted by + from M1 and M2, we obtain the
intended models of the initial program P , where abducibles a and b are both preferred
over c. This technique can be generalized to prefer among sets of abducibles.

In this example, we have only a partial priority theory over abducibles. Thus, we
cannot select exactly one abducible (i.e., one model), as it were the case had we a
complete priority relation over all abducibles in A. To prefer between a and b, α can
perform some experiment exp to obtain confirmation (by observing the environment)
about the most plausible hypothesis. For example, by using the following rules (where
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e plays the role of the environment):

{
choose← a
choose← b

}
together with




a⇒ α : chosen
b⇒ α : chosen
choose⇒ α : (not chosen⇒ e : exp)


 .

Suppose that agent α has two hypotheses, a and b, that are capable to explain the ob-
served phenomena x, and that α must discover the correct one. α chooses an hypothesis
if a or b or both holds:

choose← a
choose← b.

With this knowledge, agent α has still two preferred abductive stable models: M 1 =
{a, x, choose, . . .} and M2 = {b, x, choose, . . .}. As choose holds in both models, the
last active rule is triggerable. When triggered, it will add (at the next state) the active
rule not chosen ⇒ e : exp to the theory of α, and if not chosen holds, α will perform
the experiment exp. The first two active rules are needed to prevent α by performing
exp when α has chosen one of the abducibles.

7 Acting and Planning

A typical use of abduction is in generating plans in a planning problem (cf. [ 3,10,13]).
Suppose the situation where some information of the planning problem is missing or
changes during the planning process. To tackle this situation we must be able to make a
(possibly partial) plan, to start executing it, and in case something goes wrong, to detect
the anomaly and to replan. This entails the ability to detect such cases and to replan in
order to achieve the original goal.

This approach to planning may involve also the ability to generate revisable plans,
that is, plans that are generated in stages. After having executed the actions of each
stage, we test whether the performed actions have been successful in order to move to
the next stage. If some action failed, then we must revise our plan. A successful plan
is a revisable plan that has been completely executed such that the obtained final state
satisfies the original goal.

To express revisable plans we must be able to express consecutive actions. We rep-
resent actions as abducibles. Let � be a binary predicate symbol whose set of constants
includes all the abducibles in A. a � b means that action a must be executed before
action b.

Typically, for every action a there will be one or more active rules where the action
occurs in the body. For example, a ∧ L1 ∧ . . . ∧ Lk ⇒ Z represents an action whose
preconditions are L1 ∧ . . . ∧ Lk and whose effect is the project Z .

Suppose that in order to solve a plan p we must execute two actions, a and b, se-
quentially, a before b. This can be expressed as:




p← a � b
a ∧ precA⇒ Z1

b ∧ precB⇒ Z2


 .
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The program above can be represented by a prioritized abductive logic program (P,A),
where P = {p← a∧ seq(a, b)∧ seq(b, true)} andA = {a, b}, together with the active
rules:

R =
{
a ∧ precA ∧ seq(a,G)⇒ Z1 ∧ α:(?−G)
b ∧ precB ∧ seq(b,G)⇒ Z2 ∧ α:(?−G)

}
.

Suppose now that we want to test whether the action a has been successful before
executing b, that is, p ← a � test � b. In case a has been successful, we execute
b, otherwise a is executed again. Let propA be the property that must hold when-
ever a has been successful. This can be formalized as: A = {a, b, test}, P = {p ←
a, seq(a, test), seq(test, b), seq(b, true)} together with the active rules:

R =




a ∧ precA ∧ seq(a,G)⇒ Z1 ∧ α:(?−G)
test ∧ not propA⇒ α:(?−a)
test ∧ propA ∧ seq(test, G)⇒ α:(?−G)
b ∧ precB ∧ seq(b,G)⇒ Z2 ∧ α:(?−G)




.

8 Conclusion and Future Work

We have presented a logical framework of a multi-agent system in which each agent
can communicate with and update other agents, can react to the environment, is able to
prefer and to abduce hypotheses in order to explain observations made, which in turn
may trigger reactions.

Applications in which our agent technology can have a significant potential to con-
tribute, and that we are considering, are internet applications, e.g., information inte-
gration and web-site management. To this aim we have designed an agent architecture
[14] and we are going to start implementing it. The problem of information integration
consists in how to integrate data from multiple heterogeneous sources. The goal of a
data integration system is to provide a uniform interface to a several data sources. An
example of information integration is the task of providing information about movies
from data sources on the web (for example, cf. [15]).

The goal of web site management applications is the flexible construction and mod-
ification of web sites. Web sites contain and integrate several pieces of data that are
linked together into a navigational structure. One possible approach in these applica-
tions is to declaratively represent web sites, that is, to logically represent the kind of
data and the structural aspects of web sites. One advantage would be the ability to auto-
matically reconstruct and to enforce integrity constraints on web sites. The underlying
idea is that such sites restructure themselves depending on the usage patterns, and can
adapt themselves according to the profile of individual users. If we represent declara-
tively a web site, then we can reason about the structure of the site, for example, to see
if the integrity constraints hold any time the site is updated (e.g., no dangling pointers,
an employee’s homepage should point to the department’s homepage, etc.).

We believe that the theory of the agents considered is a rich evolvable basis, and
suitable for engineering configurable, dynamic, self-organizing and self-evolving agent
societies. In [12, p. 289] Jennings argues that open, networked systems are character-
ized by the fact that there is no simple controlling organization and that there is constant
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change. Thus, these systems are collections of independently developed software enti-
ties that are interacting with each other. Jennings claims that the computational model
of these systems places several requirements:

(i) the individual entities need to be able to act to achieve specified objectives (i.e., they
must be active and autonomous);

(ii) the individual entities need to be reactive and proactive;
(iii) the computational entities need to be capable of interacting with entities that were

not foreseen at design time (i.e., they must be able to engage in flexible interac-
tions);

(iv) any organizational relationships that do exist must be reflected in the behaviour
and actions of the agents (i.e., the organizational relationships must be explicitly
represented).

Our agents have those abilities. Regarding to (iv) we can represent dynamic organi-
zational structures in the theory of agents that can self-organize themselves and self-
evolve via the ability of preferring and updating.

Davidsson [8] categorises agent societies based on the following properties:

– openness, i.e., the possibility for agents to join the society without any restriction;
– flexibility, i.e., the degree to which agents are restricted in their behaviour by the

society;
– stability, i.e., predictability of the consequences of actions, and
– trustfulness, i.e., the extent to which the owners of the agents trust the society.

Davidsson argues that whereas open societies support openness and flexibility, closed
societies support stability and trustfulness. In several systems, e.g., in systems charac-
terized as information eco-systems, there is a need for societies that support all these
aspects. Thus, he investigates other kinds of agent societies among which semi-open so-
cieties, where any agent can join the society provided that it follows some well-specified
restrictions.

The agents that we have presented can be used for example to animate semi-open
societies. In fact, to do so, the agents must exhibit several rational abilities, e.g., they
must be able to decide which society to join according to their own goals, to decide
whether or not to accept the restrictions imposed to enter into the society, and eventually
to negotiate them. Thus, to increase the degree of trustfulness and stability in open
societies we need to empower the agent theories with rational abilities to make the
agents able to react to events unforeseen at design time.

Another framework where our agents can be of use is the one proposed by Vercouter
[16]. He proposes a distributed approach to handle openness in multi-agent systems.
Typically, the openness of a system is ensured by an entity, called the middle-agent, that
supports the addition and removal of agents from the system, and knows the capabilities
of all the agents. The middle-agent handles also the connection problem: when an agent
looks for another agent that provides a service it needs. The middle-agent (centralized)
approaches to the problem of openness have a number of limits, and to overcome them
Vercouter investigates a distributed approach (i.e., without the middle-agent technique)
based on the notion of presentation/recommendation protocol. Each agent can have
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its own representation of other agents, and can detect its possibilities of cooperation.
When an agent joins a coalition, the agent presents itself to some other agents of the
coalition and informs them of its capabilities. During this phase, the agent can ask
them for recommendations of other agents that provide services that it needs, and start
a presentation protocol with them. This is clearly another framework where several
rational abilities are needed in agents, for example, to reason about, to evaluate and to
prefer which agents are relevant for its purposes.

Within the proposed multi-agent system framework we can represent groups, teams,
coalitions of agents implicitly based on the internal mental states of the members. It is
advocated, especially in open multi-agent systems (cf. [5,12,17]), that there is a need to
make the organisational elements as well as the formalisation of the agent interactions
of a multi-agent system externally visible rather than being embedded in the mental
state of each agent, i.e., it is needed to explicitly represent the organisational struc-
ture and the agent interactions. For example, we may formalize a group structure as
an abstract description of a group that identifies all the roles and interactions that can
occur within a group. This will allow us to precisely define concepts like permission,
obligation, responsibility, social laws, requirements and roles of the society, etc. We
are investigating how to explicitly represent organisational structures in our framework,
and how to animate them with agents in a way that each agent will automatically have
a view (perhaps partial) of the organisational structure and the externally visible events.
We believe that this can be achieved through the concept of organisational reflection 3.
In fact, we may embed the theory of agents with various degrees of reflection abilities
to make an agent able to introspect various aspects of the organisation where it belongs.
We may also imagine a more complex organisational structure composed of several
nested organisational substructures each of which with its own specific rules and with
more general rules inherited by the parent structure. In this way, an agent may only have
a partial view of the entire organisational structure. Thus, the members of a society will
have information of it (e.g., they will know its rules, requirements and laws), and they
will have more information when reasoning about other agents’ actions. In addition, the
agents will be able to reason upon organisational structures and eventually try to modify
them. In this way organisational structures will not be rigid, but flexible and can evolve
with the agents’ intervention.

Organisational structures and rules are needed to provide control over the member
agents with respect to their actions and interactions.

Castelfranchi [7] argues that social order is a major problem in multi-agent sys-
tems. The idea of a total control and a technical prevention against chaos, conflicts and
deception in computers is unrealistic and even self-defeating in some case, like in the
building trust. He states that there is some illusion in Computer Science about solving
this problem by rigid formalization and rules, constraining infra-structures, security de-
vice, etc. and there is skepticism or irritation towards more soft and social approaches,
that leave more room to spontaneous emergence, or to decentralized control, or to nor-
mative “stuff” which is not externally imposed but internally managed by the agents.
He claims that the most effective solution to this problem is social modelling and that

3 This term was first introduced by J. Ferber and O. Gutknecht [11], but it is used here with a
different meaning.
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it should leave some flexibility and try to deal with emergent and spontaneous form
of organizations (that is, decentralized and autonomous social control). The problem
with this approach is that of modeling the feedback from the global results to the lo-
cal/individual layer.

To solve this problem, we need two ingredients (still missing in our agent theory):
the ability of introspection and meta-reasoning. In fact, in order to be able to dynami-
cally change the organization, structure of the multi-agent system, agents must be aware
(even if partially) of the structure and must be able to introspect about it. By using meta-
reasoning the agent can evaluate it, obtain feedback from it and eventually try to modify
it via preferences and updates in a rational way. Our ongoing work and future projects
is discussed in [1].

In conclusion, our claim is that in order to have dynamic, flexible agent societies we
need to have suitable agent theories, otherwise the structure modeling the agent society
will be rigid in the sense that it will not be modifiable by the agents themselves.
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Abstract. In this paper we investigate a modal logic of believing and saying to
reason about unreliable agents in a system of communicating agents. We suppose
that communication is reliable and semi-public: an agent’s utterances are com-
municated to all the adjacent agents. We suppose that to each agent is associated
some set of facts that he monitors, and that his perception is perfect in what con-
cerns these facts. We show how an agent can detect failure of another agent by
deduction in our logic. To that end we use a tableau theorem prover for our logic.

1 Introduction

Often in the literature the agents and their communication are ideal, but in real life this
doesn’t hold. We can use error-correcting codes to eliminate errors due to the commu-
nication channel, but according to Murphy’s Law the agents may have a breakdown and
get unreliable. In this case they may communicate false statements. (Nevertheless, it is
not necessarily the case that every statement they utter is false.) This suggests a link
with logics of truthtellers and falsetellers (or knights and knaves), as used in formal-
ization of Smullyan’s puzzles. Being reliable corresponds to being a truthteller in the
puzzles. The present approach is derived from work on such logics [ 1].

1
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3

4 5
Q

S1Q

S2S1Q

S3S1Q

S4S1Q B5T4

Fig. 1. The Communication Lines between the Agents.

Consider a toy-example with five persons (agents). Not all the agents can communi-
cate with each other, only the agents that are connected as specified in Fig. 1. Note that
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this is a reasonable assumption in particular in large networks, where public communi-
cation is too costly. Note also that in our example the communication isn’t symmetric,
but we don’t exclude the symmetric case. Person 1 is a banker, and all the others know
it. Only person 1 knows that his bank is getting bankrupt (Q). He informed person 2 and
3 (S1Q) about it. They (independently) reported this to person 4 (S 2S1Q and S3S1Q).
Person 4 doesn’t trust neither of them, but if each states it, she will believe that person
1 really said this. Person 5 has a big amount of money in this bank, so person 4 inform
person 5 about this bankrupt (S4S1Q) before this information became public and the
bank closes all the accounts. Person 5 trusts in person 4, so she will believe in bankrupt
and take out her money.

Let AGT = {i, j, ...} be the set of the agents. The propositional letter T i denotes
that agent i is reliable, for i ∈ AGT .

We associate a modal operator Si to every i ∈ AGT . The formula SiA is read
“agent i said A”. The modal operator Si is non-normal [4], and is hence neither closed
under logical truth, nor logical consequence, conjunction, material implication [ 2]. We
shall even suppose that it is not closed under logical equivalence.

The relation between reliability and the modal operator of saying is the following:
if a reliable agent said something, then that is true. This is axiomatized by the axiom
schema:

Ti → (SiA → A) (1)

The formula Ti → (A → SiA) isn’t valid: infinitely many true statements exist, and the
reliable agents don’t need to announce all of them. For example the communication is
costly, so the agents don’t report all the facts they know, only a small subset of it. Note
that unreliable agents do not always lie, i.e. ¬Ti → (SiA → ¬A) should not be valid.
This contrast with the logics of truthtellers and falsetellers as used in formalization of
Smullyan’s puzzles, where falsetellers never tell true statements.

We associate a modal operator of belief Bi to every i ∈ AGT . The formula BiA is
read “agent i believes that A”. We adopt the modal logic KD45 as the logic of belief.
This implies that we suppose that agents cannot entertain inconsistent beliefs, and that
they are aware of their beliefs and of their disbeliefs.

We consider that agents might be aware of their own unreliability, but are not nec-
essarily so. Hence there is no formal link between reliability and the modal operator of
belief, i.e. we neither have BiTi nor ¬Ti → Bi¬Ti. Hence it might be the case that an
agent believes to be unreliable but is not, and the other way round that he believes to be
reliable but is not.

We describe with propositional letters the facts of the world of the agents. An agent
cannot monitor all the facts, for example a web-agent cannot read all the web pages,
a satellite cannot see the whole surface of the Earth. Hence agent i can monitor only
a subset of facts. In our example, Q ∈ obs(1). We suppose that the set obs(i) is a set
of atoms. Note that it is possible that Ti ∈ obs(j), that is agent j monitors agent i, so
agent j always knows that agent i is reliable or not. In the special case, where i and j
are the same, then Ti ∈ obj(i), that is agent i can monitor himself, so i knows whether
he is reliable or not. The former case can be realistic in some electronic circuit, but the
latter (at least in our opinion) not. If A ∈ obs(i), then i knows (believes) whether the



76 László Aszalós and Andreas Herzig

fact is true or not:
A → BiA if A ∈ obs(i) (2)

and
¬A → Bi¬A if A ∈ obs(i) (3)

We remark that obs(i) can be defined as a set of arbitrary formulae.
What is the relation between (2) and (3) and the notion of competence? By definition

i is competent at A if BiA → A and Bi¬A → ¬A hold. It is easy to check that
if A ∈ obs(i) then by (2) and (3) i is competent at A. Note that there is no formal
link between truthtelling and competence. It the doctor knows that the bad news will
shorten the patient’s life, then he won’t utter that the patient is incurable. He need to say
something so he will lie. In this case the doctor is competent at disease but “unreliable”.

In this article we shall examine only the simplest case. This is the reason why we
work only with the modal operators ‘believes’ and ‘said’. In the axioms before we
could use modal operator ‘knows’ instead of ‘believes’ because if somebody monitors
something then he exactly knows what happened (and not only believes in it). Instead
of using a new modal operator, we suppose here that K iA is defined as BiA ∧ A.
We suppose that the monitored facts are common knowledge. In particular we have
Bk(A → BiA) and Bk(¬A → Bi¬A) whenever we have A ∈ obs(i).

In multi-agent communication there is public and point-to-point communication. If
there are many agents, then public communication is costly. If there is only point-to-
point communication then it is hard to detect malfunction. For these reasons we shall
work with a semi-public communication method: if some agent announces something,
then all the nearby agents perceive it. We introduce a reflexive, non-transitive relation
Listen. Listen(i, j) means that the agent i listens agent j’s reports. In this case agent
j knows (believes) what agent i reported about formula A or not:

SjA → BiSjA if Listen(i, j) (4)

and
¬SjA → Bi¬SjA if Listen(i, j) (5)

Note that as the modal operator Bj is KD45, the converse of the above implications can
be proved, too. Note also that SjA → BjSjA and ¬SjA → Bj¬SjA, because Listen
is reflexive.

We suppose that the communication lines are common knowledge. In particular we
have Bk(SjA → BiSjA) and Bk(¬SjA → Bi¬SjA) whenever we have Listen(i, j).

2 Semantics

The modal operator of belief is a normal modal operator, and its possible worlds se-
mantics is based on accessibility relations. Let us note Ri the accessibility relation
associated to modal operator Bi.

The modal operators of saying are non-normal. Similar to Fagin et al.’s [ 6] aware-
ness modality, we associate a subset of formulae ϑi(w) to every i ∈ AGT and possible
world w, and stipulate:

w |= SiA iff A ∈ ϑi(w).
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Hence our models are of the form 〈W, 〈Ri〉i∈AGT , 〈ϑi〉i∈AGT , I〉, where I asso-
ciates to every world an interpretation Iw mapping propositional letters to truth values.
Every Ri is transitive, serial and euclidian. Moreover models must satisfy some con-
straints that we introduce in the sequel.

A reliable agent tells the truth. The other way round, if an agent said some true
statement, then from this we cannot abduce that he is reliable. For example if an agent
said that he is unreliable: Si¬Ti, then this statement is true and he isn’t reliable. To
avoid the Liar Paradox we need to define semantics of T i carefully: we treat Ti as a
propositional letter and enable only the models where the following constraint holds:

if Iw(Ti) = 1 then for all A ∈ ϑi(w), w |= A

This ensures validity of Axiom 1.
The agent i monitors the facts in obs(i), hence i knows exactly which are true and

which are not, so the facts in obs(i) have the same truth value in the actual world and
in worlds accessible for i:

Iw|obs(i) = Iw′ |obs(i) if w′Riw

This restriction makes Axiom 2 and 3 valid.
If agent i listens to what agent j reports then agent i has correct beliefs about agent

j’s reports, so what agent j said is the same in the actual world and the worlds accessible
for i.

If Listen(i, j) and wRiw
′ then ϑj(w) = ϑj(w′)

This restriction makes Axiom 4 and 5 valid.

3 Reasoning about Communication and Failure

We can prove easily the following theorems.

Theorem 1.

BiTi ∧ SiA → BiA.

Proof. Ti ∧SiA → A is an axiom. Then BiTi ∧BiSiA → BiA by principles of modal
logic K. As we have stipulated that Listen is reflexive, we have SiA → BiSiA by
axiom (4). Hence BiTi ∧ SiA → BiA 
�

If moreover Ti ∈ obs(i) then we get:

Theorem 2. If Ti ∈ obs(i) then

Ti ∧ SiA → BiA.

If agent k got contradictory information from agent i and j, then one of them isn’t
reliable:



78 László Aszalós and Andreas Herzig

Theorem 3. If Listen(k, i) and Listen(k, j) then

SiA ∧ Sj¬A → Bk(¬Ti ∨ ¬Tj).

If agent k believes that agent i or agent j is reliable, and agent i and j report the same,
then agent k will believe in this information:

Theorem 4. If Listen(k, i) and Listen(k, j) then

(SiA ∧ SjA ∧ Bk(Ti ∨ Tj)) → BkA.

If agent k is careful, he can wait until n agents report the same information before he
believes in it.

Theorem 5. If Listen(k, ij) j = 1, . . . , n and ij �=il then

(Si1A ∧ · · · ∧ SinA ∧ Bk(Tii ∨ · · · ∨ Tin)) → BkA.

More generally, agent k may suppose that there are at most n − 1 unreliable agents.

Theorem 6. If Listen(k, ij) j = 1, . . . , n, ij �=il and Bk

( ∧
ij �=il

(Ti1 ∨ · · · ∨ Tin)

)
then

(Si1A ∧ · · · ∧ SinA) → BkA.

This illustrates that our logic is flexible enough to allow agents to hold various kinds
of beliefs about reliability: we can express confident attitudes, such as that of an agent
taking over a communicated belief as soon as some threshold is attained (e.g. that of
at least two agents saying the same thing like in our example). We can as well express
suspicious attitudes of waiting until all or all but one adjacent agents have communi-
cated the same belief. Finally, agents may take a more balanced attitude and take over
a communicated belief A if the number of adjacent agents having communicated A
is greater than the number of adjacent agents having communicated ¬A (disregarding
those adjacent agents who didn’t say anything about A).

Using the hypothesis that the agents know the communication lines, we obtain the
following theorem.

Theorem 7. If Listen(k, i) and Listen(j, i) then

SiA → BkBjSiA.

Proof. The steps are the following:
1) SiA hypothesis
2) BkSiA from 1 by Axiom 4 and Listen(k, i)
3) Bk(SiA → BjSiA) agents know the axioms
4) BkBjSiA from 2 and 3


�
Finally, using our assumption that the monitored facts are known by all the agents,

we obtain:

Theorem 8. If A ∈ obs(i) ∩ obs(j) then

A → BiBjA and A → BjBiA.
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4 Tableaux

The Lotrec generic tableau prover [3] offers an easy way to implement a sound and
complete tableau method for our logic. The rules of the classical logic connectives and
of belief are the usual ones. If a node contains an unmarked formula S iA then we add
to this node the formula Ti → A and mark SiA, not to use this rule again (Fig. 2).
Note if a node contains formula ¬SiA then of course we cannot “open” this formula: if

SiA (SiA)∗

Ti → A

Fig. 2. Lotrec Rule for Saying.

somebody did not say A, we cannot abduce anything (except just that). In other words
there is no formula that is inconsistent with ¬SiA except SiA.

If a tableau node n2 is accessible from n1 via Ri and i listens to j then we can copy
all formulae of the form SjA and ¬SjA from node n2 to n1 and vice versa (Fig.3 and
4). Fig. 5 shows that Axiom 4 can be proved with this rule.

SjA

Ri

SjA SjA

Ri

Listen(i, j)

Fig. 3. Lotrec Rule for Listen(i, j).

SjA

Ri

SjA SjA

Ri

Listen(i, j)

Fig. 4. Lotrec Rule for Listen(i, j).

Similarly if the node contains a propositional letter A ∈ obs(i), and the node is
accessible from another node by Ri then we copy this propositional letter to that node
(Fig. 6). The other way round, if a node contains A ∈ obs(i), and another node is
accessible from this node, then we copy A to that node (Fig. 7).
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¬SjA

SjA,¬BiSjA

Ri

¬SjA

SjA,¬BiSjA

¬SjA

Ri

Listen(i, j)

Fig. 5. Proof of Axiom 4.

A

Ri

A A

Ri

A ∈ obs(i)

Fig. 6. Lotrec Rule for obs(i).

A

Ri

A A

Ri

A ∈ obs(i)

Fig. 7. Lotrec Rule for obs(i).

5 Example in Detail

In our example the hypotheses are Q, S1Q, S2S1Q, S3S1Q, B4(S2A ∧ S3A → A).
The last formula expresses that if the utterances of person 2 and 3 agree then person 4
adopts them. We moreover have S4S1Q, B5T4, Q ∈ obs(1) and Listen(i, j) if agent i
and j are connected as specified in Fig. 1. We want to prove that B1Q, B2S1Q, B3S1Q,
B4S1Q and B5Q.
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1) Q hypothesis
2) B1Q 1 and Axiom 2
3) S1Q hypothesis
4) B2S1Q 3, Listen(2, 1) and Axiom 4
5) S2S1Q hypothesis
6) B4S2S1Q 5, Listen(4, 2) and Axiom 4
7) B3S1Q 3, Listen(3, 1) and Axiom 4
8) S3S1Q hypothesis
9) B4S3S1Q 8, Listen(4, 3) and Axiom 4

10) B4(S2S1Q ∧ S3S1Q → S1Q) hypothesis, where A is S1Q
11) B4S2S1Q ∧ B4S3S1Q → B4S1Q 10
12) B4S1Q 6, 9 and 11
13) S4S1Q hypothesis
14) B5S4S1Q 13, Listen(5, 4) and Axiom 4
15) B5T4 hypothesis
16) B5S1Q 14, 15
17) B5Q 16, Axiom 2 and 3

Note that we could have given a tableau proof as well.
If the hypotheses are the same as before but ¬B5T4, we cannot prove formula B5S1,

only B5S4S1Q. It is interesting, that if the conditions are the same but the hypothesis
are only S4S1Q and B5T4 then we can prove that B5S1Q, even if ¬S1Q.

In the title of the paper we promised reasoning about failure, so let us see how can
we use our logic to detect failure. The communication lines are the same as before, and
person 5 observes Q, too. The hypotheses are the following:

Q bankrupt
S1Q person 1 informs person 2 and 3
S2S1Q person 2 informs person 4
S3S1¬Q person 3 lies
By Theorem 3 person 4 knows that one of them is lying, but he doesn’t know who

and he cannot deduce anything about bankrupt.
S4(S2S1Q ∧ S3S1¬Q) person 4 informs person 5 about statements he got
Person 5 knows that there is a bankrupt. He got only person 4’s message, and only

from this he cannot abduce that person 3 is unreliable. If person 4 is unreliable then he
can say this even if person 3 didn’t say anything. If person 5 believes in the reliability
of person 4 then he can conclude that person 3 is unreliable.

6 Discussion and Related Work

6.1 Wooldridge, Lomuscio, et al.

In a series of papers, Wooldridge, Lomuscio et al. have investigated logic VSK [ 10].
Within this logic they study the interplay of notions of visibility, seeing, and knowledge.
ViA means that A is accessible (visible) for agent i, SiA means that i perceives A, and
KiA means that i knows that A. They present a traffic example involving a faulty robot
b refusing to give way to another robot a. The main mechanism to detect b’s malfunction



82 László Aszalós and Andreas Herzig

is based on a’s knowledge that b does not perceive the danger of collision, although it
is visible for b: Ka(Vbcoll ∧ ¬Sbcoll).

We can express this scenario in our logic as follows: the hypotheses are

– Listen(a, b);
– r-o-wa ∈ obs(a), i.e. a observes whether he has right of way;
– Ba(r-o-wa ∧ ¬Tb) → ev-acta, i.e. if a believes that he has priority and that b isn’t

reliable, then a undertakes an evasive action.

We must prove that r-o-wa ∧ Sb¬r-o-wa → ev-acta, i.e. if a has priority, and b does
not give way to a, then a takes an evasive action. This can be established using ne-
cessitation on the instance Tb ∧ Sb¬r-o-wa → ¬r-o-wa of axiom (1), resulting in
Ba(Tb ∧ Sb¬r-o-wa → ¬r-o-wa). Now as r-o-wa ∈ obs(a), we get Bar-o-wa. Then
with standard principles of modal logic we obtain Ba¬Tb. Finally, from our last hy-
pothesis we obtain ev-acta.

In comparison, in Wooldridge, Lomuscio et al.’s logic reliability of an agent is not a
‘first-class citizen’, whereas in our logic it is. Suppose we have to express some general
rules of behavior such as a taking some action of warning other agents whenever a
believes b is unreliable. This can be done in our logic by Ba¬Tb → warn-acta. In their
logic, this must be written down for every piece of information potentially revealing b’s
malfunction.

Moreover, in Wooldridge, Lomuscio et al.’s logic there is no communication, but
only perception. Therefore, if a fact isn’t visible for an agent then he cannot get infor-
mation about it, and hence an agent cannot get information in an indirect way. We think
that such communication features are important in particular in big agent societies.

The expressivity of our logic is highlighted by the fact that we can distinguish three
cases of conflict between what is believed and what is said:

– BiA ∧ ¬SiA
– BiA ∧ Si¬A
– ¬BiA ∧ SiA

6.2 Liau

Liau [9] has proposed a logic of belief, trust and information acquisition. He uses I ijA
to express that agent i acquires information A from j, and he uses T ijA to express that
agent i trusts agent j’s judgment on the truth of A.

In our language we can express IijA by SiA, under the hypothesis that j listens to
i, i.e. Listen(i, j). Our notion of trust is a more global one than Liau’s: our formula
BiTj means that agent i trusts all judgments of agent j. The reason is that we only
distinguish between the case where an agent has a breakdown and the case where he
is reliable: if i supposes malfunction of j, then i should doubt every formula received
from j, while in the case of reliability, i should trust every formula received from j.

In our approach malfunction can be deduced as soon as some inconsistency between
agents’ statements has been discovered. Liau’s trust operator being relativized, one can-
not deduce breakdown of an agent in his approach. The other way round his trust oper-
ator allows a more fine-grained analysis in many cases. We have two possibilities to ex-
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press trust in our logic. The first is to define TijA as Bi(SjA → A)∧Bi(Sj¬A → ¬A)
and the second is Bi(BjA → A) ∧ Bi(Bj¬A → ¬A).

Another difference is that in Liau’s language there is point to point communication.
Thus the agents can get direct information. In our case there is semi-public communica-
tion, and the agents sometimes get indirect information. In order to decrease the cost of
the communication the agents can communicate the summary of the information they
got. In our example agent 4 said S1Q instead of S3S1Q ∧ S2S1Q. Here it is hard to
distinguish direct and indirect information, as Liau did.

6.3 Demolombe

Demolombe [5] has proposed a logic of belief, knowledge, and information to reason
about trust. He uses a modal operator of belief B i, and a modal operator of information
Iij . Symmetrically to Liau’s operator, IijA expresses that agent i informs agent j about
A. Within this logic, which contrarily to Liau’s and ours contains no trust operator,
Demolombe then analyzes various aspects of the notion of trust. He proposes four basic
concepts associated to the interplay between truth, belief and utterances. Agent j trusts
i w.r.t. sincerity if j knows that i believes what he says:

Kj(IijA → BiA)

j trusts i w.r.t. credibility if j knows that what i believes is true:

Kj(BiA → A)

j trusts i w.r.t. cooperativity if j knows that i utters his beliefs:

Kj(BiA → IijA)

j trusts i w.r.t. vigilance if j knows that what is true is believed by i:

Kj(A → BiA)

Note that, contrarily to us and just as in Liau’s case, trust is always about some propo-
sition.

If we replace Iij by Si and suppose that i listens to j (i.e. we have Listen(i, j)),
then we can express all these concepts in our logic. As our logic enables us to explicit
appropriate hypotheses about reliability and observation, three of them have quite close
counterparts that take the form of theorems.

In the case of sincerity, as BiTi ∧ SiA → BiA is provable in our logic (Theorem
1),

Kj(BiTi ∧ SiA → BiA)

is a theorem, too. We note that our theorem requires a hypothesis slightly stronger than
Demolombe’s: not only j must believe that i is reliable, but also i himself must do so.
This takes into account the (perhaps marginal) case where i ignores his own reliability,
and consequently does not believe his own utterances.
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Credibility corresponds to our theorem

Kj(BiA → A) if A ∈ obs(i)

which can be derived from axiom 3 and the principle D.
Vigilance corresponds to our theorem

Kj(A → BiA) if A ∈ obs(i)

which can be derived from axiom 2 by necessitation.
Cooperativity has no counterpart. Indeed, we are not able to relativize it to partic-

ular formulas, and it is not reasonable to suppose that agents utter just everything they
believe. For example the Echelon (spy) system listens a huge mass of messages, but
it saves (and utters for its operators) only a little part of it. In our paper the agents
have autonomy in their communication: they decide which information they utter and
which not. Note that this is independent of cooperativity. We shall consider in further
work how this can be integrated, possibly based on a metalinguistic function publ(i)
associating to an agent i a set of formulas that are his potential public beliefs, i.e. the
beliefs that he utters as soon as he comes to believe them. For example we could add
the following axiom:

BiA → SiA if A ∈ publ(i).

This and the ability of asking could produce a very practical logical language to describe
and reason about communication between agents.

6.4 Merging Operations

When an agent takes into account what he learns from other agents, he merges different
information sources. Such merging operations have been studied recently [ 7,8]. For-
mally, a knowledge set is a multiset A1 � . . . � An containing the different pieces of
information A1, . . . , An, and the operator ∆ maps a knowledge set A1 � . . . � An to a
formula ∆(A1 � . . . � An).

We identify the elements of a multiset A1�. . .�An with the utterances of n different
agents S1A1 ∧ . . .∧ SnAn, and we identify checking whether ∆(A1 � . . .�An) → A
with checking the validity of B0H ∧ S1A1 ∧ . . . ∧ SnAn → B0A, where

– 0 is an agent different from 1, . . . , n;
– Listen(0, i) for 0 ≤ i ≤ n;
– H is some hypothesis about the number of reliable agents. An example is

∧
i�=j(Ti∨

Tj).

We thus obtain a weak form of merging. Several postulates that every merging operation
should satisfy have been put forward in the literature. It turns out that only very few of
them hold when translated to our logic. This is in part due to the fact that, just as revision
operators, merging operators are part of the metalanguage, and the postulates appeal to
consistency, which cannot been expressed within the logic.
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7 Conclusion

We have defined a modal logic of believing and saying. We have supposed that utter-
ances are semi-public and that the agents know the communication lines. Under these
hypotheses we formalized principles of communication with agents that might fail.

In our approach the adoption of beliefs can be expressed in several ways, for ex-
ample an agent adopts the information 1) if n different agents said it, 2) if at least one
reliable agent said it, 3) if an agent he trust said it. Note that in some domains there is
no level of evidence, as Liau said “. . . a source can only be trusted or distrusted and no
intermediary degree is allowed. . . ” For example people believe in God or not: there is
no person who believes a bit in him.

Our approach is close to work of Demolombe and Liau, and most of their concepts
have a counterpart in our logic. We moreover have studied the theorem proving aspect
of our logic, and have given a tableau calculus.
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Abstract. The main goal of our work is to propose an agent-oriented frame-
work for developing robust NLP applications. This framework provides means 
to compose analysis modules in a co-operative style. The idea is to encapsulate 
existing analysis tools and resources within software agents coordinated at a 
higher level using meta-knowledge. Agents can be activated concurrently and 
they should provide their linguistic competence depending on the application 
needs. The activation policy is determined by the context, by the domain 
knowledge and by performance constraints. At this level, co-ordination is com-
putational logic-based in order to exploit known inference mechanisms for the 
decision support. This framework should be general enough to cope with other 
kinds of information sources, such as multimedia documents and with multi-
modal dialogue systems. 

1 Introduction 

The human ability in language interpretation is the result of thousands of years of 
evolution and cultural development. However also humans may have strong limita-
tions in interpreting language in situations where they lack of contextual and domain 
knowledge or when they do not have the right competence of the language used. It is 
apparent that it is always possible to provide an interpretation of whatever kind of 
data. Not always one is able to provide the intended or the best approximating inter-
pretation among the possible ones. This happens for humans and, why not, for artifi-
cial system. When switching to artificial systems, what is worth considering is that the 
human ability to provide approximate interpretations ranges from full understanding 
to complete ignorance. In addition, humans may overcome their limitation by their 
learning capabilities. 

Processing unrestricted natural language is considered an AI-hard task. However 
various analysis techniques have been proposed in order to address specific aspects of 
natural language analysis. In particular, recent interest has focused on providing ap-
proximate analysis techniques (known as robust techniques), assuming that perfect 
analysis is not possible, but that partial results are still very useful. Lack of knowl-
edge, uncertainty, vagueness, ambiguity, and misconception will have to be repre-
sented and considered in the interpretation process in order to handle linguistic appli-
cations “robustly”.  
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Since interpretation of language is a subjective cognitive process, its formalization 
could be either a straightforward or a hard task depending on the taken perspective. 
Instead of committing us to a sort of closed world assumption where a failure is inter-
preted as the impossibility rather than a temporal inability due to the actual lack of 
specific knowledge, we consider lack of knowledge as meta-knowledge and its 
awareness may help us in judging the quality of the provided partial solution. 

There are many ways in which the topic of robustness may be tackled: as a compe-
tency problem, as a problem of achieving interesting partial results, as a shallow 
analysis method, etc… They all show that no simple combination of "complete" 
analysis modules for different linguistic levels in a chain can give a robust system, 
because they cannot adequately account for real-world data. Rather, robustness must 
be considered as a system-wide concern where there must be a negotiation about 
which component can best solve a specific problem. 

1.1 Modularity in Linguistics 

We found inspiration for the development of our vision from recent trends in theoreti-
cal linguistics where modularity is being taken into greater consideration for language 
and discourse analysis of written text. In [24] some principles and methodological 
issues seem to provide us an underlying theoretical framework: instead of postulating 
a rigid decomposition of language into linguistic components (e.g. syntax, semantics, 
pragmatics), they propose to apply modularity to analysis by defining autonomous 
analysis modules, which in turn may consider different aspects of the language. The 
decomposition in linguistic levels may be still useful but it should not be considered 
as a pre-theoretical hypothesis on the nature of the language. Instead, analysis mod-
ules may take advantage of this decomposition to identify what features of the lan-
guage should be considered. Modular independence (i.e. autonomy) is also a key 
issue. In order to provide a global modelling of the language, autonomous analysis 
modules can be composed by means of global meta-rules. To achieve this goal, mod-
ules should have a common interchange language and provide a global accessibility. 
The main advantages to methodological modularity in linguistics can be summarized 
in the following points: 

• Extraction of language features at different granularities (i.e. phonemes, words, 
phrases, discourse, etc.). 

• Co-existence of different analysis strategies that embody different principles. 

• Coverage obtained as the composition of different (and possibly overlapping) lan-
guage models and analysis techniques. 

While the main goals in linguistics are the description of the language and the expla-
nation of language phenomena, computational linguistics is more interested on how 
the above these methodological improvements may help in the design of NLP appli-
cations. Our vision can be outlined as follows. 
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• We argue that by eliminating the rigid decomposition in linguistic levels we can 
move from sequential composition to distributed composition of processing mod-
ules that can take into account more than a single linguistic level at time. 

• We can complete the analysis of “ideal” language driven by principles with the 
processing of “real” language driven by heuristics. The combination of the theo-
retical and the practical account to the language processing will lead to more robust 
methods in NLP. 

1.2 Language Engineering and Distributed NLP  

There is an always-increasing interest towards distributed cooperative approaches. On 
the two extremes of this approach we have unsupervised and supervised coordination 
of intervening autonomous modules. For instance, the TREVI toolkit [12] provides an 
environment for the rational design of object-oriented distributed NLP application 
where the cooperation between modules is statically decided and dynamically coordi-
nated by a dataflow-based object manager. In contrast the Incremental Discourse 
Parser architecture [16] assumes no predefined coordination schema but rather the 
spontaneous cooperation of well defined autonomous linguistic experts. The latter 
belong to the class of blackboard systems. A blackboard is a centralized data structure 
managed by a coordinator providing a framework where different expert modules 
cooperate to solve a problem. Modules eagerly scan the blackboard to see if there is a 
message that has been posted to it. The coordinator typically controls the access to the 
blackboard and thus the computation is not truly distributed. 

Another attempt of designing a distributed architecture for NLP, which lies in the 
middle between the two above extremes, is the TALISMAN system [33]. TALIS-
MAN is an agency where each agent has a specific linguistic competence. Agents are 
able to directly exchange information using an interaction language. Linguistic agents 
are governed by a set of local rules (called laws), which determine the local behav-
iour. A set of global (coordination) laws regulates the communication.  TALISMAN 
deals with ambiguities and provides a distributed algorithm for conflicts resolutions 
arising from uncertain information. One agent may ask some expert agents for disam-
biguating between multiple interpretations and they may negotiate among each other 
in case of conflict between two or more experts.  

The most remarkable example of multi-agent architecture for NLP is that of the 
system CARAMEL [30]. This system combines two different level of processing 
running in parallel: a subliminal and a conscious one. These two processes are de-
signed as multi-agent systems but with different principles. The subliminal process 
works in background and it is left unsupervised. A cascade of simple modules elabo-
rates the input written on an extended version of blackboard called the sketchboard. 
Each module involved in the subliminal process transforms the input present in the 
sketchboard and replies with a feedback message to the previous module in the cas-
cade. There is no “output” from the system since the entire process may or not lead to 
a kind of “stability” where the input is not modified anymore. The subliminal process 
is linked to the conscious process via a short term memory where the result of the 
subliminal processing appears as an unconscious pop-up. This event triggers further 
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processing which is managed by some other controlled processes. Controlled proc-
esses encapsulate linguistic experts. The conscious processing has a rational nature 
and it is build on the top of reflective multi-agent system. Reflectivity is intended as 
the ability of a system to use a representation of itself to reason about its own behav-
iour. The proposed architecture is recursive and allows building compound meta-
systems coordinated by meta-agents aimed at controlling the execution of a set of 
domain-specific agents and where each domain-specific agent can itself be structured 
as a compound meta-system. A meta-agent encapsulates additional knowledge to 
coordinate several agents providing a variety of services. Conscious treatment of the 
input is required when the subliminal system reaches three possible configurations: 
feeling of understanding (i.e. stability), feeling of ambiguity (i.e. instability) and feel-
ing of contradiction (i.e. conflict with the stable result of the sketchboard and previous 
rationally computed analyses). 

The design of Robust Dialogue Systems [1, 3] is nowadays one of the most chal-
lenging issues in NLP. Multi-agent systems seem to represent the natural framework 
both for the conceptual design and for the actual implementation of a Dialogue Man-
agement System, due to the fact that distributed models of computing allow us to 
design complex systems by means of reusable software components. As remarked in 
[2] the role played by the software infrastructure is a non-trivial one. When switching 
to mixed-initiative dialogue system where a more natural form of interaction is re-
quired, it is crucial to rely on autonomous, loosely coupled interacting components. 
This kind of architecture provides the necessary computational background for devel-
oping portable and reusable dialogue systems with a clear separation between dis-
course modelling and task/domain reasoning. This will certainly lead to a richer and 
more natural interaction with the user. 
The above approaches to the design of NLP systems are all motivated by the need of 
modelling the system behaviour by means of content information rather than exclu-
sively by general principles. Moreover the coexistence of multiple theories may help 
the system in finding the most appropriate analysis strategy (e.g. heuristically choos-
ing which modules to use and how to compose them). Within the same theory, possi-
bly implemented by an efficient algorithm, there is a variety of tuning parameters that 
may radically alter their performance and outcomes. The ability to determine a-priori 
which parameters are responsible for different types of analyses is a key factor for 
achieving adaptive NLP systems1.  

Software Engineering (SE) and in particular Natural Language Engineering (NLE) 
needs both theoretical and practical issue to be considered when adopting a design 
methodology [17]. For instance, the Natural Language Engineering architecture 
GATE2 [18], although very useful for designing modular NLP systems, it doesn’t 
seem directly exploitable for distributed NLP3, because of a design that is optimised 
for information extraction: rigid module coupling and document transformation-based 
communication. However, the new release of GATE there is a claim for providing 

                                                           
1 In NLP system the choice of a parameter could be also the selection of a suitable linguistic 

resource (or its subparts). 
2 General Architecture for Text Engineering. 
3 The new release of GATE will introduce agent-based language processing capabilities and a 

new approach to linguistic resources distribution. 
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agent-based language processing capabilities and a new approach to linguistic re-
sources distribution in order to allow: 

- the encapsulation of a range of alternative control regimes, 

- consolidate the algorithmic resource integration mechanisms that currently live 
in GATE and extend those mechanisms to support distributed tools, 

- add integration and management mechanism for linguistic resources such as 
lexicons. 

In our opinion, these new features are not sufficient in order to exploit the agent-
orientation as a real design methodology. Nevertheless GATE may provide us for a 
useful infrastructure for linguistic resources distribution and access. 

1.3 Benefits of Agent-Oriented Language Engineering 

Following [34] we can summarize the motivations for a adopting a multi-agent archi-
tecture for robust intelligent language analysis: 

• Distributed information sources: knowledge and linguistic resources may be scat-
tered over various (physical) locations. Access to multiple resources maybe medi-
ated and rendered in a uniform way. 

• Shareability: applications need to access several services or resources in an asyn-
chronous manner in support of a variety of tasks. It would be wasteful to replicate 
problem-solving capabilities for each application. Instead it is desirable that the ar-
chitecture supports shared access to agent capabilities and retrieved information. 

• Complexity hiding: A distributed architecture allows specifying different independ-
ent problem-solving layers in which coordination details are hidden to more ab-
stract layers.  

• Modularity and Reusability: A key issue in the development of robust analysis 
application is related to the enhancement and integration of existing stand-alone 
applications. Agent may encapsulate pre-existing linguistic applications, which 
may serve as components for the design of more complex systems. Inter-agent 
communication languages improve interoperability among heterogeneous services 
providers.  

• Flexibility: Software agents can interact in new configurations “on-demand”, de-
pending on the information flow or on the changing requirements of a particular 
decision making task.  

• Robustness: When information and control is distributed, the system is able to 
degrade gracefully even when some of the agents are not able to provide their ser-
vices. This feature is of particular interest and has significant practical implications 
in natural language processing because of the inherent unpredictability of language 
phenomena.  

• Quality of Information: The existence of similar analysis modules able to provide 
multiple interpretation of the same input offers both 1) the possibility of ensuring 
the correctness of data through cross-validation and 2) a mean of negotiating the 
best interpretation(s). 
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The importance of adopting an agent-oriented methodology from a linguist point of 
view lies on the fact that the design of an NLP system able to deal with real language 
phenomena can be made at knowledge level rather than implementation level. The 
properties of the system can be declaratively specified as sets of global meta-rules 
integrating the specialised linguistic processors. Following Petrie [27], Agent-Based 
Software Engineering will: 

- Reduce the need of detailed specification 
- Handle error gracefully 

 
- More abstraction in system building 
- Semantic defined as emergent behaviour. 

These nice features are exactly those a language engineer is looking for. 
In conclusion, we can summarize our methodology proposal for distributed NLP 

with the following schema: 

- Planning (with capability brokering) 
o Generate a sequence of task to be performed by expert linguistic agents 
o Implicit control of the execution 
o Recover from partial failures 
o Plan recipes to be activated by contextual information 

- Decentralized coordination 
o Teamwork formation 
o Multiple/different roles for linguistic agents depending on 
o Types of analysis 
o Stages of the analysis 
o Performance constraints 

2 The HERALD Project 

In the HERALD4 project we are aimed at implementing robust applications for natural 
language processing as the result of a design process that takes into account different 
computational perspectives and allows the combination of multiple problem-solving 
techniques. The Multi-Agent Systems (MAS) programming model seemed to natu-
rally meet our requirements.  

2.1 Agent Oriented Programming 

The Mentalistic Agent model seemed to be the most appropriate since it allows us to 
design multi-agent systems where each agent may build and manage its own knowl-
edge base and it is able to use it for taking decisions. We chose a rather simple model, 
the Agent Oriented Programming (AOP) [32], where the design of agents is made by 

                                                           
4 HERALD stands for Hybrid Environment for Robust Analysis of Language Data. 
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means of commitment rules. AOP is a computational framework explicitly designed 
as a specialization of object-oriented programming. Objects become agents by rede-
fining both their internal state and their communication protocols in intentional terms. 
Whereas normal objects contain arbitrary values in their slots and communicate with 
messages that are similarly unstructured, AOP agents contain beliefs, commitments, 
choices, and the like; they communicate with each other via a constrained set of 
speech acts such as inform, request, promise, and decline. The state of an agent is 
explicitly defined as a mental state. AOP does not prevent the construction of BDI 
agents [29] since AOP does not preclude the adoption of more refined agent models 
ranging from pure reactivity to full rationality. The PLACA programming language 
[35] is an extension of AOP towards the notions of intentions and plans. 

AOP is the theoretical foundation of a commercial architecture AgentBuilder5 for 
the design of software agents that we adopted as the development platform in this 
project. In AgentBuilder agent can be specified by set of commitment rules specifying 
where actions are executed matching both conditions on the received messages and 
the mental state. Messages are encoded using the KQML agent communication lan-
guage [22], a high-level language intended to support interoperability among intelli-
gent agents in distributed applications. Message conditions are evaluated examining 
the content of KQML messages.  AgentBuilder is an open system, in which additional 
processing components, called Project Accessory Classes (PAC), can be easily added. 
They are classes used by the agents as a mechanism to interact with its environment. 
PACs can be coded in Java or other programming languages supporting the Java 
Native Interface (JNI). PACs provide an ideal mechanism for wrapping legacy code 
and using a PAC the agent designer creates Ontologies that are collections of object 
classes an agent can use to construct its mental state. 

2.2 Extensions of AOP in HERALD 

In this section we review some of the additional features we added to AOP to support 
the design of NLP applications. 

• Mental State management in ViewGen. The ViewGen system [10, 11] is intended 
for modelling agents’ mutual beliefs. An environment represents each agent and it 
may use nested environments to represent other's agent propositional attitudes. Re-
lationships between environments can be specified hierarchically or by the explicit 
mapping of entities.  Each environment has associated an axiomatization and a rea-
soning system. This system has been integrated with AOP in order to provide a 
more sophisticated method for the agents’ mental states management. 

• Capability Brokering. A software layer for the processing of the KQML primitives 
for agent recruitment in multi-agent systems has been implemented. The broker is 
the agent who has the knowledge about the capabilities of different "problem-
solving" agents who "advertise" their capabilities by means of a Capability De-
scription Language (CDL) [36]. 

                                                           
5 http://www.agentbuilder.com.   
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• The IRC Facilitator. We implemented the IRC6 PAC that allows an agent to post 
messages on a shared message-board. The IRC PAC allows the construction of 
agents capable of connecting to an IRC server that offers routing and naming fa-
cilities. IRC can be viewed as an alternative agent communication infrastructure 
based on a hub topology that provides at the same time peer-to-peer and broad-
casted message passing. The IRC facilitator may serve also as a platform to im-
plement blackboard-based applications within AOP. 

2.3 HERALD Agent Logic 

Recent trends in designing and developing intelligent systems have shown that there 
is an increasing need of incorporating elements of rationality in the programming 
languages. In particular, the design of multi-agent systems requires an account of the 
quality of choice making. The motivations for representing the knowledge about the 
system’s features are: 

− the heterogeneity of the knowledge sources,  
− the diversity of problem solving capabilities supported by involved actors,  
− the presence of multiple roles that may be covered by the same service providers. 

Formal reasoning about agents’ behaviour and social interaction allows us to inte-
grate, coordinate, and monitor planning and plan execution, and to incrementally 
improve the efficiency and robustness of the multi-agent analysis system.  

In its original formulation AOP has been defined in a quite informal way, without 
making explicit the relationship between its actual implementation as a programming 
language (AGENT0 [31]) and its underlying modal logic. Moreover there is a funda-
mental mismatch between the AOP modal logic and AGENT0: whereas in the logic 
commitments are represented as obligations to a fact holding, in the programming 
language an agent commits to actions to change its mental state. The formalisms we 
consider for the design of a new logical framework for AOP are the following: 

• Temporal Belief Logic. The Wooldridge’s Temporal Belief Logic (TBL) [37] aims 
to model the agent’s mental state evolution. The main reason for doing so is that 
one can exploit this information in order to perform two different things: 

1. Formally verify the multi-agent system properties (e.g. safety, liveness, fairness, 
etc.). 

2. Provide a meta-language to be used at co-ordination level for reflecting the 
multi-agent system behaviour.  

• Capability Description Language. The utility of a capability brokering mechanism 
is apparent if our goal is to conceive an open architecture where modules can be 
plugged-in without any direct intervention. We need a formal machinery to specify 
the processing power of the modules encapsulated by the agents.  

• Action Logic. We contributed to the design of the Fluent Logic Programming 
(FLP) action language and to the implementation of its proof procedure [25, 26]. 

                                                           
6 IRC stands for International Relay Chat. IRC is a widely used Internet chat server. 
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The nice feature of FLP is that it allows to model incomplete information about 
world states, which can be inferred on demand in a particularly efficient way. Al-
though not extremely expressive, it can suitably represent AOP agents’ interaction. 
Moreover its capacity of dealing with incomplete knowledge is definitely useful to 
model agents’ hypothetical behaviours. 

• Viewpoints logic. ViewFinder [4] is a framework for manipulating environments. 
Environments (or views, or partitions, or contexts) are aimed to provide an explicit 
demarcation of information boundaries, providing methodological benefits (allow-
ing one to think about different knowledge spaces), as well as processing them (al-
lowing for local, limited reasoning, helping to reduce combinatorial problems, 
etc.). The ViewFinder framework provides the foundations for the following issues 
related to the manipulation of environments: 

• Correspondence of concepts across environments 
• Operations performed on environments 
• Maintenance of environments. 

ViewFinder is the theoretical foundation for ViewGen and in its full generality 
and it can be used for modelling multi-dimensional reasoning systems.   

The integration of the above formal theories into a unique logical framework allows 
us to capture the abstract properties of AOP. The AOP adopted implementation (e.g. 
AgentBuilder) provides an excellent framework for software composition but it was 
not thought as a logical framework for representing abstract properties of the designed 
multi-agent systems. We propose a common logical language to express: 

- agents’ mental state evolution by means of a Temporal Belief Logic, 
- agents’ mutual beliefs by means of a logic of viewpoints (ViewGen), 
- agents’ interaction with the environment by means of an action Logic (FLP), 
- agents’ capabilities by means of a Capability Description Language. 

ViewFinder provides the supporting backbone for the integration of different knowl-
edge representation languages. It is worth to observe that we concentrate on a special 
case of AOP and this simplifies in part the work. This may also represent a first step 
in the implementation of ViewFinder as fully-fledged knowledge representation 
framework. 

In order to exploit information represented using the HERALD Agent Logic at the 
agents’ decision support level (e.g. coordination), we need to provide a suitable proof 
theory. Actually ViewFinder is characterized by its operational semantics expressing 
only how information can be ascribed and percolated between environments and how 
shared entities can be referenced in different environments using different names. The 
issue on how to support the cross-environmental reasoning is left open. We adopted 
the ViewFinder underlying operational semantics and we mapped it into a multi-
context logic like one of those proposed by [13], which serves also as a meta-
language for specifying the axiomatization of the Agent Logic meta-theory. A meta-
interpreter for the HERALD Agent Logic is currently under study and it will be im-
plemented as a CHR constraint solver [20]. 
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3 Design of Robust NLP Applications in HERALD 

The HERALD framework aims to fulfil both software engineering and computational 
linguistics requirements providing a higher-level, formal and configurable design 
environment. In order to be able to deal with robustness at various linguistic levels we 
realize that this is only possible if we could rely on a formal framework that allows us 
to conceive and experiment ways of combining linguistic modules. 

3.1 Past Experiences 

Robust analysis of text was the main concern of the previously research project 
ROTA7. The main achievement of that project was the conception of a robust parser 
compiler (e.g. LHIP8 [9]) and its integration with heterogeneous knowledge sources.  
Indeed the composition of different sources of linguistic competence leads to a more 
adaptive behaviour of the overall system. However, the composition strategy must be 
flexible enough to avoid both the introduction of erroneous early commitments and 
delayed decisions. In the former case the error propagates affecting the final outcome. 
In the latter it could dramatically decrease the performance. 

A summary of the improvements in the LHIP is summarized in [23]. The underly-
ing idea of the LHIP system is very attractive since it allows one to perform parsing at 
different arbitrary levels of "shallowness". On the other hand, implementation is not 
completely satisfactory. Granted that LHIP had reached a limit in computational fea-
sibility, it can be envisioned that its role in a NLP system would be: 

- Chunk extraction  
- Implementation of semantic grammars 
- Concept spotting 
- Extraction of dialogue acts  

This project has shown the viability of the structural analysis techniques that we are 
developing, but it has also shown their shortcomings. Developing and integrating 
semantic analysis methods, which will be a crucial and fundamental advancement in 
this field, can best address these shortcomings. 

We recently focused our attention on the integration of multiple domain and lin-
guistic knowledge sources built on heterogeneous theories in order to obtain robust 
analysis. This kind of integration has already been proved to be fruitful in our previ-
ous project ISIS9 [5] where rule-based and statistically driven methods where used to 
implement analysis modules at different linguistic levels. In this project [14] we pro-
posed a framework for designing grammar-based procedure for the automatic extrac-
tion of the semantic content from spoken queries.  

The availability of a large collection of annotated telephone calls for querying the 
Swiss phone-book database (i.e the Swiss French PolyPhone corpus [15]) allowed us 
                                                           
7 ROTA stands for Robust Text Analysis. 
8 LHIP stands for Left-corner Head-driven Island Parser. 
9 ISIS stands for Interaction through Speech with Information Systems. 
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to test our findings from the project ROTA. Starting with a case study and following 
an approach, which combines the notions of fuzziness and robustness in sentence 
parsing, we showed we built practical domain-dependent rules, which can be applied 
whenever it is possible to superimpose a sentence-level semantic structure to a text 
without relying on a previous deep syntactical analysis. In the case of particular dia-
logue applications where there is no need to build a complex semantic structure (e.g. 
word spotting or extracting) the presented methodology may represent an efficient 
alternative solution to a sequential composition of deep linguistic analysis modules. 
Another critical issue is related to overall robustness of the system. In our case study 
we tried to evaluate how it is possible to deal with an unreliable and noisy input with-
out asking the user for any repetition or clarification.  

 

 
Fig. 1.  The ISIS Architecture. 

We realized that the architectural rigidity reduces the effectiveness of the integra-
tion since the system cannot decide dynamically when and how the cooperation 
should happen. Nonetheless our final opinion about the ISIS project is that there are 
some promising directions applying robust parsing techniques and integrating them 
with knowledge representation and reasoning.  

Both in ROTA and ISIS we didn’t concentrate on software engineering aspects of 
the overall analysis process. Parsing will now be considered as an important step in 
the analysis of natural language data, but not the only one. Its importance and central-
ity may change depending on the application types and domains. Moreover, its role 
among other processing modules may vary dynamically during the analysis. We de-
cided to leave robust parsing and improvement of LHIP aside from our investigations 
until the complete set up of the HERALD architecture.  
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3.2 Robust Analysis Techniques 

We identified the some main issues that we wanted to address in our scientific inves-
tigation about robustness in analysis of natural language data. We are going to outline 
how the HERALD project contributes to each of them. 

Extending Coverage. When switching from a classical sequential linguistic architec-
ture to a distributed one, the problem of coverage must be rephrased. In the case of 
parsing, coverage can be improved by enlarging the grammar or providing constraints 
relaxation mechanisms and keeping at same time the induced over-generation as little 
as possible. In a NLP distributed architecture where the parser is one of its compo-
nents, coverage in the classical sense is always guaranteed. We may produce interpre-
tations ranging from the empty to the intended one.  
We consider a nice feature of the LHIP parser that allows the selective activation of 
subset of the grammar. The robust behaviour is represented by the ability of improv-
ing coverage without any direct modification of the grammar in use. By the simple 
modification of the coverage parameters we can decide whether to perform strict 
parsing, chuck parsing, shallow parsing or word spotting. In a distributed environment 
we can also imagine to run multiple instances of the LHIP parser with different cov-
erage, providing different types of contribution to the overall interpretation process. 

Improving Efficiency. A distributed architecture allows us to launch multiple in-
stances of the same parser with different parameters and constraints (e.g. coverage 
thresholds, grammars, parsing strategies, look-ahead, timeouts etc.) and evaluate the 
obtained results.  

Disambiguation. Incremental interpretation allows us to solve ambiguities when they 
show up. Ambiguities can be solved using accumulated contextual information at 
different linguistic levels and by domain-driven semantic filtering [8]. The latter tech-
nique allows us to rule out unintended interpretations by means of world knowledge 
and expectations using general or specific knowledge bases. In this first phase we 
investigated the possibility of encapsulating existing Ontologies and knowledge bases 
within agents in our architecture.  

Approximation. In our published works [6, 7], we proposed the notion of weighted 
semantic parsing with LHIP. We made use of a "light-parser" for actually doing sen-
tence-level semantic annotation The main idea comes from the observation that anno-
tation does not always need to rely on the deep structure of the sentence (e.g. at mor-
pho-syntactic level). In some specific domains it is possible to annotate a text without 
having a precise linguistic understanding of its content. A LHIP parse may easily 
produce several multiple analyses. The main goal of introducing weights into LHIP 
rules is to induce a partial order over the generated hypotheses and exploit it for fur-
ther selection of k-best analysis. Each LHIP rule returns a weight together with a 
term, which will contribute to build the resulting parsing structure. The confidence 
factor for a pre-terminal rule is assigned statically on the basis of the domain knowl-
edge, which allows us to find cue-words within the text. 
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3.3 Incremental Robust Interpretation 

The need of having a robust treatment of users input is amplified by intrinsic recogni-
tion errors induced for example by an Automatic Speech Recognisers (ASR). A viable 
approach is to combine different levels of shallowness in the linguistic analysis of 
utterances and produce sets of ranked utterance’s interpretations. Competing analyses 
maybe compared with respect to the confidence levels we assign to the producing 
linguistic modules (or the macro-modules that encapsulate some complex processing). 
For instance, multiple instances of the robust parser LHIP can be launched with dif-
ferent sub-grammars. They generate different analyses that can be taken into account 
for the extraction of the best interpretation. The agent that encapsulates the LHIP 
parser interacts with different linguistic modules in order to support contextual dis-
ambiguation and domain reasoning to reduce the search space. In general we consider 
the following robust analysis components to be encapsulated by AOP agents: 

Partial and adaptive parsing. Linguistic theories are aimed to model an idealized lan-
guage. Most of them propose a generative approach: the language modelled can be 
generated by a set of production rules. When dealing with spoken and written lan-
guage we may face with phenomena that cannot be captured by general principle. 
Instead of enlarging the set of generative rules to cope with extra-grammatical phe-
nomena our robust parser LHIP allows us to approximate the interpretation adopting 
some heuristic in order to gather sparse possibly correct analysis of sub-constituents. 
Heuristics can be used also to automatically determine the domain-related features of 
the language to be considered, and thus select the appropriate sub-model of the lan-
guage.  

Underspecified semantics. Studies have shown that in some cases it is necessary to 
delay the decision of how to build a semantic interpretation up to the moment when 
additional contextual information is obtained. Once we are able to construct a logical 
form for a given utterance (possibly exploiting already accumulated additional infor-
mation), it could be the case that spurious ambiguity remains which can be solved 
only at later stages of the analysis. We adopted some methods for representing seman-
tic ambiguity (e.g. multiple quantifiers’ binding) in an efficient and compact way 
[28].  

Abductive discourse interpretation. Interpretation problems like reference resolution, 
interpretation of compound nominals, the resolution of syntactic ambiguity and me-
tonymy and schema recognition require a adaptive inference if done at the level of 
semantic logical form [21]. The main problem with system that allows open interpre-
tations is that of the combinatorial explosion: multiple interpretations will induce an 
exponential growing of interpretations at later stages of processing. The worst case is 
when we sequentially combine modules producing multiple interpretations without 
any selection mechanism that reduces the search space and keeps the computation 
tractable. Unfortunately, ambiguities arisen at a certain linguistic level could be 
solved only with the information provided at higher levels. If we do not consider an 
incremental approach we are not able to exploit this information: a transformational 
approach would force us to generate all the interpretation of one level and feed the 
subsequent linguistic module with all the produced interpretations. In the best case we 
are able to rank the hypotheses and select the n-bests. Once the utterance has been 
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interpreted (both multiple or underspecified) the Interpretation Manager is able to 
generate the problem-solving act as KQML message. Only plausible recognized 
communicative acts should be “assimilated” in Discourse Context meaning that con-
textual interpretation and pragmatic reasoning is required in order to resolve ellipses 
and anaphora. 

3.4 Agent-Oriented NLP Architecture 

In a modular NLP system the choice of what information the linguistic modules may 
exchange is a critical issue. In particular the problem become more complex when a 
module does not know in advance what kind of processing is required on the received 
data. For instance a module may require specific processing type constraints or tell 
what resources must be used. The richness of the possible accessory information that 
could be sent together with the object data imposes a better way of encoding. KQML 
allows us to wrap data into messages in a standardized way. It also allows us to spec-
ify the language required to interpret the message content. The advantage of using an 
agent communication language like KQML is both at specification and implementa-
tion level. First we can define abstract cooperation protocols between modules that 
are mapped later into specific processing threads. Second, simply changing its com-
munication interface one can reuse the same NLP processor to accomplish different 
tasks. For instance, we can encapsulate our flexible robust parser LHIP [9] into an 
agent and ask for different level of coverage or asking as result the chart of partial 
parses.  
It is apparent that we need to model the quality of service offered by a linguistic ex-
pert agent. We consider including in our capability descriptions the following infor-
mation: 

- Reliability of the analysis 
o Confidence factors 

- Performance 
o Evaluated precision and recall 
o Efficiency 

- Cross-domain transferability 
o Reuse of trained linguistic modules 
o Ontologies 
o Multilingualism 

- Availability of the linguistic resource/processors 
o Usage restrictions 
o Concurrent access 

 
We would also like to reproduce in our architecture the dataflow-oriented threading 
mechanism in the TREVI architecture by possibly mapping it to a suitable usage of 
typed messages. Here the coordinating agent that holds a dynamically constructed 
view of the system takes the role of the Flow-Manager and the flow-graph is repre-
sented by a nested environment representation in ViewFinder. Several agents having a 
general internal structure compose the HERALD architecture. An HERALD reason-
ing agent encapsulates an inference engine and a local knowledge base.  A core set of 
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rules is devoted to the management of its mental state and to the interface with the 
coordination agent (i.e. the Knowledge Mediator Agent). Special purpose agents are 
included for the multi-modal input management and for specific processing of the 
input (e.g. Interpretation Manager). In Figure 1 we describe the HERALD architec-
ture. 
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Fig. 2. The HERALD General Architecture for NLP Applications. 

The Knowledge Mediator (KM) agent is responsible of the coordination of modules. 
By means of meta-rule expressed as AOP commitment rules, it can take decisions on 
how to assign tasks to the NLP expert agents. The KM agent embodies a broker, 
which looks for available resources (both linguistics and computational) and plans the 
future course of actions depending on the capabilities of the recruited agents. The idea 
is that the choice of a linguistic or a computational resource may depend on the cur-
rent context. Since the final goal of a NLP is to provide an interpretation of the input, 
the way this task is performed may vary upon the previous collected information. An 
NLP system should adapt its computational effort to different type of situations where 
already present information may create stronger assumption on the input to be proc-
essed. 

3.5 Text Understanding in HERALD 

 
We are considering now a more general NLP application that we chose for testing the 
HERALD design environment; text understanding requires the integration between 
linguistic information and knowledge of the world. The integration may be required at 
any level of linguistic description. GETARUNS (General Text And Reference Under-
standing System) [19] is an existing system for text analysis and understanding which 
embodies this principle. Although its generality, it is oriented towards the treatment of 
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narrative texts. GETARUNS is able to build a model world where relations and enti-
ties introduced and referred to in the text are asserted, searched for and ranked accord-
ing to their relevance. The system is composed of the following linguistic modules: 

• Top-down LFG syntactic parser 
• Sentence-level anaphoric binding module 
• Discourse-level anaphora resolution module 
• Semantic modules for logical form generation and quantifiers raising. 
• Sentence-level temporal and aspect analysis module 
• Discourse-level temporal analysis module 
• Conceptual representation and reasoning module 
• World model builder module 

GETARUNS is conceptually a modular architecture but it is implemented as an al-
most monolithic sequential PROLOG program. In order to verify the effectiveness of 
our proposed architecture/methodology we will approach the agentification of GE-
TARUNS as a reverse engineering problem. Undergoing experimentations will deal 
with the design of novel analysis strategies based on the possibility offered by the 
HERALD architecture of having a rule-based control of the dynamics of computa-
tions. We will implement heuristic as to dynamically change the dataflow and the 
linguistic processors’ parameters. 

4 Conclusions 

The challenge undertaken in the HERALD project is in the ability to gather and “in-
telligently” process relevant information coming from different knowledge sources. 
This can be guaranteed by improving the flexibility of these sources processing by 
introducing a higher level of rationality in our software artefacts. We argue that this is 
the key to robustness of future NLP applications. We can summarize the HERALD 
methodological features as follows: 

• Rule based specification of system’s modules composition. Modules should be 
loosely coupled and allow dynamic reconfiguration of the system topology. Com-
position rules should account of types of data object that modules are supposed to 
exchange. 

• Dynamic task assignment based on contextual information.  Coordination modules 
should be able to access information about others modules capabilities, evaluate 
their performance and select among best response when multiple modules are acti-
vated in parallel to accomplish the same goal. 

• Logic based decision support. The coordination decisions should be taken ration-
ally.  This means that in our architecture we should be able to design agents rang-
ing from those having reactive behaviour to deliberative ones (including BDI and 
reflective agents).  
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As in TREVI, DPA, TALISMAN, CARAMEL and other systems, we propose to 
move towards a distributed solution in which software agents encapsulate flexible 
analysis modules. One the one hand we need to specify at an abstract level how mod-
ules interact and the dataflow. On the other hand we need to map the abstract specifi-
cation to a concrete architecture. In contrast to the TREVI approach we do not require 
an initial commitment on the architecture topology that may also vary during the 
processing. The similarity between the HERALD architecture and the CARAMEL 
system are apparent. In the HERALD architecture reflexivity is obtained by the repre-
sentation of viewpoints in the controller agent’s mental space. In contrast our 
architecture does not directly address the issue of unconscious-conscious dichotomy, 
even if it provides the support for implementing shared memories spaces (e.g. black-
boards). The choice of the AOP formal model of programming will allow us to de-
claratively design the behavioural features of our systems and to use formal methods 
to prove their properties.  

The current setting of the HERALD project allows us to identify two complementary 
perspectives of the same problem that have been addressed in our investigations, 
namely: Robust Analysis Techniques and Robust Language Engineering. The meth-
odological improvements introduced in HERALD may constitute an important step 
towards the design of robust analysis systems capable of dealing with highly unstruc-
tured but rich of semantic content documents. The assumption on robust parsing was 
that partial results could be often much more useful than no result at all, and that an 
approximation to complete coverage of a document collection is more useful when it 
comes with indication of how to complete it. We now make a further step and con-
sider the analysis process as composed of different overlapping sub-tasks where ro-
bust natural language processors are the building blocks of what we consider the 
future’s NLP applications. Only if we are able to tell our programs how to combine 
them to extract the intended meaning we will succeed in design real robust NLP ap-
plications.  
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Abstract. [13] presents a logic-based approach to multi-agent negotiation. The
advantages of such approach stem from the declarativeness of the model, which
allows to formulate and prove some interesting properties (such as termination
and convergence of a protocol), to the possibility of identifying and combining
varieties of agents, implementing different negotiation policies, and of forecast-
ing the behavior of a system with no need for simulation. The work introduces
a language for negotiation that allows to cater for two agent dialogues, in a one-
to-one negotiation setting. Auctions are an example of one-to-many negotiation
mechanisms, where agents try to maximize their profit by buying items in com-
petition with other parties, or selling them to crowds of bidders. In this paper, we
show how the negotiation framework of [13] can be extended to accommodate
a suitable negotiation language and coordination mechanism (in the form of a
shared blackboard) to tackle one-to-many negotiation.

1 Introduction

Autonomous Agents and Multi-Agent Systems (MAS) have represented a hot topic of
Computer Science disciplines for the past ten and more years. They have often been
adopted as a metaphor to model autonomous entities capable of interacting and being
part of organizations or societies. The idea of making them intelligent asked for the
contribution of disciplines such as Artificial Intelligence (AI) [16]. Logic-based AI has
been playing a foreground role in the MAS community since the very beginning, e.g.
with the advent of the BDI model for agent beliefs, desires, and intentions [ 9].

Recently, computational logic has started to make a relevant contribution to the de-
velopment of MAS [10,14]. Indeed, computational logic-based formalisms are a power-
ful way to model and implement the agents’ knowledge and the reasoning of the agent,
that uses and possibly updates such knowledge. All these ingredients suit well a MAS
context, which is normally open, dynamic, and unpredictably evolving. Computational
logic can contribute to modeling both individual agents and societies of agents, and to
providing operational semantics that can be straightforwardly used as a basis to imple-
ment a system.

In [13,12], Sadri, Toni and Torroni introduced a computational logic-based approach
to agent dialogue for negotiation of resources. Negotiation is one of the main research
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streams in MAS, due both to the wide range of possible applications, spanning elec-
tronic markets, task reallocation, and distributed resource management, just to cite
some, and to its strong commercial interest. In a logic setting, agents are given a logic-
based knowledge representation, including goals, intentions, and beliefs. When an agent
is missing a resource, it negotiates with another agent, in a dialogue-based framework,
requesting the missing resource and carrying out the dialogue by means of utterances,
or dialogue primitives. In the course of a dialogue, both agents could possibly modify
their own intentions, for instance as a consequence of a ‘better’ (i.e. less expensive)
plan that could arise during the dialogue. Agents decide which primitive to utter based
upon a computational logic-based proof procedure, that treats dialogue primitives as
‘hypotheses’ (or ‘abducibles’). Such hypotheses are singled out so that some given ‘ne-
gotiation policies’ are enforced. The policies are represented as ‘integrity constraints’
that need to be satisfied, as in databases and abductive reasoning.

In realistic applications, negotiation mechanisms need to cater for and exploit the
plurality of agents in societies. The agents looking for resources might want to choose
among several marketplaces, the agents providing resources might want to choose among
different possible buyers, and all agents, in general, might want to play as buyers and
sellers, in different contexts, according to their subjective needs and to the objective
situation. In this respect, auctions can be seen as negotiation patterns where agents do
not deal with each other in pairs, but rather compete in crowds for the achievement of
their individual goals. In auctions, agents try to maximize their profit by buying items in
competition with other parties, or selling them to selected agents in crowds of bidders.

In this paper, we show how to tackle one-to-many negotiation within the one-to-one
negotiation framework of [13]. The contribution of the paper is in the introduction of
a logic approach to automated auctions, and in particular in the extension of an exist-
ing framework and in the proposed implementation of the English auction protocol by
means of a program written in the extended language. One of the most innovative as-
pects of such approach is that it is operational, i.e., the logic that describes the agent
knowledge is a program that is implementable to build agent applications, whose prop-
erties can be studied and proven. We extend the negotiation language, and we introduce
a suitable coordination mechanism (via a shared blackboard). Although this is ongoing
work, we believe that such approach is a promising starting point for building up an
integrated logic-based negotiation framework, within which we aim to define and prove
properties that rule the marketplace, without resorting to simulation.

The paper is organized as follows: in Sections 2 and 3 we briefly discuss the one-to-
one negotiation language and framework, respectively, introduced in [ 13]. In Section 4
we introduce the concept of auctions, referring to some classical auction protocols in the
literature. Starting from the individual protocols, we draw a common schema driving
our choices in the design of the extended language. In Section 5 and 6 we show how to
extend the framework to tackle auctions, and we illustrate the extension by realizing a
particular protocol, the English auction. In Section 7 we draw some conclusions.
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2 A Language for Negotiation

In this section we will briefly sketch the language for negotiation adopted in [ 13] and
give an example of a two-agent negotiation dialogue. In the next section, we will give a
flavor of how such dialogue can be generated within a computational logic setting.

In the following dialogue, inspired by [8], agent a asks agent b for a resource (a
nail), needed to carry out a task (to hang a picture). Being refused the requested re-
source, a asks b the reason why, aiming at acquiring additional information that could
help a to bargain for the resource or find an alternative resource to carry out the task.

tell(a, b, request(give(nail)),1)

tell(b, a, refuse(request(give(nail))),2)

tell(a, b, challenge(refuse(request(give(nail)))),3)

tell(b, a, justify(refuse(request(give(nail))),∼ have(nail)}), 4)

In general, a dialogue is a sequence of dialogue moves or primitives, where a prim-
itive is represented in the form of an atom in the predicate tell. Such predicate has
four arguments, respectively: the sender, the recipient, the subject, and the time of the
primitive. Time is understood as a transaction time, rather than actual time.

Notice that such primitives are tailored to the needs of a two-agent dialogue setting,
where, in particular, the recipient is one specific agent. No support for broadcast or
multi-cast is provided. However, the framework presented in [ 13], as described in the
next section, is independent of the concrete negotiation language. In Section 5 we will
introduce a language supporting multi-casting (via a blackboard) and allowing one-
to-many communication primitives. The language that we will propose for auctions is
again a set of primitives expressed in the form of tell predicates, with a fundamental
difference: the second argument can either be a single agent, or a group of agents.
We assume that agents can join groups, uniquely identified in the system. In particular,
such identification can be either universal, including all agents in the system, or can
be used to specify the group composed by the subscribers of a specific auction, as
we will see in the following. All of this is in line with the current research on agent
systems and interactions, e.g., with KQML. In fact, KQML provides support for multi-
casting in a very similar way. A difference with KQML is that in our setting we do
not need to introduce predicates other than tell. In fact, as we will see later, the (past)
dialogue is used by the abductive proof-procedure that generates the dialogue itself as
a monotonically growing knowledge base (see for instance the definition of predicate
on-sale in Section 6). In particular, we do not make use of non-monotonic primitives
such as the KQML untell, for all utterances keep holding in the utterer’s knowledge
base.

3 A Negotiation Framework

In addition to the negotiation language, the ingredients needed in building a dialogue
framework are: a knowledge representation formalism, a proof procedure for reasoning
automatically with the knowledge, and a communication layer. We will not get into de-
tails in the description of the knowledge representation and proof procedure on which
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the agents base their reasoning, and we will mostly refer to [13]. In brief, as far as the
knowledge representation is concerned, we will assume that agents have a (declarative)
representation of goals, beliefs, and intentions, namely plans to achieve goals. As an
example, the knowledge of some agent a can be the followingK a:

Ba domain-specific beliefs, e.g., is agent(b), i am(a), as well as domain-
independent beliefs, e.g., those implementing negotiation protocols and policies;
Ra: { have(picture), have(hammer), have(screwdriver, ) };
Ia: { available({hammer, picture}), plan({obtain(nail), hit(nail),

hang(picture)}, 0), goal({hung(picture)}), missing({nail}, 0) };
Da: ∅.
Ga: hung(picture);

where Ba stands for agent a’s beliefs, Ra stands for resources, Ia for intentions,
Da for (past) dialogue, and Ga for goals.

The beliefs can include knowledge that can be used to generate plans. Here we do
not make any assumptions on how plans are generated, whether by a planner or from
existing libraries.

The beliefs also include dialogue constraints that express how agents should react
to dialogue moves of other agents. A very simple example of dialogue constraints is the
following:

tell(X,a, request(give(R)), T ) ∧ have(R,T )

⇒ tell(a,X,accept(request(give(R))), T + 1)

This constraints reads as follows: ‘if agent a receives a request from another agent,
X , about a resource R that it has, then a tells X that it will accept the request’ 1 A
formal specification for have and need is given in [13].

Sets of dialogue constraints express shared protocols and/or individual policies of
agents. Dialogues such as the one illustrated in the previous section can be generated
automatically within a computational logic setting, e.g. by means of an abductive proof
procedure executed within an agent cycle [5]. In computational logic [4], abduction is
a reasoning mechanism that allows to find suitable explanations to given observations
or goals, based on an abductive logic program. In general, an abductive logic program
is a triple 〈P,A, IC〉, where P is a logic program,A is a set of so-called abducibles or
hypotheses, i.e., open atoms which can be used to form explanations, and IC is a set of
integrity constraints, i.e. sentences that need to be satisfied by all explanations. Given a
goal g, abduction aims at finding a set of abducibles that, if used to enlarge P , allow to
entail g while satisfying IC.

The adoption of automatic proof procedures such as that of [ 1] or [3], supported
by a suitable agent cycle such for instance the observe-think-act of [ 5], implements a
concrete concept of entailment with respect to knowledge bases expressed in abduc-
tive logic programming terms. The execution of the proof procedure within the agent

1 In our setting, a saying that it accepts X’s request about R is equivalent to saying that a gives
X R: not being concerned with execution, we assume that once an agent tells that it will give
a resource, it will actually do it at some point in the future.
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cycle allows to produce hypotheses (explanations) that are consistent with the agent in-
tegrity constraint, IC. Constraints play a major role in abduction, since they are used to
drive the formulation of hypotheses and prevent the procedure from generating wrong
explanations to goals.

In [13], abduction has been used to model agent dialogue, with dialogue constraints
being represented as integrity constraints, and the beliefs being represented as abduc-
tive logic programs. Dialogue constraints are fired each time the agent is expected to
produce a dialogue move, e.g., each time another agent sends a request for a resource.
Such move is then produced as an hypothesis that must be assumed true in order to
keep the knowledge base satisfying the ICs. The use of abduction in the agent dialogue
context, as opposed to other (less formal) approaches, has several advantages, among
which the possibility to determine properties of the dialogue itself, and the one-to-one
relationship holding between specification and implementation, due to the operational
semantics of the adopted abductive proof procedure.

4 Auctions

Auctions could be interpreted as an alternative way to negotiate and retrieve resources.
They provide an alternative to one-to-one negotiation, e.g. the negotiation carried out
by means of dialogues as introduced in the previous section. Indeed, in a framework
that includes auctions as a negotiation mechanism, if an agent x needs a resource, it can
either ask it to another agent in the system, or find out an auction where the resource is
sold and try to obtain it.

Differently from the general dialogue framework, in auctions the price of items
plays a major role. In particular, the main resource limit is on the initial budget of the
single bidders (otherwise agents would buy at any price). The participants of an auction
are called auctioneer, if they sell resources, and bidders, if they compete against one
another to buy resources. Reasonably, we will assume that there are at least two bidders
(otherwise we simply have one-to-one negotiation). In the following, we will call a the
auctioneer, b1, b2, . . ., bn the bidders.

In general, an auction consists of at least three steps, as shown in Figure 1.

announce bid awardannounce bid award

Fig. 1. Basic Steps of an Auction.

The announcement step is an utterance made by the auctioneer a, where it declares
that an item is on sale at a certain price, for a certain timeout. The bid phase is an offer
made by a bidder, who is willing to buy the item on sale for a certain price. The award
phase is a statement made by a to notify everybody that the item has gone 2.

2 In general, items could also be declared unsold. For the sake of simplicity, we will consider
this as a sub-case of this last award phase.
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There are various kinds of auctions in literature. We will cite here only four of
them, that we consider representative, and in particular: the English auction, the Dutch
auction, the First Price Sealed Bid (FPSB) auction, and the Vickrey auction.

English Auction. In the case of the English auction, the price of the item that is cur-
rently on sale is increased until there is only one bid. The highest bid wins. This be-
haviour can be represented as in Figure 2, where there can be any number of bids before
moving on to the award.

announce bid awardannounce bid awardannounce bid award

Fig. 2. English Auction: Price Goes Up, 1 Bid at a Time.

Dutch Auction. In the case of the Dutch auction, the price of the item that is currently
on sale goes down until there is one bid. The first bid wins. This behaviour can be rep-
resented as in Figure 3, where the announcement can be repeated several times before
a bid is made.

announce bid awardannounce bid awardannounce bid award

Fig. 3. Dutch Auction: Price Goes Down, 1 Bid at a Time.

FPSB Auction. In the case of the First Price Sealed Bid auction, k bids are simultane-
ously made by k bidders, k ≤ n. Bids are sealed, i.e., bidders do not know each other’s
bids. The highest bid wins. This behaviour can be represented as in Figure 4, where
the announcement is made once and k simultaneous bid are made. This protocol is in
general faster that the two previous ones, since it is guaranteed to terminate in three
steps.

announce bid award
k

announce bid awardannounce bid award
k

Fig. 4. FPSB Auction: k Bids Are Collected, k < n + 1, Highest Wins.
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Vickrey Auction. In the case of the Vickrey auction, again, k bids are simultaneously
made by k bidders, k ≤ n. Bids are sealed, i.e., bidders do not know each other’s bids.
The difference with the FPSB case is that the second highest bid wins. This behaviour
is not different from that represented in Figure 4,

It is worth to notice that, by a protocol point of view, Vikrey and FPSB auctions are
the same. In fact, the only difference is the final price that the winner pays, which can
play a role in terms of strategies, but not in terms of protocols.

Before the auction takes place, the auctioneer must declare which objects are about
to be sold, when the auction is starting, which kind of auction it is going to be (English,
Dutch, etc.), how long the timeout is going to be, and so on. We could call the period
of such declarations the publishing phase. Then, auctions could be assigned unique
identifiers (IDs), that will be used by all those who need to refer to the auction.

In general, the auctioneer must know who is participating at the auction. We will
therefore assume that bidders subscribe to the auction before it starts 3 and form a group.
The group is named after the auction ID. After all the objects have been either awarded
or declared unsold, the auction is closed.

In general, we could represent the four protocols as a particular case of the one rep-
resented in Figure 54:

announce bid award
k

subscribepublish announce bid award
k

subscribepublish

Fig. 5. General Steps of an Auction.

It is clear that it is necessary to have a notion of timeout, as the whole auction
mechanism is based on it. If we implement auctions by means of dialogue primitives
with an associated transaction time, we still have to relate it to the actual time. To
this respect, the blackboard comes in hand, since it can be used to assign primitives
both an actual timestamp and a transaction time, and keep them bound somehow. In
the sequel, we will assume that agents are equipped with a predicate actual time(
Transaction time, Actual time) that keeps track of such relationship.

5 Extended Negotiation Language and Framework

The Coordination Space. If we want to extend this framework to tackle auctions, we
need a language, and in addition to it we need a communication layer that provides

3 More generally, we could assume that bidders can subscribe up until the auction is closed, i.e.,
up until all the objects have been either awarded or declared unsold.

4 We omit the closure phase for lack of space. Note that such phase does not play a role, anyway,
for the purposes of this paper.
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a support for multi-casting. For this we will use a blackboard. Although we will not
commit to any particular blackboard or coordination framework, such as for instance a
tuple space can be, we will make on the blackboard some assumptions. In particular, we
assume that the blackboard is able to assign a transaction time to incoming messages,
to store transactions, to manage conflicts in case of multiple concurrently incoming
messages (for instance by allowing only one of them), and we will also assume that the
blackboard can be programmed in order to allow only those messages that stick to the
protocol. For instance, if an English auction is on, where price can only go up, and it
must be at least a certain percent higher than that of the previous bid, the blackboard
can be programmed to reject those primitives that represent bids that are below the
minimum threshold.

We also introduce in the framework a locking mechanism, implemented again within
the blackboard, that allows bidding only after obtaining the blackboard lock. This is ex-
pressed in the agent programs by a logical predicate, obtain lock( at( Actual time ),
Auction ID, Transaction time ). The semantics of such predicate is: true if the
agent obtains the right to write on the blackboard (i.e., to multi-cast) at time Actual time,
the Transaction time-th primitive of Auction ID. An example of use of such pred-
icate is in Section 6.

Multi-cast Primitives. As opposed to dialogue primitives, the communication acts of
auctions must be multi-casted, which requires a suitable support, as we pointed out
previously. Therefore, we will assume that agents do not write directly in a blackboard,
not before obtaining from the blackboard the permission to write. In fact, the blackboard
will coordinate the agent requests, by allowing one message (primitive) at the time, and
by giving it a unique transaction time.

The format of multi-cast primitives must be different from that of one-to-one prim-
itives, since the recipient is in general not unique. As we already said, the second pa-
rameter will not be a single agent, but a group of agents. Multi-cast primitives will have
in general this format: tell(Sender, Group, Subject, T ime), where Sender is an
agent, Group is a group of agent, intended to be the recipients of the message, Subject
expresses the content of the message, and T ime is again a transaction time.

We are now ready to introduce a language for auctions, i.e., a set of allowed dialogue
primitives that agents use to implement an auction:

– tell( Auctioneer, all5, publish( auction( Auction ID ), items( { i1, i2, . . ., im
} ), protocol( english | dutch | fpsb | vickrey ), beginning at( initial time ),
timeout( 2′ ) ), T ime )

– tell( Bidder, Auction ID, subscribe( Auction ID ), T ime )
– tell( Auctioneer, Auction ID, announce( Item, Price, T imeout ), T ime )
– tell( Bidder, Auction ID, bid( Item, Price ), T ime )
– tell( Auctioneer, Auction ID, award( Item, Price, Bidder ), T ime )
– tell( Auctioneer, Auction ID, close, T ime )

5 Here and in the following, all could mean agents all the agents known or reachable by the
auctioneer. We assume that the auctioneer has some visibility of the environment; we have not
dealt explicitly so far with such issue, though.
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Given this language, an example of an English auction is the following 6:

� tell( a, all, publish( auction( auction1 ), items( { nail } ), protocol( english ),
beginning at( Jan 3th, 2002, 14 : 30 GMT ), timeout( 2′ ) ), 1 )

� tell( b4, a, subscribe( auction1 ), 2 )
� . . .
� tell( a, auction1, announce( nail, 100, 14 ), 13 )
� tell( b4, auction1, bid( nail, 100 ), 14 )
� tell( a, auction1, announce( nail, 110, 16 ), 15 )
� tell( b9, auction1, bid( nail, 110 ), 16 )
� tell( a, auction1, announce( nail, 120, 18 ), 17 )
� tell( a, auction1, award( nail, 110, b9 ), 18 ) 7

In this example, the auctioneer starts with publishing the auction auction 1 for a
certain point in the future (Jan 3th, 2002, 14 : 30 GMT ), and collects subscriptions.
Then it starts the auction by announcing the first (and only) item, a nail. Bidders keep
replying to further announcements, until a timeout is reached after the last one. We
could give similar examples for the other auctions, but we do not have enough space.

In the case of English and Dutch auctions, as in this example, the auctioneer an-
nounces the new (minimum) price and waits for a bid. If the timeout comes the auction-
eer posts in the blackboard the award message. We will assume that some aspects, such
as filtering unsuitable bids, are managed by the blackboard (bids for items not being
sold in that auction, bids from unsubscribed agents, bids for a price that is too low, . . .
will be rejected by the blackboard). We admit that this is a strong assumption on the
environment, and needs to be further investigated. Moreover, such behaviour hardwired
in the blackboard, could require a dynamic (re-)configuration. It is not obvious at all
who and how should to it. Another important issue, with this respect, is how to merge
such non-logical element within the logical framework.

We can assume of course that bidders can bid more than announced by the auction-
eer (highest bid wins anyway). This is up to the agent. In the case of FPSB and Vickrey
auctions, that we could not represent here, the timeout would be expressed in terms of
transaction time, as the current time +n, n being the number of expected bidders. This
is one more reason why it is required to subscribe an auction: n is actually the number of
subscribers. This could raise some problems, in that it would require some assumptions
on the presence of all subscribers for the whole duration of the auction, which is maybe
too strong in a multi-agent setting. Anyway, it is possible to relax this condition, and
define a protocol in which not all subscribers must bid. We could imagine that if there
are less bids than bidders (k < n), the auctioneer will be in charge to make sure that
before too late (actual timeout) n messages are anyway posted in the blackboard, in or-
der to reach the (transaction) timeout. She will therefore put n−k messages atomically
together with the award message, just before it is published.

6 See Appendix for more examples
7 As we said before, we will not deal with the closure of auctions, which could be expressed by

a primitive such as tell( a, auction1, close, 19 ), uttered by the auctioneer.
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6 An Example: Implementation of the English Auction Protocol

In this section, we will give here an example of a possible implementation of the En-
glish auction protocol. Due to the space constraints, we will only write the basic rules
and constraints of the two kinds of agents: the bidder and the auctioneer. Let us start
with the auctioneer program.

auctioneer (a) program:

on sale(Item,Auction ID)←
tell(a, all, publish(auction(Auction ID), items(Items),
protocol(Protocol), beginning at(Initial time), timeout(T imeout)), T ime)
∧ Item ∈ Items
∧ actual time(Actual time)
∧ Initial time < Actual time
∧ not timeout expired(Item, Auction ID, T imeout)
∧ not (tell(a, Auction ID, award(Item, Price, Bidder), T ime1)
∧ T ime1 < Time)

An item is on sale if it is included in the item list of an ongoing auction, and the time-
out after the last bid has not expired.

timeout expired(Item,Auction ID,Timeout)←
tell(a, Auction ID, announce(Item, Price1, T imeout1), T ime1)
∧ not (tell(a, Auction ID, announce(Item, Price2, T imeout2), T ime2)
∧ T ime2 > Time1)

∧ actual time(T ime1, Actual time1)
∧ actual time(now, Actual time)
∧ Actual time > Actual time1 + T imeout

The timeout that refers to a certain item on sale at a certain auction is expired if now
is a later time than that of the last announcement, plus the declared T imeout.

new price(Price,New price)←New price is Price + 0.1 ∗ Price

The auctioneer announces the new price of an item adding a ten percent to the last
price.
tell(Bidder,Auction ID,bid(Item,Price),Time)
∧ on sale(Item, Auction ID)
∧ new price(Price, New price)
∧ obtain lock(at(now), Auction ID, T ime + 1)
⇒ tell(a,Auction ID,announce(Item,New price,Time + 2),Time + 1)

This constraints says that if a participant bids at time T ime, and the item in question
is still on sale, the auctioneer next (i.e., at T ime + 1) announces such item for a new
price. Such announcement will hold up to T ime + 2.
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timeout expired(Item,Auction ID,Timeout)
∧ tell(A, all, publish(auction(Auction ID), . . . , timeout(T imeout)), . . .)
∧ tell(Bidder, Auction ID, bid(Item, Bidder price), T ime− 1)
∧ tell(A, Auction ID, announce(Item, New price, T ime + 1), T ime)
∧ Bidder price ≥ New price
⇒ tell(a,Auction ID,award(Item,Bidder price,Bidder),Time + 1)

This constraints says that after the timeout has expired the highest bid wins, and there-
fore the bidder is awarded the item.

timeout expired(Item,Auction ID,Timeout)
∧ tell(A, all, publish(auction(Auction ID), . . . , timeout(T imeout)), )
∧ tell(A, Auction ID, announce(Item, , ), T ime)
∧ not tell( , Auction ID, bid(Item, ), )
⇒ tell(a,Auction ID,award(Item, . . . ,noone),Time + 1)

This constraints says that if there are no bids, the item is declared unsold.

bidder (b) program:

The bidder program is simpler, but it introduces two predicates whose implemen-
tation is not specified here, and will depend on the individual bidder programs (we
assume that each bidder may adopt a different policy from the others). Such predicates
are calculate new price and calculate bid time.

tell(a,Auction ID,announce(Item,Price,Timeout),Time)
∧ have subscribed(Auction ID)
∧ not (tell(Participant, Auction ID, Anything, T ime1)∧ T ime1 > Time)
∧ calculate new price(Item, Price, New price)
∧ calculate bid time(Auction ID, Bid time)
∧ obtain lock(at(Bid time), Auction ID, T ime + 1)
⇒ tell(b,Auction ID,bid(Item,New price),Time + 1)

This means that if the auctioneer has announced an Item at a Price, at the (transaction)
time T ime, and after that no other participant made any move, if the bidder b can calcu-
late a suitable price and can obtain the blackboard to bid at a certain time (Bid time),
then b will bid at (transaction time) T ime+1. The two above mentioned predicates and
the blackboard will decide whether the agent will actually bid or not.

have subscribed(Auction ID)←
tell(b, a, subscribe(Auction ID), T ime)
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7 Discussion and Future Work

We have extended an existing framework for one-to-one agent negotiation to cope with
one-to-many negotiation, in the particular case of auctions. There is much ongoing work
on the negotiation area: those interested could refer to [11] for an introduction, and to
[6] and [2] for a perspective on state of the art methods and challenges.

An other existing approach to negotiation via dialogue, that makes use of an ar-
gumentation system, is that of [15], and more recently [7], where the authors adopt a
modal logic approach and focus on the mental states of agents that move towards an
agreement, and on the way to persuade a counterpart in order to foster cooperation.

As far as auctions, there is much work on mathematical models, and protocol com-
parison in terms of efficiency, stability, etc., but to the best of our knowledge, only a
little relate theoretically founded models to operational models, as in our case.

This is a preliminary work on the subject and needs to be further expanded in several
ways. The main issue, in our opinion, is how to tackle the various non-logical elements,
such as the initial time, the timeout, the blackboard lock, and merge them in the logical
framework that we propose. This is a need because auctions are intrinsically non-logical
in relying on the concept of timeout. As opposed to the case of dialogue primitives, in
an auction setting the trigger that fires a dialogue constraint and makes a primitive being
cast will necessarily depend not only on the existence of other incoming messages, but
also on the lack of such messages. That is, on the fact that a timeout is met.

However, in our framework, we manage to separate such non-logical features from
the logical reasoning bit, partly relegating them to the blackboard, partly implementing
them inside logical predicates used by the agent.

As future work, we would like to integrate within this framework the two negoti-
ation patterns, giving the agents the possibility to either retrieve the missing resources
by means of dialogues, or by means of auctions. We aim at defining a comprehensive
architecture in which an agent can choose to obtain a resource either through an auction
or through a ‘simple’ sequence of dialogues.

Another direction of research is that of policies. We consider it important to provide
the possibility to define policies that are orthogonal to the agent program used to multi-
cast primitives, and to the constraints in particular. For instance, before committing to
a bid, agents could reason in terms of available budget, need for other items, maximum
price that they intend to pay for the item, importance of the goal, attitude they may have
with respect to the other bidders, etc. Together with policies, strategies can be used to
maximize an agent’s payoff, e.g. agents can decide to bid as soon as possible, or as late
as possible, with the adopted policy.

We intend to study properties of auctions, when different policies and strategies
meet. Finally, we plan to give an implementation of this one-to-many framework, pos-
sibly in integration with the other dialogue-based negotiation framework.
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Appendix: More Examples Of Automated Auction: Dutch, Fpsb,
and Vickrey Auctions

An example of a Dutch auction is the following:

� tell( a, all, publish( auction( auction2 ), items( { nail } ), protocol( dutch ),
beginning at( Jan 3th, 2002, 14 : 30 GMT ), timeout( 2′ ) ), 1 )

� tell( b4, a, subscribe( auction2 ), 2 )
� . . .
� tell( a, auction2, announce( nail, 100, 3 ), 12 )
� tell( a, auction2, announce( nail, 90, 4 ), 13 )
� tell( a, auction2, announce( nail, 80, 5 ), 14 )
� tell( a, auction2, announce( nail, 75, 6 ), 15 )
� tell( b3, auction2, bid( nail, 75 ), 16 )
� tell( a, auction2, award( nail, 75, b3 ), 17 )

An example of a FPSB auction is the following (the price is encrypted; example
with 5 bidders):

� tell( a, all, publish( auction( auction3 ), items( { nail } ), protocol( fpsb ),
beginning at( Jan 3th, 2002, 14 : 30 GMT ), timeout( 2′ ) ), 1 )

� tell( b4, a, subscribe( auction3 ), 2 )
� . . .
� tell( a, auction3, announce( nail, 100, 12 ), 7 )
� tell( b1, auction3, bid( nail, $105$ ), 8 )
� tell( b5, auction3, bid( nail, $103$ ), 9 )
� tell( b3, auction3, bid( nail, $104$ ), 10 )
� tell( b2, auction3, bid( nail, $106$ ), 11 )
� tell( b4, auction3, bid( nail, $101$ ), 12 )
� tell( a, auction3, award( nail, $106$, b2 ), 13 )

An example of a Vickrey auction is the following (same bids as before):

� tell( a, all, publish( auction( auction4 ), items( { nail } ), protocol( vickrey ),
beginning at( Jan 3th, 2002, 14 : 30 GMT ), timeout( 2′ ) ), 1 )

� tell( b4, a, subscribe( auction3 ), 2 )
� . . .
� tell( a, auction4, announce( nail, 100, 12 ), 7 )
� tell( b1, auction4, bid( nail, $105$ ), 8 )
� . . .
� tell( b2, auction4, bid( nail, $106$ ), 11 )
� . . .
� tell( a, auction4, award( nail, $105$, b13 ), 8 )
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Abstract. The two major concerns about peer-to-peer are anonymity and non-
censorship of documents. Music industry has highlighted these questions by 
forcing Napster to filter out copyright protected MP3 files and taking legal 
actions against local users by monitoring their stored MP3 files. Our 
investigation shows that when copyright protected files are filtered out, users 
stop downloading public music as well. The success of a distributed peer-to-
peer system is dependent on both cooperating coalitions and an antagonistic 
arms race. An individual will benefit from cooperation if it is possible to 
identify other users and the cost for doing services is negligible. An arms race 
between antagonistic participants using more and more refined agents is a 
plausible outcome. Instead of  “the tragedy of the common” we are witnessing 
“the tragedy of arms race within the common”. Arms race does not need to be a 
tragedy because these new tools developed or actions taken against too selfish 
agents may improve the P2P society. 

1 Background 

The Internet as originally conceived back in the late 1960s was fundamentally 
designed as a peer-to-peer (P2P) system (see [7] for a historical overview). The early 
Internet was more open and free than today’s network. Generally any two machines 
could send packets to each other. Early client/server applications like FTP and Telnet 
had a symmetric usage pattern. Every host on the Internet could FTP or Telnet to any 
other host with servers usually acting as clients as well. 

The Domain Name System (DNS), originally from the early 1980s, is an example 
of a system that blends P2P networking with a hierarchical model of information 
ownership. A DNS queries higher authorities about unknown names getting answers 
as well as new queries back. Name servers operate both as clients and as servers. 

The explosion of the Internet in 1994 radically changed the shape of Internet into 
a commercial mass cultural phenomenon. People were connected to the Internet using 
modems, companies installed firewalls, and the initial structures broke down.  

Uncooperative people use the Internet in their own interest without looking at the 
interests of the common. In the first half of the 1990s this was a surprising experience 
on the Internet. The “Green Card spam” 1994 appeared on the Usenet as an 
advertisement posted individually to every Usenet newsgroup. The advertisers did not 
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pay for the transmission of the advertisement; the costs were born by the Usenet as a 
whole. Today we have to assume that users behave selfishly and/or have commercial 
interests. This is a fundamental transition of the Internet and the main topic of this 
article. 

With slow speed modem connections (and large phone bills), user patterns 
normally involved downloading data, not publishing or uploading information. 
Companies on the other hand hid their data behind firewalls making it hard to upload 
data from outside the firewall. By default, any host that can access the Internet can 
also be accessed on the Internet. Behind the firewalls this was no longer true making 
the need for a permanent IP address unnecessary for the end-user when IP addresses 
became in short supply. With dynamic IP addresses the single user is hard to find 
outside the local network. 

Users were getting better computer performance and more applications, but with 
less authorities than in the early days of the computers. In the late 1990s programs 
started to bypass DNS in favor of creating independent directories of protocol-specific 
addresses. Examples are ICQ and Napster, the latter a tremendous success with over 
80 million non-DNS addresses in less than two years.  

A suggested litmus test that determines whether a system is P2P or not is 
suggested by [10]. If the answer to both questions below is yes, the application is P2P. 
If the answer to either question is no, it’s not P2P: 
1. Does it treat variable connectivity and temporary network addresses as the norm? 
2. Does it give the nodes at the edges of the network significant autonomy? 

P2P systems can be classified [6] into three main categories: hierarchical, 
centrally coordinated, and decentralized. 
1. A hierarchical P2P system organizes peers into hierarchies of groups where 

communication is coordinated locally or passed upwards to a higher-level 
coordinator for peers communicating between groups. A DNS fulfills the 
requirements of the second question but uses permanent IP-addresses  

2. In a centrally coordinated system, coordination between peers is controlled and 
mediated by a central server. SETI@home is a project trying to detect intelligent 
life outside earth, which distributes necessary data to millions of end-user 
computers during screen saving periods or as a process. Because of the biased 
information flow there is little autonomy left for the end-users, i.e. the significant 
autonomy criterion in the second question is not fulfilled. Napster stores pointers 
and resolves addresses of MP3 files and users centrally, but leaves the contents 
and sharing of the files at the users’ machines. This is a true P2P system. 

3. Completely decentralized P2P systems have no notion of global coordination at all. 
Communication is handled entirely by peers operating at a local level, where 
messages may be forwarded on behalf of other peers. Freenet is mainly focusing 
on preventing censorship of documents and providing anonymity for users on the 
Internet. An example is Gnutella which has been used for distributing MP3 music 
as well as picture and video files among end users. 
We will examine the present development of centrally coordinated and 

decentralized P2P distribution of MP3 files within Internet using models taken from 
evolutionary biology. In section 2 the concept of the tragedy of the commons is 
discussed, followed by a description of the different P2P systems investigated. The 
research results are described in section 4. P2P systems are further discussed in 
section 5, and finally some concluding remarks are made in section 6. 
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2 The Tragedy of the Commons 

In the background section we have seen the transformation of the Internet from a 
typical cooperative platform to a highly competitive network. Deeper studies of the 
concept of human nature is outside the scope of this article but let us make some 
comprehensive statements about humans as biological beings and part of natural 
ecosystems.  

Garret Hardin [5], using a game theoretic model of explanation, described the 
conflict between the individual and the common in “the tragedy of the commons” as 
follows:  

“Ruin is the destination toward which all men rush, each pursuing his own best 
interest in a society that believes in the freedom of the commons. Freedom in a 
commons brings ruin to all.” 

Within the P2P field this metaphor is used by several researchers (e.g. [1,8] for 
explaining overexploitation of the resources.  

So are we destined for being either definite controlled or vulnerable to a chaotic 
Internet? To answer this question we may look at other distributed, open systems 
capable of evolving robust behaviors based on autonomous selfish agents. Robustness 
is the balance between efficiency and efficacy necessary for survival in many 
different environments. A bio ecosystem exactly corresponds to these conditions. The 
main principle of a biological ecosystem is natural selection [12,13]. This selection, 
the survival of the fittest, happens among individuals, or agents, with opposed 
competing skills. A dynamic process, where the action of one agent is retorted by 
counter-actions taken by another agent, is starting an arms race. In the end one group 
of agents may form coalitions against another group, based on the needs of the 
individuals but dependent upon the success of the coalition (see also [3]).  

Instead of looking for a central coordinator, the ecosystem emerges by the 
dynamics of the autonomous agents. This vision is shared by the recent FET (Future 
and Emerging Technologies) initiative “Universal Information System (UIE)” within 
the Information Society Technologies (IST) program of the European Commission1 
and by Internet Ecologies Area’s2 which focuses on the relation between the local 
actions and the global behavior of large distributed systems, both social and 
computational. 

The global information infrastructure may be regarded as an emerging 
information ecosystem of infohabitants, or agents. Within information ecosystems 
infohabitants who may have opposite interests, perform the activities. This dynamic 
process may be compared to a biological view of describing ecosystems, where skills 
and interactions determine the success of the infohabitants.  A biological system does 
explain the advantage of having cooperating agents within well performing 
ecosystems, by its intrinsic dynamics. Such a robust ecosystem will eliminate the 
advantage for infohabitants of being too disloyal against the community. 

Multi-agent system (MAS) has so far paid little attention to the ideas surrounding 
P2P computing although agent techniques have been applied to the design and 
implementation of interesting decentralized applications. It is intuitive to think of 

                                                 
1 http://www.cordis.lu/ist/fetuie.htm. 
2 http://www.parc.xerox.com/istl/groups/iea/ . 
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MAS as P2P systems, since many agents and/or hosts in MAS have been thought of 
as networks of equal peers. Similarly many existing P2P system can be thought of in 
terms of concepts developed by the MAS community, e.g., Napster can be thought of 
as a matchmaker 

In our investigation, agents (and the users behind) are autonomous and selfish. 
Instead of focusing on normative agents, the emphasis is on the dynamics of a 
competitive system. The tragedy of the commons includes autonomous and selfish 
agents violating norms and starting an arms race. 

3 Four Different Peer-to-Peer Systems for File Sharing 

We investigated four different P2P tools that range from centrally coordinated to 
completely decentralized systems. Napster and MusicCity represent centrally 
coordinated system while BearShare represents a decentralized system. The fourth 
tool, CatNap, encrypts MP3 files in order to bypass the filtering function of Napster. 

3.1 Napster 

Napster is connecting users using file registers. MP3 files are stored in the computers 
of the users, but Napster keeps a track of all the filenames. Originally Napster did not 
separate free and copyright protected music, which made the Recording Industry 
Association of America (RIAA) take legislative counter-measures. After a court order 
Napster must provide for songs to be blocked, by filtering out all copyright protected  
songs from their file register. Downloaded music files both successful and interrupted 
are locally logged together with IP addresses in this investigation. 

 

Fig. 1. Downloading files using Napster where N is the Napster server and U denotes the user. 

Using Napster for finding MP3 files is basically a client – service task finding the 
requested file and a client – client task transferring the file. As can be seen in Fig. 1 
the protocol for doing this in principle involves only four steps. The user is doing a 
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login and search request followed by a search result answer from the Napster server. 
The file is downloaded from another user and the result is reported back to the 
Napster server. It is possible for the Napster user to stop other users from 
downloading the locally stored files, i.e. a user may be selfishly.  

3.2 BearShare 

BearShare, a Gnutella client, is a distributed P2P tool connecting to at most seven 
other peers. It has a monitoring tool, which registers the download as before but also 
downloading time and original country for IP addresses.  

 

 

Fig. 2. Downloading files using Gnutella where G is the Gnutella server. Only a small fraction 
of the actual search space is shown. 

A Gnutella P2P-tool uses a huge amount of communication compared to e.g. 
Napster. After an initial connection to a known Gnutella server a network of Gnutella 
servers are established. Unlike Napster there is no division into clients and servers at 
any stage of the service. A representative network includes connecting to four other 
servers and seven steps of message duration (time to live, TTL equal to 7). In all a 
server connects to over 4000 other servers. 

In Fig. 2 the original Gnutella user is sending a search request to four other users 
(only one is shown in Fig. 2), which in turn send the request to four other users. With 
TTL = 7 the message passes five more steps.  It is possible to broadcast across 
firewalls or to drop messages when connected to low-bandwidth networks. Positive 
search results are sent back to the requester. The user is allowed to alter the settings of 
the protocol by changing the number of servers connected or changing the value of 
TTL. A remote P2P tool distributor may use agents inside the program to monitor and 
distribute the activities of a local peer. This so-called spyware is actually used by 
BearShare. A selfish user may enlarge the search area and prevent uploading local 
files. This subject will be further analyzed in the discussion section.  

Gnutella may be seen as an information ecosystem of agents. Interactions among 
agents in both natural and information ecosystems may be regarded as a network of 
dynamically connected agents. In a small world model [11] the ecosystem is 
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represented as a graph with edges connecting different vertices. The amount of 
interaction within the ecosystem is dependent on the amount of clustering between 
agents and the path length for reaching an arbitrary agent. Neither a graph with few 
neighbor connections nor a fully connected graph will do, because of high path length 
and low clustering respectively. A small world graph with the combination of high 
local clustering and short global path lengths will do better. Recently Albert et al [2] 
have shown that two randomly chosen documents on the web are on average 19 clicks 
away from each other 

3.3 MusicCity 

Like BearShare but unlike Napster, MusicCity does not maintain a central content 
index and is not currently subject to content filtering. A file may be downloaded using 
more than one source file. Like Napster but unlike BearShare, MusicCity is formally a 
closed system, requiring centralized user registration and logon. 

Fig. 3. The Filtering Function of Napster Affected by a Parasite Agent. 

3.4 CatNap 

We also investigated CatNap, a program working within Napster encrypting MP3 
files. CatNap users must convert their files before entering Napster in an attempt to 
fool the Napster filter. A user inside the CatNap mode has no possibility to participate 
in the ordinary Napster community, s/he will act as a parasite agent. 
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Filtering agents and encrypting agents supplement the user-controlled behavior 
Fig. 3 shows the essential agent interaction. The goal for the filtering agent is to stop 
copyright protected MP3 filenames to enter the file register.  If other free MP3 files 
are also stopped, the filter has become too efficient. The CatNap files may pass the 
filter by encrypting the file names. We shall in the investigation part compare the 
filtered Napster society with a similar unfiltered one.  

4 Empirical Study 

Three identically equipped computers were used during March to May 2001 to 
investigate Napster, MusicCity and BearShare. During the period MusicCity changed 
locations making it impossible to reach during several weeks. Also, there was no 
measurement available for the downloading via BearShare in the first half of the 
investigation period.  

Napster and MusicCity both have centralized distribution of connecting different 
peers. This fact makes traffic analysis somewhat unnecessary at the end-user level, 
because much better predictions are done at central servers. BearShare’s distributed 
propagation makes a local investigation necessary because only directly connected 
peers are involved in the file sharing. We concentrate our efforts on measuring the 
substantial contents instead of measuring the actual traffic. With Napster the network 
consists of 5.000 – 10.000 users (out of a population exceeding 1.000.000) and with 
MusicCity 15.000 – 35.000 users constitute the total number of logged in users for 
MusicCity. 

The investigation of CatNap was done during a ten-day period, at the end of 
March 2001. Later on, Napster banned CatNap and other encryption programs by 
identifying encrypted files and blocking these users from Napster. 

4.1 Average Number of Files 

When Napster started to use filtering tools, the average number of files made 
available per user not surprisingly went down. In Fig. 4 bars represent this where the 
initial, non-filtered files amounted to about 200 per user. At the end of the 
investigation less than 50 files are left.  

The measurring lasted for a month and a half, so every single day is not 
represented in the diagram. During the first month the efficiency of the filter varied 
due to a leaking filter. This is shown by the varying number of files in the middle 
section of the diagram.  

During a ten-day period when the Napster filter was still leaking the number of 
files per user was compared for Napster, MusicCity and CatNap as can be seen in Fig. 
5. Roughly MusicCity users twice the number of Napster users and CatNap twice the 
number of MusicCity users. CatNap files were measured by manually counting the 
number of files per user (totally 125 users). The MusicCity number of files per user is 
about the same Napster had before the discussion of filtering files started. 
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Fig. 4. Mean Number of User Files and Filtering Efficiency within Napster. 

Fig. 5 Files per User for Napster, MusicCity and CatNap. 

A possible alternative explanation of the decreasing number of files would be that 
users with a lot of MP3 files were leaving Napster because of difficulties finding new 
songs for downloading. To measure this a fixed number (n=61) of both public and 
copyright protected songs were monitored on a local site. The number of songs 
passing the filter was measured and an estimated number of songs supposed not to be 
filtered out are indicated as a filtering efficiency scale in Fig. 4. A filtering effiency 
close to 1 indicates a well functioning filter neither failing to filter out songs nor 
overreacting. As can be seen in Fig. 4 the filtering capacity pretty well follows the 
variation of the number of files. There is no indication of changing file-sharing 
behavior because of the filter. 
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4.2 Filtering Efficiency 

In Fig. 6 we investigated the proportion of files not filtered out by Napster (15 out of 
61 files) compared to the filtered files. These filtered or public files are represented as 
the white parts of the bars for Napster, MusicCity and BearShare.  

The investigation was done during on average 77 hours each period. After a peak 
in the beginning of April Napster almost disappeared. This decline expresses both the 
loss of filtered files and a decreased interest for remaining public files (a decrease to 
1/8 of the public files peak value). MusicCity users had a 31 % and BearShare a 28 % 
increase of their downloading rate between the measurements, but no increase at all 
for Napster´s public files. Users are downloading proportionally more copyright 
protected files from BearShare and MusicCity. 

Fig. 6. Average number of downloads per hour for Napster, MusicCity and BearShare. White 
part of the bar represents files not filtered out by Napster. 

 

4.3 Error Rate 

Next we compared the rate of errors when trying to download files. The 
measurements were done during a ten days period lasting for on average 125 hours 
for each tool. 
Fig. 7 shows that Napster has the lowest rate of errors. This is probably because 
Napster only allows one-to-one connections when uploading a file.  MusicCity allows 
multiple sources and BearShare distributes a user´s uploads based on the capacity of 
the remote connection. Because of BearShare´s increased use of communication 
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between peers the download rates are probably near the capacity limit for this 
connection. 

On average it took 20 minutes and 32 seconds (average for 450 files) for 
downloading a file using BearShare with variations from several hours to a few 
seconds. For each file there was a mean transfer speed of 48 kbit/s. Napster and most 
of MusicCity downloading time for files were directly reflecting the speed of the 
remote connection. 

 
 

 
Fig. 7. Download and Error Rate for Napster, BearShare and MusicCity. 

4.4 User Reactions 

Users do react against Napster´s filtering function by misspelling artist names and 
songs. This is possible to do because it is the users naming both songs and artists for a 
certain MP3 file Fig. 8 below shows an example of that. Searching for artist name or 
full title returned no results, but searching for “Oops” did. Besides finding 
misspellings of the actual file, all other files withholding “Oops” will be found. 
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Fig. 8. An example of misspelling Britney Spears´Oops I did it again. Screen Dump from 
Napster 05.10. 2001. 

5  Discussion 

Recently there has been a dispute about what the standards of a P2P file sharing MP3 
music may look like. During the last year Napster has become the main tool for 
downloading MP3 music files, making it a candidate for being the standard within the 
P2P file sharing community. Its weakness is a lot of unsolved conflicts both towards 
the record industry and towards other P2P tools. The record industry wants to create a 
pay-for tool for downloading MP3 files. Napster uses centralized servers for 
connecting users.  

5.1 File Sharing 

The basic P2P assumption was about cooperating, equal users sharing network 
resources. According to a recent report [1] almost 70 % of Gnutella users share no 
files, and nearly 50% of all responses are returned by the top 1% of sharing hosts 
showing that free riding is frequent. This may lead to degradation of the system 
performance. There is a risk for P2P systems being dependent on a few enthusiasts. 
The increased number of files for CatNap users probably shows this tendency. Such a 
system may be vulnerable because of lost interest or threats coming from the outside 
against these main contributors. 
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5.2 Copyright Protection 

Napster will probably meet the demands from RIAA but at the cost of losing the vast 
majority of the users. As have been shown in Fig. 4 and 5 users leave Napster because 
there are very few sharing files left. More importantly, those public files left are to a 
less degree downloaded by users. The difficulties to calibrate the filter made it too 
efficient. A considerable large proportion of public files did not pass the filter. If the 
selection of files is reduced, the public or promotional files will be rejected as well. 
Our guess is that users will use other unfiltered tools rather than a pay-for tool partly 
because of financial issues and partly because of desires for unlimited search choices. 

5.3 Agent Interaction 

In the presented work the focus is on investigating the behavior of users downloading 
MP3-files and to discuss present and future agent interactions. For both the filtering 
and parasite agents there is a risk of overreacting when trying to optimize MP3 file 
handling. This is partly due to insufficient calibration and partly to built-in 
constraints.  

Facing the alternatives of joining a pay-for site or participate in collaborative 
behavior with other Napster users, they may behave more actively in keeping current 
possibilities for downloading files. Unfortunately this was not possible to prove 
within Napster because of a too efficient and too unpredictable filter. The Napster 
filter was tested by changing all filtered filenames by misspelling them within the test 
set of MP3 files.  All filenames passed the filter but within two days they were found 
and filtered out again.   

So, CatNap did not succeed very well in our investigation because the Napster 
filtering agent detected its strategy early. More fundamentally, there is a twofold risk 
for CatNap of being too small or too big. Why should a user keep her/his CatNap files 
if no one else does, or why should Napster keep its server if all users join the CatNap? 
To avoid disclosure, CatNap should hide from the filtering agent, but that means 
hiding from everybody else.  

The Napster filtering agent aims at satisfying both the record companies and the 
users sharing MP3 files. At most the filtering agent should strictly filter out all 
copyrighted files but nothing else. This was not the case in our investigation. It was 
possible to find a lot of copyright protected music at the same time as all files (both 
copyright protected and public) at a single file sharer site were filtered out. The 
filtering agent has a mission impossible, making it a target for both the record 
companies’ pay-for music sites and for other P2P freeloading sites.  

5.4 Bandwidth Sharing 

When users are shifting from Napster to MusicCity or BearShare, bandwidth sharing 
will be the next subject of free riding. Both systems exploit faster connections for 
directing more traffic through these peers. The basic structure of BearShare also 
causes enlarged overhead because a lot more communication is necessary in a fully 
distributed system. Both MusicCity and especially BearShare, as shown in Fig. 6, 
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abort more transfers than Napster. A user may waste more and more bandwidth and 
processor capacity without getting anything back when joining these Napster 
alternatives. For the Internet as a whole it may end up even worse. Ritter [9] made an 
arithmetical problem of the Gnutella example presented in Fig. 2. He supposed a user 
sending an 18 bytes search string, ending up with a total data transmission of over 3 
Mb3. If a user were allowed to send a request covering a society as big as Napster (we 
suppose 1 million users) the total data transmission generated would exceed 800 Mb. 

5.5 Global Access 

File sharing needs global access because a single user does not normally choose who 
to connect to. The legal actions taken against Napster and in the future probably 
MusicCity may cause them to close down. There are also possible reactions against 
BearShare. It is possible to trace IP numbers to a specific BearShare user, since 
Internet-service providers store the information. Legal notices have already been sent 
to operators and users are informed they may be threatened legally by the RIAA. 

Global access to the core Internet backbone is controlled by Internet backbone 
providers (IBP). These IBP consist of a few firms4 mostly located in the US that 
secure access to the core routing structure, and access to all Internet addresses in the 
world [4]. Smaller regional Internet service providers are already charged for access 
to their global infrastructure and core routing services. The problem is also that, as 
more bandwidth is needed, the strategic importance of those countries that provide it 
also increases. 

5.6 Future 

In “the tragedy of the commons” an individual is always supposed to behave selfishly. 
But individuals within a natural ecosystem have relatives (kin selection within 
biology) and a possibility to pay and retort a favor from an unrelated neighbor. The 
success of the ecosystem is dependent on cooperating coalitions. An individual being 
part of a file-sharing ecosystem will benefit from cooperation if it is possible to 
identify (real names or pseudonymous) users and/or the cost for doing services is 
negligible. We found a few such behaviors with users changing file names and joining 
encrypting programs.  In the future, agents may be designed to find other cooperating 
users or to avoid controlling IBP’s, resulting in more or less locally connected groups 
with their own norms.   

A possible future scenario includes but is not restricted to: 
• Pay-for music sites are visited by a restricted number of users because people are 

used to getting downloadable material for free on the Internet.  
• The P2P tools providers increasingly get their profit from advertising banners and 

spywares. 
                                                 
3 An83 byte data packet sent to 4372 users. The mean number  of responses (12%) and the 

amount of data sent back must also be calculated. 
4 MCI WorldCom, Sprint, GTE, AT&T and Cable & Wireless control between 85% and 95% 

of the total backbone traffic in the US (Cremer et al 1999).. 



Bengt Carlsson 

 
 

132

• Users have to invest more in bandwidth and technical upgrading. 
• New file protection systems like watermarking makes it harder to copy music files 

but may also reduce the audio quality. 
None of the issues above will result in a better-organized file sharing system. 

RIAA will still have problems getting money out of freeloading users. The new P2P 
tools will include features not desired by the users. Users have to invest more in 
technical resources without getting a better audio quality. 

6 Conclusions 

The two major concerns about P2P are: anonymity and non-censorship of documents. 
The music industry has highlighted these questions by: 
• Forcing Napster to filter out copyright protected MP3 files 
• Taking legal actions against local users by monitoring their stored MP3 files 

Our investigation shows that when copyright protected files are filtered out, users 
stop downloading public music as well. When MusicCity and BearShare are replacing 
Napster, there is an increase in downloading copyright protected files compared to 
downloading public files. This alteration is contrary to the purpose of introducing a 
filtering function. 

When former Napster users are leaving for other P2P tools, this causes higher 
bandwidth usage for these users and thus increases the communication needs over the 
Internet. The Napster alternatives MusicCity and especially BearShare consume more 
resources both by default and, as shown in our investigation, by having a higher rate 
of aborted file transfers. 

Basically a P2P system consists of a society of equal peers. With central content 
index, centralized user registration, logon and introduced spywares this is no longer 
true. There is one group of peers supplying the tools and one group using the tools. 
Within and between the groups conflicting interests should be expected. The view 
introduced in this paper treat peers as similar to an (information or biological) 
ecosystem of agents controlled by Machiavellian beings behind.  

The success of a distributed peer-to-peer system is dependent on both 
cooperating coalitions and an antagonistic arms race. Users may cooperate, i.e. 
allowing uploading from other users and/or bypass Napster´s filtering function by 
misspelling or encrypting files. Adar and Huberman [1] have shown the unwillingness 
for a majority of users to share files and our investigation shows no major tendencies 
for systematically bypassing Napster´s filtering function. More in general; an 
individual within the user group will benefit from cooperation if it is possible to 
identify other users and the cost for doing services towards other users are negligible. 
In practice it is sufficient to have a fraction of the users cooperating to maintain a well 
performing system. In Napster there is still some incentive for being cooperating 
because such a user is not anonymous. In BearShare and MusicCity other users are 
more anonymous because one MP3 file may be downloaded from multipe sources. 

An arms race between antagonistic participants using more and more refined 
agents is a plausible outcome. Napster´s filtering agent and Catnap, a parasitic agent, 
are examples of such agents. They fulfill some temporary needs and may probably be 
replaced by other agents. A possible future agent may be a “bandwidth stealing” agent 
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or a “bandwidth protecting” agent. Users getting used to downloading everything for 
free has to decide about joining a pay-for service or accepting more power consuming 
P2P tools with an increased personal effort. Despite legal actions, performance 
deficits and the strength of commercial forces an uncensored P2P community will 
probably survive because there are too many new tools developed with innovative 
new solutions. Instead of “the tragedy of the commons” we are witnessing “the arms 
race within the commons”. Arms race does not need to be a tragedy because these 
new tools developed or actions taken against too selfish agents may improve the P2P 
society. 
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Abstract. Agentspace is an emerging environment resulting from process au-
tomation in the Internet and the Web. It is supposed that autonomous software
(mobile) agents provide the automation. The agents realize goals delegated to
them by their human masters. Interoperability is crucial to assure meaningful
interaction, communication and cooperation between heterogeneous agents and
heterogeneous services. In order to realize the goals, the agents must create, man-
age and reconfigure complex workflows. Usually, a workflow integrates a number
of heterogeneous services. Our research aims at extracting a minimum that is nec-
essary and sufficient for providing transparency between users and services, i.e.
for joining applications as services to agentspace on the one hand and for using
and integrating them by heterogeneous agents (on behalf of their users) on the
other hand. For this very purpose we introduce a new concept of agent architec-
ture as well as the new agent mobility form called soul migration.

1 Introduction

Cyberspace, the emerging world created by the global information infrastructure and
facilitated by the Internet and the Web, offers new application scenarios as well as new
challenges. One of them is creating new infrastructures to support high-level business-
to-business and business-to-consumer activities on the Web, see for example Sun ONE,
Microsoft .NET, UDDI, and DAML-S. The infrastructure should provide means for
automatic integration of heterogeneous services in the Internet and the Web as well
as provide transparency between users and the services. The second challenge is the
Semantic Web [8], conceptual structuring of the Web in an explicit machine-readable
way. The Semantic Web, to be realized by DAML+OIL, is taken as the basis in the
project DAML-S.

It is a common view that autonomous software (mobile) agents can support the
process automation in the Internet. Agent is a running program that can migrate from
host to host across a heterogeneous network under its own control and interact with
other agents and services.

� The work was done within the framework of KBN project No. 7 T11C 040 20. The authors
are grateful to Krzysztof Cetnarowicz, Leszek Rozwadowski, Dariusz Mikulowski, Krzysztof
Miodek, Jaroslaw Kozlak, and Jacek Gajc for their contribution in uncountable many discus-
sions about the concept of agentspace.

A. Omicini, P. Petta, and R. Tolksdorf (Eds.): ESAW 2001, LNAI 2203, pp. 134–159, 2001.
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Since the software agents are supposed to ”live” in the cyberspace, they must be
intelligent, that is, they must efficiently realize the goals delegated to them by their
human masters. Hence, along the development of cyberspace the new world (called
agentspace), inhabited by the software agents, is being created.

Human users are situated at the border of the agentspace and can influence it only
by their agents by delegating to them complex and time consuming tasks to perform.
Since the Internet and the Web are open distributed and heterogeneous environments,
agents can be created by different users whereas services by different providers ac-
cording to different architectures. Interoperability is crucial to assure meaningful in-
teraction, communication and cooperation between heterogeneous agents and services.
We can distinguish two kinds of interoperability: Interaction interoperability and se-
mantic interoperability. Interaction interoperability provides common communication
infrastructure for message exchanging whereas semantic interoperability provides the
message understanding.

The semantic interoperability concerning the meaning of resources on the Web is a
subject of current research, see DAML[12] + OIL[20] as the most prominent example.

In order to use services established by different users working in heterogeneous do-
mains, agents must be capable of acquiring knowledge about how to use those services
and for what purposes. There must be a common language for expressing tasks by the
users, delegating these tasks to agents, as well as for describing and integrating ser-
vices, and for communication between agents and services. There are several efforts for
creating such language: LARKS [22], ATLAS [7], CCL [25], WSDL [24], FIPA ACL
[13], and quite recently DAML-S [18]. The semantic interoperability of DAML-S is
based on the explicit meaning to be provided by ontologies constructed in the language
DAML+OIL. We also propose a language, called Entish, however the semantic inter-
operability of our language is different. We follow the idea of Wittgenstein [ 27] that
the meaning of language is in its use. We construct means for providing such semantic
interoperability. Our approach seems to be extremely simple and efficient. The key idea
is that an agent needs not ”know” explicit formal meaning of resources and functions
performed by services. The agent must only know how to use the resources and services
that are necessary to realize the task delegated by user.

As to the communication infrastructure, there is no need to force one transportation
platform (i.e. one message format and one message delivery way) as the standard. It
seems that rather message language and its meaning is crucial here, not message wrap-
ping. It is relatively easy to provide a transformation service between two platforms for
translating message format of one platform to the message format of the other.

Mobile agent platform (MAP, for short) gives also a communication infrastructure
as well as ”migration service” for the agents. One may ask if agent mobility is essential
for creating agentspace, see for example JADE [14] framework where mobility is not
provided. In our approach, agent mobility may be seen as a means for learning between
heterogeneous environments.

Our project aims at creating an absolute minimum necessary for joining heteroge-
neous applications as services on the one hand and for integrating and using them by
heterogeneous agents (on behalf of their users) on the other hand. As this minimum we
propose the language Entish (a shorthand for e-language), and its intended semantics.
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Agent mental attributes (i.e., goals, intentions, commitments, knowledge) constitute the
core of Entish. This gives rise to a new concept of agent architecture. The idea of the ar-
chitecture is that agent is created and dedicated to a particular task. The agent is respon-
sible only for constructing and executing a workflow that integrates services needed
for the task realization. The architecture is distributed because planning and reasoning
capabilities are situated outside the agent as well as the capability to perform actions.
The only action our agent can perform is communication with services and possibly
migration to another host over the Internet. All the essential data of agent functioning
are stored in its mental attributes. These attributes form agent soul that is separated
from agent mind responsible for decision making, and from agent body responsible for
action execution and environment perception. One of the main advantage of the new
architecture is that the essential data of agent functioning are stored in its soul, so that
the agent process may be closed at any time. Since the soul is independent from mind
and body, it can be moved to another place and given another mind and body (i.e., agent
process can be fully reconstructed) in another place. This gives rise to introduce soul
migration as a new agent mobility form. The concept of soul solves several hard prob-
lems of mobile agent technology such that the agent persistence, and the security of
hosts open for strange agents. The agent persistence follows from the concept of soul
where all essential data of agent functioning are stored. Since during agent migration
(actually soul migration) only plain data (not binary code to be executed) are send to a
remote host, the problem of host security is also solved.

Probably the most related work is PageSpace [10,11]. PageSpace is a reference
architecture for multiagent applications built on top of the Web. Agentspace can also
be built on HTTP transport as it is in the case of our ongoing implementation of the
communication platform called Hermes. In our framework we have only one kind of
agents that correspond more or less to the application agents in PageSpace. The other
kinds of PageSpace agents correspond to services in our framework, i.e., the PageSpace
agents perform similar functions as our services do. However, the main difference is the
language for communication and coordination. In PageSpace the language is based on
Linda, whereas in our approach it is Entish that is a fully declarative language. Although
the goal of PageSpace is the same as the goal of agentspace, i.e., service integration
by autonomous agents, the design principles and chosen architectures are completely
different.

The main achievement of our project is a generic architecture of agentspace and
its implementations. The idea of agentspace consists in constructing middleware that
provides transparency between heterogeneous agents and heterogeneous services. We
define agentspace as an implementation of the language Entish and its intended seman-
tics on a communication platform. As a consequence of agentspace design principles,
we propose also a new concept of agent architecture.

The paper is structured as follows. In Section 2, a motivation of our approach is
given. In Section 3, the layered architecture of agentspace is presented. Section 4 is
devoted to presentation of agentspace as a middleware. In Section 5, language layer of
agentspace architecture is presented. Section 6 gives an overview of agent/service layer.
Section 7 is devoted to a short presentation of interaction layer. The syntax and intended
semantics of Entish is presented in the Appendix (Section 9).
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2 Motivations

Perhaps in the near future the development of agentspace reaches the critical mass, i.e.
the number of connected applications will be so large that a user, facing hard, complex
and time consuming task to perform, first of all will check if this task could be realized
in the agentspace. So that she/he will formulate the task in Entish, delegate this task
(together with a timeout) to an agent, send the agent to the agentspace and wait for a
result. On the other hand if a programmer has implemented an application that performs
complex and time consuming routine, and the interface needed to connect it to the
agentspace infrastructure is easy to implement, why not to do so?

Suppose that a user faces the following problem. He or she has a file in latex for-
mat and wants to transform it onto HTML format. However, the user has not installed
’LATEXto HTML’ converter on his workstation. Since the job is to be performed only
once, the user does not want to take all this burden of purchasing the system or looking
over the Web to download a free copy of it, and then installing it. Supposing that there
is a service in agentspace that performs that job, the user formulates the task, describing
the job, by using SecretaryService - his interface to the agentspace. The task description
is expressed in our language Entish that is supposed to be the common language of the
agentspace.

Let us present a rough scenario that may follow from that situation. Suppose, the
user delegates the task (along with a timeout) to an agent, and the agent is sent into
agentspace. The agent is autonomous and its only goal is to realize the task. The task
is expressed in Entish as formula, say f , describing a class of situation that realize
the task. Suppose that the agent is equipped with the initial resources described by
the Entish formula f o. First of all, the agent gets in touch with an information service
(called InfoService) and sends the following message: ”my intention is f”. Suppose
that the InfoService replies with the following: ”service s∗ can realize your intention”.
So that the agent sends again the message ”my intention is f”, however this time to
the service s∗. If the service s∗ can and is ready to do so, it sends back the following
message to the agent: ”s∗ commits to you to realize f , if f ∗ is realized”.
Let us note that here the formula f refers to the output of the service s ∗, whereas f ∗

to the input. Having the commitment, the next intention of the agent is to realize f ∗,
i.e., the input of s∗. So that the agent sends the message ”my intention is f ∗” to any
known InfoService. It the agent gets no reply from the InfoServices, it migrates to any
randomly chosen remote place and tries again to communicate with new InfoServices.
Suppose that finally, the agent got back the following: ”service s∗∗ can realize your
intention f ∗”. The agent sends to the service s∗∗ the following message: ”my intention
is f∗”. The service replies with the following: ”s∗∗ commits to you to realize f ∗, if
f∗∗ is realized”. Here again the formula f ∗ refers to the output of service s∗∗, whereas
f∗∗ to the input. Now, suppose that f ∗∗ follows from f o. So that having these two
commitments and knowing that f ∗∗ follows from f o, the agent has already arranged
a simple workflow needed to realize the task delegated by the user. If the workflow is
executed and performed successfully, the agent notifies the user about that and can finish
its activity. However, before the agent does so it is obliged to report its experience (i.e.,
the operation it has performed in order to realize the delegated task) to an InfoService.
In this way the system has ability to learn, so that the next agents having tasks of the
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same type will be informed how to realize them immediately. If the workflow fails, the
agent makes its best to recover it and tries again unless the timeout is over. In the case
the timeout is over, the agent notifies the user about failure and also finishes its activity.

Although our example may be seen as a bit abstract one, it gives an idea of the
simple universal conversation protocol (see Appendix for details) describing how dis-
tributed heterogeneous services can be integrated (composed) into a workflow needed
for task realization. Another example from e-commerce domain can be given, however
the limit of space does not allow to do so.

The conclusion from the example presented above is that formal ontologies are not
necessary for providing semantic interoperability in the domain of service integration.
Our approach to semantic interoperability may be summarized as follows. We need
semantic interoperability only for the following purpose:

– for automatic integration of heterogeneous services as well as
– for providing transparency between users and services.

It is clear that such semantic interoperability may be realized in different ways. One
natural way to do so is based on formal ontologies. However, it is becoming clear that
this way is hard to implement and perhaps even much harder to apply in large scale. Our
idea is that the purpose can be realized in an extremely simple way. What is needed is a
common open declarative language that can be used and developed in a distributed way
by users, agents and service providers. We propose Entish as the language. Agentspace,
i.e., an implementation of Entish on a communication platform, provides minimum
infrastructure necessary to realize the purpose.

3 Agentspace Architecture

The idea of agentspace consists in construction of open distributed infrastructure that
would allow to join heterogeneous applications as services on the one hand and to use
them by heterogeneous agents on the other hand. A user, delegating a task to an agent,
needs not to know the locations of services and resources necessary for task realization.
The user expresses only the task in our high level common language Entish. The agent
migrates across the agentspace looking for information, services and resources needed
to realize the delegated task.

Since agentspace is an implementation of the language Entish and its intended se-
mantics on a communication platform, the layered architecture, shown in Fig. 1 seems
to be natural and generic. The architecture consists of three layers: interaction layer,
agent/service layer, and language layer. The interaction layer specifies infrastructure
that provides basic functionality for agents and services like agent moving from one
place to another, communication between agents and services as well as agent percep-
tion of the environment. This layer is implemented by a communication platform. In our
case it is done by Pegaz and Hermes. However, it may be any communication platform,
like JADE [14], or a new one built on, for example, on the top of CORBA, RMI-IIOP.

The second layer, i.e., agent/service layer, specifies some aspects of agent and ser-
vice architecture that allow them to evaluate formulas (called situations) expressed in
the language Entish as well as determining new situations resulting from performing
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AGENTSPACE:

INTERACTION LAYER: A COMMUNICATION PLATFORM
(e g Pegaz, Hermes, a platform based on CORBA/DCOM, HTTP+SOAP ... )

Internet / Intranet / WAN / LAN (TCP,UDP)

LANGUAGE  LAYER:  ENTISH

AGENT / SERVICE  LAYER

Fig. 1. The Layered Architecture of Agentspace.

elementary actions. The agents are equipped with mental attitudes: knowledge, goals,
intentions and commitments represented as Entish formulas. These attitudes serve as
data and control parameters of agent behavior. Agents execute actions (migration and
message exchange) in the interaction layer, whereas the message contents is expressed
in Entish. The agent/service layer implements the intended semantics of Entish.

The language layer consists of Entish - a simple version of the language of first order
logic along with a specification how to ”implement” it for open and distributed use. The
implementation follows the idea of so called ”webizing language” see T. Berners-Lee
[8]. The language describes the ”world” (i.e., agentspace) to be created on the basis
of infrastructure provided by the previous layers. However, this description is purely
declarative. Actions are not used in Entish; the formulas describe only the results of
performing actions. So that no dynamics and no causal relations can be expressed here.
The language is sufficient to express desired situations (tasks) by the users as well
as by agents and services, however it can not explicitly express any idea about how
to achieve them. This may be done by implementing distributed information services
(called InfoServices) where agent can get to know how to realize the delegated task,
or get a hint. Usually, as the reply to its query (expressed also in Entish) agent gets a
sequence of intermediate situations to follow.

The language is implemented in the second layer by DictionaryServices contain-
ing the syntax and new concept definitions. There are also three additional types of
services, namely SecretaryService (a GUI), MailService (for asynchronous communi-
cation), and BodyService for soul migration. Let us note that all those services are not
system services. They can be implemented and developed independently by different
users. It is important that only ”operation type” of any of these services is specified in
Entish. Operation type is a description of the function performed by a particular ser-
vice. A service implementation must only satisfy specification of the operation type.
The details of language layer as well as Entish syntax are in the Appendix.
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4 Agentspace as Middleware

From the point of view of distributed object technology, agentspace is a middleware,
i.e. an infrastructure that provides transparency between users and services.

Communication Communication
PlatformPlatform

(e g Pegaz)

Communication
Platform
(e g Pegaz)

Entish

Databases

Applications

CORBA

RMI, JDBC

BrokerServices
Dictionary-
Services

Agents
InfoServices

Services

GUI

(Applet)

(e g Pegaz)

Entish Entish

CONVERSATON PROTOCOLS

SecretaryService

Application/Database TierApplication Server 
(Business Logic) Tier

Agent tierUser tier

Fig. 2. The Multi-tier Architecture of Agentspace.

Applications built using distributed objects such as CORBA naturally lend them-
selves to a multitiered architecture. A typical three-tiered application has a user inter-
face tier, a computation (or business logic) tier, and a database access tier. All interaction
between the tiers occurs via the interfaces that all CORBA objects must publish. The
user-interface tier invokes methods on the business logic tier and thus acts as a client
of the business logic servers. The business logic layer is made up of business objects -
CORBA objects that perform logical business functions such as inventory control, bud-
get, sales orders, and billing. These objects invoke methods on Data Store tier objects
that encapsulate database routines.

Another distributed application concept is proposed by SUN. It is The JavaTM 2
Platform, Enterprise Edition. The architecture of this platform is similar to the multi-
tier architecture presented above where CORBA is substituted by RMI-IIOP.

It seems that the agentspace architecture may be seen as a proposal of an alternative
multi-tier architecture for distributed applications. We introduce two new components.
The first one is a universal communication language that serves for much more than a
language for simple method call of remote heterogeneous objects, like IDL of CORBA.
Entish can be used to specify input and output type of a service, function performed
by a service as well as timeouts for service performance. The second new component
is the additional tier between user tier and business logic tier. It is the agent tier that
serves for constructing new (if needed) composed services on the basis of the existing
ones as well as for finding out resources and new services for realizing tasks delegated
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to agents by the users. This agent tier allows to realize the tasks in an open and dynamic
environment like the Internet and the Web. If the environment is closed like a classic
enterprise system, then the three-tier middleware architecture (for example, J2EE) is
sufficient. In such closed environment, object locations and their method specifications
are known a priori, so that an additional tier is not necessary here. However, in an
open, dynamic and heterogeneous environment where large number of programmers
modify existing objects and join new ones, an additional coordinating tier is necessary
as well as common, platform-independent communication language capable to express
the essence of data processing.

5 Language Layer: Entish

Our goal is to specify and implement minimum infrastructure necessary to create agent-
space. It is important to note that this minimum is not a specification of the architecture
presented in Fig. 1 and Fig. 2. The minimum consists only of the language and its
intended semantics. The minimum is also independent of implementation of interaction
and agent/service layers. However, the interaction and agent/service layers can not be
arbitrary, they must satisfy several general conditions imposed by the semantics.

The language layer consists of the language, called Entish, of first order logic with
types, and a specification how to implement it in open distributed environment us-
ing space of unique names URI (Universal Resource Identifiers), as suggested by T.
Berners-Lee [8]. There is only one deviation from the classic logic; we treat formulas
as objects in our language. It is a convenient way to express agent mental attitudes, like
intentions, goals, knowledge, and commitments.

Without going into details, Entish consists of types of primitive objects that include:
places, agents, resources, services, agent/service mental attributes, and Time. There are
also two primitive relations: is in and leq, and several primitive functions, like gmt().
The first relation expresses that something ”is in” something else, for example, an agent
”is in” a place. The second relation is needed to express timeouts, for example, that a
date (object of type Time) is less or equal (leq for short) than the current GMT time
delivered by function gmt(). The rest part of Entish consists of standard first order
logical operators, for term and formula constructions.

In order to realize the soul migration, the special type of resources is necessary. It
is called Soul. A resource of that type, a soul, stores all essential agent’s data: its name,
goals, intentions, commitments, knowledge, history. Since soul is a resource, it can be
sent form one place to another during a communication session. Once a soul is given
a body and becomes a running process, it is identified with the agent whose name is
stored in the soul.

The main purpose of Entish is to provide simple common conversation language
for users, agents, and services. The conversation consists in passing a message, i.e.,
resource ”info” of special type called Info. Intuitively, this info carries a fact, i.e., an
evaluated Entish formula. Using the mental attitudes, a conversation protocol can be
constructed in the following way. Agent, say ag1, always sends to a service a message
containing a formula of the form: intentions(ag1) implies φ, where φ is an Entish for-
mula. The intended meaning is that φ follows from the current intention of agent ag1. If
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the service (say ser) agrees to realize agent’s intention, it sends back an info containing
its commitment expressed as the following Entish formula:
( ψ implies form in( commitments( ser )) and
( form out( commitments( ser )) implies φ )
Without going into the notation details, it means that the service ser commits to realize
formula φ if only the formula ψ becomes true. However, if the service ser is an InfoS-
ervice, it sends back an info containing formula of the following form:
form out( operation type( cos ) ) implies intentions( ag1 ), where cos is the pointer
(universal address, i.e., a URI) to a service or to a (partial) plan that may realize agent
ag1’s intention. The conversation protocol is completed by four additional control mes-
sages needed for workflow management; see the Appendix for details.

5.1 Formal Model of Agentspace and Semantics of Entish

Formal model of agentspace is based our previous paper [ 3]. Agentspace is an imple-
mentation of Entish and its intended semantics on a communication platform. Com-
munication platform can not be arbitrary; it should provide places for services and for
agents that can move from place to place. The agents and services should be able com-
municate, i.e., to exchange data and resources. It seems that this constitutes the mini-
mum necessary to implement Entish.

Since Entish formulas do not describe actions, the set of actions that can be executed
on communication platform is not determined. In Pegaz, there are the following basic
types of primitive actions: create agent, communicate, migrate, send (resource), termi-
nate. However in Hermes, migration is not a primitive action because Hermes is not a
MAP, so that agent migration (along with its code) is not possible there. In Hermes, the
migration is realized by the actions send, terminate and BodyService, that is, agent’s
soul is sent as a resource to a BodyService located on the new place where the agent
wants to migrate. Then, the BodyService creates the agent having this soul whereas the
original agent terminates its process on the old place.

Let us notice that only the action terminate can be performed individually by an
agent. The rest of the actions are joint ones. Joint action a (for example a communica-
tion action) can be executed if, for all the needed agents/services/resources/places ”can”
and ”do want” to participate in the execution of this action. If one of them cannot or
doesn’t want to participate in the execution, then the attempt to execute the action a
fails.

The crucial notion, needed to define a model of agentspace, is the notion of ”event”.
Any event corresponds to an action execution, so that it ”describes” an occurrence of a
local interaction of entities participating in the execution. The term ”local” is of great
importance here. Usually, local interaction concerns only few entities (up to five) so that
the event associated with this local interaction describes only the involved agents, ser-
vices, resources, and places. The events form a (partial order) structure, that expresses
their causal relations.

Having primitive concepts and setting initial conditions for agents, places, and dis-
tribution of primitive resources and services, the set of all events that can occur in the
environment can be defined. It is important to notice that due to the local interaction, it is
easy to extend the set of events if new agents, places, resources, and services are added.
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Hence, the representation is appropriate for open environments. Event structures have
been successfully applied in the theory of distributed systems [26] and several temporal
logics have adopted them as frames [17].

The event structure is a formal model of agentspace. Agent mental attitudes (knowl-
edge, goals, intentions, and commitments) are represented by sets of runs of the event
structure. This allows to specify, and verify agent/service behavior in terms of these
mental attitudes; see [3] for details. Formal semantics of Entish is defined as a specifi-
cation of agent/service behavior.

In order to have a complete picture of what is going on, let us consider Fig. 3 show-
ing the relation between world, model, and language. The language describes the model
whereas the model is an abstraction of the world. In our case the world is Cyberspace.
The model is the event structure presented above; it is an abstract view of the Cy-
berspace via a communication platform (Pegaz). The language is Entish that describes
the static properties of the model.
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... 

...
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Fig. 3. The Relation between World, Model, and Language.

Let us conclude this section with the following important remark. Entish primitives
are only places, agents, resources, services, agent/service mental attributes, Time and
relations is in and leq. It seems that these primitives are general enough to capture the
essence of agent paradigm as well as data processing. Since Entish does not contain ac-
tions, the set of actions in the model can be arbitrary, i.e., not necessarily corresponding
to the Cyberspace. So that the class of models the Entish can describe is larger than the
class of Cyberspace models. Hence, it seems that Entish may be regarded as a universal
agent language.

Formal intended semantics will be presented in a separate technical paper. Informal
semantics of agent/service behavior is given in the next section whereas the syntax of
Entish is presented in the Appendix.

6 Agent/Service Layer

This layer implements Entish and its intended semantics (i.e., the behavior of agents and
services) on a communication platform. The basic components of the layer are agents
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and services. Besides ordinary services which are applications joined to agentspace,
we can distinguish auxiliary services that are devoted to help the agents to realize their
goals. They are not system services so that their implementation is delegated to users.
We propose and specify the following auxiliary services: DictionaryService, InfoSer-
vice, BodyService, SecretaryService, MailService. The details on these services are in
the Appendix. The idea of BrokerService is presented in Section 6.3.

6.1 Agent Architecture

Agent is a running process, created by a user or a service, that can migrate across an
agentspace and between agentspaces built on different communication platforms. User
or service delegates to agent a goal to realize. The goal is realized by construction and
execution of a workflow that usually integrates a number of heterogeneous services. In
order to provide such functionality we propose the following agent architecture.

MIND:
reconfiguration, and recovery
Procedure for workflow formation, management, 

BODY: Action execution on communication platform

perception

Goals Commitments

HistoryKnowledgeIntentions

Entish formulas:
Collections of 
SOUL: 

AGENT ARCHITECTURE

control

Fig. 4. The Layered Agent Architecture.

Agent architecture is composed of the following three layers: mental attitudes (soul),
decision mechanism (mind), execution mechanism (body). The soul is expressed in En-
tish and consists of knowledge (a collection of facts), goals, intentions, history and
commitments. Since the contents of soul is expressed in Entish, it (the contents) is in-
dependent from communication platform as well as from agent implementation. Agent
soul can migrate alone without mind and body. This gives rise to introduce new form of
agent mobility called soul migration. The idea is that a running agent process stores all
its data and control parameters in its soul. The process may be closed at any time and
then fully reconstructed at any new place on any communication platform. At the new
place, agent soul may be given any mind and body and then the completed agent can
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continue its process. The new agent migration form is based on one common format of
agent data (soul). Usually, agent data structure is arbitrary and depends on agent im-
plementation, so that migration of agent data makes sense only if the same agent code
is available at the new place. In our approach agent data has one universal structure so
that it is compatible with any agent code that implements the common format of soul.
Although the soul migration is the basic migration form in our architecture, within the
same MAP agent can migrate as one integral entity, i.e., consisting of soul, mind, and
body.

In order to realize the soul migration, the special kind of data structure is necessary.
It is called Soul. An instance of that kind, a soul, stores all essential agent’s data: its
name, goals, intentions, commitments, knowledge, history. Since soul is a data, it can
be sent form one place to another during a communication session. Once a soul is given
a mind and a body and becomes a running process, it is identified with the agent whose
name is stored in the soul. The soul migration is realized by special service called
BodyService.

The mind controls both the soul and body. Agent body executes actions (directed
by the mind) in the interaction layer. It is left open to a programmer how to design and
implement his own agent mind and body. However, to assure interoperability, the pro-
grammer must submit to the one common soul format. The specification of the common
soul format is given in the Appendix.

Although the soul format is based on BDI agent architecture [9,21], from the point
of view of mobile agent technology, the proposed soul format may be insufficient, that
is, some important aspects (data) of agent process can not be stored in the format. The
soul format was design for agents that are supposed to integrate heterogeneous services.
So that from this point of view it works well. Perhaps the proposed format is not uni-
versal so that in order to apply our agent architecture in other domains, the soul format
should be extended.

New agent is created if a new task is delegated by a user. First of all, agent soul
is constructed by writing goal, knowledge, and commitment formulas. The agent goal
expresses the task. The knowledge is a collection of facts that give the agent initial
knowledge about, for example, resources provided by the user for task realization. The
commitment means that the agent is bound to realize the task for the user. Now, only
agent mind and body is needed to complete the agent and send it as an autonomous
entity to the agentspace. In order to do so the soul is send to a BodyService which
activates an agent process based on the soul. In this way the agent begins its esoteric
life.

A consequence of our agent architecture is that agent is purely an information agent.
Although we allow agent to carry resources, it is not recommended especially if the
agent is supposed to migrate (it is autonomous, so it can do so) to unknown platforms.
Its capability to perform actions is restricted mainly to migration and communication
however, there is a possibility of having more actions implemented as routines in agent
body. Its ability to reason is minimal, almost all reasoning and planning job is delegated
to the InfoServices.

So, the question is what our agent does? The main and only job of the agent is to
construct workflow that would perform successfully the task delegated to that agent.
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This includes: (1) construction of operation (a sequence of sub tasks) of the workflow;
(2) arrangement of services needed to perform the sub tasks; (3) control, rearrangement
and recovery of the workflow in the case of failure; (4) and finally notification (either
positive or negative) of the task realization to be sent to user.

Agent decision mechanism can work according to the following algorithm:

1. update knowledge on the basis of perception;
check all your timeouts;

2. check if your current intention and/or goal is realized;
if the goal is realized or the timeout to realize it is over, go to (7);
if the current workflow execution fails, go to (6);
if the current intention is realized go to (6);

3. check if there is a routine (a primitive action) in your body that can realize your
current intention;
if there is one, execute it and go to (1);

4. ask a service how to realize the intention;
if you get back a partial plan, go to (6);
if you get back a commitment, take the precondition of the commitment as the
current intention;
if the precondition is true, go to (5), otherwise go to (1);
if all known InfoServices can not help you, migrate randomly to another remote
place (to look for another InfoServices) and go to (1);

5. if the workflow is completed, execute it and go to (1);
6. planning and determining (next) current intention;

go to (1);
7. notify (positively or negatively) the user;

give a report to an InfoService;
terminate the process.

It seems that our agent architecture can not be classified according to the standard
taxonomies, see for example [19,23]. Perhaps it is specific for application domain, that
is, for Internet and Cyberspace. Our architecture may be seen as distributed, i.e. In-
foServices may be viewed as part of agent architecture where the main part of agent
planning and learning is performed. The learning consists on storing and processing
agent experience. Agent life is short, i.e., it ”dies” after realizing its task (or if the time-
out is over) and reporting the way the task was achieved to an InfoService. On the other
hand, it is easy to create a new agent if there is a task to be realized. The new agent can
use the experience (of the past agents) stored and processed in the InfoServices.

6.2 Ordinary Services

It is of great importance in our framework that any application can be joined to agent-
space as an ordinary service. In order to do so, the function performed by this applica-
tion must be expressed in Entish, and the service must have an interface between the
application and agentspace. The interface is responsible for communication as well as
for transporting input data to the application, and output data from the application. The
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interface implements simple common conversation protocol (for details see Appendix,
section on Entish) on a communication platform. The implementation is delegated to
service provider who wants to join his application to agentspace. The problem is when
the function performed by the application can not be expressed in the current Entish.
However, Entish is an open language, and the user can create his own name for the func-
tion and publish it in a DictionaryService. In this way the function name becomes a new
function symbol in Entish. Of course, it is better for the new application if it is a new
and perhaps better implementation of the already existing function defined in Entish, or
it is an implementation of a function being a composition of the existing functions. The
provider is obliged also to create (according to the URI protocol, see Appendix, Section
9.5) the complete name (URI) for his service. Then, the service provider should adver-
tise its application by sending info to InfoServices about the operation type performed
by the service. Finally, the new service is ready to perform tasks, so that it waits for
clients.

6.3 BrokerServices

Our idea of BrokerService is similar to the broker agent, see [16] for overview. Broker
agent is considered there as a special type of middle-agent that provides mediation
service between service provider agents and service requester agents. A broker agent
provides all communication, negotiations, executions, and controls of transactions with
service provider, and then returns final result to service requester.

Another types of middle-agent are mediator agent and matchmaker agent. In gen-
eral, a mediator focuses on the provision of services devoted to semantic informa-
tion brokering whereas a matchmaker simply returns a ranked list of relevant service
providers to the requesting agent.

The principles of our architecture are different. Our agents can be viewed as ser-
vice requester according to [15]. They are given tasks to perform. The tasks may be
complex and need a construction and management of workflow that may engage a quite
large number of services. So that usually our agent requests more than one single ser-
vice in order to realize its task. Mediator and matchmaker of [ 15] are implemented as
InfoServices in our architecture.

Broker agent of [15] is implemented as BrokerServices in our architecture. The idea
of BrokerService is the following. The service gathers information about task perfor-
mance demand in the agentspace. If tasks of some type are frequently performed by
agents, the service constructs and manages permanent workflow that performs that type
of tasks. All this information, i.e. about the task type and how to construct the work-
flow, is given to the BrokerService by InfoServices. So that the role of InfoServices is
extremely important in our architecture.

Once the workflow is established, the BrokerService is ready to realize orders. The
service advertises the type of tasks it realizes in InfoServices, and waits for clients. So
that, now agents need not to construct and manage workflows by themselves. An agent
goes directly to the appropriate BrokerService that is ready to perform the task for that
agent. The service takes also care of workflow management, so that the agent is ”happy”
to delegate its task to the service.
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If the number of agents requesting this type of service significantly decreases, the
BrokerService closes the workflow, and starts again to listen what type of service is
needed in agentspace now.

It is clear that in order to manage the workflow efficiently, the BrokerService must
perform all functions typical for organization. The problem is that even a simple organi-
zation has sophisticated structure, in which we can distinguish: the goal of the organiza-
tion, business process realizing that goal, internal information flow, and organizational
dependencies concerning the decision power distribution.

The architecture of BrokerService is based on our concept of agent virtual organi-
zation [4], and agent virtual enterprise [5,6].

7 Interaction Layer

Interaction layer is implemented as a communication platform. As it was already men-
tioned, the communication platform need not be a MAP. So that the question is: What
are the minimum requirements for the platform? It seems that URIs (universal ad-
dresses) for resources and for processes (services and agents) running on places, and
a communication between these processes as well as agent perception functions are the
sufficient requirements. By agent perception available at a place we mean the following:
the name of place, GMT, list of services on the place, vicinity of place (list of places as-
sociated to that place), and may be some others. The perception functions are necessary
for agent to evaluate Entish formulas.

Hence, communication platform must provide places, possibility to run service pro-
cesses and agent processes on that places, a communication between them, and agent
perception. Since the requirements for communication platform are simple, it can be
built, for example, on HTTP+SOAP transport.

Summing up, the interoperability necessary for agent integration of heterogeneous
services into workflows and their management can be provided by the following:

– Entish and its intended semantics as well as the agent architecture that results from
Entish,

– the minimum requirements for communication platform presented above.

These two items constitute the core of our work. Different implementations of the
agent/service layer on communication platforms results in different agentspaces. Since
Entish and specification how to implement it on agent / service layer are supposed to
be fixed and common, the problem of interoperability between different agentspaces is
reduced to the interaction interoperability, i.e., interoperability between communication
platforms. This can be realizes in a simple way by implementing translation between
the transport protocols used in the communication platforms.

8 Conclusions

The paper presents our work in progress. The limit of space does not allow to present
details. The first version of Entish syntax and intended semantics is completed and
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presented in the Appendix. A prototype of agentspace based on Pegaz is already im-
plemented as well as a prototype of our agent architecture. Implementation of Hermes,
i.e., agentspace based on HTTP transport, will be completed shortly. Now, we are de-
veloping (by implementing services) and testing our small agentspace in the frame of
Pegaz Ring that consists of several research groups.
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9 Appendix: The Syntax and Intended Semantics of Entish

The design of Entish aims at realizing the idea of simple protocols (presented in the
previous sections) for constructing, executing and managing workflows by agents in
order to realize the tasks delegated to them by users.

The language Entish is composed of three parts: Upper Entish, Proper Entish, and
Communication Entish; for short uEntish, pEntish, and cEntish.

uEntish is a simple version the language of first order logic with types without quan-
tification. pEntish is an instance of uEntish where specific types, relation and function
names, as well as atomic formulas are introduced. cEntish is a simple communication
language built on the top of pEntish.

9.1 Upper Entish

Standard Latin alphabet is used for creating names; i.e., letters, digits, and for short
names (for example agent 1 ) and also: . / : # for complete names (URIs), for example,
pegaz://ipipan.waw.pl/DictionaryService#fun 1 We also reserve the symbols: ” ” & for
special purpose, i.e., for constructing the elements of types Token, Time in pEntish.

We distinguish the following classes of Entish names.

– URI is the class (space) of universal and unique names in our system.
– VAR is the class of variables; any string consisting of letters and digits with prefix

? is recognized as variable, for example, ?x, ?y, ?z, ?x1, and so on.
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– FUN (subclass of URI) is the class of function names.
– REL (subclass of URI) is the class of relation names.
– TYPE (subclass of URI) is the class of type names.
– OBJECT (subclass of URI) is the class of object names.

For logic operators we reserve the following symbols / names.

– not is the negation, and , or , implies are respectively conjunction, disjunction, and
implication operators whereas true is the atomic formula always true.

– the symbol = denotes definition equality; a = b means that a represents (is defined
by) b ,

– the symbol : is for typing; Soul: ?x denotes that the variable ?x is of type Soul,
whereas Resource: latex file) denotes that the object latex file is of type Resource.

Parenthesis ( ) are used in the standard way. For convenience, the first letter of any
element of class TYPE is in uppercase.

Suppose that the name go belongs to the class FUN, and Typ3: go( Typ1: , Typ2: )
is its signature, that is, the first variable of the function go is of type Typ1, the second
variable is of type Typ2, whereas the value is of type Typ3.

If object c1 is of type Typ1 and object c2 is of type Typ2 (formally, Typ1: c1 and
Typ2: c2 ) , then the the term go( c1, c2 ) is of type Typ3 , formally
Typ3: go( c1, c2 ).

In Entish, new functions can be defined in the following way. If put is an element of
FUN,
Typ2: put( Typ4: , Typ5: ) and Typ4: c4, then
Typ3: new fun( Typ1: ?x, Typ5: ?v ) = go( ?x, put( c4, ?v ) )
is the definition of function new fun that has the following signature:
Typ3: new fun1 ( Typ1: , Typ5: )

Once new fun is defined, it becomes an element of FUN. Let as note that in Entish
a user can define a new function not necessarily from the functions already belonging to
FUN. The user can also introduce new primitive functions using the definition schema
above in the following way.
Typ3: primitive fun( Typ1: , Typ5: ) = //* commentary in e.g., a natural language */
In fact, the user introducing the new primitive function primitive fun declares only the
signature of the function with optional commentary on the right side of the definition
equality symbol. Once the new primitive function is defined, it becomes an element of
FUN.

In the very similar fashion we introduce to Entish, via definition, new relations com-
posed of already existing ones (belonging to REL) as well as new primitive relations.
Both composed and primitive relations can be introduced by any user and become ele-
ments of REL.

In the analogous way new types can be introduced to Entish. The new type names
become elements of the class TYPE. For example, the following definition
TYPE: Nov typ = //* a commentary in a natural language */
introduces the new type Nov typ to our language. However, to be useful, new functions
that operate on this new type should be also introduced (defined).
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The problem is how to realize the distributed introduction of new primitive and
composed functions, relations, and types to Entish. The solution to that problem is
extremely simple and follows the idea of T. Berners-Lee of webizing language [ 8]. Any
definition must be written down in a document (or in a service) that has a URI. In our
system the service is called DictionaryService. The service URI concatenated with short
name of the defined item gives out the URI (the complete name) of the defined item.
Suppose that the URI of the DictionaryService, where the function primitive fun was
defined, is pegaz://ipipan.waw.pl/DictionaryService ; here the term pegaz refers to a
specific protocol (a communication platform) on which the agentspace was built. Then,
the complete unique name of primitive fun is the following URI:
pegaz://ipipan.waw.pl/DictionaryService#primitive fun

The Entish syntax resembles the syntax of KIF. So that an atomic formula is written
in the following form: ( pred, c1, ?y ) where pred is an element of class REL, and its
signature is the following: ( pred, Typ1: , Typ3: ). It means that the relation pred has
two variables; the first one is of type Typ1 whereas the second one is of type Typ2 . In
the example above the object (term) c1 is of type Typ1.

The construction of the class of terms as well as the class of formulas is the standard
one. Any element of class OBJECT is a term. Any variable is a term. If fun belongs to
FUN and Typ3: fun( Typ1:, Typ2: ) is its signature and Typ1: term1 and Typ2: term2,
then
fun( term1, term2 ) is a term of type Typ3 .

Also the construction of the class of formulas is the standard one. The atomic for-
mulas are of the following form: ( rel, ter1, ter2, ... , terN ) for any rel belonging to
REL and having the signature
( rel, Typ1:, Typ2:, ... , TypN: ) ,
and Typ1: ter1, Typ2: ter2, ... , TypN: terN .

If form1, form2 are formulas, then
form1 and form2,
form1 or form2,
not form1,
form1 implies form2
are also formulas.

The language defined above is a simple version of the language of first order logic
with types. The language was webized so that it is open and can be used and developed
in a distributed way by users.

9.2 Proper Entish

Proper Entish is an instance of uEntish where specific types, relation and function
names, as well as atomic formulas are introduced.

Let us start with type names. We introduce the following type names that belong
to the class TYPE: Agent, Node, Service, Soul, Operation type, Operation, Resource,
Time, and Token.
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For any ag of type Agent we introduce to Entish the following atomic formulas:
knows( ag ),
goals( ag ),
intentions( ag ).
We introduce also the term commitments( ag ) that is of type Operation type. They
should be seen as agent mental attributes. We also introduce the following attribute:
soul( ag1 ). It is an element of the type Soul and denotes the soul of the agent ag1.

In the analogous way we introduce to Entish the following formulas: For any serv
of type Service : intentions( serv ) is an atomic formula.

For any serv of type Service and any oper of type Operation the following:
commitments( serv )
type of operation( serv )
type of operation( oper )
are terms of type Operation type. Operation type of a service expresses what is per-
formed by the service, i.e., what is input and what is output of the service. Operation
type of operation expresses what will be performed if this operation is implemented
as a workflow. Let us note that the syntactic form of commitment and operation type
is the same, however their intended meaning is different. Commitment consists also of
two Entish formulas: precondition and post condition. The precondition describes input
whereas the post condition describes the output of the operation performed by the ser-
vice. In the case of commitment, the postcondition is what a service (agent) commits to
realize, if the precondition is satisfied. The main difference between operation type and
commitment is that usually a time-out is added to the commitment precondition and
post condition.

For any op typ of type Operation type the following:
form in( op typ )
form out( op typ )
are atomic formulas introduced to pEntish. The formula form in is the precondition of
an operation type (commitment), whereas form out is the post condition of an operation
type (commitment).

For any element soul of type Soul we introduce the following attribute:
agent( soul ); it is an element of type Agent. Its intended meaning is that it is the name
of the agent to whom the soul belongs to. The introduction of the type Soul as well as
its attribute serves for implementing ”the soul migration” in our framework.

The type Resource contains all objects (except agents) that can be moved form
one place to another. The idea is that the elements of this type are to be processed
by workflows constructed and managed by the agents. We define the following attribute
of object of type Resource. For any res of type Resource the following token( res ) is
an element of type Token. A token of a resource is the resource identifier in a workflow.
The identifier must be locally unique for the service to which it should be delivered.
Token is implemented as string, e.g., ”123abc”.

We introduce the following relation symbols to pEntish.

– = denotes polymorphic equality relation for two terms of the same time: the in-
tended meaning of the formula ( =, term1, term2 ) is that the terms ter1, term2 are
of the same type and ter1 equals term2 .
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– is in denotes the polymorphic membership relation that has one of the following
signatures:
(is in, Resource: , Service: ) it means that resource is in service,
(is in, Agent: , Node: ) it means that agent is in node,
(is in, Service: , Node: ) it means that service is in node.

– leq denotes the inequality relation defined on the type Time. The relation has the
following signature ( leq, Time: , Time: ) .
The formula ( leq, date1 , date2 ) denotes that date1 is less or equal to (not later
than) date2. This formula represents the general form of timeout in our framework.

We introduce to Entish the following format for element of type Time :
it is a string of the form ”hh:nn:ss/mm/dd/yy” where h,n,s,m, d, y are digits, and denote
respectively hour, minute, second, month, day, and year.

We introduce also global function denoted by gmt , that is necessary to express time-
outs. It signature is Time: gmt() . The function has no variables, however its value, i.e.,
gmt() expresses the current GMT time on the local node. Let us note that this function
is evaluated by agent perception. Since the agentspace is built on the top of Internet,
GMT time is available on any host.

The Proper Entish introduced above constitutes the core of our approach to service
integration. pEntish is rich enough to express static situations concerning agents, their
goals, commitments, intentions and knowledge as well as the commitments and inten-
tions of services, and relations between resources, places (nodes), services and agents.
Also timeouts for commitments can be expressed here. Let us note that commitments
serve as means for expressing agreements, cooperation between agent and service. A
commitment consists of two Entish formulas: precondition and post condition. Their
intended meaning is the following: service commits to realize the post condition (usu-
ally an intention of an agent) if the precondition is true. It is the job of the agent to
make the precondition true. Usually, the precondition becomes the next intention of the
agent. Precondition as well as postcondition is a conjunction of a timeout and a formula
expressing that a certain resoutce is delivered as input to a certain service.

Let us note that there are no actions in our language. So that also causal relations
can not be expressed here. Our language was design to be purely declarative where
only static situations can be described. The intended semantics of agentspace, that is, the
rules of agentspace functioning as well as agent and service behavior, must be expressed
formally in the event structures. The event structures are used to define formal semantics
of temporal languages with actions. In such languages agent / service attributes are
viewed as modalities. Informal specification of agent / service behavour is presentend
in Section 9.4.

9.3 Communication Entish

cEntish serves for constructing conversation policies as well as for transporting re-
sources. It consists of specifications to be implemented as the standard in agentspace.
It is important to stress that pEntish was design to describe situations (as formulas) in
agentspace so that it may be viewed as a contents language. However, cEntish provides
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envelopes for message exchange in the course of workflow construction and manage-
ment, as well as for transporting resources during workflow execution.

cEntish is to be interpreted by agent mind and services. Generally, cEntish con-
sists of the specification of several data structures, to be implemented in XML, and a
proposal of a universal conversation policy.

In cEntish we distinguish only the following data structures (kinds for short): Con-
trol, Info, Soul, Operation, and Resource. The pEntish formulas are used as
attributes only in the following kinds: Info, Soul, Operation.

The first kind is Message, that specifies the general structure of cEntish message.
Let message be of kind Message. Then, message has the following attributes:

– id( message ) it denotes message identifier of kind Id.
– from( message ) it denotes URI of agent or service.
– to( message ) it denotes URI of agent or service.
– contentsKind( message ) it is the name of kind of the resource included

in the contents.
– contents( message ) it is an instance of
Control, Info, Soul, Operation, or Resource.

Id is the kind of message identifiers, it consists of strings of digits and letters.
The kind Info is design to express facts about agentspace. Let us define the format

of data of kind Info. Let info be of kind Info. The attributes of info are the
following:

– formula( info ) it is a pEntish formula that describes the situation the info
is about.

– time( info ) it is GMT time of creating info, expressed in the string format
of the type Time.

– place( info ) is the URI of the place where the info was created.
– from( info ) is the URI of the one (agent / service) who has created the info.
– to( info ) is empty string or the URI of the one (agent / service) to whom the
info is to be sent.

The format of op of kind Operation is defined as follows. It consists of the
attributes:

– operationType( op ) it is a pair of pEntish formulas.
– algorithm( op ) it is a list of pEntish formulas; the intended meaning is that if

agent adopts it as its plan, then the agent should realize the formulas as its intentions
in the order given in the list.

This kind was designed to express the ways in which agent goals was (could be) real-
ized.

The kind Soul is designed to implement our concept of agent mobility called soul
migration. By the definition, it should contain all essential data of agent functioning.
The format of kind Soul is defined as follows. Let soul be of kind Soul. We define
the following attributes:
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– agent( soul ) - the name (URI) of the agent to whom the soul belongs to.
– goals( soul ) - a list of pEntish formulas.
– commitments( soul ) - a list of elements of the kind Commitment;
– intentions( soul ) - a list of pEntish formulas; the intended meaning is

that the formulas should be realized in the order they are in the list. If the formula
is realized, it is removed from the current intentions, and saved in the history.

– knowledge( soul ) - a list of elements of kind Info.
– history( soul ) - a list of pEntish formulas (the intentions that have been

already realized in the chronological order).

The kind Commitment serves for storing agent / service commitments. A com-
mitment is a form of agreement or contract between two sites: the first site initiates
the commitments and commits to realize some formula called postcondition, if the sec-
ond side realizes another formula called precondition. An instance of Commitment
represents the agreement, and it is stored in the soul of the first site. THe first site is
obliged to notifiy the second site about the realization of the commitment. The kind
Commitment has the following three attributes:

– form in( commitment ) it is an Entish formula that corresponds to form in
(i.e., precondition of the commitment);

– form out( commitment ) it is an Entish formula that corresponds to form out
(i.e., postcondition of the commitment);

– for( commitment ) it is the full name (i.e., the addres URI) of agent or ser-
vice (i.e., the second site) for whom the commitment was made.

triples where the first two elements are of pEntish formulas; the first formula of a
pair corresponds to form in (i.e., precondition) whereas the second one to form out (i.e.,
post condition) of commitment.

The kind Resource serves as container for resources that are to be processed by
services, and are not interpretable by agents. The format of the kind Resource is
defined as follows. We introduce the following attributes: for any reso of kind Re-
source:

– token( reso ) is a string of the type Token already defined in Section 9.2;
– type of( reso ) it is the name of type of the resource;
– data( reso ) it is data.

The reason for introducing the kind Resource is to distinguish between data inter-
pretable by agent mind (i.e., Soul, Info, Operation, Control, Id) and
those that are not interpretable, i.e., being of kind Resource. The more important
reason is that the elements of the kind Resource are processed in the workflows con-
structed and managed by agents.

The kind Control is defined as follows. It consists of the following strings: INI
to initiate a conversation, OK to agree to start a conversation, and NOK to disagree. Al-
though the format of Message, Soul, Info, Operation, Resource)
seems to be fixed at the current stage of the project, perhaps the format of Control,
Id should be extended to make workflow management more easy and explicit.

The design of the all Entish machinery presented above has the one main purpose:
realizing the idea of simple protocols for constructing, executing and managing work-
flows by agents. The very protocols are the subject of the next section.
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Universal Agent - Service Conversation Protocol. Let ag1 be the name of agent,
whereas serv be the name of a service. Agent ag1 always sends to any service serv a
message containing info with the intention formula of the following form:
intentions( ag1 ) implies form1 . The intended meaning of the intention formula is that
the formula form1 describes a class situations the agent wants to be in one of them.

If the the service serv is in an ordinary service performing some function on re-
sources, and it is alble to realize the agent’s intention, and it is ready to do so, then the
service replays with the commitment formula that is of the following form:
( form out( commitments( serv )) implies form1 )
and
( form2 implies form in( commitments( serv ))

The intended meaning of the commitment formula is that the service serv commits
to realize (to make true) the formula form1 if the formula form2 is realized. It is a job
of agent ag1 to realize the formula form2. In this way the service make commitment
towards the agent to perform a job.

Any service that has committed towards an agent) is obliged to sent to the agent a
notification (either positive or negative) in the form of info containing a formula from
which follows either the formula form1 or its negation, i.e., not form1. In the current
(still experimental) version of Entish it is not clear if this form of notification is suffi-
cient. Perhaps a special form of notification should be introduced.

If, however, the service serv is an InfoService, then, usually, the service sends back
the formula of the following form: form out( cos ) implies intentions( ag1 ) .

The intended meaning of this formula is that cos is the address (complete name)
of a service that can realize the intention of agent ag1, or cos is the address (complete
name) of operation that, if adopted as plan, could help the agent to realize its intention.

The conversation protocol defined above is general so that it can be applied in var-
ious domains. However, we are interested only in workflow construction and manage-
ment. Generally, a workflow consists in scheduling resource processing by services.
That is, resources of appropriate types should be delivered (as input) to a service (par-
ticipating in the workflow) in time, then the output (i.e., the resource being the result of
processing the input by the service) should be delivered to the next scheduled service
of the workflow. For this very purpose, form1 in the intention formula is always of the
following form:
( is in, reso k, serv k ) and ( =, token( reso k ), string k ) and ( leq, gmt(), time0 ) . The
intended meaning is the following: the resource reso k with the token
token( reso k ) is in the service serv k by the time time0.

In the commitment formula, form2 has always the following form:
( is in, reso k1, serv ) and ( =, token( reso k1 ), string k1 ) and
( is in, reso k2, serv ) and ( =, token( reso k2 ), string k2 ) and ...
( is in, reso kN, serv ) and ( =, token( reso kN ), string kN ) and
( leq, gmt(), time1 )

Where N is the number of input resources the service serv needs in order to produce
the resource reso k. If N=0, then the formula form2 is of the following form: true and (
leq, gmt(), time1 ) . Finally, let us note that ( leq, gmt(), time1 ) is a timeout set by the
service serv for performing job requested by the agent ag1. Let us note that a service,
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that has already committed to perform a job for an agent, expects to receive resources
having the tokens precisely defined.

Let us explain how the conversation protocol works on the example of BodyService.
Operation type of BodyService located at the place place1 is defined as follows. The
formula
form in( type of operation( BodyService ))
is represented by the following:
( Soul: ?x ) and ( is in, ?x, BodyService ) and
(is in, BodyService, place1 ) .
Whereas the formula
form out( type of operation( BodyService ))
is represented by the following:
(is in, agent( ?x ), place1 )) .
The intended meaning may be expressed as follows. If the soul ?x is send to the BodySer-
vice located at the place1, then the agent agent( ?x) with the name the same as the name
contained in the soul ?x is in the place1.

Suppose that the agent ag1 wants to migrate to the place place1. The agent sents to
the BodyService at the place1 the info containing the intention formula:
intentions( ag1) implies (is in, ag1, place1) .
Then, if the service is ready, it sends back the following commitment formula:
((is in, soul( ag1 ), BodyService ) and
(leg, gmt(), ”09:00:00/09/07/01”)) implies
form in( commitments( BodyService )))
and
(form out( commitments( BodyService )) implies
((is in, ag1, place1) and
(leg, gmt(), ”09:00:01/09/07/01”))) .
The intended meaning is that if agent ag1 sends its soul to BodyService by
09:00:00/09/07/01 GMT, then the agent will be moved to place1 by 09:00:01/09/07/01
GMT. However, in order to exclude the situation where two copies of the same agent
exist at the same time, the agent must close its process on the old place immediately
after sending its soul to the new place.

9.4 Specification of Intended Agent / Service Behavior

The following list of conditions specifying the desired behavior agents and services
presented below is certainly not completed.

– A service is allowed to make a commitment in response to agent intention, only if
it can realize the job requested by the agent. The service should do it best to realize
the commitment before the timeout. The service is obliged to sent notification about
commitment realization.

– There can not be two copies of the same object at the same time. It is of particular
importance in the case of agent migration where agent’s soul is moved to another
place. If the agent process is not closed at the old place, then two copies of the same
agent are in the system, and each of them is autonomous. This may cause serious
problems because they may disturb each other.
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– Agent’s goals and commitments can not be canceled by the agent. Agent’s intention
can not contradict its goal or commitment.

9.5 Implementations Details

First of all, the space of URI should be defined. Analogously to URL, we propose the
following protocol for creating URI in agentspace:
pegaz://ii-ap.siedlce.pl/node/service#name
where pegaz corresponds to a communication platform (protocol).

ii-ap.siedlce.pl is a host name.
node is the name of place on the communication platform.
service is name of service running on this node.
name is name of object, agent, or defined notion located at this service.
An important point in our framework is soul creation. The soul creation is reserved

exclusively to a SecretaryService. SecretaryService is a GUI to agentspace. There are
two special services associated to any SecretaryService, i.e., MailService and Dictio-
naryService. A SecretaryService is also the place where the agent is given its complete
name (URI) as an attribute of its soul. Let us note, that in our framework, agent complete
name is at the same time the mail address of the agent for asynchronous communica-
tion. Of course, agent being mobile, i.e., moving from place to place, communicates
immediately from its local place. However, if a service wants to communicate with
such mobile agent, it uses the agent name as the permanent static address of the agent.
Mail account are located on MailService that must be ran on a persistent server. The
messages sent to agent mail account may contain intermediate resources of the work-
flow that are sent to the workflow owner (i.e., the agent) in the case of a partial failure
of the workflow execution. Notifications of realizing commitments are also sent to the
agent mail account.

DictionaryService implements Entish syntax, Here, a user can define its new con-
cepts, names, and symbols according to the Entish rules. The implementation of Dic-
tionaryService is left to a user. The only requirement is that the document where new
definitions are written down, must be visible (as read-only file) from the outside like
the documents on www. The format of DictionaryService document must be fixed and
implemented in XML. This will be done shortly.

At the current stage of the project, the data structure (kinds) specified in cEntish are
implemented in Java. Since XML is a standard, the final version of the data structure
will be implemented in XML.
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Abstract. In this paper, a multi-agent system (MAS) for bus transportation 
management is presented. The aim of our MAS is 1) to diagnose problems in 
the bus lines (bus delays, bus advances,...) and 2) to detect inconsistency in 
positioning data sent by buses to the central operator. Our MAS behaves as a 
Multi-Agent Decision Support System (MADSS) used by human regulators in 
order to manage bus lines. In our model, buses and stops are modeled as 
autonomous agents that cooperate to detect faults (disturbances) in the 
transportation network. An original interaction model called ESAC 
(Environment as Active Communication Support) was designed to allow non-
intentional as well as direct communication. The system was implemented 
using ILOG RULES and was tested on data coming from the Brussels bus 
transportation network (STIB). 

Keywords: Multi-agent system, Decision Support System, interaction, 
environment, dynamic systems, transportation system. 

1 Introduction 

Designing, implementing, and adjusting urban public traffic control systems involves 
quite effort and knowledge. The effectiveness of urban traffic control systems greatly 
depends on its ability to react upon changes in traffic patterns (for example traffic 
jams, road work, one-way streets, passenger clusters, etc.). The hypothesis is that it is 
useful for human regulators (the staff in charge of monitoring the network) to design 
Transportation Decision Support Systems that is able to adjust itself if the 
environment changes, that is to say to automatically detect incoherent data, traffic 
disturbances and then to automatically propose solutions to optimize the traffic flow 
in order to maximize the person and vehicular throughput and to minimize delay. 

This research is part of the SATIR project done with the participation of the 
French Transportation Institute INRETS (Institut National d'Etudes et de Recherche 
sur les Transports). 
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Urban public transportation systems are naturally open systems (vehicles appear in 
or disappear from the network according to their activity) and distributed systems 
(vehicles move on a network).The multi-agent paradigm makes it possible to model 
those systems where the distribution of control and knowledge facilitates problem 
solving, improves robustness and reduces execution time. Therefore, a multi-agent 
approach was chosen to model the system in order to 1) diagnose disturbances in the 
bus lines (bus delays, bus advances,...), 2) detect inconsistency in positioning data 
sent by buses to the central regulator,3) dynamically compute schedules and 4) 
monitor and process disturbances. In this paper, we will only present the two first 
points. The last ones are part of the whole SATIR project [2].We applied our 
approach to a bus transportation network. 

A variety of approaches have been used to model urban transportation network 
(Operation Research methods, fuzzy theory, neural networks, genetic algorithms, 
intelligent agents). A good review of the literature can be found in [2,10]. Very few 
models are based on the multi-agent paradigm because one of the difficulties in both 
the design and the understanding of MASs comes from the lack of central controls 
and the ensuing conflicting, uncertain, incomplete and delayed knowledge on the part 
of the agents. LIN used the multi-agent approach for transportation scheduling and 
simulation in a railroad scenario [9]. Brezillon has designed a simulator to help 
human regulators of the Parisian subway [5]. Theses systems present several 
drawbacks: they are mostly simulation systems that are not integrated into the 
decision support system and they are not directly fed with real-time data coming 
from vehicule sensors.  

 
In the following, we present the global design of the multi-agent system (MAS) 

for bus transportation management.  
The second section presents notions of the urban public transportation domain. In 

the third section, the overall architecture of our system is presented. In our model, 
buses and stops are modeled as autonomous agents that cooperate to detect faults 
(disturbances) in the transportation network. An original interaction model called 
ESAC (Environment as Active Communication Support), presented in the second 
section, was designed to allow non-intentional as well as direct communications. The 
last sections show how the system operates and present the implementation of the 
system and its validation on data coming from the Brussel bus transportation network 
(STIB). 

2 Notion of the Domain 

In urban transportation control, human regulators are located in a control center. 
They have to manage the transportation network under normal operating conditions 
(where are the buses located ?) and also under disturbed conditions (where are 
disturbances (bus delays, bus advances) located ? What action has to be taken to 
solve the problem?). 

In most networks, vehicles are located through sensors which provide real-time 
information. This information represents a huge amount of data (data arrives every 
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40 seconds). Furthermore it may be incomplete (a sensor breaks down) or uncertain 
(the quality of the data is sometimes poor). This data is collected through the 
Automatic Vehicle Monitoring systems (AVM). AVM compares the actual positions 
of the vehicles (captured by the sensors) with their theoretical positions in order to 
provide the regulator (the staff in charge of monitoring the network) with an 
overview of the routes. In this way the regulator can see whether the vehicles are 
running ahead of schedule or are running late. .  

Figure 1 shows the AVM management of real-time information coming from 
sensors and the output of the system. Each line is represented two ways with its stops 
and its running buses. Each bus location is represented by 1) a number for its 
theoretical position coming from theoretical schedule, 2) a colored square for its real 
location detected by the system. This real location may be erroneous due to sensor 
break downs. Stops are represented by black dots. The gap between the theoretical 
position and the real position gives an information about the bus delays or advances. 
Colors give the importance of the delays or advances. 

audio data

Equipment on the site

bus

audio data
Equipment on the site

Automatic Vehicle
Monitoring systems

The most
important delay

Real Position

Theoretical
Position

The most important
advance  

Figure 1. Real-Time Information in a Bus Transportation Network. 

 
Problems arise when a vehicle may not be announced on stops he has served thus 

generating a false alarm (declared as late while it passed over the stop) and erroneous 
output on the screen. We will see how our model allows to manage these 
inconsistencies without using broadcasting. 

3 The Overall Multi-agent Model 

The agent technology is based upon the notion of reactive, autonomous, proactive 
entities that inhabit dynamic environment. Multi-Agent Systems can be characterized 
by the interaction of many agents trying to solve a problem in a cooperative way. 
Several methodologies were proposed to model Multi-Agent System (MAS). Our 
approach is based on the AEIO methodology ([6]). Following this approach, we 
defined an Agent model, an Environment model and an Interaction model. The 
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organization model, needed to find a solution to the detected disturbance, is defined 
in another part of the project and is described in [3, 11]. This paper focuses on the 
AEI part of the model, principally on the Interaction model that we have called the 
ESAC model. 

 
After an analysis of the problem, we defined two types of agents : STOP agents 

and BUS agents (cf. fig 2). Each STOP agent calculates a schedule for a Bus to come 
on its line at its position and the BUS agents account for the activity of the vehicle by 
announcing when they will arrive at the stop concerned. A STOP agent can trigger an 
alarm if an expected BUS has not been announced while its schedule is over. 

 
BUS agents

STOP agents

A transportation line

 
Fig 2. A Multi-agent Urban Public Transportation Line. 

The ESAC model is a communication model between agents based on the 
environment as an active communication support. It differs from the four most 
widely known interaction models used in MAS: a sender broadcasts its messages, a 
sender knows the name of its receivers, a sender uses the Contract Net Protocol, a 
sender send messages through middle agents. In urban traffic control domain, the 
sender does not always know the name of its receivers. For example, when a bus has 
to contact its nearest bus, it does not know its identification. We designed an original 
communication model, ESAC, that addresses this type of problem. This leads to a 
type of agent model that encompasses the characteristics of the receivers and that 
makes this knowledge accessible to the environment. The use of the environment as 
active communication support also supposes that the sender needs are represented in 
the structure of the messages. This section introduces the ESAC model and its 
various components.  

3.1 ESAC: An Agent Model 

The aims of our agent model are twofold :  
− To allow the environment to identify the characteristics of an agent 
− To give the agent the knowledge necessary to participate in the environment. 

 
A general overview of the components of an agent is given below, followed by the 

description of two original modules: the Public Layer module and the Environment 
Knowledge module. 

In our system, the agents can be heterogeneous and can belong to different 
categories (for example, the STOP agents and the BUS agents ). 

The agent model that we propose is made up of five modules: 
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− The Communication module, which enables the agent to send and receive 
messages. 

− The Domain Knowledge module, which contains the knowledge necessary for the 
agent to work. 

− The Control module, which manages the interaction between the modules. The 
information flows between the modules are directed by the Control module. 

− The Public Layer module, which contains all the information that is accessible to 
the environment. 

− The Environment Knowledge module, which contains the knowledge necessary 
for the agent to interact in the environment. 
 
In the following, we are going to detail the last two modules. The communication 

module is the classical one found in every MAS. The domaine knowledge is 
dedicated to the application domain. It contains planification knowledge for BUS 
agents and the theoretical schedule for STOP agents. 

3.1.1 The Public Layer Module 
The information contained in this module is represented as pairs: 

(attribute_name, attribute_value) 
 

For example for a BUS agent:  
(last_position, 10); (number, 54806); (line_number, 54). 

 
It identifies each of the representatives from a category of agents and is accessible 

to the environment. The combination of this information enables the environment to 
identify a sub-set of representatives from a category of agents, for example all the 
STOP agents situated between the active bus position and the terminus stop. 

3.1.2 The Environment Knowledge Module 
In order to enable the agents to receive messages, we define communication filters. 
These filters constitute the sensors of the agents on their environment. 

The knowledge held in the Environment Knowledge module is necessary for an 
agent to receive messages. It defines the appropriate receiver. For example, a STOP 
agent may want to contact all the BUS agents that are going to stop. This module is 
divided into two parts, the first one containing the communication filters which allow 
him to receive the messages by pattern-matching, the second one concerning the 
social knowledge of the agent. 
• Communication filter module 

We define three types of filters: the emission filters, the reception filters and the 
interception filters. They are detailed in 3.3. 
• Social module. 

This module contains two types of information: 
− Category acquaintances, which concern the description of the Public Layer 

module of the categories of agents with which the agent may communicate. For 
example, the category "STOP agent" has the description of the public layer of the 
category "BUS agent".  
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− Special acquaintances, which contain the information that allows an agent to send 
messages to the agents with which it has privileged relations. For example, a 
STOP agent has privileged relations with the preceeding STOP agent and the next 
STOP agent. This information is used by the agents when a privileged relation 
between agents cannot be represented logically with filters. 

3.2 ESAC: A Communication Language 

We propose a communication language which is common to all of the agents in the 
system (for a detailed description, see [1; 4]). Every message sent or received has to 
comply with our communication model in order to enable the sender to express his 
needs and to be understood by all of the agents. 

Messages have the following structure: 
 

<message>::=<environment> <reception> <body> 
 

In the following paragraphs, the elements which make up the <environment> and 
<reception> parts of a message are presented. The <body> part will not be presented 
because it based on the performatives which are traditionally used in high level 
languages (KQML [7], FIPA ACL [8]) 

3.2.1 The Structure of a Message: The Environment Parameters 
 

<environment>::=<validity_limit><priority> <receiver_category> 
 

The information referred to in this part is the data which allows the environment to 
process the message. The parameters are meta-information which is not directly 
related to the body of the message (containing domain knowledge) but to the way in 
which it should be processed by the environment. 

Currently three types of information are used: 
− <validity_limit>: a sender agent puts its query into the environment without 

necessarily knowing the receiver. There may be just one receiver but the message 
may also concern several receivers. In this case, the message must remain 
available for the whole community. We have chosen the following convention: 
every message sent to a single receiver with a single identifier or as the result of a 
comparison between the potential receivers, is destroyed by this receiver. A 
message with several potential receivers is destroyed by the environment 
(according to the value of <validity_limit>). 

− <priority>: the value of this attribute represents the importance of the message. It 
is given by the sender according to its needs. It is also used to determine the 
importance of the filter which will process the message. The environment sorts 
these messages according to their priority, thus taking into account the needs of 
the agents. 

− <receiver_category>: an agent indicates to the environment the agent category to 
which its message is sent by attributing values to this parameter. 
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3.2.2 The Structure of a Message: Reception Conditions 
 

<reception>::=<filter_name > (<condition>) 
 

The second part of the information corresponds to the data used in order to find the 
receiver of a message. The first characteristic, called <filter_name>, indicates the 
name of the filter. 

The second attribute (<condition>) puts together the values which will be used to 
search for the receiver, in a post -fixed polish notation (the operator is written at the 
end of the mathematical or logical expression, and the conjunction of predicates is 
between parenthesis) 

 
((<attribute1_name, attribute1_value, operator1>) 

... 
(<attributeN_name, attributeN_value, operatorN>)) 

 
operatorI is either 
− a mathematical comparator. 
− an application dependent predicates. For exemple, ">FirstPosition" is used to 

locate the closest BUS to a given position. In the pattern-matching process, the 
environment uses this predicate to compare potential receiver agents (cf. Section 
3.3). 

 
In every triplet, the operator operatorI compares the attributI_value contained in 

the Public Layer module of the potential receiver to attributI_value contained in the 
message. 

For instance: 
(position, 10,>) � position_of_potential_receiver> 10 

This triplet means that the value of the position attribute of the receiver (held in its 
Public Layer module) must be over 10. 

 
In this way, we define "a communication logic" enabling each agent to find its 

interlocutor according to the characteristics it is searching for in this agent. 

3.3 An Active Environment 

The environment is made up of the reception and interception filters and of the 
representatives of each categories of agents. When an agent wants to communicate, 
its puts its message in the environment. The pattern-matching process consists of 
three steps. In the first step, the environement uses the information 
<receiver_category> to take into account a set of filters and the category of the 
agents concerned with the communication. The filter name (contained in the 
message) is used during the second step to match the filter to take into account. 
During the third step the selected filter is instantiated with the attribute values of the 
filed <condition> contained in the message. This step makes it possible, through the 
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application of the instantiated filter, to choose the receiver agents concerned with the 
communication.  

Three types of filters have been defined in our model. Each filter corresponds to a 
precise communication need: 

 
− Reception filters: communication is based on a need that is common to two 

agents. The sender specifies the values of the characteristics searched for in the 
receiver. This description is matched against a communication filter of the 
category of the agents contacted. 

 
The structure of a filter is described in figure 3: 

(:filter  =<filter_name> 
  :priority = <message_priority> + [<parameter>] 
  :condition = ((<attribut_name >, x, <operatorI>)*) ) 

Figure 3. The Structure of a Filter. 

The architecture of a filter is made up of three distinct elements: 
− <filter_name>: this information identifies the filter from among the set of filters 

of a category of agents. The comparison of this value with the <filter_name> 
information contained in the message allows the environment to choose the filter. 

− <message_priority>: this information is used to defined the order in which 
messages are processed (cf. Section 3.2.1). Each filter receives priority number 
from the <priority> field of the processed message; it may be modified by the 
optional parameter [<parameter>]. <parameter> modifies initial priority coming 
from a message.  

− In the field <condition>, variables (x) are instantiated with the attribute values of 
the corresponding conditions in the message. 
 

Situation  
 

Filter 
 
 
(:filter        =line 
:priority     message priority given by the 
sender 
:condition   (line, line number, =) 
) 

Fig 4. Example of a Reception Filter Operation. 

With the reception filter, which name is =line (cf. fig 4), an agent will receive all 
the messages sent to its line. This filter compares the attribute "line", located in the 
agents public layer, with the value contained in the message. 

 
− Emission filters: communication is based on a need of the sender which doesn't 

match any expectation of the category of contacted agents. The consequence of 
this lack of interest among the receivers is the absence of suitable filters which 
would make it possible for the environment to define the agents concerned. 

STOP AGENT : I need to receive all 
messages which are adressed to my line 
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Consequently, the sender must put the appropriate filter in the environment at the 
same time as it sends its message. An emission filter may require the comparison 
of the potential receivers and therefore the use of predicates. This possibility 
implies that the filter matches all the potential receivers of a message and then 
searches for the exact receiver of that message.  

 
               (:filter   = <filter_name> 

  :filter_priority  = <message_priority> + [<parameter>] 
  :condition  = (((<attribut_nameI>, x, <operatorI>)*) 
(¬((<attribut_nameJ>,< chosen_agent _value>,<operatorJ>)*) ))) 

Figure 5. The Structure of a Filter to Compare the Candidates. 

In order to compare the candidates, conditions concerning the receivers are added 
to the initial structure of a filter. These conditions are identical to the ones used to 
define the candidates but the comparison values are those of the candidates and not 
those contained in the message. 

For instance, the filter, which name is "<FirstPosition.=line" (cf. Figure 6), is 
used in order to find a particular BUS agent. It must be the closest BUS to the sender 
terminus. The sender expresses this need with a predicate : <FirstPosition. The 
receiver position must be less than the position value contained in the message. In the 
sub-set of the potential agents, the exact receiver must have the greatest value of 
attribut position. 

 
Situation 
 

 

Filter 
 
(:filter        <FirstPosition.=line 
  :priority    message priority given by sender 
  :condition ((terminus_position, x, <) 
           (¬(position, chosen_agent_value,>) 
                     (line, y, =)) 
) 

Fig 6. Example of an Emission Filter Operation. 

− Interception filters: the interception filters are the sensors which allow the agents 
to receive the messages which are not applied to them but the content of which 
may be of interest for them. The goal of these filters is to make full use of the 
environment as a shared work context [12; 4] where every communication is 
potentially available for all of the participants. 
 
The structure of an interception (cf. Figure 7) filter allows the environment to take 

into account the characteristics of the sender (through the body of the message), the 
receivers and the interceptor. There are therefore three types of conditions for an 
interception filter: 

 
− The characteristics of the sender: an interception filter includes conditions giving 

the characteristics of the message the interceptor wishes to receive (variable m). 

BUS AGENT : I need to contact 
the BUS which is the closest of the 
terminus on my line.
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− The characteristics of the receivers: an interception filter includes in its field 
condition the reception filter which makes it possible to find the receivers of the 
initial message. 

− The characteristics of the interceptor: an interception filter includes in its 
structure some conditions governing the intercepting agent. The conditions refer to 
the attributes of the normal receiver (variable z) and/or of the message (variable 
m). 
 
(:filter  = <filter_name> 
 :priority  = <message_priority> + [<parameter_2>] 
 :condition  =  

   ((z(:filter  = <filter_name> 
         :priority   =message priority + [<parameter_1>] 
         :condition  = (((<attribut_nameI>, x,<operatorI>)*) 
    (¬(<attribut_nameJ>, <chosen_agent_value>, <operatorJ>)*))) 
       ) 
    (m (<information_Message>, y, <operatorK>)*)  
       ((<attribut_Interceptor>, z, <operatorL>)*) )) 

Figure 7. The Interception Filter. 

In order for an agent to intercept a message, the interception filter must be given 
priority over that of the reception filter. The structure of a filter therefore includes 
information concerning its priority (<priority>) which is equal to the priority of the 
message (plus the value of [parameter]). Assigning to an interception filter the 
priority of the reception filter it includes plus 1 (at least) ensures that the environment 
will activate the interception filter before the communication filter. 

 
 

Situation 
 
 
 

 

Filter 
(:filter  interception_disturbances 
 :priority message priority + 1 
 :condition 
   ((z(:filter     reference 
      :priority  message priority  
      :condition (((<reference>, x,=)) 
    ) 
  (m (subject, "disturbance", =))  

    ((position, z position , > )  
    (terminus_position, z position, <) ) 
    )   ) 

Fig 8. Example of an Interception Filter Operation. 
 
For instance, the filter interception_disturbances (cf. Figure 8) is used to intercept 

all messages directly addressed to an agent (using the filter named "reference") and 
relative to a disturbance. The interceptor is interested by the message only if the 
position of the initial receiver is between it's own position and the terminus position. 

BUS AGENT : I need to intercept all 
messages concerning a disturbance 
beetwen my position and the terminus 
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This filter has a priority egal to the message priority plus 1 because the filter, named 
"reference", has a priority egal to the message priority. 

 
The possibility of intercepting messages justifies the uses of filters as opposed to 

the automatic processing of the content of the various Public Layer modules. An 
agent indicates to the environment that it is interested in events (interaction between 
agents) which do not concern it directly. Automatic filtering of the content of the 
Public Layer of the category of receiving agents according to the conditions 
contained in the message doesn't allow this form of interaction. This original concept 
introduces a new type of interaction which doesn't emerge from the initial 
protagonists. The triggering of this interaction depends on the relations between the 
sender, the receivers and the interceptor. 

4 An Application: The Management of a Bus Transportation 
Network 

As we said before, the MAS was designed to manage the transportation network 
under normal operating conditions and also under disturbed conditions. Vehicles are 
located through sensors which provide real-time information. This data arrive every 
40s which represents a huge amount of data. This data is collected through the 
Automatic Vehicle Monitoring systems (AVM). AVM compares the actual positions 
of the vehicles (captured by the sensors) with their theoretical positions in order to 
provide the regulator with an overview of the routes. In this way the regulator can see 
whether the vehicles are running ahead of schedule or are running late. Another 
problem arises when buses are not correcly located due to sensor dysfunctions 
(inconsistent date). The problem studied in this application is the management for the 
inconsistencies resulting from the data collected by sensors. 

We have defined two categories of agents: (1) the STOP agents, (2) the BUS 
agents. They interact through messages inside the environment. The STOP agents 
have the timetables of the vehicles in service and the BUS agents report the actual 
state of the network by indicating to the STOP concerned (sending of a message) the 
passage of a physical bus at a physical stop. The problem arises when a vehicle is no 
longer located and when the STOPs on the bus route have not been warned about the 
passage of the bus. The consequence is that false alarms are triggered (a bus has not 
appeared and is running late) (cf. fig 9). 
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Current Time 10h00

Interception Protocol :
STOPs intercept the transit
announcement of b2

BUS b1 BUS b2

BUS b3

Area 2: STOPs expecting  b2

Area 1 : STOPs expecting b1

Area3: STOPSs expecting  b1 and  b2

Interception Protocol :
STOPs intercept the transit
announcement of b1

Update Protocol : STOPs  warn
their own predecessor of the event.

BUS b1 sends a  t ransit announcement
whereas it is not the expected BUS.  I warn
my predecessor

Next transit annoucementLast transit announcement

 
Figure 9. An Example of Incoherent Data. 

 
In order to solve this problem, an interception filter can be used. The BUS cannot, 

by itself, inform the STOP about a stop it has gone past without stopping, because it 
has no knowledge about where it has supposed to stop. A STOP agent observing a 
delay cannot initiate the consultation of a BUS it is expecting for two reasons: (1) a 
stop can be passed by a vehicle running early and the STOP agent does observe any 
anomaly; (2) the BUS cannot answer because it doesn't know its route (by definition 
it doesn't know where it will be correctly located again). 

The solution chosen is to intercept all new transit announcement sent by vehicles 
not running to schedule in order to make it possible for the STOPS concerned to 
receive the message and update their timetable. 
− The filter takes into account the relation between the interceptor and the 

receivers: out of all of the messages sent by the sender, the interceptor is only 
interested in those which have receivers with a position superior to its own. 

− The filter takes into account the relation between the sender and the interceptor: 
the filter intercepts the messages sent by the vehicle with a waiting interceptor. 

− The filter takes into account the nature of the message: the interceptor only 
wants to receive messages concerning a transit announcement. 

 
The sender and subject information comes from the <body> part of the message 

(cf. Section 3.2). 
 

This filter will be activated by the environment only when a vehicle has not been 
announced at the stops and when it "reappears" further on at a new stop. So, the 
STOPs that have not been informed receive the message from the BUS agent and 
update their schedule. The BUS and STOP agents interact through the 
communication according to the normal schedule updating protocol. 
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5 Implementation and Evaluation 

A prototype has been implemented to investigate the feasibility of a multi-agent 
model to represent the static and dynamic management of o bus transportation 
network. It uses the ILOG RULES software development environment based on an 
object-oriented formalism and C++. Figure 10 shows an output screen of the system. 
The problem of the cost of updating the data is solved by updating the content of the 
agents' Public Layer module locally; the RETE algorithm dynamically manages 
content changes to the working memory at minimum cost. 

 

 
Figure 10. Output Screen of the MAS Public Transportation System (squares, dots and colors 
are explained in §2). 

Two types of validation have been undertaken: face validity and predictive power. 
face validity is a surface or initial impression of the realism of a system and was 
checked in the early stages of model building. The system was shown to a group of 
experts (human regulators) of the Brussels Transportation Society (STIB). They 
considered the correspondence between the model operation and their perception of 
the real-life phenomena which the model represents to be good and so accepted face 
validity. Predictive power was evaluation by testing and comparing results of the 
system against reality. The assessment of the system covered 8 days of test of the 
recorded data covering two lines (lines 20 and 54) where more than 300 disturbances 
were identified. In parallel, the operators work were observed and the disturbance 
were precisely recorded at the control center. The tests show that our MAS detected 
all the disturbances while the operators detected only 10% of them. It can be 
explained by the fact that, when operators detect a disturbance, they immediately try 
to solve it, which is time consuming, preventing them to detect other disturbances. 

 
It is obvious that more testing and validation are called for. Although the 

validation of the system is at its early stages, results so far have shown that the MAS 
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approach offers potential to model bus transportation network in order to assist 
human operators to detect disturbances and that research should therefore proceed.  

6 Conclusion 

This paper shows how a multi-agent methodology and framework has been applied 
for the development of a distributed DSS for urban public transportation system 
management.  

The aim of our MAS is 1) to diagnose disturbances in the bus lines (bus delays, 
bus advances,...), 2) to detect inconsistency in positioning data sent by buses to the 
central regulator and 3) to monitor and process disturbances. In this paper, we have 
only presented the two first points.  

Several key contributions should be highlighted. First, multi-agent paradigm 
provides an adequate structure to represent multiple and complex interactions 
between agents. Second, the original concept of active environment that we have 
introduced, allows the agent to interact directly, sending and receiving messages 
through logical filters of emission, reception and interception. The technique of the 
active environment is used to make the model consistent when a bus has reappeared 
after several stops given its latest location. Interception logical filters enable the 
passed stops to update their next bus waiting time planning. Third, the multi-agent 
approach allows the dynamic management of the bus schedule, the bus schedule 
follow up in real time and the comparison with the theoretical bus schedule during 
the day . The disturbance detection and display enables the operators quickly to 
identify the malfunctions of the lines inside the network.  

Our multi-agent system is used as the basis of a decision support system and has 
been assessed over several test days in real size. Using real data coming from the 
Brussels bus network, the system has been shown to work despite the sensors 
failures. 

More research has to be done in several directions: 1) fully testing and validating 
the system, 2) improving the dynamic management of the filters, so that the agents 
can add and remove filters from the environment. This dynamic management 
requires the use of knowledge on category acquaintances. This new generation of 
agents is expected to increase its autonomy by building its own communication 
filters according to the evolution of its needs, 3) developing the user dialog and 
interfaces to allow human regulators to ask for explanations of the disturbances, 4) 
adding statistical tools to better understand the network operations, 5) taking into 
account several lines and the interchange problems. 
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Abstract. Effective use of the vast quantity of information now available on
the web will require the use of “Semantic Web” markup languages such as the
DARPA Agent Markup Language (DAML). Such languages will enable the au-
tomated gathering and processing of much information that is currently available
but insufficiently utilized. Effectively, such languages will facilitate the integra-
tion of multi-agent systems with the existing information infrastructure. As part
of our exploration of Semantic Web technology, and DAML in particular, we have
constructed ITTALKS, a web-based system for automatic and intelligent notifi-
cation of information technology talks. In this paper, we describe the ITTALKS
system, and discuss the numerous ways in which the use of Semantic Web con-
cepts and DAML extend its ability to provide an intelligent online service to both
the human community and the agents assisting them.

1 Introduction

With the vast quantity of information now available on the Internet, there is a need to
manage this information by marking it up with a semantic language, such as DARPA
Agent Markup Language (DAML) [26], and using intelligent search engines, in con-
junction with ontology-based matching, to provide more efficient and accurate infor-
mation search results. The aim of the Semantic Web is to make the present web more
machine-readable, in order to allow intelligent agents to retrieve and manipulate perti-
nent information. The key goal of the DAML program is to develop a Semantic Web
markup language that provides sufficient rules for ontology development [ 20] and that
is sufficiently rich to support intelligent agents and other applications [ 22,32]. Today’s
agents are not tightly integrated into the web infrastructure. If our goal is to have agents
acting upon and conversing about web objects, they will have to be seamlessly inte-
grated with the web, and take advantage of existing infrastructure whenever possible
(e.g., message sending, security, authentication, directory services, and application ser-
vice frameworks). We believe that DAML will be central to the realization of this goal.

� This work was supported in part by the Defense Advanced Research Projects
Agency under contract F30602-00-2-0 591 AO K528 as part of the DAML program
(http://daml.org/).
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Fig. 1. Tim Berners-Lee’s vision of the Semantic Web is founded on a base that includes
URIs, XML, and RDF.

In support of this claim, we have constructed a real, fielded application, ITTALKS,
which supports user and agent interaction in the domain of talk discovery. It also pro-
vides a simple web-driven infrastructure for agent interaction. In addition, ITTALKS
serves as a platform for designing and prototyping the software components required
to enable developers to create intelligent software agents capable of understanding
and processing information and knowledge encoded in DAML and other semantically
rich markup languages. To date, we have focused on developing the support and in-
frastructure required for intelligent agents to integrate into an environment of web
browsers, servers, application server platforms, and associated supporting languages
(e.g., WEB/SQL, WEBL), protocols (e.g., SSL, S/MIME, WAP, eSpeak), services (e.g.,
LDAP) and underlying technologies (e.g., Java, Jini, PKI).

On the surface, ITTALKS is a web portal offering access to information about talks,
seminars and colloquia related to information technology (IT). It is organized around
domains, which typically represent event hosting organizations such as universities,
research laboratories or professional groups, and which in turn are represented by in-
dependent web sites. ITTALKS utilizes DAML for its knowledge base representation,
reasoning, and agent communication. DAML is used to markup all the information,
which is stored in a knowledge base, to provide additional reasoning capabilities other-
wise unavailable. With information denoted in a semantically machine-understandable
format, the computer can deduce additional information, a task which is difficult in a
traditional database system. For example, if both ITTALKS and the user agree on a
common semantics, the ITTALKS web portal can provide not only the talks that cor-
respond to the user’s profile in terms of interest, time, and location constraints, but can
further filter the IT events based on information about the user’s personal schedule, in-
ferred location at the time of the talk, distance and current traffic patterns, etc. ITTALKS
can also dynamically update the user’s profile with incremental learning of the user’s
usage patterns.

ITTALKS demonstrates the power of markup languages such as DAML for the Se-
mantic Web, drawing on its ability to represent ontologies, agent content languages and
its ability to improve the functionality of agents on the web. We have developed DAML-
encoded ontologies for describing event, temporal, spatial, personal, and conversational
information, which enable us to represent all required knowledge in a DAML-encoded
format. Moreover, these ontologies enable us to execute a computer understandable
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conversation. In addition, we have created several DAML-encoded classification on-
tologies, which provide us with additional reasoning capabilities in order to find the
best matching IT talks for a particular user. Furthermore, in the ITTALKS application,
any web page presented on the ITTALKS web sites contains the necessary information
for an agent to retrieve the DAML-encoded description of this page as well as the con-
tact information of a responsible agent in order to provide more effective conversation.
ITTALKS thus provides each agent with the capability to retrieve and manipulate any
ITTALKS-related information via a web site interface or through a direct agent-to-agent
conversation. Hence, by combining the features of currently existing web applications
with the DAML-based knowledge and reasoning capabilities, ITTALKS presents a true
Semantic Web application.

2 Background

DAML is a semantic language being developed by a consortium of U.S.-based academic
and business researchers 1, which officially began in August 2000, to address the cur-
rent web’s limitations in providing machine-readable, and more importantly machine-
interpretable, information over the Internet. The goal of DAML is to enable the trans-
formation of the currently human-oriented web, which is largely used as a text and
multimedia repository only, into a Semantic Web as envisioned by Berners-Lee [ 4,3].
This process involves the augmentation of web pages with additional information and
data that are expressed in a way that facilitates machine understanding [ 21,23].

DAML is built upon the capabilities of an already existing syntactic language, the
Extendable Markup Language (XML) [19], and of the Resource Description Frame-
work and Resource Description Framework Schema (RDF/S) [16,18,17,36]. These are
XML applications that provide a number of preliminary semantic facilities required in
the realization of the Semantic Web vision.

XML was developed by the World Wide Web Consortium (W3C) as a standard for
alternative data encoding on the Internet that was primarily intended for machine pro-
cessing. Moreover, XML is an application profile of the Standard Generalized Markup

1 Visit the DAML Program official web site at http://www.daml.org/.

<daml:class rdf:ID="Animal">
  <rdfs:label>Animal</rdfs:label>
  <rdfs:comment>An Example</rdfs:comment>
</daml:Class>

<daml:Class rdf:ID="Male">
  <rdfs:subClassOf rdf:resource="#Animal"/>
</daml:Class>

<daml:class rdf:ID="Female">
  <rdfs:subClassOf rdf:resource="#Animal" />
  <daml:disjointWith rdf:resource="#Male" />
</daml:Class>

<daml:Class rdf:ID="Man">
  <rdfs:subClassOf rdf:resource="#Person" />
  <rdfs:subClassOf rdf:resource="#Male" />
</daml:Class>

Fig. 2. An Example of DAML-Encoded Knowledge.
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Fig. 3. A Screenshot Depicting the Main Page of the ITTALKS System.

Language (SGML), and is therefore based on a well-defined and well-understood syn-
tactic language. The XML standard provides the necessary means to declare and use
simple data structures, which are stored in XML documents and which are machine-
readable. Subsequently, the information made available in these documents can be pro-
cessed or translated into additional XML documents to provide the appropriate form for
human understanding, such as text-to-voice, graphics or HTML conversion. However,
since XML is defined only at the syntactic level, machines cannot be relied upon to
unambiguously determine the correct meaning of the XML tags used in a given XML
document. Consequently, XML is not suitable as a desired language for representing
complex knowledge.

As a result, the W3C Consortium has developed RDF/S with the goal of address-
ing the XML deficiencies by adding formal semantics on the top of XML. These two
standards provide the representation frameworks for describing relationships among
resources in terms of named properties and values, which are similar to representa-
tion frameworks of semantic networks and rudimentary frame languages such as RDF
Schema. Yet, both standards are still very restricted as a knowledge representation lan-
guage due to the lack of support for variables, general quantification, rules, etc.

DAML is an attempt to build upon XML and RDF/S to produce a language that is
well suited for building the Semantic Web. It follows the same path for representing
data and information in a document as XML, and provides similar rules and definitions
to RDF/S. In addition, DAML also provides rules for describing further constraints and
relationships among resources, including cardinality, domain and range restrictions, as
well as union, disjunction, inverse and transitive rules. DAML is, therefore, an effort
to develop a universal Semantic Web markup language that is sufficiently rich to pro-
vide machines not only with the capability to read data but also with the capability
to interpret and infer over the data. DAML will enable the development of intelligent
agents and applications that can autonomously retrieve and manipulate information on
the Internet and from the Semantic Web of tomorrow.
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3 ITTALKS

As part of UMBC’s role in the DAML Program, we have developed ITTALKS; a web
portal that offers access to information about talks, seminars, colloquia, and other infor-
mation technology (IT) related events. ITTALKS provides users with numerous details
describing the IT events, including location, speaker, hosting organization, and talk
topic. More importantly, ITTALKS also provides agents with the ability to retrieve and
manipulate information stored in the ITTALKS knowledge base. Below, we discuss
various aspects of the system in more detail.

Unlike other web services, ITTALKS employs DAML for knowledge base represen-
tation, reasoning, and agent communication. The use of DAML to represent information
in its knowledge base, in conjunction with its use for interchangeable type ontologies
as described in Section 5.6, enables more sophisticated reasoning than would otherwise
be available. For example, a simpler representation scheme might be able to provide the
user with talks based on interest, time and location. When both ITTALKS and the user
agree on a common semantics, the ITTALKS web portal will be able to perform further
filtering, based on more sophisticated inference. In addition to enhancing knowledge
representation and reasoning, DAML is used for all communication, including sim-
ple messages and queries, using the ITTALKS defined ontology. Moreover, ITTALKS
offers the capability for each user to use his/her personal agent to communicate with
ITTALKS on his/her behalf and provide a higher level of service.

3.1 Users

ITTALKS can be used anonymously, or, more effectively, with personalized user ac-
counts. Users have the option to register with ITTALKS either by entering information
manually via web forms, or by providing the location (URL) of a universally accessi-
ble DAMLized personal profile, which includes information such as the users location,
his/her interests and contact details, as well as a schedule. This schedule might be as
rudimentary as a list of available time periods for given days, or could even include a
detailed schedule for each day. Subsequently, this information is used to provide each
user with a personalized view of the site, displaying only talks that match the user’s
interests and/or schedule.

Since DAML is not yet in widespread use, ITTALKS provides a tool for creating a
DAML personal profile. Currently, the tool constructs a profile containing only items
used by the ITTALKS system. However, we believe that the profile, in one form or
another, will ultimately provide a unique and universal point for obtaining personal in-
formation about the user, not just for ITTALKS, but for all information needs, and will
include any sort of information the user would like to share. In the future, all services
that require personal information about the user should access the same user profile,
eliminating the need for the user to repeatedly enter the same information for a multi-
tude of services. We believe that the new standard for XML Signature and Encryption
under development may provide a mechanism by which users can have some control
over access to parts of their profile.
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Fig. 4. The architecture for ITTALKS is built around a web server backed by a relational
database. Interfaces are provided to human users, software agents and web services.

3.2 Domains

To support our vision of a universal resource for the international IT research commu-
nity, ITTALKS is organized around domains, which typically represent event hosting
organization such as universities, research laboratories or professional groups. Each
domain is represented by a separate web site and is independently maintained by a
moderator who can, among other things, define the scope of the domain and dele-
gate to other registered users the ability to edit talk entries. For example, the stan-
ford.ittalks.org domain might be configured to include only talks hosted at
Stanford University. On the other hand, another domain, sri.ittalks.org, might
be configured to include not only talks about Semantic Web topics that are held at SRI,
but also those at Stanford, as well as any talks within 15 mile range of the SRI facility
in Palo Alto.

3.3 Access

The ITTALKS system is accessible either to users directly via the web, or to agents act-
ing on their behalf. The web portal provides numerous features, including registration,
search, entry and domain administration. An agent-based interface allows interaction
with user agents or other services.

Human Interface. The web portal allows a user to browse desired information in a
variety of formats, to provide the highest degree of interoperability. It permits a user to
retrieve information in DAML, standard HTML format, which includes a short DAML
annotation for DAML-enabled web crawlers, or WML [11] format, which supports
WAP enabled phones. The ITTALKS web portal also has the ability to generate RDF
Site Summary (RSS) [34] files for certain queries. These RSS files can then be used for
various external purposes, such as displaying upcoming talks on a departmental web
site for some particular university or domain.
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Agent Interface. To provide access for agent based services, ITTALKS makes use
of Jackal [12], a communication infrastructure for Java-based agents developed by our
research group at UMBC. Jackal is a Java package, which provides a comprehensive
communications infrastructure while maintaining maximum flexibility and ease of inte-
gration. The heart of Jackal is a simple conversation system, serving to maintain context
for concurrent threads of conversation while providing a guide for judging behavioral
correctness and modeling the actions of other agents. Jackal provides facilities for cre-
ating and manipulating user-defined conversation structures of arbitrary extent. Jackal
has a very modular, loosely coupled architecture, designed to support maximal concur-
rency among components, accomplished with the use of multiple threads and buffered
interfaces between subsystems. Its concise API allows for comprehensive specification
of message requests, and for blocking or non-blocking message retrieval. Currently, it
facilitates the use of KQML agent communication language [14] and employs a sophis-
ticated protocol for agent naming, addressing and identity (KNS). Additionaly, it is in
the process of adapting to the FIPA standards [15,2]. In addition, our research group, in
cooperation with other universities, is developing a DAML ontology for the necessary
conversation protocols.

3.4 Agents

In order to extend the capabilities of the system, we have defined a number of agents
that support the operation of ITTALKS. Some can be seen as supporting services (such
as external information services), while others we assume will exist in the general en-
vironment in the future.

ITTALKS Agent. The ITTALKS agent is a front-end for the ITTALKS system. It
interacts with ITTALKS through the same web-based interface as human users, but
communicates via an ACL with other agents on the web, extending the system’s ac-
cessibility. At present, the agent does not support any advanced functionality, but acts
primarily as a gateway for agent access.

User Agents. One longtime goal of agent research is that users will be represented on-
line by agents that can service queries and filter information for them. While ITTALKS
does not require that such agents exist, we recognize the added power that could be
gained by the use of such agents. Therefore, ITTALKS supports interaction with User
Agents as well as their human counterparts. The User Agent that we have developed un-
derstands DAML, supports sophisticated reasoning, and communicates via a standard
agent communication language. Reasoning is accomplished with the use of the XSB, a
logic programming and deductive database system for Unix and Windows developed at
SUNY Stony Brook.

Calendar Agent. Although a user agent may contain the necessary knowledge about
its user’s schedule, we believe that it will benefit from assigning the calendar-based
facts and preferences to a separate agent - the calendar agent. This enables the user
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Fig. 5. The Relationships among the Various Ontologies Used by the ITTALKS System.

agent not only to consult the user calendar, but also to use the same protocol to consult
other calendar agents that may represent other users or groups the user belongs to. In
addition, the calendar agent may only represent abstraction to already existing infras-
tructure, such as Microsoft Outlook [33] or other desktop/server applications. Finally,
the calendar agent may also be used to represent a room, and thus allow for re-use of
the same principles of participation scheduling as well as event scheduling.

Classifier Agent. ITTALKS uses a Classifier (or recommender) Agent that is invoked
when a user is entering a new talk. Based on the talk’s abstract, the Classifier returns
ACM Classification Hierarchy Classification numbers along with a rank, in descending
order. Using a local table of classification numbers and names, ITTALKS suggests to
the user ten possible topics.

MapQuest Agent. The MapQuest Agent is a wrapper agent that allows ITTALKS
to make use of external services. It interacts directly with agents (e.g. the ITTALKS
agent, User Agents), and accepts requests for information such as the distance between
two known locations. It then phrases an appropriate request to the MapQuest system
[29], parses the results, and generates an appropriate response. Note that this agent
could be generically named a Distance Agent, and make use of any external service (or
combination of several, as needed).

3.5 Ontologies

The ITTALKS system is based on a set of ontologies2 that are used to describe talks
and the things associated with them, e.g., people, places, topics and interests, schedules,
etc. Figure 5 shows some of the dependencies that exist among these ontologies. The
ontologies are used in the representation and processing of DAML descriptions and

2 http://daml.umbc.edu/ontologies.



ITTALKS: An Application of Agents in the Semantic Web 183

also as “conceptual schemata” against which the database and various software APIs
are built.

We have developed a general ontology for describing the topics of arbitrary talks
and papers. Using this, we have implemented an ontology to describe IT related talks
based on the ACM’s Computer Classification System. In addition, we currently are
developing a DAML ontology for IT talks based on a portion of the Open Directory,
and are considering additional classification ontologies. Figure 7 sketches some of the
major classes and properties in these ontologies. These topic ontologies are used to
describe talks as well as the users’ interests throughout the system. This includes an
automated talk classification, for which we have obtained a training collection for the
ACM CCS and are also generating an Open Directory training collection to develop the
necessary components. In addition, the DAML ontologies will give a user the ability to
add additional assertions in DAML to further characterize their interests. Lastly, we are
also in the process of developing a semi-automated component that can map topics in
one ontology into topics in another, by utilizing user-specific mapping believes and by
taking advantage of the fact that nodes in each ontology have an associated collection
of text. This component is further described in Section 5.4.

3.6 Data Entry

Currently ITTALKS requires that information about talks be manually entered via a
web form interface, or be available in a DAML description available at a given URL.
Although we have made this process as simple as possible (e.g., by supporting au-
tomatic form completion using information from the knowledge base and the user’s
DAML profile) it is still a time consuming process. Therefore, we are developing a fo-
cused web spider to collect talk announcements from open sources on the web. This
spider will identify key information items using a text extraction system, and will au-
tomatically add information to the ITTALKS knowledge base. We are working with
the Lockheed-Martin research group on the above task, and will use their AeroText
information extraction system [1].

3.7 Architecture

The current implementation of ITTALKS uses a relational database, in combination
with a web server, to provide user access to the system. To enable agents to access the
system, the ITTALKS provides an interface for agent-based communication.

Database. The main software packages that are used in the ITTALKS system are
the MySQL relational database software and a combination of Apache and Tomcat as
the web portal servers. The contents of the ITTALKS knowledge base are stored in a
database whose schema is closely mapped to our ontologies describing events, people,
topics and locations. We have chosen MySQL because of its known reliability, and be-
cause we required software with a license that allows us to make the ITTALKS package
available to additional academic and commercial institutions.
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Web Server. As stated above, for our web, we have chosen a combination of Apache
and Tomcat. This enables us to present the IT talk descriptions to the user using Java
servlets and JSP files, which dynamically generate requested information in DAML,
XML, HTML, RSS, and WML formats. The current ITTALKS implementation can
provide information suitable for viewing on either a standard, computer-based or a
WAP-enabled cellular phone.

Extensions. In addition, we are currently employing the Jackal agent communication
infrastructure developed at UMBC and the Lockheed-Martin’s AeroText information
extraction system in order to facilitate ITTALKS-user agent interaction and the auto-
mated text extraction, respectively. We are in the process of modifying Jackal to provide
support for FIPA ACL interoperability. Also, we are considering the possible replace-
ment of MySQL with native XML database software such as dbXML.

4 Scenarios

We describe here a couple of typical interactions that illustrate some of the features
of ITTALKS. The first involves direct use by a human user, and the second, advanced
features provided through the use of agents.

4.1 Human Interaction

In this first scenario, a user, Jim, learns from his colleagues about the existence of the
ITTALKS web portal as a source of IT related events in his area; Jim is affiliated with
Stanford University.

Jim directs his browser to the http://www.ittalks.org main page. Seeing
a link to http://stanford.ittalks.org (a Stanford ITTALKS domain), he
selects it, and is presented with a new page listing upcoming talks that are scheduled at
Stanford, SRI and other locations within a 15-mile radius (the default distance for the
Stanford domain).

Jim browses the web site, viewing announcements for various talks matching his
interests and preferred locations (as provided in his explicit search queries). He is im-
pressed that he can see the talk information not only in HTML, but also in DAML, RSS
and WML formats. Finding a talk of potential interest to a colleague, Jim takes advan-
tage of the invitation feature, which allows him to send an invitational e-mail to any of
his friends for any of the listed talks. Finally, using the personalize link on the bottom
of the page, Jim creates his own ittalks.org main page, by providing the URL of his
DAML-encoded profile. This customized page, listing talks based on his preferences,
will be Jim’s entrance to the ITTALKS site whenever her returns.

4.2 Agent Interaction

This scenario assumes that user Jim has already registered with ITTALKS, and has left
instructions with the system to be notified of the occurrence of certain types of talks.



ITTALKS: An Application of Agents in the Semantic Web 185

ITTALKS
ITTALKS

Agent
User Agent

MapQuest
Agent

Calendar
Agent

talk event
talk event of

interest?

Distance from my
user?

is my user free?

25 miles

that time slot is clear

my user
will attendevent accepted

is my user free added the travel time?

that time slot is still clear

Fig. 6. Interactions between the Various Agents Described in the ITTALKS/Agent Sce-
nario.

In the course of operation, ITTALKS discovers that there is an upcoming talk that
may interest Jim, and of which Jim has not been notified. Based on information in Jim’s
preferences, which have been obtained from his online, DAML-encoded profile and
from information entered directly, ITTALKS opts to notify Jim’s User Agent directly.
This is done via ITTALKS own agent, which forwards the message using an ACL.

Upon receiving this information, Jim’s User Agent needs to know more; it consults
with Jim’s Calendar agent to determine his availability, and with the MapQuest agent
to find the distance from Jim’s predicted location at the time of the talk. Some more
sophisticated interactions might take place at this time; for example, the Calendar and
User agents may decide to alter Jim’s schedule, and proceed to contact the User agent of
some other individual. In addition, the User agent may request more information about
the speaker and the event by contacting other agents or web sites, such as CiteSeer-
based agent [5,30,6], to obtain more information necessary to make a decision. Finally,
after making this decision, the User Agent will send a notification back to the ITTALKS
agent indicating that Jim will/will not plan to attend. The ITTALKS agent will make the
appropriate adjustments at the ITTALKS site.

In a more complex interaction scheme, Jim may be employed by a research group,
which possesses a limited funding and is therefore enforcing a policy that allows only
one researcher at a time to attend a particular IT event. As a result, the User agent
cannot decide on Jim’s participation until it successfully interacts with other agents
representing Jim’s employer and colleagues. Therefore, the decision whether anyone
from the research group could attend the IT event and the further election of the group
representative requires an interaction of agent virtual community.

From a slightly different perspective, the User agent will also benefit from partic-
ipating in virtual communities thanks to recommendations it obtains from other User
agents. One User agent may recommend an IT event given its owner’s experiences from
attending a past talk of the same speaker. Another User agent may decide to share com-
parisons of two competing times and locations for an identical IT event. Yet another
User agent may simply share its owner’s intensions on attending a particular IT event.
Thus, each member of the virtual community can profit from these and many other pos-
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itive and negative recommendations, and reflect these social filtering methods in its own
decisions.

Finally, in a ‘Smart Office’ scenario [25,7], the ITTALKS agent may also be directly
contacting an agent representing the location where a given IT event will be held. This
‘room’ agent may then use varying service discovery techniques [ 8,35] to locate a pro-
jector presented in the room and inform it to pre-download the powerpoint presentation
before the speaker arrival. Moreover, the ‘room’ agent may also try to contact additional
agents in the IT event vicinity to decrease possible noise level from other rooms and to
verify that a ‘hallway’ agent has requested enough refreshments during the IT event.

5 Benefits of DAML

We believe that ITTALKS benefits significantly from its use of a semantic markup lan-
guage such as DAML. DAML is used to specify ontologies that we use extensively
in our system. It is also used for personal profiles, and as an agent content language.
Without DAML, specifying schedules, interests and assertions about topics would be
very difficult. In ITTALKS, a user can specify that according to the user a couple of
topics are equivalent or related or dissimilar, etc. This will allow ITTALKS to tailor the
searching of talks to the users needs. As an agent content language, DAML provides
more flexible semantics than KIF or other content languages that currently provide syn-
tax only. The ultimate benefit of using DAML then lies in the ability of ITTALKS to
independently interact with any DAML-capable agent without the need of a human su-
pervision. Consequently, all these benefits, which are described in further details below,
enable more efficient interaction between the system and its users, let them be humans
or software agents.

5.1 Interoperability Standard

As an interoperability layer, DAML allows the content of ITTALKS to be easily shared
with other applications and agents. For example, a Centaurus room manager agent [ 25]
could watch ITTALKS for events happening in a room for which it is responsible in
order to enable better scheduling. DAML also acts as an interoperability standard al-
lowing other sites to make their talks available for inclusion in ITTALKS by publishing
announcements marked up in our ontology.

5.2 Agent Communication Language

DAML and ACLs can be successfully integrated. DAML documents will be the objects
of discourse for agents that will create, access, modify, enrich and manage DAML doc-
uments as a way to disseminate and share knowledge. Agents will need to communicate
with one another not only to exchange DAML documents but also to exchange informa-
tional attitudes about DAML documents. Using an Agent Communication Languages
(ACL) agents can “talk” about DAML documents. Integrating ACL work and concepts
with a universe of DAML content is our first goal. Using DAML as an agent content
language will add more meaning to the message.
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5.3 Distributed Trust and Belief

Agents face a difficult problem of knowing what information sources (e.g. documents,
web pages, agents) to believe and trust in an open, distributed and dynamic world,
and how to integrate and fuse potentially contradictory information. DAML can be
used to support distributed trust and reputation management [ 24,27,28]. This will form
the basis of a logic for distributed belief transfer that will enable more sophisticated,
semantically-driven rule-based techniques for information integration and fusion.

We are making use of DAML’s expressiveness and employing it to describe security
policies, credentials and trust relationships, which form the basis of trust management.
These policies contain more semantic meaning, allowing different policies to be inte-
grated and conflicts to be resolved relatively easily. Also, it will be possible for other
applications to interpret the agent’s credentials, e.g. authorization certificates, correctly,
making these credentials universal.

Similarly, describing beliefs and associating levels of trust with these beliefs is more
straightforward and the deduction of belief is uniform by different applications and
services.

5.4 Data Entry Support

ITTALKS supports intelligent form filling, making it easier for users to enter and edit
information in their profiles, and also to enter and edit talk announcements and other
basic information. In addition, we provide automatic form filling when an editor tries
to enter information about an entity (e.g. a talk, person, room) that already present in
the knowledge base.

Entering Talks. In order to make ITTALKS successful, as we need to make it as easy
as possible new talk descriptions to be entered into the system. We are addressing this
problem using three complimentary approaches: an enhanced web interface, accepting
marked up announcements, and automated text extraction. DAML plays a key role in
the first two and is the target representation for the third.

Enhancing the Web Interface. We have used several techniques to enhance the web
form interface for entering talk announcements. One of the simplest and most effective
is to recognize then some of the information being entered about an object such as a
person, a room or an organization has already been entered into the ITTALKS system
and to “pre-fill” the remaining parts of the form from our stored information. For ex-
ample, most talks at an organization are given in a small number of rooms. Once the
complete information about a particular room (e.g., room number, building, address,
seating capacity, longitude and latitude, A/V equipment, networking connection, etc.)
has been entered for one talk, it need not be entered again.

Although the current implementation of this does not directly use DAML, its use
can support a more generalized version of a web form-filling assistant. The approach
depends on two ideas: (i) tagging web form widgets with DAML descriptions of what
they represent and (ii) capturing dependencies among data items in DAML and (iii)
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Fig. 7. The Ontologies used by IITALKS are relatively simple, such as the topics ontol-
ogy used to describe talk topics and user interests.

compiling these dependencies into an appropriate execution form (e.g., JavaScript pro-
cedures) that can drive the web form interface.

In addition, we plan to investigate the possibility of a multi-modal support, where
user can enter new information via standard keyboard input as well as through voice
recognition means. Here, we understand that when presenting the user with a new
form, the user will be allowed to use her own voice to enter data in each field. Then
upon submittion of voice-filled form, ITTALKS will try to infer the meaning of the
recorded sound, obtain additional information based on the knowledge and rules stored
in ITTALKS system, and present back the user with a text-prefilled form for verification
purposes. This enhancement will then allow ITTALKS to provide talk entry support for
devices with limited keyboard functionality, such as PDAs or cellular phones.

Text Classification. For ITTALKS to filter talk announcements on topic matches, we
need to know the appropriate topics for each talk. Initially, we required that users man-
ually select appropriate topic categories from a web interface to the ACM CCS hierar-
chy. This turns out to be a daunting task requiring the user to navigate in a hierarchy
of nearly 300 topics, many of which about whose meaning he will not be sure. Some
users will face a similar problem in trying to select topics to characterize their own in-
terests. Ultimately we would like to use more that one topic hierarchy to classify both
talk topics and user interests (e.g., ACM CCS and Open Directory nodes), which makes
the problem even more difficult for our users.

To address this problem, we have built an automatic text classifier that can suggest
terms in a hierarchy that are appropriate for classifying a talk based on its title and
abstract. The classifier package used was from the Bag Of Words (BOW) toolkit [31]
by Andrew McCallum at CMU. This library provides support for a wide variety of text
classification and retrieval algorithms. We used the Naive Bayes algorithm, which is
widely used in the classification literature, fairly effective, and quick to learn the 285
classes in our test collection. We plan to use the same classification agent to suggest
interest terms for users based on the text found by searching their web pages.
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Fig. 8. Snapshot of the Ontology Semi-Automatic Mapper Prototype.

In addition to classifying text into a particular ontology at a time, we are also devel-
oping a tool for mapping among multiple ontologies. Such tool will, for example, allow
each user to select her preferred topic ontology on the fly, and the ITTALKS system
will then immediately adapt and present the personalized filtering results according to
this ontology. As a prototype of the mapping tool, we have chosen a semi-automatic
approach, wherein user can manually select relations among specific topics accross
the ontologies (“landmarks”), e.g. broader, narrower, and similar. Subsequently, the re-
maining mappings are automatically computed via a combination of the user-specified
relations and our automatic text classifier using training sets of documents for the on-
tologies. The automated mapper then operates in the following manner:

Consider two topic ontologies A and B, each of which is a strict hierarchy. Each
node in each hierarchy (A1, A2, ..., An), (B1, B2, ..., Bm) has a set of exemplary doc-
uments that have already been classified as being associated with that node. Let parent i

be the parent of node i and texti be the string of all the text associated with node i. We
have used a text classifier to build a classifier for ontology A and another one for ontol-
ogy B. The classifier for ontology A is built taking an arbitrary string S to be classified
and computing the function Sa(S, Ai) for each node Ai in ontology A. The classifier
for ontology B computes Sb(S, Bi). These similarity scores could further be normal-
ized as real numbers between 0 and 1. These two classifiers are used to compute two
raw topic similarity matrices SMab(Ai, Bj) and SMba(Ai, bj), for each pair of nodes,
one from ontology A and one from ontology B. Therefore,

SMab(Ai, Bi) = Sb(text(Ai), Bj)

SMba(Ai, Bj) = Sa(text(Bj), Ai)

One simple way to compute the similarity of topic i in ontology A to topic j in ontology
B would be to obtain a weighted sum of these two measures:

Sab(Ai, Bj) = W ∗ SMab(Ai, Bj) + (1 − W ) ∗ SMba(Ai, Bj)
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In this way, the similarity between two nodes can be computed by taking a weighted
sum of their raw similarity obtained from the classifier. To further improve mapping
results, the the raw similarity scores are combined with the similarity scores of the
nodes’ parents and children, which enables the system to compute a more precise re-
lations between each pair of nodes. Finally, the computed relations are converted into
a DAML file, which is then made publicly available to be accessible by ITTALKS and
other Semantic Web applications.

Accepting Marked Up Announcements. One of the simplest ways to enter new talk
announcements is to provide them as a document that is already marked up. The current
ITTALKS interface allows one to enter a URL for a talk announcement that is assumed
to be marked up in ontologies that ITTALKS understands. Currently, these are just the
“native” ontologies that we have built for this application. In general, if some talk an-
nouncements were available with semantic markup using other ontologies, it might be
possible to provide rules and transformation that could map or partially map the infor-
mation into the ITTALKS ontologies. We expect that, as the Semantic Web develops, it
will be more and more likely that talk announcements with some meaningful mark up
will be found on the web.

Automated Information Extraction from Text. We would like to be able to pro-
cess talk announcements in plain text or HTML and automatically identify and extract
the key information required by ITTALKS. This would allow us to fill the ITTALKS
database with information obtained from announcements delivered via email lists or
found on the web. The problem of recognizing and extracting information from talk
announcements has been studied before [13,10] mostly in the context of using it as
a machine learning application. We are developing a information extraction use the
Aerotext [1,9] system that can identify and extract the information found in a typical
talk announcement and use this to automatically produce a version marked up in DAML
which can then be entered in the ITTALKS database.

5.5 User Profiles

We use personal profiles to help ITTALKS meet the requirements of individual users.
A profile is a widely accessible source of information about the user, marked DAML,
to which other services and individuals can refer. In the future, such a profile may be
used by all web-based services that the user wants to access. The profile will ultimately
provide a unique and universal point for obtaining personal information about the user
for all services, preventing the need for duplication and potential inconsistencies. This
profile can be easily shared, and with the use of DAML, will allow more expressive
content for schedules, preferences and interests. The notion of a personal profile and a
user agent are closely linked; a user might have one or the other, or both. The profile
would likely express much of the information that might be encoded in a user agent’s
knowledge base. Conversely, an agent would likely be able to answer queries about
information contained in a profile.
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5.6 Modularity

With the use of DAML, we can define several ontologies for topics and switch between
them with ease. Furthermore, to restrict the retrieval results, a user can perform the
search with respect to a certain set of ontologies, such as the ACM or Open Directory
Classification.

5.7 Application Scalability Support

As ITTALKS becomes the central repository of IT related information for various re-
search institutes the ITTALKS knowledge base will be distributed among numerous,
and possibly apriori-unknown, locations in order to provide a higher scalability and
reliability support. Yet, it will be imperative that users and agents not be required to in-
teract with all locations in order to find or manipulate the desired information. Instead,
we envision that each user agent will interact with only one ITTALKS agent, which in
turn will be able to efficiently locate and manage the distributed ITTALKS information.
For this, we believe that a system of DAML-enabled agents can act as an intermediate
between the distributed databases.

6 Future Directions

Since most users do not currently have personal agents, we have been developing one
that can be used with this system. It is our goal, however, that ITTALKS be able to
interact with external agents of any type. The agent we are developing reasons about
the user’s interests, schedules, assertions and uses the MapQuest agent to figure out if a
user will be able to attend an interesting talk on a certain date.

We are developing a framework to use DAML in distributed trust and belief. DAML
expressions on a web page that encodes a statement or other speech act by an agent are
signed to provide authentication and integrity. We are working on an ontology to de-
scribe permissions, obligations and policies in DAML and allow agents to make state-
ments about and delegate them.

In order to make the process of data entry more efficient, we are developing a fo-
cused web spider, which will collect talk announcements from source on the web and to
identify the key information in these announcements using a text extraction system. The
spider will add all found and relevant information to the ITTALKS knowledge base.

7 Conclusion

Effective use of the vast quantity of information now available on the web necessitates
semantic markup such as DAML. With the use of such a tool, we can enable the au-
tomated or machine-facilitated gathering and processing of much information that is
currently lost to us. ITTALKS, our system for automatic and intelligent notification of
Information Technology talks, demonstrates the value of DAML in a variety of ways.
DAML is used throughout the ITTALKS system, from basic knowledge representation,
to inter-agent communication.
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