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Preface

Electronic Commerce —a gamut of activities involving economic transactions
performed through software that may be more or less autonomous over a net-
work (mostly an open network like the Internet)— is an emerging reality. It is,
undoubtedly, a reality that has been coming into being for some time, perhaps
since the old teleprocessing days of the late sixties, and certainly inherits many
traits from soundly established practices in banking and business. However, what
we currently identify as Electronic Commerce (EC) is a brand new phenomenon
mainly because of the sociological impact of personal computing and the Inter-
net. For example, we might have glimpsed at new forms of “immediacy” or at
a different notion of “proximity” thanks to teleprocessing, but the size and di-
versity of a truly world–wide digital village is only recently becoming apparent.
Consequently, notions that were fundamental in traditional commercial activity,
such as territoriality (e.g. national borders) and timing (e.g. opening hours), are
undergoing a profound revision because of this form of globalization, with the
result that new business practices (and liabilities) are quickly becoming avail-
able. However, even if “accessibility” is at the core of the Electronic Commerce
eclosion, it is not the only relevant innovative feature in Electronic Commerce.
EC is also spawning new technologies and innovative uses of older technologies
which in turn question in radical ways many traditional concepts and practices.
Notably, as may be grasped in this volume, agent-based technologies and their
potential effect on the standard views of “presence”, “accountability” or “trust”.

A number of strategic studies claim that Electronic Commerce is a major
growing business, and it is not surprising that both governments and business
have shown serious concern about its potential opportunities and risks. It is,
likewise, because of its inherent complexity and value, a wonderfully rich en-
vironment for theoretical and practical innovation; and, also quite naturally, a
field for testing old technologies as well. Such a burgeoning reality could hardly
be free of opportunism, but serious technical literature has obviously also been
published. Although a sound and thorough classification of this technology may
be premature, there seems to be a clear preference for what may be seen as
“enabling” concerns, such as:

– The role of EDI and similar standards.
– Identity of participants and transaction security.
– Taxation.

We thought it was time to look into other aspects of Electronic Commerce. As
its name indicates, the AMET–98 workshop aimed at a more focused approach:
Firstly, we were interested in those challenges and opportunities that Electron-
ic Commerce opens for a particular technology: software agents. And secondly,
we were interested in exploring interactions among agents, thus the choice of
“trading” over a more generic “commerce”. Agent–based technologies thrive on
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the metaphor of an “autonomous” software agent: a program that shows some
sort of purposeful behaviour, reacting to a changing environment and persisting
over time or locations. The metaphor is suggestive and has seen its share of in-
carnations and associated developments, and the Internet offers a digital reality
where these incarnations can accomplish useful tasks, taking advantage of many
Artificial Intelligence tools and techniques. Electronic Commerce, in particular,
has strongly attracted the attention of agent–makers; and agent technologies
in turn seem quite likely to contribute decisively to this field. As one of the
workshop participants (N.R. Jennings) put it, “EC is the most important ap-
plication for Agent Technologies, because it is reality–based and constitutes a
massive market”. It may also be worth mentioning that we are now witnessing
a second generation of agent technologies where agents are not limited to simple
information gathering tasks, but are increasingly becoming involved in the more
complex (and consequential) process of actual trading: making purchases and
negotiating deals.

A quick list of current theoretical challenges and practical concerns associated
with the use of agent technologies in electronic trading is not difficult to produce:

– ideal and actual agent behavior such as rationality, autonomy, situatedness,
optimality and trust–building features;

– roles of agents and their inherent qualities: identity, delegability, liability, and
reliability of participants (be they software representatives or mediators);

– ontologies, interaction standards and social conventions: market institutions;
insurance, financial and certification instruments; acceptable interactions;
trading conventions;

– new products, services and practices: market–specific agent shells vs. more
generic trading tools; payment and contracting methods; risk–assessment
and coverage; quality, prestige and performance certification, . . .

These were the type of topics mentioned in the workshop invitation and we
are happy to report that these topics and many more were raised and debated
at AMET–98. They are now here made available to the reader through a revised
version of the accepted workshop papers.

The AMET–98 workshop took place on the 10th of May, as one of the work-
shops that preceded the Agents–98 Conference in Minneapolis (USA). After a
thorough evaluation process, 11 papers were accepted for publication, 10 out
of these were presented at the workshop, which included also two round tables
where theoretical and practical issues of agent-mediated trading were debat-
ed. This volume contains the 11 accepted papers that have been revised to
incorporate the workshop discussions and the comments of the reviewers. These
contributions reflect the variety of interests present in that part of the agents
community working in Electronic Commerce, and as such, the collection can be
seen as a guide to the state of the art in agent–mediated electronic trading from
the agents community perspective.

Maes and Gutman’s paper serves as good introductory reading for the basic
concepts and areas of activity in the field, in addition to giving a detailed account
of one type of agent–mediated trading that the MIT group has been developing
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for the past few years. The reader will find that there is a well–defined interest
on foundational issues in some of the AMET–98 papers; it is most apparent
in, for example, Andersson and Sandholm’s work in which a Game Theoretic
approach provides a formal framework to model agents as optimal decision mak-
ers; Matos and Sierra study the benefits of using evolutionary computing in the
process of finding good negotiation strategies; other theoretical approaches are
also present, that is the case of the paper by Garcia et al. which uses possibil-
ity theory to model individual decision-making; based on the same Fishmarket
auction example as Garcia’s et al., the paper by Padget and Bradford discusses
the advantages and limitations of a Π–calculus formalism to produce a formal
specification of a trading convention. The workshop also attracted presentation-
s that dealt with more empirical concerns. For example the paper by Parkes
et al. looks into auctioning conventions and examines some classical protocols
(and their inherent issues such as trust, cost and fairness) under the new light
of an agent–biased perspective. In a similar pragmatic vein, a group of papers
look into the problem of establishing and sharing ontological or deontological
standards, the paper by Collis and Lee, for instance, presents an agent toolkit
prototype that can produce “utility agents” to be tailored by users to trade ac-
cording to standardized trading conventions; similarly, the paper by Steinmetz
et al. advocates the establishment of standard trading practices that allow soft-
ware trading agents and agent–based arbitration, and discusses one potentially
attractive example. Eriksson et al. complement these papers advocating for a
uniform communication framework for agent–based markets. In this same line
of thought, Ghidini and Serafini discuss the problem of information integration
and its central importance for Electronic Commerce. A large–scale application
is discussed in the paper by Goldsmith et al.; here, an agent–based system is
used to deal with the intricate process of in–bond manufacturing, and consti-
tutes an excellent example of how agent–based technologies may profit from
EDI standards and Object Oriented methodologies when deploying real–world
systems.

We would like to take this opportunity to acknowledge the participation of
round–table speakers. Katia Sycara, Yao-Hua Tan, Hans Voss, Robert Guttman
and Nick Jennings debated on practical issues related to agent–mediated elec-
tronic trading. Likewise, Frank Dignum, Michael Wellman, Thuomas Sandholm,
Chiara Guidini, Julian Padget and Cristiano Castelfranchi did the same on the-
oretical issues.

We would also like to thank all the members of the program committee and
the reviewers of submitted papers for their guidance and their valuable sugges-
tions to authors and organizers. Finally, we would like to mention the encour-
agement and support we received from the Agents–98 conference organizers and
staff, and from Alfred Hoffman of Springer–Verlag for the publication of this
volume.

January 1999 Pablo Noriega and Carles Sierra
Program Chairs AMET’98
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Building Electronic Marketplaces with the
ZEUS Agent Tool-Kit

Jaron C. Collis and Lyndon C. Lee

Intelligent Systems Research Group,
MLB1, PP12, BT Laboratories,

Martlesham Heath, Suffolk,
United Kingdom, IP5 3RE

Email: {jaron, lyndon}@info.bt.co.uk
WWW: http://www.labs.bt.com/projects/agents/

Abstract. The increasing popularity of the Internet provides personal
computer users with direct access to a wealth of information sources and
services, and potentially a massive global marketplace. Unfortunately
current home shopping systems are primitive; what the consumer wants
is a personal shopping agent – an intelligent, reliable proxy who is aware
of personal preferences, and who can take over the tedious task of search-
ing the Internet for the best possible deal. Likewise retailers would like to
use the Internet to attract a much larger volume of potential customers,
who could be serviced quickly and efficiently at a much lower cost. This
vision is seductive, so why has it not yet been realised? This paper con-
siders why agent-based commerce is inherently difficult, and advocates
collaborative agent technology as a means of more easily building dis-
tributed marketplaces. To illustrate this principle we have built a proto-
type multi-agent virtual marketplace with ZEUS, a generic collaborative
agent tool-kit.

1 Introduction

Although shopping through the Internet is in its infancy, it is conservatively
estimated that online retailing will be worth $7 billion by the year 2000, [1]. It
is a boom driven by the lower cost of doing business through the Internet, and
the increased choice and convenience offered to the customer. However, current
online shopping systems are relatively primitive, having evolved from existing
tele-sales and mail order systems.

Agent technology has the potential to make online shopping more than just
a set of web-based front- ends to mail order catalogues. The goal is smarter
shopping, whereby the best deal for the customer can be quickly located at
minimal cost, and with minimal user effort. Likewise, agent based commerce
should also benefit vendors by lowering their costs and increasing their customer
base. Many companies are already taking advantage of the lower costs of doing

P. Noriega und C. Sierra (Eds.): AMET-98, LNAI 1571, pp. 1–24, 1999.
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business online, as they have no expensive shops to maintain, and can sell goods
direct to their customers.

There is, however, considerable room for improvement; for instance, consider
the following scenario. A user is thinking about buying a car, but has not yet de-
cided on a particular manufacturer and model. With so many confusing options
to choose from, the user seeks the help of their Personal Shopping Agent, (PSA).
The PSA possesses the expertise needed to find and buy a car, and starts by
eliciting the user’s preferences. After supplying answers to as many of the ques-
tions as possible the PSA will begin contacting the Sales Agents of different car
manufacturers.

Upon receiving a preliminary enquiry, the Sales Agent will use the initial
preferences sent by the PSA to tailor its response, supplying appropriate infor-
mation on models that might interest the consumer. This is a subtler form of
targeted advertising, intended to help match the customer’s own preferences to
the features offered by various models in the manufacturer’s range. This may
include multimedia, like video clips of individual cars, or ”don’t take our word
for it” links to car reviews on other web-sites. This information can be used by
the consumer to refine their requirements, which their PSA will use to create
more specific enquires.

Eventually, the user will have narrowed down the options to one particular
model or a few alternatives. The next stage will be to find a vendor who is able
to provide the best deal, taking into account not just the retail price, but also
factors like optional extras, payment options, delivery time, etc. This involves
the PSA and Sales agents negotiating on behalf of their respective owners to
arrive at a mutually agreeable deal, whereupon the transaction can take place.
Thus to implement such hypothetical Shopping and Sales agents three significant
issues must be considered:

• Personalisation. As the consumer’s representative during the shopping pro-
cess, the PSA needs to learn about its user’s preferences in order to commu-
nicate their requirements to other agents. Obtaining user information can
be done overtly by asking pertinent questions, or covertly using a technique
like adaptive profiling [2], whereby machine learning is used to learn users’
preferences by observing their interactions with different online information
sources. Information from a user’s profile will influence how the PSA ranks
equivalent products and vendors without needing the user to arbitrate.

• Product/Vendor Identification. Once equipped with its owner’s pro-
file, the PSA will automatically locate other agents capable of satisfying its
owner’s requirements. To be effective the PSA must search the marketplace
thoroughly, communicate its requirements to the agents found, and filter
responses so that its owner is not overwhelmed with too much information.

• Negotiation. The ability to negotiate enables agents to set the terms of the
transaction dynamically, allowing the retail price to vary according to global
supply, demand and the quality of service desired. Negotiation may occur as
potential products or vendors are being identified, with the outcome used to
rate the suitability of each party. Negotiation may also be used to determine
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the final criteria of a transaction, allowing both parties to agree on the price
and quality of service involved.

These three issues seem realisable given present software technology, so why
do such undoubtedly useful personalised shopping agent not yet exist? In this
paper we consider some of the primary obstacles to agent-based commerce, and
how a virtual marketplace of collaborative software agents could provide a more
efficient environment for both consumers and vendors to do business.

In Section 2 we present what we believe are the major obstacles to deploying
agent-based e- commerce applications. In Section 3 we introduce collaborative
agent technology, a potential solution that involves a society of distributed co-
operating software entities. Section 4 describes the features of the ZEUS agent
building tool-kit, which has been used to construct the agent-based virtual mar-
ketplace demonstrator described in Section 5. In Section 6 we situate our work
in relation to some other agent-based virtual marketplace systems, and in Sec-
tion 7 we briefly describe the crucial features that all these marketplace systems
currently lack. Section 8 concludes the paper by summarising its main points.

2 Challenges facing Agent-based Commerce

Currently there are several significant technical problems preventing the deploy-
ment of personal shopping agent software of the kind described in the Introduc-
tion. Most of these problems are rooted in the poor or non-existent interoper-
ability between the many heterogeneous and distributed computing systems that
would be involved during the various stages of the purchasing process. Some of
the main problems include:

The Information Discovery Problem

Finding the right information in a massive decentralised network like the Inter-
net has always been a problem. At present information about particular prod-
ucts tends to be distributed across the Internet on the web sites of individual
companies and special interest groups. As the quantity of information online
continues to grow, so will the problem of finding and integrating the available
information to determine which products or vendors best satisfy a consumer’s
particular requirements and constraints. Unfortunately today’s most popular so-
lution - keyword searching - suffers from limited coverage and an inability to cope
with synonyms, making it unsuitable for agents that need to scour the network
for par ticular concepts. What is required is a directory similar to the ‘Yahoo!’
index, (www.yahoo.com), which agents can consult to discover what relevant
information sources exist for particular concepts.

The Communication Problem

Suppose a solution to the information discovery problem exists, and the PSA is
able to locate a vendor’s Sales agent who has access to a product catalogue. In
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Fig. 1. The three prerequisites for effective inter- agent communication. For
the Shopping Agent to obtain product information from the product catalogue
it requires some means of transmitting its request to the Sales Agent. For both
parties to understand one another, their messages must be in a common language
that is grounded in a shared ontology. Once a message is received, the Sales Agent
will use its knowledge of the ontology to translate the request and extract the
relevant information from the Product Database.

order for the PSA to obtain product specific information it must communicate its
requirements to the Sales agent; this raises three challenges. Firstly, both parties
must adopt a common transport protocol that enables the request and results
to be transmitted, as shown by the pipe in Fig. 1. Fortunately, this problem
is easily solved, for instance we could employ the TCP/IP protocol (Transmis-
sion Control Protocol/Internet Protocol), which already facilitates information
transfer through the Internet.

The next challenge is to devise a common communication language that both
parties understand. Currently, the lingua franca of the Internet is the Hypertext
Mark-up Language (HTML), whose standard format enables browser software
to interpret pages on the World Wide Web. However, HTML web pages were
designed for presentation of information for human perusal, and so valuable in-
formation is typically intermingled with formatting instructions — necessitating
‘wrapper induction’ software programs [3], to parse the pages and extract the
information from the formatting instructions. Clearly, given our desire for au-
tomated commerce, a language geared towards direct machine-to-machine com-
munication is preferable.

With the transport and structure of messages agreed, the final challenge is
for the Shopping and Vendor agents to agree on the list of terms to be used
in the content of messages, and the meanings of these terms. This obstacle is
known as the ontology problem, and is perhaps the main problem preventing
widespread interoperability of heterogeneous, distributed co-operating systems.
In electronic commerce this is evidenced by the lack of inter-operable product
catalogues, [4]; we shall expand on this problem next.
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The Ontology Problem

The ontology problem can be illustrated by returning to the scenario depicted
in Fig. 1. For the Shopping and Sales agents to interact, both must agree on
and then share a common definition of product-related concepts. The ontology
(or concept definitions) specifies the terms each party must understand and use
during communication, e.g. vehicle categories, engine attributes, lease definitions
etc. Creating an ontology involves explicitly defining every concept to be rep-
resented; consider the term ”sports utility vehicle”, what are its characteristic
attributes, and what does each attribute mean pragmatically? The creators of
ontologies must also ask what are the constraints on valid attribute values, and
how are the attributes of one concept related to those of another?

2.1 The Legacy Software Integration Problem

Legacy systems are large pieces of software, based on older technologies, and gen-
erally not designed for interoperability with other systems; the product database
shown in Fig. 1 is an example of a legacy system. Although inter-operability is
a prerequisite for agent-based commerce, too much has already been invested in
legacy systems for their owners to replace them with an agent-oriented alterna-
tive.

Consequently the legacy system problem involves devising some mechanism
that enables legacy systems to communicate with external systems like the PSA.
As Fig. 1 suggests, the solution is likely to involve a proxy, like the vendor’s Sales
agent. The Sales agent will be responsible for translating requests made using
the shared ontology into queries in the internal language of the legacy system,
and then translating the results received from the legacy system back into the
shared ontology for the benefit of the requesting agent.

The Reasoning Problem

Now suppose that solutions to the aforementioned problems exist, and the PSA
is able to communicate with vendors’ agents. Now the PSA must attempt to
reconcile its owner’s requirements with what the vendors’ agents offer, using a
technique like constraint satisfaction to rank the available options. An agent
will need customised reasoning strategies for different buying processes, since
the important criteria for choosing a domestic mortgage will differ from those
used to select a car.

An agent may also benefit from having the ability to plan, as this will enable it
to make intelligent decisions when confronted by inter-dependent requirements;
for instance, when it needs to evaluate the true cost of a car, it must first calculate
the car’s annual group insurance cost. Planning is also essential for vendor-side
agents who produce or obtain products through a supply chain.
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The Negotiation Problem

Successful negotiation requires all parties involved to behave in a predictable
and coherent manner. For instance, if the price of a product is to be decided
by auction the selling agent will have the opportunity to set the ‘house rules’:
parameters that describe when bids are expected, when negotiation will occur
and the conditions for closing a deal. These rules must then be communicated to
the other agents participating in the auction so that they know when and how
to bid. Consequently for a collection of agents to act coherently each participant
requires some means of customising its behaviour.

Negotiation is applicable to more than just auctions though. For instance,
a prospective client will investigate the market with the intention of creating
a short-list of vendors and products, which may be ranked by price or some
set of criteria. This raises issues like multi-party negotiation, multi-attribute
negotiation and preference induction.

This section has introduced the problems that must be solved before agents
can begin autonomously buying and selling on behalf of their owners. Inter-
estingly, these problems are very similar to those faced by the developers of
collaborative software agents. So in the next section we shall explore how the
techniques used within collaborative agent systems may facilitate progress to-
wards agent-based electronic commerce.

3 Using Collaborative Agents for Electronic Commerce

In order to explain what distinguishes a collaborative agent from the numerous
other software entities that are called agents, we must consider the characteristics
exhibited by agents. Jennings & Wooldridge [5] specify four main attributes that
determine agent-hood:

• autonomy - able to function largely independent of human intervention,
• social ability - able to interact ‘intelligently’ and constructively with other

agents or humans,
• responsiveness - able to perceive the environment and respond in a timely

fashion to events occurring in it, and
• pro-activity - able to take the initiative whenever the situation demands

Using these four attributes and a fifth: learning, Nwana [6] has proposed
a typology of agents. Of particular interest in this paper is the sub-type that
Nwana calls ‘Collaborative Agents’ . The two distinguishing characteristics of
agents of this type are that they are autonomous, (i.e. possess their own goals
and are in control of their own resources), and they are socially communicative,
(i.e. capable of interacting with other agents in order to achieve their objectives).
Collaboration is not necessarily motivated by a desire to co-operate, it may have
become necessary because expertise and/or resources are distributed across the
community of agents such that no one agent is, on its own, capable of performing
a particular task.
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In order to ensure coherent execution of their joint endeavour, the agents need
to plan and/or negotiate the terms and conditions of each individual’s contri-
bution. Such negotiation typically involves the exchange of high-level messages
concerning, for example, requests for information or specification of contrac-
tual obligations. Collaborative agent technology has been applied to a number
of problem domains requiring co-operation between disparate autonomous sys-
tems, e.g. in applications such as telecommunications network management [7],
air traffic control [8] and 3-D scientific data visualisation [9].

In our hypothetical scenario, the personal shopping agent displays the char-
acteristic collaborative agent attributes of autonomy, (by functioning largely
independent of user assistance), and social ability, (by communicating and nego-
tiating with remote autonomous systems such as retail agents). Hence it would
seem worth investigating how the collaborative agent system creators have de-
veloped (or adapted from classical AI and software engineering) solutions to the
issues outlined in Section 2.

Tackling the Information Discovery Problem

We would expect our future online marketplaces to be dynamic in nature, with
new potential purchasers continually entering the market, and potential retailers
periodically revising what they offer. Thus it is wise to avoid hard coding into our
agents the addresses of their peers and the descriptions of what they offer. This
principle can be seen in many current agent-based commerce systems that create
centralised virtual marketplaces (Kasbah, [10] and Fishmarket [11] provide good
examples).

To enter the virtual market each buyer and seller must register their inter-
est with a specialised agent, usually called a Broker or Facilitator. This agent
maintains a record of those currently present in the market; and this index will
be used by agents to find others who might be buying or selling something of
interest. In effect the Facilitator is providing a ‘yellow pages’ directory service,
alleviating the need for the other agents to maintain their own model of the
marketplace.

Tackling the Communication Problem

The almost universal adoption of the TCP/IP transport protocol means that, in
effect, the communication problem chiefly concerns what languages are used to
express the structure and content of messages. A working solution will require ev-
ery communicating party to agree on what instructions, assertions, requests etc.
will be supported, and what syntax is used. Recently some inter-agent communi-
cation languages have been proposed based on speech act theory performatives,
wherein the speaker’s intent of the effects of a message on the hearer is commu-
nicated by specifying the type of the message, e.g. ask, tell, or achieve message
types.

The most notable examples are KQML (Knowledge Query and Manipula-
tion Language) [12], the FIPA ACL (Agent Communication Language) [13], and



8 Jaron C. Collis and Lyndon C. Lee

MIL (Market Interaction Language), [14]. Of these, MIL is the only inter-agent
language to have been specifically designed with electronic commerce in mind,
and so it seems a simpler and more efficient language as a result. However, the
success of any communication language will ultimately be determined by how
widely it is adopted.

Most agent communication languages do not specify a syntax or semantics
for the contents of their messages; the rationale being that different applica-
tion domains may require different content languages. Nonetheless, a number of
general- purpose content languages have been developed, e.g. KIF (Knowledge
Interchange Format) [15], typically used with KQML, the FIPA SL [13] the pre-
ferred content language for FIPA ACL, and MIF (Market Interest Format) [14]
that is used in conjunction with MIL.

Tackling the Ontology Problem

The most obvious solution to this problem is for every participating agent to
share a common trading ontology listing the items that can be exchanged, and
the attributes they are expected to possess. Central to the success of this ap-
proach is the widespread adoption of particular ontology, this can occur when a
powerful outside body enforces a standard, like for instance the U.S Department
of Defence, which was able to dictate the product catalogue that contractors
should adopt1. Bodies such as the Library of Congress and the various construc-
tion materials standards organisations are also in a good position to derive and
enforce their own ontologies.

An alternative approach is to create a new ontology, and encourage users to
adopt it on the grounds that it will make electronic trading more efficient. This is
the approach taken by, for example, the PersonaLogic2 company, which provides
ontologies to vendors that serve as product guides for potential customers. Such
ontologies tend to be narrow in scope, focusing on a particular product type,
e.g. Cars or Computers - in sufficient detail to allow consumers to differentiate
products.

The above approaches rely on every interested party adopting the same on-
tology. However this may not be realistic, and there are some that argue in
favour of creating smaller-scale specific ontologies and converters for translating
between them, [16]. The Jango3 ‘ShopBot’ illustrates this principle; it maintains
a list of potential vendors, and a set of wrappers that can extract product infor-
mation from the vendor’s web pages. Once product information is extracted it
is translated into a common representation that can be compared. Whilst this
approach complements the decentralised nature of the Internet, it is difficult
to achieve and only a few product attributes are returned, (like price, shipping
costs and delivery times). This makes product differentiation inherently difficult,

1 This product catalogue is maintained by PartNET Inc., and is accessible through
http://search.part.net/partnet/

2 More information is available from http://www.personalogic.com
3 Jango is available at http://www.excite.com/channel/shopping/
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and means this approach is best suited to commodity-like goods, like books and
CDs.

Tackling the Legacy System Problem

Genesereth & Ketchpel [17] discuss the problem of integrating legacy software
with agent systems, and suggest three possible solutions to the problem. The first
option, rewriting the software, is a costly approach and probably impractical for
vendors who would like to enter online marketplaces with minimal costs. The
second option is to use a separate piece of software called a transducer that acts
as an interpreter between the agent communication language and the native
protocol of the legacy system. This provides a relatively inexpensive way of
making legacy system data available to other agents. The final option is the
wrapper approach, whereby the legacy program is augmented with an agent
proxy that both provides the functionality of a transducer, and augments the
legacy system with additional intelligence, allowing the hybrid system to interact
more efficiently and appropriately with other agents in its society.

Tackling the Reasoning and Negotiation Problems

The major differences between agents and ordinary software processes is that the
environment an agent acts within, and the problems it is likely to encounter are
complex, dynamic, unstructured and sometimes fuzzy. However, users are de-
manding, and expect their agents to find the best possible solution even though
the information available is noisy or incomplete. Thus to improve the perfor-
mance of agents they are usually augmented with AI techniques developed for
these types of problems. For example, classical planning enables agents to (re)
schedule their actions by means of high-level reasoning and execution monitor-
ing; various optimisation techniques and search mechanisms allow optimal to
sub-optimal solutions to be found efficiently; and constraint technologies are
concerned with finding solutions satisfying constraints to different degrees.

In a distributed system like an agent society, where many agents must inter-
act with one another to pursue their goals, an additional problem concerns re-
solving the agents’ conflicts and co-ordinating their actions. Typical approaches
to handling co- ordination include the formation of organisations, (e.g. hierar-
chical structures, markets, adaptive organisations); reasoning approaches, (e.g.
multi- agent planning, game-theoretic techniques), rules of interactions, (e.g.
social laws) and negotiation (prescriptive, pseudo-human, search-based, and al-
gorithmic models), [18].

The advantages of co-ordinating agents by means of organisations stem from
the organisational co- ordination knowledge the agents inherit about their inter-
action processes from the nature of the organisations. Accordingly, uncertainties
can be reduced and the behaviour of the agents is more predictable. Different
forms of organisations trade off complete autonomy in order to reduce commu-
nication costs and information overloading, and so balance the decision making
process.
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For instance, communication can be very expensive in markets, whilst pro-
cessing can be intensive in hierarchies because of the volume of information ex-
changed and the centralisation of decision making. To reduce the communication
and processing overheads, agents can employ reasoning techniques to attempt
to predict others’ possible actions. This facilitates co-ordinated behaviour by
enabling agents to model abstract interactions, and to create explicit models of
the agents with whom they communicate.

Negotiation can also be made easier by imposing some structures, rules or
conventions on agent interactions. This enables agents to know what is expected
of them, and to anticipate the behaviour of their peers. A good example of a
typical co- ordination mechanism is the classic contract net protocol [19]. In this
protocol, a manager agent that is looking for another agent to perform a task
will announce a contract, receive bids from other interested contractor agents,
evaluate the bids and award the contract to a winning contractor. The simplicity
of this scheme makes it one of the most widely used co-ordination mechanisms.

Negotiation combines reasoning and the structured rules of interaction to
provide communication processes that further co-ordination. When negotiating,
the agents engage in dialogue exchanging proposals, evaluating other agents’
proposals and then modifying their own proposals until a state is reached when
all agents are satisfied with the set of proposals.

There are many approaches to modelling negotiations, for instance pseudo-
human models of negotiation in distributed AI are based on theories and prin-
ciples discovered in human negotiation strategies. These are usually coupled
with various AI techniques to model opponents’ strategies in order to improve
the efficiency of the negotiation. Search- based negotiations see co-ordination
as a distributed search, and attempt to develop novel AI techniques based on
the characteristics of human negotiations. The Prescriptive approach involves
attempting to discover the properties of a negotiation under certain formal the-
oretical frameworks and assumptions. Typically this is through the use of game-
theoretical or decision-theoretical tools, which are used to study how agents
should react during a specific interaction. The algorithmic approach concen-
trates on investigating the impact of different negotiation processes on outcomes
of negotiations. An introduction to these approaches to multi-agent co- ordina-
tion can be found in [20].

In summary, we believe to make good decisions in potentially open and un-
structured marketplaces agents will need to be equipped with sufficient reasoning
capabilities. Indeed given the diversity of behaviour to be expected from future
electronic commerce applications, it could be advantageous for the agents to
possess many reasoning and co-ordination strategies, which could then be used
in different scenarios.

This section has described the similiarity between the challenges faced by
electronic commerce application developers and the obstacles confronting col-
laborative agent system developers. Therefore, it would be ideal if e-commerce
applications could be built by reusing solutions originally devised for the creation
of generic collaborative agents.
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Fortunately, the current trend is towards tool-kits of reusable agent compo-
nents, [21], enabling developers to spend less time worrying about the intricacies
of a particular technology, and more time implementing solutions to their prob-
lems. With the provision of well-engineered and relatively standardised class
libraries, we would expect the time and cost involved in developing agent-based
commerce systems to fall considerably. This goal of reducing the high devel-
opment overhead normally associated with multi-agent applications motivated
the creation of the ZEUS Agent Building Tool-kit; which is described in the
remainder of this paper.

4 Introducing the ZEUS Tool-Kit

The ZEUS tool-kit was motivated by the need to provide a generic, customisable,
and scaleable industrial-strength collaborative agent building tool-kit. The tool-
kit itself is a package of classes implemented in the Java programming language,
allowing it to run on a variety of hardware platforms. Java is an ideal language
for developing multi-agent applications because it is object-oriented and multi-
threaded, and each agent consists of many objects and several threads. Java also
has the advantage of being portable across operating systems, as well as pro-
viding a rich set of class libraries that include excellent network communication
facilities.

The classes of the ZEUS tool-kit can be categorised into three functional
groups: an agent component library, an agent building tool and an agent visual-
isation tool, (the main components of which are shown in Fig. 2). Each of these
three groups will be described during the course of this section.
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Fig. 2. The Components of the ZEUS Agent Building Tool-Kit
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4.1 The Agent Component Library

The Agent Component Library is a package of Java classes that form the ‘build-
ing blocks’ of individual agents. Together these classes implement the ‘agent-
level’ functionality required for a collaborative agent. Thus for communication
the tool-kit provides:

• a performative-based inter-agent communication language,
• knowledge representation and storage using ontologies, and
• an asynchronous socket-based message passing system

In order to maximise future compatibility, the components of the ZEUS tool-
kit utilise ‘standardised’ technology whenever possible; for instance, communica-
tion currently takes place through TCP/IP sockets using KQML messages, (we
plan to add support for the FIPA ACL [13] in the near future). These compo-
nents provide the necessary functionality to implement two important ‘utility’
agents - the Agent Name Server, which is responsible for resolving agent names to
network locations; and the Facilitator, which maintains a directory of currently
available agent services.

Next, to provide the agents with reasoning facilities, the tool-kit provides:

• a generic planning and scheduling system, and
• an event model along with an application programmers’ interface (API) that

allows application programmers to monitor changes in the internal state of
an agent, and externally control its behaviour

To enable inter-agent co-operation, the tool-kit provides a ‘co-ordination en-
gine’ – a finite state machine that controls the behaviour of an agent. The func-
tioning of the engine is influenced by the agent’s knowledge context, e.g. its
organisational relationships with other agents, available resources and compe-
tencies, available co-operation strategies, etc.

For an agent to participate in goal-driven interactions with other agents its
co-ordination engine needs one or more behavioural strategies and some idea of
what relationships the agent has with each of its peers; hence the tool-kit also
provides:

• a library of predefined co-ordination protocols, represented in the form of
state-transition graphs, and

• a library of predefined organisational relationships

Together the components of the agent component library enable the construc-
tion of a generic application independent ZEUS agent that can be customised
for specific applications by imbuing it with problem-specific resources, compe-
tencies, information, organisational relationships and co- ordination protocols.
How the tool-kit supports the construction of agents is considered next.
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4.2 The Agent Building Software

The design philosophy of the ZEUS tool-kit was to delineate the sort of agent-
level functionality that is implemented within the Agent Component Library
from domain-level problem-specific issues. In other words, our intention has been
to provide classes that implement communication, reasoning and co-operation,
leaving developers to concentrate on defining the agents necessary for their appli-
cation, and to provide the code that implements their agents’ particular domain-
specific abilities.

Because so many aspects of conventional agent system development are han-
dled by the ZEUS tool- kit, developers need a means of understanding what
is expected of them. Consequently the ZEUS tool-kit was developed in parallel
with an agent development methodology, (a description of which can be found in
[22]). This methodology is supported by the ZEUS Agent Generator tool: a suite
of integrated editors that facilitate the agent development process by enabling
users to interactively create agents by visually specifying their most significant
attributes.

In order to generate the agent program code for a specific application system,
the Generator tool inherits code from the Agent Component library, and inte-
grates it with the data from the various visual editors. The resulting Java source
code can then be compiled and executed normally. Existing (legacy) systems
can then be linked to the agents using the Application Programmers’ Interface
(API) of the (generic ZEUS-defined) wrapper class that wraps up the inherited
code and the user-supplied data.

The intention is that when used together, the Agent Component Library
and the Agent Building Software will facilitate the engineering of collaborative
agent systems. The developer describes the intended agents with the agent cre-
ation tools, which generates the source code using classes from the component
library. Once their tasks have been implemented the agents can be executed,
and observed using the visualisation tools that are provided as part of the ZEUS
tool-kit.

4.3 The Visualisation Tools

An inherent problem of a distributed system like an agent society is attempting
to visualise its behaviour. This is because the data, control and active processes
are all distributed across the society. Consequently analysing and debugging of
multi-agents systems is difficult, as each agent has only a local view of the whole.
This arrangement places the onus on the user to integrate the large amounts of
limited information generated by each agent into a coherent whole.

The ZEUS tool-kit provides a solution to this problem through the provi-
sion of a third utility agent, called the Visualiser, which can be used to view,
analyse or debug societies of ZEUS agents; (as described in [23]). The Visualiser
agent is a prime example of our reuse philosophy, having been built from the
same fundamental components as the agents it will observe and visualise. It
works by periodically querying each agent about its states and processes, and
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then collating and interpreting the replies to create an up-to-date model of the
agents’ collective behaviour. This model can be viewed from various perspectives
through different visualisation tools, with each presenting a different aspect of
the agent society. For instance, the Society Viewer shows every agent known to
the Visualiser and the messages they exchange, which the Reports Tool displays
the state of an agent’s tasks and sub- tasks

The multi-perspective visualisation approach provided by the different visu-
alisation tools gives users the flexibility to choose what is visualised, how it is
visualised and when it is visualised. The visualisation tools are generally used
online, to visualise the interactions in a multi-agent society live, as they hap-
pen. However, the society, report and statistics tools can also operate off-line
by recording agents’ interaction sessions to a database. Once stored, recorded
sessions can be replayed, video-recorder style, using the forward, rewind, fast-
rewind and fast-forward buttons.

At this point it is worth emphasising that the ZEUS tool-kit was designed
to create general-purpose collaborative agents; it was never intended as an elec-
tronic commerce application tool-kit. So in the next section we shall consider
the suitability of ZEUS agents for a virtual marketplace application.

5 The ZEUS Virtual Marketplace Demonstrator

The intention of this demonstrator was to investigate the difficulty of apply-
ing generic collaborative agents to a distributed marketplace application. The
marketplace assumed was a virtual commodity auction, consisting of a vari-
able number of agents, each of which should be capable of buying and selling
items from their shared trading ontology. These assumptions avoided potential
ontology problems, and enabled agent behaviour to be limited to a set of well-
understood auction protocols.

Another assumption was that the virtual marketplace would be open, with an
indeterminate number of participating agents spread across a local area network
as processes on different machines. The intention being that each agent would be
able to join or leave the market at will, by registering its presence or intentions
with its peers. As there was no distinction between vendors and purchasers in
our marketplace, each agent needed to be capable of both buying and selling.

The agents that participated in the marketplace were implemented using the
ZEUS tool-kit, and then augmented with the additional functionality required for
their new role. Each agent was created with the inherent ability to communicate,
plan and negotiate, and these generic agents were then supplied with the market’s
trading ontology, and a set of negotiation protocols enabling them to participate
in auctions. By supplying both bidding and selling strategies the agents can
adopt either role.
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The terms of each commodity transaction are negotiated through an auction
process. The particular auction convention used can be set dynamically, taking
advantage of the fact that new behaviour can be added to ZEUS agents by pro-
viding new state- transition graphs. This enables vendors to choose the auction
convention that best suits their requirements. For instance, the ‘Vickrey’ auc-
tion tends to conclude quickly, ensuring a quick sale. Likewise both buyers and
vendors could specify the deadline for a transaction and their preferred price.

Another intention was for agent behaviour within our marketplace to be semi-
autonomous; i.e. all agents would be under the ultimate control of a human user,
although the user could choose to delegate decision making to their agent. This
necessitated the construction of custom user interfaces that would enable each
user to issue instructions to their agents. This requirement has been realised by
creating several windows through which the user can enter their intentions, and
linking the resulting windows to the underlying agent through the API the tool-
kit provides. The information supplied to the agent will determine its objectives,
and how it behaves in response to market conditions. One of our design decisions
was to try to hide as much of the underlying complexity of the marketplace from
the people who would be participating in it. The features of this marketplace
will now be discussed with reference to the windows that enable its participant
to observe and interact with it.

The Marketplace Window

This window, shown as Fig. 3, provides the user with their agent’s view of the
current state of the market. Items offered for sale are listed, together with details
of the vendor, the current market price, and the time remaining for bids. All offer
information is colour-coded to represent its current state, e.g. on offer, changed,
expired, deal struck etc. State information provides a means of filtering so, for
instance, only offers that have changed recently can be displayed.

Fig. 3. A ZEUS Agent Marketplace Window, showing the state of all current
bids
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Other transaction options are accessed through the Marketplace window; for
instance to offer a new item for sale the user would choose the ’Sell Item’ button,
which brings up the Selling Window. Whereas if an existing offer is double-clicked
the Buying Window appears, unless the item in question is owned by the user,
in which case the Selling Window re-appears allowing them to change the offer
parameters.

The Selling Window

To offer an item for sale a user needs to tell their agent the opening price, the
length of time available to complete the transaction, and how many times over
this period the price will be recalculated. The agent must also be instructed
how the asking price will change in response to offers, or the lack of them. To
describe the change of a price we have adopted the approach described in [10] -
as a graph with three distinct portions, (shown in the left-hand window in Fig.
4), namely:

• an initial static period, this represents an ’ideal price’ where the agent will
not alter its selling price

• a dynamic period, when the agent will progressively increase or decrease its
price according to demand

• a final static period, this ’plateau’ corresponds to the floor price, this prevents
the price free-falling below a pre-set reserve price

The vendor’s graph depicts the change in price (downwards) that occurs over
time if the asking price is not met. For convenience users can choose the shape
of this graph from a library of predetermined graphs. One such example is ’cool-
headed’ - this graph remains static for a short period, and then gradually falls.
Alternatively, the user can change the graph parameters using the slider bars
provided, giving the user the flexibility to customise their own transaction policy.

Fig. 4. The Selling Strategy Window, with pop-up Price Function Window (left)
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The window through which the current selling strategy is displayed and con-
figured is shown on the left in Figure 4. The two other parameters necessary
to form the selling strategy are the initial asking price and the auction dura-
tion; these values are entered through the main Selling window, shown on the
right in Figure 4. Once the strategy and its parameters have been specified the
agent’s asking price can be automatically recalculated in response to market
conditions. Of course, this is a rather simplistic approach to implementing a
bidding strategy. More sophisticated approaches exist, like those described in
[27], which include learning strategies created from knowledge-based systems
and game-theory models.

The Selling Window shown in Figure 4 also shows the other parameters the
vendor can specify, such as the exception policy. This parameter compels the
agent to perform some action if the highest bid received by some point in time
is below a certain threshold. This allows the user to be alerted or withdraw the
offer if no sufficient bids are received. The user can also set an authorisation
policy - if the ’prompt me to accept’ option is chosen, the agent will ask its user
before agreeing to any transactions. Alternatively, choosing the ’auto accept’
option endows authority to the agent to perform transactions when a reasonable
offer is received. (Each agent also possesses a Buying window, whose fields are
the converse of the Selling window).

5.1 Using ZEUS for Electronic Marketplaces

One of the motivations for our virtual marketplace demonstrator was to inves-
tigate the potential of collaborative agents for distributed electronic commerce
applications. Implementing a working agent-based marketplace took 2 develop-
ers approximately 2 months, with the majority of the work involving the user
interfaces. The brief evaluation presented here will consider how the collabora-
tive agent solutions provided by the ZEUS tool-kit have addressed the problem
issues identified in Section 2.

The Impact of ZEUS on the Information Discovery Problem

In a marketplace agents need some means of discovering what is on offer, and
where on the network the vendor can be found. Given the dynamic nature of the
market it is not sensible to hard-code this information into the agents, but rather
to provide an index of agents and current offers that can be updated frequently.
As the ZEUS Agent Name Server and Facilitator agents already provide these
services to the market participants, we did not need to re-solve the problem of
information discovery during the development of our marketplace.

The ZEUS Facilitator agents can provide an important brokering service, en-
abling agents wishing to buy or sell particular items to identify an appropriate
trading partner. In other words, these agents provide a ‘notice board’ or ‘clas-
sified ads’ service, freeing agents from having to poll every other agent in the
society in order to determine what items are available to trade.
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The marketplace may possess more than one broker, which would be desir-
able for several reasons. Firstly, there is the issue of redundancy, as a market
dependent on a single broker will collapse if it ceases. Then there is the desire for
competition, to ensure that if brokers charge other agents for their information
then the broker’s costs should remain competitive. Finally there is the issue of
scalability - because of their centralised nature, brokers are the potential bottle-
necks of the marketplace, and there is a danger that as the number of trading
agents increases the load on the broker will become too great for it to manage.

To avoid scalability problems local brokers could be created to service their
‘own’ local portion of the marketplace, as is the case with global commodity
markets. We hope to use our virtual marketplace to perform scalability experi-
ments in order to determine how many agents a single broker can comfortably
support under various conditions. Once this point is reached additional brokers
may be required to reduce the computational load experienced by the individual
broker agents.

5.2 The Impact of ZEUS on the Communication Problem

The absence of a universal inter-agent communication language is a potential
problem for any potential open agent marketplace. As all our agents originate
from the same source, each uses the same communication mechanism, making
them inherently compatible. The real challenge, however, will be to inter-operate
with ‘foreign’ agents, which we have not yet attempted. This is where our us-
age of non-proprietary languages like KQML and FIPA ACL may well prove
worthwhile.

In the absence of a ‘standard’ trading ontology we have created our own
small trading ontology of the concepts the market supports; this is supplied to
each agent when it joins the market. Thus another future challenge will be the
adoption of a universal ontology, or a means of translating between different
ones.

5.3 The Impact of ZEUS on the Negotiation Problem

Negotiation strategies define the behaviour of an agent during negotiation. It
can involve numerous aspects: learning other agents’ strategies; evaluating the
effectiveness of his current strategy; finding out the best response strategy; and
so on. As the potential complexity is considerable, no tool-kit could be expected
to accommodate the requirements of every agent designer. Hence ZEUS has been
designed to allow individual agent designers to include their own strategies into
their agents. To create a new strategy, three aspects of an interaction need to
be modelled:

- the response when no message is received;
- the response when messages are received; and
- the conditions whereby interactions are accepted
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These three parameters seem sufficient to support a wide range of behaviour.
For instance, if a selling agent receives no bids it can opt to reduce its asking
price and re-broadcast it. Acceptance occurs when a message is received which
accepts the seller’s asking price. (What we have just defined here is an agent
performing Dutch auction).

These custom strategies run on the generic Co-ordination Engine inside
each agent. This declarative approach avoids the need to re-implement the
Co-ordination Engine when new behaviour is desired. We have already created
strategies that implement the ‘house rules’ of several types of auction; the best
known being the English, Vickrey and Dutch auctions. With these new protocols
we have been able to convert our generic collaborative agents into marketplace
participants.

In summary, we attribute the rapid development of our agent-based mar-
ketplace to the reuse of solutions that were already implemented as part of the
ZEUS tool-kit. This has only been useful because the components provided by
the tool-kit were generic enough to be used in our prototype electronic market-
place application with little modification.

6 Related Systems

A comparison with other agent building tool-kits is difficult since at time of writ-
ing no other tool-kits seem to have been used to implement a marketplace. There
are however several agent-based virtual marketplaces that use auction protocols
for negotiation. Of these, it is felt that the most similar systems to our experi-
mental marketplace are Fishmarket4, [11], AuctionBot5, [24], and Kasbah6, [10].
A brief comparison of the features of each is shown in Table 1.

The criteria used for comparison in Table 1 are as follows: the “Distribution
of Agents” category describes the organisational architecture of the market-
place, and whether the users’ agents are autonomous processes with their own
embedded features or ‘thin’ clients that call services on the server side. “User
defined price functions” relates to how the user exerts control over their agent’s
behaviour, and “Two-way bargaining” refers to the ability to make offers and
counter-offers.

Of the other categories, “Multiple auction types” refers to the support for
different co-ordination protocols. “Seller:Buyer cardinality” refers to the number
of potential sellers who will be in competition for an individual transaction;
whilst “Merchant Brokering” refers to the process whereby users identify who
has a desired item for sale, and at what price.

In summary, AuctionBot implements a server-side auction whose participants
can configure their strategies through an API that is accessible through a web
interface. Kasbah is also web-based, consisting of server-side agents that enable

4 http://www.iiia.csic.es/Projects/fishmarket/newindex.html
5 http://auction.eecs.umich.edu
6 http://kasbah.media.mit.edu
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Feature AuctionBot Fishmarket Kasbah ZEUS Virtual
Market

Distribution of
Agents

Web-based
client, server
side agents

Network based
with centralised
seller and
distributed
buyers

Web based
client, server
based virtual
market

Buyer and
Seller agents
distributed
across a LAN

User defined
price functions

Configurable
via HTML
form or
programs using
API

Function
parameters
configurable via
GUI

Limited to
choice from a
list

Strategies
and function
parameters
configurable
via GUI

Two-way
bargaining

Yes Not relevant to
auction scenario

Yes Yes

Multiple
auction types
possible

Yes Yes No Yes

Seller : Buyer
cardinality

1 Seller : n
Buyers

1 Seller : n
Buyers

n Sellers : n
Buyers

n Sellers : n
Buyers

Merchant
Brokering

Users choose
vendors from
category index

‘Auctioneer’
chooses goods
to offer from
available lots

Facilitated by
dedicated
broker agents

Users choose
vendors from
publicised
offers

Table 1. A comparison of the features of some agent-based Marketplaces

users to buy and sell; whilst it is less configurable, it provides a better support
infrastructure, providing brokers to match buyers to sellers.

The Fishmarket system also differentiates buyers from sellers, although the
auction is not conducted through the web. A significant feature of Fishmarket
is that its conventions can be readily customised, this has been used to simulate
a real-world fish-market where the auctioneer chooses what to offer and invites
bids from interested parties. In ZEUS, like Fishmarket, reconfiguring the finite
state machine implementing the auction rules can change the conventions of the
market. A unique feature of the ZEUS market is its participants are distributed
client-side agents that have the ability to both buy and sell. Significantly, all these
systems allow users to differentiate their agents from their rivals by configuring
the buying and selling parameters, and all provide a means to react to market
conditions.
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7 Future Work: the Differentiation Issue

The problem with the marketplaces described in the previous section is that
they lack sufficient means of differentiation. Traditionally traders attempt to
attract customers using the “5 P’s”: product, price, place, position and pro-
motion. These attributes allow traders to differentiate themselves from their
competition through factors like physical proximity to the customers, transport
costs, value-added services (like warranties), and lures such as loss leaders and
loyalty schemes. These differentiation factors can be represented in an electronic
marketplace, but only if the trading ontology is rich enough. The problem is that
detailed trading ontologies are time-consuming and difficult to build.

Nevertheless, the provision of differentiation is vital because it allows ven-
dors to avoid ‘commoditisation’, a situation where identical items from different
retailers become perfectly substitutable, (i.e. equally as good as each other).
Ultimately the danger is that without differentiation the market can become
“friction-less”. In economics the term ‘friction’ refers to the factors that keep
markets from working according to the textbook model of perfect competition,
[25]. In a theoretically friction-less market the only differentiation possible be-
tween vendors is price.

Friction-less markets are rare in conventional retail because of the inherent
cost of shopping for the shopper, as finding a product costs time and effort.
With an index of vendors and the ability to query vendors electronically, shop-
ping agents could minimise the cost of shopping and find the lowest possible
value. As a result vendors may be drawn into a price-cutting war to attract cus-
tomers; however they risk being caught in a discounting feedback loop, which will
ultimately lead to a ‘price crash’. Consequently some means of differentiation
is vital to maintain market stability, without it, potential vendors will be re-
luctant to compete against ‘discount’ retailers, whose low overheads make them
the current beneficiaries of price-only comparisons. Without a diverse choice of
retailers, products and purchasing options consumer choice will be limited, and
interest in online commerce will be stifled.

Therefore, attracting consumers and vendors online will necessitate means of
product and merchant differentiation. This need is well advocated in [26], which
also argues against auction-based selling and in favour of a more sophisticated
mutually beneficial means of negotiation. We agree with this analysis, and expect
future electronic commerce research to move towards issues like how to maximise
differentiation through comprehensive multi- attribute trading ontologies.

As the underlying ontology becomes more expressive, the scope for more
sophisticated negotiation increases accordingly. For instance, buying agents will
be able to take into account the additional costs of any goods they consider,
like delivery costs or extended warranties. This additional information, coupled
with the user’s personal preferences and profile, will enable their agent to be
equipped with much more sophisticated reasoning facilities. Such intelligence is
a prerequisite for personal shopping agents that will add value by independently
locating and selecting the most appropriate products and retailers.
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8 Conclusions

Online shopping is effectively a 3-phase process that can be summarised as find
- bid - exchange. Whilst it is already possible to find and buy goods online, the
agent solution aims to integrate these existing partial solutions into a process
that is much easier to use, and potentially more efficient for buyer and vendor
alike. Agents also enrich the shopping process with the ability to negotiate, en-
abling comparison shopping, individual discounting and the setting of an agreed
quality of service.

One potential disadvantage of complex software entities like agents is their
high development overhead, but with our prototype market we hope to have
shown that a collaborative agent building tool- kit can expedite development
and supply the necessary functionality for a marketplace.

Although online shopping is currently a cumbersome process that accounts
for a fraction of all transactions, the potential for growth is enormous. A recent
authoritative U.S. Department of Commerce report [1] has predicted that online
retailing between businesses and customers will be worth at least $7 billion by
the year 2000, and could be as high as $115 billion by 2006. The figure for
electronic transactions between businesses is even higher, and could be worth up
to $300 billion by 2002.

For agent technology to make an impact on these figures several problems
must first be solved. These are not the headline issues like credit card security
and privacy protection, but technical challenges like finding the most appropri-
ate product and vendor for one’s own requirements. Likewise, vendors will want
a means of distinguishing themselves from their competitors, and a means of
efficiently targeting their products to potential customers. These do not seem
insurmountable technical challenges; in fact they should be solvable by aggre-
gating existing technologies. In which case, practical agent-based marketplaces
should be within our reach.
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1 Introduction

Electronic commerce has made possible many market institutions that are too
inefficient and expensive in traditional marketplaces [4]. Auctions have typically
been reserved for special domains, such as the FCC spectrum auction [7], fine art
auction houses (e.g. Sotheby’s and Christie’s), or selling perishable goods, such
as in Spanish fish markets [10]. Auctions are preferred to posted prices in these
domains because the goods are of uncertain value, and dynamic price adjust-
ment will often maximize revenue for a seller. In traditional off-line auctions the
interested parties must gather in one physical location, or be prepared to par-
ticipate in a protracted auction by correspondence (e.g. the FCC auction). The
infrastructure of electronic commerce significantly reduces the costs of partici-
pation, and allows auctions to reach a large and physically distributed audience.
Furthermore, artificial bidding agents can represent the preferences of interested
parties, bids are electronic, and auctions can be automatically cleared in elec-
tronic clearing houses. Auctions provide a useful framework for agent mediated
electronic commerce [1].
The design of mechanisms for on-line auctions should be informed by the

costs placed on users,1 the possibilities for effective agent2 mediation, and also
by the trust relations between users and auctioneers. The most important cost
to a user in an agent mediated electronic auction is not the communication cost
of participation (an agent can cheaply and autonomously monitor auctions and
place bids on behalf of a user), but the cognitive cost of deciding on the value
of a good. Traditional auction theory assumes that buyers know the value of a
good (private values assumption), or that the value of a good will follow from
new information (affiliated or common value auctions). In fact, the problem of
determining the value of a good can be computationally complex, and a buyer’s
value might still be uncertain when a bid is required [14].
We identify auction mechanisms that allow a user to avoid the cognitive cost

of determining an accurate value for a good whenever possible, while enabling an
agent to place the same bids in auctions that would be optimal with an accurate
valuation. We argue that progressive auctions, such as the English auction, are
preferable to sealed bid auctions when there is a high cost associated with de-
termining the exact value of goods but users can determine approximate values
more cheaply. Furthermore, when progressive auctions are coupled with semi-
autonomous agents that are able to request more accurate valuations from users
when necessary, the high monitoring and communication costs of progressive
auctions can be hidden from users. We survey commercial on-line auctions from
the perspective of our analysis, and suggest a new design for automatic bidding
agents.

1 A user refers to an interested human participant, either a buyer or a seller.
2 An agent refers to a software agent that can participate in an auction on behalf of
a user.
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2 Auction-based Negotiation for Electronic Commerce

Agent mediated electronic commerce enables cheap negotiation between buy-
ers and sellers on the details of an individual transaction – product features,
value-added services, financing and price. Agents that can dynamically negoti-
ate transaction terms with vendors are a natural extension of first-generation
shopping agents that compare the posted-price of goods across static on-line
vendor sites [5]. While personalized negotiation has traditionally been too ex-
pensive, except for high value and highly configurable goods, such as new cars,
agent mediated negotiation absorbs many of the costs and inconveniences of
negotiation.
The design of auction servers and market-aware computational agents presents

a key challenge for agent technologies, artificial intelligence, and real-time sys-
tems [14,19,20]. We can make some challenges easier through the design of market
mechanisms that enable straightforward and provably optimal agent strategies,
at least for simple domains [17].
There are a number of testbeds for agent mediated electronic trading: Auc-

tionBot [21] is a general purpose Internet auction server with an Application
Programmable Interface (API) that allows software agents to participate in user-
configured auctions; FM 97.6 [11], another multiagent test bed, simulates com-
plex Dutch auctions; and Kasbah is a prototype agent-based bilateral exchange
market for buying and selling goods [3]. Kasbah illustrates a key feature of useful
agent mediated electronic trading systems. It reduces the cognitive cost to users
of the system by requiring that users provide only a few high-level parameters in
order to specify their preferences. The bidding agents within Kasbah are given
autonomy to pursue strategies consistent with the stated preferences.
Auctions provide a well-defined and simple framework for negotiation be-

tween self-interested buyers and sellers in a market. Although auctions tradi-
tionally allow negotiation over price alone, auction mechanisms can be extended
to include negotiation over product features, warranties, and service policies
– still within a framework that assumes self-interested, possibly insincere and
strategic agents. For example, in the recent FCC spectrum auction buyers had
synergies over combinations of spectrum rights over a geographically consistent
area. The FCC implemented a simultaneous ascending auction that allowed bid-
ders to place bids for multiple goods, and dynamically adjust over the course
of the auction the precise combination of goods that they tried to acquire [7].
In a combinatorial auction buyers can express synergies directly by submitting
bids for combinations of goods (or for one good with a specific combination of
features) [13]. Wurman et al. [21] are developing languages that allow users to
represent their preferences over bundles of interdependent goods efficiently.
Bidding agents need to make tradeoffs between features and price within an

auction framework. The space of different product specifications is often very
large, particularly when goods are nonstandard, and the problem that one must
address as an auction designer is how to elicit only necessary information from
users on their preferences between different product specifications when many
feature combinations might prove to be unavailable or too expensive. We as-
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sume that this information is costly for a user to provide. We compare standard
single-unit auctions over a large and diverse space of possible goods, from the
perspective of reducing the cognitive costs involved in providing information to a
bidding agent. We assume that a user can specify hard constraints over product
features that she will consider, but does not know (or does not wish to specify)
her exact value tradeoff within this space.

3 Traditional Auction Theory

Auctions are simple and robust mechanisms for selling nonstandard and short
supply items with uncertain market values. Auction mechanisms discover the
optimal price for a good through the bidding action of self-interested agents.
We characterize price discovery mechanisms as progressive (ascending price, de-
scending price) or sealed bid, and first price or second price. In ascending price
auctions the auctioneer continuously reveals the highest bid received, and the
ask price is a minimum increment above the price of the current highest bid. The
auction terminates after a period of inactivity. In descending price auctions the
auctioneer lowers the ask price until the first bid is received, when the auction
is immediately terminated. In a sealed bid auction all bids are private, and the
auctioneer selects the winning bid after a fixed period of time.
In all simple auction mechanisms the good is sold to the bidding agent with

the highest bid. In first price auctions an agent pays the price of its bid, while in
second price auctions an agent pays the highest amount that was bid by another
agent [6,9]. While there are many combinations of auction characteristics, some
auction mechanisms are redundant and do not have general use. For example
the second price ascending auction is strategically equivalent to the first price
ascending auction for small bid increments, and will have the same revenue and
efficiency properties.
Traditional auction theory emphasizes the allocation efficiency and expected

revenue properties of auction mechanisms, given assumptions about how buyers
assign value to goods [6]. For example, the prevalence of the first price ascend-
ing (English) auction in traditional auction environments (e.g. fine art auction
houses) is best explained with a model that assumes that buyers’ values are af-
filiated: when one buyer places a high value on a good it is more likely that other
buyers will also value the good highly [8]. A progressive price auction maximizes
revenue for sellers in this environment because bids reveal information, and the
knowledge that one buyer values an item highly can increase the valuations of
other buyers [6]. A sealed bid auction does not allow this dynamic information
sharing between buyers.
Second price sealed bid (Vickrey) auctions are attractive in traditional auc-

tion domains because they avoid the communication cost of multiple bids in
ascending auctions, and the “gaming” that is required to estimate the second
highest bid in first price sealed bid auctions. Furthermore, privacy and infor-
mation revelation considerations often favor a sealed bid auction over an (open)
progressive auction (e.g. government procurement contracts). However, there are
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few real-world examples of second price sealed bid auctions, possibly because the
Vickrey auction is vulnerable to manipulation by an untrusted auctioneer that
overstates the second highest bid (unless the bid must be verified in some way),
and because buyers are often reluctant to reveal their true valuations for goods
[12].
In our analysis of mechanisms for on-line auctions we make standard assump-

tions about how buyers assign value to goods: (a) private value assumption –
the value of a good only depends on a buyer’s own preferences; (b) independence
of bids – the values placed on a good by buyers are statistically independent.
Given these assumptions the revenue equivalence theorem [18] states that the
four most common auctions (English, first price descending, first price sealed
bid and Vickrey) all yield the same expected revenue for risk-neutral agents.
However good auction design can still increase expected revenue by lowering the
costs of participation. Theoretical analysis of revenue equivalence assumes that
a fixed set of buyers participate in the auction, irrespective of the mechanism. In
reality the costs (cognitive and communication) and conditions of trust within
a system will affect the number of buyers that participate. A seller can expect
to receive a higher sale price for a good if she is able to attract bids from more
buyers.

4 Auction Cost and Trust Properties

The design of an auction mechanism for on-line agent mediated auctions should
be informed by the costs placed on human participants in the system, and the
conditions of trust that exist between the buyers, the sellers and the auction-
eer. Auctions for agent mediated on-line electronic commerce require somewhat
different cost structures than more traditional off-line auctions, and conditions
of trust are often more critical. In this section we introduce some key auction
properties that influence both the cost of participation in an auction, and the
trust requirements that are placed on parties. We claim that the most important
barrier to user participation in an agent mediated on-line auction is the cognitive
cost of deciding values for new, previously unvalued, goods.
Standard economic theory assumes that a buyer knows the value of a good

when the good is for self-consumption (private value assumption), or that the
value of a good is set exogenously and cannot be known by an agent without
further information (common value assumption). However, in many real situa-
tions a good can only be valued by careful reasoning. This is a cognitive cost
that cannot be easily transferred to an electronic bidding agent, indeed buyers
often cannot even formulate the tradeoffs that determine their exact reservation
price for a particular good. That there is a nontrivial cost to decide what the
reservation price is: “how much am I willing to pay for this item?” may not be
obvious, but note that people often take a lot of time deciding whether they
want to buy a given dress, bike or house, even when the price is posted. In
business settings determining the value of a given item, such as a quantity of
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crude oil, or a shipment of electronic components, may require solving a complex
optimization problem.
We summarize the cost and trust properties over six different auction mech-

anisms in Table 1 and Table 2.3 We will introduce two new auction properties:
bounded-rational compatible and untrusted-auctioneer compatible. The properties
listed are all beneficial, they either reduce the cost of participation, or reduce
the degree of trust that is required between agents within the auction for faithful
implementation.

4.1 Cost Properties Relevant to On-Line Auction Design

The costs to participation in an auction are cognitive (information gathering and
processing) and communicative, and depend on the mechanism, the goods that
are being auctioned, and the complexity of the local problems of buyers. The
costs that are important in an on-line agent mediated auction differ from the
costs in a more traditional off-line auction.
Cognitive costs can be separated into two processes. First a buyer must es-

timate her reservation price for a good, the maximum price that she will pay
for a good. The reservation price is equal to the perceived value of a good to
the buyer, and depends on her preferences. Although a buyer can place a bid in
an auction on the basis of her reservation price alone, in some auctions coun-
terspeculation is also useful – and a buyer might choose to reason about the
preferences and strategies of other buyers in the system when placing a bid.
This is the second cognitive process. We can design auction mechanisms and
agents that reduce and remove this second cost, either through mechanisms that
make counterspeculation redundant, or through bidding agents that implement
complex bidding strategies for a user. The premise of our work is that the cost
of the first cognitive process, that of determining a reservation price for a new,
previously unvalued, good is nontrivial, and will often dominate any other costs
to participation in an agent mediated on-line auction.
In an auction that is buyer incentive compatible (ICB, Table 1) the dominant

strategy for a buyer is to bid her true value for a good [9]. It is not necessary
for a buyer to incur the cognitive cost of strategic counterspeculation that can
be useful in some auction mechanisms. In buyer incentive compatible ascending
price auctions, such as the first price ascending auction, a buyer will maximize
her expected utility by placing a new bid whenever the current highest bid is
below her reservation price and held by another buyer.

3 The second price descending auction is not a standard auction format. The auction-
eer starts with a high price, and lowers the price until two bids have been received.
The agents are not informed of the first bid until the second bid has also been made.
The item is then sold to the highest bidder at the price of the second highest bid.
The auction is strategically equivalent to the English and Vickrey auctions. Further-
more, the auction is “bounded-rational compatible” because a good upper bound on
a buyer’s reservation price determines an optimal strategy when the auction termi-
nates before the upper bound is reached.
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Table 1. Cost properties of common auctions. Key: ICB Buyer incentive com-
patible, BRC Bounded-rational compatible, COMM L Low communication cost.

Ascending Descending Sealed bid
Price Price

First price ICB,BRC BRC COMM L

Second price ICB,BRC ICB,BRC ICB,COMM L

A buyer in an incentive compatible sealed bid auction should simply bid her
reservation price. For example, the second price sealed bid (Vickrey) auction is
incentive compatible because the price that a buyer pays for a good is determined
by the bids received from other buyers, and does not depend on her own bid.
Instead, the price that a buyer bids defines a range of prices that she is willing
to accept (any price up to and including the price of her bid). It is a dominant
strategy to submit a bid equal to her reservation price [9]. When all buyers
adopts this dominant strategy the good is sold to the buyer with the highest
reservation price, for a price equal to the second highest reservation price.4 In
comparison, the optimal strategy for a buyer in a first price sealed bid auction is
to place a bid that is just above the highest bid of another buyer, so long as the
price is below her own reservation price. In this case a buyer can use information
about the valuations and strategies of other buyers in the system to increase her
expected utility.
Different auction structures require vastly different expected effort by buyers

to determine a value for a good that is being auctioned. We introduce a new auc-
tion property, bounded-rational compatible ( BRC , Table 1). A bounded-rational
compatible auction, such as the English auction, will often allow a bidding agent
to follow an optimal bidding strategy with only approximate information on the
value of a good. We assume that it takes less effort for a buyer to place bounds
on her value for a good than it does to compute her exact value for a good. For
example, consider the behavior of a bidding agent in an English auction that
has a lower and upper bound on the value that a buyer places on a good. The
bidding agent will place a bid whenever the ask price is below the lower bound on
value, and drop out of the auction when the ask price is above the upper bound
on value. The buyer avoids the cognitive cost of refining its valuation when the
auction terminates with an ask price that is either below its lower bound or
above its upper bound. The buyer only needs to compute an accurate valuation
when other buyers have similar reservation prices. Compare this with a sealed
bid auction, where an agent that has an estimate of the value of a good risks

4 This is the same outcome as is achieved with an English auction, but without the
overhead of multiple bids.
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winning the good for a price that is above the buyer’s true value, or missing a
price that is below the buyer’s true value.
Finally, we also consider whether an auction mechanism has low communica-

tion costs (COMM L, Table 1). The communication cost of an auction mechanism
depends on the size of a single bid, and the expected number of auction rounds.
Sealed bid auctions have low communication costs in comparison with progres-
sive auctions because they require only one bid from each agent in each auction
while progressive auctions may require several rounds of bidding.
The importance of communication cost depends on the infrastructure of the

auction. For example, the amortized per-message communication cost in a tradi-
tional off-line auction is much greater than the per-message cost in an electronic
on-line auction. In a traditional auction the cost includes the need to physically
meet in one location for a period of time, while the per-message communication
cost in an Internet-based electronic auction is minimal [1]. Furthermore, users
in an on-line auction can be physically distributed and use bidding agents to
automatically monitor auctions and place bids.

4.2 Trust Properties Relevant to On-Line Auction Design

Trust is another important consideration that drives auction design – will users
have any reason not to trust that an auctioneer will implement a bidding mech-
anism truthfully? It is not unusual in on-line commerce for the seller and the
auctioneer to be the same firm (e.g. www.onsale.com). There is a clear conflict
of interest. The auctioneer has an incentive to inflate the price of a good. We can
design auction mechanisms that are not vulnerable to this kind of direct price
manipulation.5

We introduce a new auction property, untrusted-auctioneer compatible (UAC ,
Table 2), for auctions that are not vulnerable to direct price manipulation by a
strategic auctioneer. Direct price manipulation is strategic action by the auction-
eer, or parties acting on behalf of the seller, that is risk-free (while undetected)
and can only increase revenue. An auction is secure to this type of price ma-
nipulation when the buyer that wins the auction pays an amount equal to the
price that she bid. For example, the first price sealed bid auction is untrusted-
auctioneer compatible because the auctioneer cannot inflate the price that the
winning buyer pays. However, an untrusted auctioneer in a second price sealed
bid auction can receive all the bids, create a false bid just below the highest
outside bid received, and then charge the buyer with the highest bid a price just
below her bid [12]. This is possible because the price paid by the highest bidder
is different from the price that is bid, and revealed only to the auctioneer.
A rational participant in a sealed bid auction with an untrusted auctioneer

will build a bidding agent that transforms second price auctions into first price
auctions because buyer incentive compatibility is lost. This will occur when there

5 An alternative (institutional) solution to untrusted auctioneers is to provide trusted
third parties that are certified to manage auctions.
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Table 2. Trust properties of common auctions. Key: IC S Seller incentive com-
patible, UAC untrusted-auctioneer compatible.

Ascending Descending Sealed bid
Price Price

First price UAC IC S,UAC IC S,UAC

Second price UAC

is reason to believe that the auctioneer might profit from the final sale price of
the good.
An auction that is also seller incentive compatible (IC S, Table 2) is secure

from indirect price manipulation. Indirect price manipulation is strategic action
by the auctioneer, or parties acting on behalf of the seller, that includes some
risk of decreasing revenue, for example when information about the preferences
and strategies of buyers is not fully accurate. In a seller incentive compatible
auction it is optimal for a seller to bid her true valuation for a good, because
her ask price does not affect the price that she receives, but defines the range
of prices that she is willing to receive. Seller incentive compatibility is necessary
and sufficient for preventing the type of indirect price manipulation that we
consider here.
First price descending and sealed bid auctions are seller incentive compatible

because the ask price does not directly determine the price that a seller receives.
The optimal strategy for a seller is to set the ask price equal to her reservation
price. Second price auctions are not seller incentive compatible because the seller
can influence the price that she receives for a good, for example by setting the ask
price just below the highest bid price. Similarly, the first price ascending auction
is not seller incentive compatible because a seller can increase her expected
revenue by setting her ask price just below the highest reservation price of the
buyers in the system.
When an auction mechanism is not seller incentive compatible the price that

the seller receives can be manipulated through a third party that places bids on
behalf of the seller, called a shill. For example, a shill in a first price ascending
auction can compete with the buyer with the highest reservation price, and try to
drive the ask price to just below that buyer’s reservation price. This type of price
manipulation is not risk free without perfect information about the preferences
and strategies of the buyers in an auction. The seller might be left with a good
that she could have sold for a profit.6

6 In traditional English auctions all participants are present in the same room, and
a shill can reduce his risk with visual clues about when a bidder has been pushed
close to her reservation price.
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We can also compare the auction mechanisms with regard to manipulation
through buyer collusion. A group of buyers can form a coalition, and elect one
member to participate in the auction, bidding up to the highest reservation price
of the members of the coalition. The buyers can then re-auction the good among
themselves, and share the surplus that is extracted from the seller. Possible in
any auction mechanism, this type of static collusion that occurs prior to an
auction is hard to detect and prevent. Collusion may also occur dynamically
during a progressive auction, if the active bidders can reach a self enforcing
agreement to stop bidding and re-auction the item amongst themselves [15].
One key property that is necessary for dynamic collusion is the identification
of bidders. A progressive on-line auction can offer some protection from buyer
collusion by posting all bids anonymously.

5 Agent Mediated Progressive Auctions

In this section we use the earlier analysis of the cost and trust properties of
auctions (Section 4) to identify an appropriate auction mechanism for agent
mediated electronic commerce, paying particular attention to the need to delay
and avoid the cost to a buyer of valuing a good.
Aside from cognitive costs, we can simplify the design of optimal bidding

strategies for software agents through good auction design. With well-designed
auctions the set of optimal strategies that might be useful to an agent is small,
and we can program agents with a complete set of strategies – there is no need
for agents to learn better strategies from success or failure [2]. In particular,
agents in buyer incentive compatible auctions can maximize expected utility by
bidding according to their own reservation price, and without consideration of
the preferences or strategies of other agents in the system. For example, the
optimal strategy of an agent in a first price ascending auction is to bid whenever
the current highest bid is below its reservation price, and held by another agent.
Furthermore, because the space of interesting goods that a bidding agent

might encounter is potentially very large, we would like bounded-rational com-
patible auctions that allow optimal bidding strategies with only approximate
reservation prices. This allows buyers to defray, and if possible avoid, the cogni-
tive cost of placing an accurate valuation on a good.
The auction mechanisms that we have considered that are both buyer incen-

tive compatible and bounded-rational compatible are the first price ascending
auction and the second price descending auction (see Table 1). We rule out the
second price sealed bid (Vickrey) auction because it is not bounded-rational com-
patible and we want to avoid the high cognitive cost of computing the reservation
price for every auction.7

We prefer the first price ascending auction to the second price descending
auction for a number of reasons. Firstly, an agent in an ascending price auction
can drop out of an auction before it terminates, when the ask price is greater
7 Sandholm [16] has noted some other limitations of Vickrey auctions in computational
multiagent systems.
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than its reservation price upper bound. In a descending price auction an agent
must monitor the auction as long as it is open, and accept an ask price that is
below its reservation price lower bound. Secondly, in an ascending price auction
bidding agents control the rate at which the price of a good is increased as they
refine their valuations for goods. This is preferable to a descending price auction
where the auctioneer must lower the price of a good at a rate that is appropriate
to the bounded rationality of the bidding agents, in order to avoid missing a
price that an agent would accept given enough time to reason about the true
value of its reservation price.
Furthermore, when we consider the trust properties of auctions, we see that

the descending second price auction is susceptible to manipulation by an un-
trusted auctioneer in the same way as the Vickrey auction, while the first price
ascending auction is untrusted-auctioneer compatible because the winning agent
pays the price that it bid (UAC , Table 2). Both progressive auctions are however
susceptible to indirect price manipulation (IC S, Table 2). It is interesting to note
that it is impossible for an auction mechanism to be both buyer and seller in-
centive compatible (compare Table 1 and Table 2) [22], and that we must accept
indirect price manipulation in return for simple optimal bidding strategies.
We conclude that the most suitable auction for agent mediated on-line auc-

tions, when the space of possible goods is large and diverse, and users do not
know their reservation prices for all goods, is the first price ascending auction. In
on-line auctions it is worth having agents submit many bids if this enables some
users to avoid computing accurate valuations in order to participate. Prices in
progressive auctions provide feedback that allow users to avoid and delay the
cognitive cost of determining an accurate value for a good.

5.1 Bidding Agent Design

When progressive auctions are coupled with semi-autonomous bidding agents
users can achieve significant cost savings. While a fully autonomous agent re-
quires a complete set of preferences in order to represent a user correctly in all
situations that it might encounter, a semi-autonomous agent will bid on behalf
of the user when it has enough knowledge to proceed, and query the user when
its best action is ill-defined given its current information.
The design of bidding agents should be appropriate to the auction mecha-

nism, and sensitive to the cost characteristics of users. An autonomous agent
that places bids up to the value of a fixed reservation price, a “reservation-price
agent”, is appropriate for users that have precise valuations for goods that are
auctioned. A reservation-price agent competes in relevant auctions while the
current ask price is above its reservation price or until the agent is sold the
good.
When users have approximate valuations for goods, and would prefer to avoid

the cost of providing accurate valuations, then an agent that is semi-autonomous
and requests a refined valuation as necessary, a “progressive-price agent”, is more
appropriate. A progressive-price agent is initialized with a lower bound and an
optional upper bound on the true reservation prices of the user. The agent always
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places a bid when the current ask price is below its lower bound and the agent
does not hold the highest bid, and will leave an auction when the ask price is
above its upper bound. Given this strategy, the agent is sold a good whenever
the auction closes at a price below its current lower bound. The agent behaves
autonomously while current ask prices are below the lower bound or above the
upper bound. The agent will request more information from the buyer, in the
form of refined lower and upper bounds on its valuation, whenever the current
ask price lies within the range of uncertain value between the two bounds. The
agent will leave the auction if the new upper bound is below the current ask
price, place a bid if the new lower bound is above the current ask price, and
request further refinement if the ask price remains between the bounds.
For example, consider a user that is interested in purchasing an automobile.

The user initializes a progressive-price agent that will make bids on any convert-
ible VW Beetle that was made after 1975, has done less than 40000 miles, and
is in mint condition. The user provides a lower bound of $3000, but no upper
bound. The bidding agent will behave autonomously while no such vehicles are
for sale (search), or while the current ask price in an auction is less than $3000
(bid). The agent will only request further information from the user when the
price of a suitable car increases above $3000. With updated reservation price
bounds the agent will continue to bid, or drop out the auction – as appropriate.
This is the sense in which the bidding agent is semi-autonomous. The user pro-
vides the bidding agent with some initial information, and is ready to provide
new information when necessary.
As another example, consider a user who wants to buy a notebook computer

with features that satisfy a set of hard constraints, but does not know her exact
price tradeoff, for example between a Pentium-166 and a Pentium-233 processor.
Instead she initializes a progressive-price agent with upper and lower valuation
bounds over the feature space of satisficing goods. When her agent finds an
auction for a notebook with suitable features it will bid while the price is below
the lower bound for that particular set of features. Should the auction end with
the agent winning the notebook for a price below the reservation price, then the
agent can complete the transaction. However, if the price in the auction rises
above the upper bound, then the agent can stop monitoring the auction, and
move to another auction. The agent only needs to request a more accurate value
for the notebook (with this particular set of specifications) if the price stops
within the region of uncertain value.

6 Commercial On-Line Auctions

There are many on-line auctions that are currently in use [23]. Some sites are
run by discounters selling multiple goods, often from odd lots (Major Vendor
auctions), while others are open to the public and anyone can sell (Person-to-
Person auctions), see Table 3. It is illuminating to look at the design of real
on-line auctions in the light of the above discussion.
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Table 3. Commercial on-line auctions. Key: M – Major Vendor Auction, P –
Person-to-Person Auction

Company M / P Mechanism Bidding Agent Automatic
notification

auctionworks.com P English “proxy bidding system” yes

auctionuniverse.com P English “RoboBid” yes

ebay.com P English no yes

haggle.com P English “proxy robot” no

onsale.com M English “BidAgent” yes (“BidWatch”)

zauction.com M English no no

surplusauction.com M English no no

Most commercial on-line auction mechanisms are a variant of the English
auction. The auctions often include a deadline for the auction (whether or not
there is any bidding activity), and the final stage is sometimes a sealed bid
auction to avoid strategic bids that seek to take advantage of Internet communi-
cation latencies. In some auctions the deadline is extended with a “going going
gone” phase that continues while there is bidding activity.
Rudimentary bidding agents are provided at many Person-to-Person auction

sites.8 For example, onsale.com provides a “BidAgent” that is initialized with a
reservation price, and will monitor an auction and place a bid when the current
highest bid is below the agent’s reservation price and held by another agent.
The agent will also provide automatic e-mail notification when the ask price
rises above the reservation price of the agent, the price that the agent is au-
thorized to bid up to. This enables a user to set a new maximum bid price if
appropriate. Most on-line auctions encourage a user to initialize a bidding agent
with an accurate reservation price, although they do (implicitly) allow a user to
refine a lower bound on her reservation price through this “e-mail and update”
mechanism.
The bidding agents actually implement a second price auction, but do so

in a way that allows the current second highest bid to be publicly posted so

8 A user of an untrusted auction might prefer to implement and execute her own
bidding agents, given that the bidding agents implemented and executing at the
auction site will hold information on her reservation price – information that could
be used to the advantage of an untrusted auctioneer [20].
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that other potential buyers can judge whether it is worth their time to enter the
bidding. The bidding agents also reveal the incentive compatibility of a second
price sealed bid auction to the users [20].
In another complication of the simple auction, sellers are often permitted

to start the auction at a price below their reservation price in order to generate
interest. An auction is sometimes marked as a “reservation price auction” in this
case. The seller does not have to sell the good if the highest bid falls below her
reservation price. A better way to generate interest, that avoids the spectacle
of auctions closing without the highest bidder receiving the good, is to provide
a “seller agent” that will bid for the seller if an outside bid is received that is
lower than her reservation price.

7 Conclusions

Real auctions differ from those typically analyzed by economists and computer
scientists. Issues of cost and trust drive these differences. On-line electronic com-
merce provides a cheap and readily available communication infrastructure (the
Internet), that makes differences in the communication efficiency of sealed bid
and progressive auctions unimportant. The largest overhead to user participa-
tion in an on-line auction is deciding what to buy, and how much it is worth.
This is a much greater problem on-line than off-line because there are many
different goods available across many different auctions. In traditional off-line
auctions goods are typically sold in special lots to a group of invited experts.
We have argued that first price ascending (English) auctions have many

advantages over other mechanisms for on-line auctions. In particular English
auctions enable semi-autonomous agents that can act on behalf of users, and
follow optimal bidding strategies with only approximate valuations for goods
that they encounter. A request is made to a user for more accurate valuations
only when necessary – when it will affect the outcome of an auction. This frees
users of the need to provide accurate valuations for every single good that the
agent might encounter (or equivalently for every possible combination of features
for a particular type of good).
Semi-autonomous agents may not always be desirable. For example, if it is

important to a user to choose when to provide information to her agent, then
she might prefer to decide on an accurate reservation price when she has time
to do so, and request that her agent behaves completely autonomously until a
later predetermined time.
Although theoretical analysis of the revenue equivalence of private-value auc-

tions assumes risk-neutral agents, and human buyers tend to be risk-averse, we
believe that our conclusions are still valid. The first price sealed bid and first
price descending bid auctions have a greater expected revenue than English
auctions for risk-averse agents [6]. However, we consider an open system with
voluntary participation, where the number of buyers that choose to participate
in an auction is determined by the costs (cognitive and communicative) and
conditions of trust within a system. A seller can expect to receive a higher sale
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price for a good if she is able to attract bids from more buyers. We believe that
the positive effect on increased participation from an English auction will more
than outweigh any negative effect on expected revenue for the set of buyers that
choose to participate.
Finally, we emphasize that when designing a mechanism for on-line com-

merce it is critical not only to consider the allocation efficiency and revenue
maximization properties of a mechanism, but also the costs that are relevant to
participants in the auction.
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Abstract. We present a simple and uniform communication framework for an
agent-based market infrastructure, the goal of which is to enable automation of
consumer goods markets distributed over the Internet. The framework consists
of an information model for participant interests and an interaction model that
defines a basic vocabulary for advertising, searching, negotiating and settling
deals. The information model is based on structured documents representing
contracts and representations of constrained sets of contracts called interests.
The interaction model is asynchronous message communication in a speech act
based language, similar to, but simpler than, KQML [7] and FIPA ACL [8]. We
also discuss integration of an agent-based market infrastructure with the web.

1   Introduction

The Internet has evolved from an information space to a market space with thousands,
potentially millions, of electronic storefronts, auctions and other commercial services.
This market space is not without problems. A major problem is the difficulty of find-
ing relevant offers. Another problem is coping with the multitude of different styles of
interfaces to different marketplaces. Yet another problem is how to automate routine
tasks in such an environment.

We present one possible solution to these problems. An agent-based market infra-
structure helps customers and commercial sites find matching interests, and, when
desired, negotiate and close deals. Each participant has an agent that acts in the inter-
est of its owner. The infrastructure is entirely open and decentralized, just like the
web itself, allowing anyone to enter the market. Interaction is entirely symmetrical.
Any rôle on a market can be played by any participant. The benefits of automation,
lowered transaction costs, are made available to all.

At the core of the infrastructure is a communication framework, consisting of an
information model, for describing user interests, and an interaction model, defining a
basic vocabulary for searching, negotiating and settling deals. The information model
is based on structured documents representing contracts and representations of sets of
contracts called interests. Interests are encoded in the Market Interest Format (MIF).
The interaction model is asynchronous message communication in a simple speech
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act based language, the Market Interaction Language (MIL). The rôles of MIF and
MIL in the agent-based market correspond loosely to those of HTML and HTTP for
the web. We hope to, by these examples, encourage further study into and develop-
ment of simple yet useful standards that will pave the way to automated Internet mar-
kets, and avoid the unwanted generality and overwhelming complexity of most agent
communication frameworks.

The proposed infrastructure is intended to complement, and work in close integra-
tion with, the web, email, and other human-oriented forms of communication. We
will discuss how agents are integrated with the web, smoothly combining web brow-
sing and agent-based automation.

In the remainder of this paper, we provide background and related work in the ar-
eas of electronic commerce and agent-based systems (Section 2), introduce the infor-
mation model (Section 3) and interaction model (Section 4), discuss integration with
the web (Section 5) and conclude with a discussion of future directions of this work
(Section 6).

2   Background and Related Work

2.1   Electronic Commerce on the Internet

The Internet offers the hope and the promise of the global perfect market. In principle,
the activities can be automated. But, in practice, since all development is driven by
self-interest, it is entirely focused on producing advantages local to single or small
groups of participants, not on producing a uniform platform for automation of com-
merce between participants that benefits all and none in particular.

A commerce model typically includes activities such as advertising, searching, ne-
gotiating, ordering, delivering, paying, using, and servicing (Fig.1, next page).

Storefronts and search engines offer Internet-wide search and negotiation, although
not with much precision. Future developments of metadata, e.g., based on the W3C
RDF/XML (Resource Description Framework mapped onto XML) [6], will increase
precision. But to facilitate automation, and offer sufficient expressiveness, the meta-
data framework has to be based on uniform design principles.

Progress can be made without metadata. The web-based service (shopbot) Jango
[1] (now part of Excite [13]) provides a simple interface for searching and ordering
from a number of storefronts, thus serving as a kind of an integrating „meta-shop“. Its
operators use tools that automate the creation of interfaces to the web based store-
fronts, to simplify this otherwise arduous task. If information and interaction were
standardized, the creation of a Jango-like service would be a much simpler, almost
trivial, task, and more attention could instead be placed on domain specific value-
adding services.

Other services, e.g., auctions, also include negotiation mechanisms. If this trend is
taken further, a single site could provide for all activities desired, a one site globally
accessible marketplace, owned and controlled by a single participant. This is clearly
strongly in conflict with the ideals of free markets.
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Fig. 1. Electronic commerce on the Internet

While EDI (Electronic Document Interchange [14]) offers standards for informa-
tion and interaction between trading partners, current EDI standards are intended for
use in static long-term relationships on the basis of detailed trading partner agree-
ments, not for spontaneous commerce on the Internet.

A number of object-oriented platforms have been proposed for building distributed
commerce applications integrated with the web. The most ambitious effort to date is
perhaps the CommerceNet eCo System project [5], aiming to develop an architectural
framework compatible with all major Internet commerce platforms. Interaction be-
tween agents in a Common Business Language (CBL) is suggested, but insufficient
information is available to make a comparison with the framework presented here.
Another similarity with the work presented here is the integration of web clients and
servers with distributed objects augmenting web-based interaction, in a manner
analogous to our proposal for web-aware agents.

2.2   Agent-Assisted Commerce

We propose a framework based on the notion of agents, software components owned
and controlled by the participants, which provide assistance to a range of market
activities by interacting with the agents of other participants. Agents share a common
language, a formalized subset of commerce communication, but are otherwise unre-
stricted in their behavior.

Anthony Chaves, Pattie Maes, et al, at MIT Media Lab have developed an agent-
based market called Kasbah [4]. Users may assign the task of buying or selling a
specified good to an agent, which then performs negotiation and settlement of deals,
fully automatically, according to the users’ choice of predefined strategy. The system
has served a useful platform for experiments with groups of users [10], but was never
intended to be a general market infrastructure, and hence does not offer distribution
nor general information or interaction models.

The Stanford [11] and University of Michigan [12] Digital Library projects both
employ agent-based architectures. These are strongly influenced by a top-down hier-
archical view of system design, a priori subdividing responsibilities into a number of
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components. Our goal is to provide the minimum possible glue to enable automation
of a market of self-interested participants, who are free to assume the rôles of buyers,
sellers, or various forms of mediators.

The agent communication language we propose is closely related to KQML [7] and
FIPA ACL [8], but has a much smaller, task specific, set of message types. Similarly,
our content language sacrifices the generality of languages such as KIF [15] for sim-
plicity. Notably, KQML/KIF and FIPA ACL were developed primarily with a differ-
ent class of applications in mind, distributed information/knowledge systems, with
components interconnected through a network of facilitator agents, and with no con-
cern for the self-interest of (owners or users of) component agents.

2.3   Motivating Applications

The SICS MarketSpace framework and infrastructure is being developed for and
together with the following concrete applications (in close collaboration with Telia
Research):

1) An agent-based marketplace for consumer goods and services, complementing,
and emphasizing integration with, web-based commerce.

2) An agent-based workflow system for market-based organizations, which supports
the dynamic generation of workflows from a market of available activities.

The examples in this paper pertain to the first of these domains.

3   The Information Model

3.1   Contracts and Interests

Our information model is based on the assumption that the goal of the activities of
participants in a market is to close deals. As our basic information unit we choose the
contract, for our purposes a structured document (see Fig.2). To assist the process of
identifying which deals are possible, participants will, through their agents, exchange
interests, which are (representations of) sets of contracts. Participants can use interests
to advertise their true goals of buying or selling, or just reveal approximations of their
true goals to enable an initial contact. Interests can be used both for communication
and for the user models of user agents.

3.2   Example Interests

The following interests are easily expressed in terms of sets of contracts.

• Buy things cheaper than $1
• Buy pizza within an hour
• Sell these books
• Buy books on software agents
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Fig. 2. A contract represented as a structured document

For example, the interest that I would like to buy something for a price of less than $1
is the set of contracts such that I am the buyer of a good (or service) and the price is
less than $1. That I want something within an hour is a restriction on the date (a field
in a contract type). And so on.

Requirements of the following more general kind

• Environmentally friendly
• What Joe (Jill) likes

may be captured as relations to other agents, which can be asked if they share a cer-
tain interest.

3.3   Concepts and Ontologies

Contracts are defined in terms of concepts (the record types that are the building
blocks of the structured documents), which in their turn are defined in ontologies
(collections/modules of concept definitions).

Concept identifiers are URLs, referring to concepts as local names in ontologies.
Thus, a concept identifier „http://somesite.dom/basic.ont#contract-3“ refers to a defi-
nition of „contract-3“ in„http://somesite.dom/basic.ont“. Concepts only serve as buil-
ding blocks of structured documents, no semantic information is attached to a defini-
tion other than the types of its components. They play the rôle of records in program-
ming languages.

For certain tasks, agents will need to have knowledge of some concepts built in.
For example, agents will typically need to know how to contact the agent of a person
who has published a certain interest. More specialized agents will have knowledge of
product categories and know how to negotiate the price its user is willing to pay for a
given quality. For other tasks, it is only necessary that users use the same concepts, or
rely on services to bridge differences due to insufficient standardization, since they
are only there to be matched against, not understood.
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Fig. 3. The Market Interest Format (MIF)

The semantics and pragmatics of concepts will need to evolve both through formal
and informal processes of standardization. They will only be reflected in the interpre-
tation given to contracts by humans and in the behavior built into agents.

3.4   Encoding Interests

An interest is a set of contracts. By an expression of interest we mean a representation
of an interest, in some language. Several possible languages could be used for encod-
ing interests. In particular, the content languages KIF [15] and SL [8] from the
KQML and FIPA ACL communities could be used. However, in their most general
form KIF and SL are not computationally tractable, and well-defined proposals for
useful subsets do not yet exist.

We propose initially to use simpler formats for describing structured documents. It
is possible that W3C RDF/XML (Resource Description Framework mapped onto
XML) [6] will become general enough to serve our purpose, but this is not yet avail-
able. To avoid working against a moving target, we are using a simple custom design
language, the Market Interest Format (MIF).

3.5   The Market Interest Format (MIF)

The Market Interest Format is a simple frame language in Lisp syntax (Fig.3 above).
As basic types, it offers numbers, symbols (atoms), strings and dates, and as compos-
ite types concepts (frames), sets, lists, and enumerations. When expressing an interest,
basic types may be given as values or intervals (ranges), sets and lists may be given
with any expression as elements, instances of concepts may be given with any subset
of attributes, alternatives may be given for any value, and subsets may be given for set
types.

In Fig.4 (next page) are shown abbreviated examples of a MIF definition, which
should be located in an appropriate ontology, and a MIF expression of interest, which
could be an interest known to and stored in a user agent or the content of a message.
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Fig. 4. A MIF definition and expression

The expression of interest says that Joe Smith is the buyer of a red car in a contract
signed between 1/1/98 and 6/30/98. This could, for example, be used by Joe to adver-
tise such an interest, or by the agent handling it to respond to incoming queries.

Note that we will assume that agent addresses are associated with the descriptions
of the participants named in the contract. This eliminates the need for separate
mechanisms for advertising interests and the addresses for agents.

Contract-3
Seller Joakim Eriksson

Buyer Niclas Finne

Goods Refrigerator

Make Electrolux

Price 200-300 USD

Date Dec 10 1997 

WhiteColor

ER3117BModel

   

Contract-3
Seller Joakim Eriksson

Buyer Niclas Finne

Goods

Price 300 USD

Date Dec 10 1997 

Refrigerator

Make Electrolux

WhiteColor

ER3117BModel

Refrigerator

Make AEG

WhiteColor

Santo 1702Model

    

Contract-3
Seller Joakim Eriksson

Buyer Niclas Finne

Goods Kitchenware

Price 300 USD

Date Dec 10 1997 

WhiteColor

Trade object

Kitchenware

Refrigerator Dish washer

Fig. 5. Visualizations of MIF expressions. The leftmost illustrates intervals, the middle illus-
trates alternatives, and the rightmost illustrates generalization in a hierarchy of concepts.

MIF is designed with simple visual presentation of interests in mind (see Fig.5). Al-
though users are not expected to enter their interests only in terms of structured
documents (see Section 5.4), it is necessary that users are able to understand what
they may reveal about themselves to other agents.

4   The Interaction Model

4.1   The Market Interaction Language (MIL)

The Market Interaction Language (MIL) is an agent communication language in the
same family as KQML [7] and FIPA ACL [8], and shares with these its Common
Lisp based serial syntax. (See Fig.6 next page for an example.)
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Fig. 6. An example of a Market Interaction Language (MIL) message. The fields from, to, in-
reply-to, reply-with, language, and content correspond to the fields with the same names in
KQML. MIL expects references to ontologies to be part of the content language.

Below is an overview of message types (in an abstract syntax where A is the sender, B
the receiver, and eoi an expression of interest which is the content of the message),
The six message types fall into two groups, the noncommitting messages used for
searching and advertising, and the committing messages used for negotiation.

The noncommitting messages follow with an informal description of their intended
meaning.

• ask(A, B, eoi) - tell me an interest that matches eoi
• tell(A, B, eoi) - this eoi is an interest.
• negotiate(A, B, eoi) - give me an offer that matches eoi

The committing messages have a stronger meaning, in that they involve making legal-
ly binding agreements.

• offer(A, B, eoi) - this (signed) eoi is an offer
• accept(A, B, eoi) - this is an accepted („positively“ countersigned) offer
• decline(A, B, eoi) - this is a declined („negatively“ countersigned) offer

Note that these message types allow agents to forward offers, etc., made by other
agents. This does not mean extending the offers to the new recipients. They serve as
„for your information“ messages, proving the existence of binding agreements.

4.2   Example

The following is a simple, but illustrational, conversation between A (an agent with
the task to buy a refrigerator), D (a directory service), and B and C (refrigerator ven-
dors). For simplicity, interests are written in English with a brief interpretation as part
of the explanation of each message.

• ask(A, D, „sell me a refrigerator“) – A asks the directory service D for interests
matching an interest where A is the buyer and the good of type refrigerator

• tell(D, A, „B and C“) – the directory service replies with an interest where A is
the buyer of a refrigerator and B and C are possible vendors

• negotiate(A, B, „sell me a refrigerator“) – A ask B for an offer matching an inter-
est where A is the buyer of a refrigerator
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• negotiate(A, C, „sell me a refrigerator“) – A asks the same of C
• offer(B, A, „Electrolux 3117B for $350“) – B gives A an offer (a signed interest)

where B is the seller and A the buyer of a specific refrigerator at the price of
$350

• offer(C, A, „Electrolux 3117B for $300“) – C gives A the same offer but for the
price of  $300

• offer(A, B, „C sells for $300“) – A prefers B as a vendor, and forwards C’s offer
to A to B, suggesting to B to match or improve on the offer

• offer(B, A, „Electrolux 3117B for $300“) – B gives A an improved offer
• accept(A, B, „B’s last offer“) – A accepts B’s offer
• decline(A, C, „C’s offer“) – A declines C’s offer

By switching the rôles of buyer and seller in this example, we get an English auction
style bidding procedure. The auctioneer sends negotiate messages to the participants
to initiate bidding. Each bid is redistributed to the other participants. The auctioneer
ends the auction by accepting the highest, and declining the rest. Similarly, and given
that the parameters were known by the agents, we could emulate a simple form of
Dutch auction by letting the auctioneer initiate bidding by a negotiate message, there-
by starting the clock. Bids are required to be inversely proportional to the time when
they are given. The auctioneer ends the auction by accepting the first valid bid. There
are many other aspects to implementing auctions, but we believe that agent-agent
communication in a wide range of auction types can be supported by MIL and MIF.

4.3   How to Talk to Whom?

By introducing several different interaction protocols, such as auctions, we introduce
the problem of knowing and deciding how to talk to whom.

We have adopted the solution of associating the interaction protocol with the agent
handling the interest. The expected protocol and its parameters is expressed in MIF
and is associated with the agent address in interests. Several handler agents can be
named that use different interaction protocols. This solution offers sufficient flexibil-
ity for our present purposes. The interaction protocol has to be known and the prob-
lem remains how to introduce new protocols into the agent-based market.

5   Integration with the Web

5.1   Agents and the Web

Seamless integration with the web is critical. The web is the way people access in-
formation and services on the Internet, now and in the forseeable future.  Fig. 7 (next
page) illustrates the basic setup for our integration of agents and the web.

The user has two browser windows, one (small) for interacting with the user agent,
another for accessing the web interface of services. When the user accesses agent aug-
mented services through the web, the user agent is informed (e.g., using JavaScript)
and is given the opportunity to contact the service and assist the user.
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Fig. 7. Interaction between agents and the web. (MAP is the Market Agent Protocol for plain
TCP/IP transmission of messages between agents.)

5.2   Personalized Services

The scheme for integration with the web also allows for personalization upon first
contact. (1) The user accesses the service via the web browser. (2) The service sends a
"redirect" web page containing service agent contact code whereafter it awaits a first
contact from the user agent. (3) The web browser sends the contact code to the user
agent, which contacts the service agent. (4) The service agent is notified about the
user’s current interest and generates a suitable personalized page.

5.3   The Agent Browser

The (small) agent browser window is the user interface to the user agent. It will typi-
cally reside on a contiuously running server to never be off-line, while the agent
browser may run on any machine. The agent browser offers functions such as creat-
ing, editing, and viewing interests, manually sending and receiving messages, and
assigning sub-agents (with unique addresses and possibly different protocols) to han-
dle the interests. Interest handling agents have their own user interfaces for setting
user preferences, supervising progress, and for reporting results upon completion of
the task.

5.4   Services that Generate Interests

The interest editor in the agent browser is a general editor for structured documents,
and not all that intuitive for describing specialized interests.  As a complement to this
we envisage a plethora of agent augmented web-based services that specialize in
offering tools for describing cars, houses, etc (see Fig. 8, next page). The completed
interest is delivered to the user agent by agent communication at the request of the
user.
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Fig. 8. Services on the web for creating interests. A simple service of the first form is available
in the current prototype.

5.5   The SICS MarketSpace Prototype

The current SICS MarketSpace prototype was developed entirely in Java. (An earlier
prototype was developed in Prolog [2,3,9].) It consists of:

• A personal assistant agent allowing the user to describe his/her interests in terms
of structured documents, interact directly with other agents, and access agent
augmented web services.

• Two agent augmented web shops, which generate personalized pages (show spe-
cial offers relevant to the user’s current interests).

• A directory service, which allows user and service agents to register interests and
find agents with matching interests.

• An agent augmented web-based interest description service that allows users to
describe their interests in terms of suitable MIF concepts. Completed interests are
sent to and stored in the user agent.

The prototype is based on the SICS JavaBase library for implementing web- and
internet-aware agent based systems. It consists of classes for:

• communication in MIL (and KQML)
• reading, writing, matching, typechecking MIF
• web clients and servers
• miscellaneous other Internet formats and protocols
• examples: web page objects, web file servers, cgi scripting, negotiating agents,

interest directories, auctions, simple assistants

SICS JavaBase is available from the authors for non-commercial purposes, with the
usual caveats for experimental research software.
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6   Discussion and Future Work

We have presented very simple information and interaction models that could serve as
a starting point for creating an agent based market infrastructure. The design strongly
emphasizes simplicity and leaves room for extensions in a number of directions.

In this volume can be found several sophisticated proposals for market mecha-
nisms, agent behaviour, and agent-user interaction. To the extent that these works deal
with agent-agent interaction, we believe that most of them could be implemented in
terms of MIF and MIL, and hence be supported by SICS MarketSpace.

But, not much work has been done in the direction of decentralized markets, and
we expect higher requirements soon. To this end, we are currently exploring exten-
sions in a number of directions, three of which are discussed below.

6.1  Interests with Preferences

MIF currently allows interests to be expressed as sets of contracts. No preferences in
this set can be expressed. This is a concious design choice. Interests are not intended
to reveal more information than necessary to enable participants with matching inter-
ests to find oneanother. Negotiation will locate the mutually preferred deals. A user’s
preferences are expressed to the agent that performs negotiation.

However, we may wish to delegate this task to a mediator, in which case we need
to express our priorities. For this purpose, we are exploring representations supporting
utility functions and/or uncertainty.

6.2  Openness to New Interaction Protocols

MIL provides a basic vocabulary for market interaction. Together with the convention
that interaction protocols can be named and parameters given as parts of interests,
considerably flexibility is achieved. But, the interaction protocols have to be known
beforehand, and MIL cannot express every possible statement in market interaction.

We are exploring a new architecture that uses interaction protocol plugins, which
are retrieved dynamically as needed. The problem is moved from agent-agent proto-
cols to agent-plugin interfaces. If plugins can be trusted, these interfaces can be made
very simple and generic for large classes of protocols.

6.3  Openness to New Information Formats

Once the ability to download trusted components is available, the interest format
standard, MIF, can be replaced by an information interface standard, making the
benefits of object-oriented programming available to agent based systems, but not in
the form of distributed objects, nor in the form of mobile agents.

In this view, MIF is replaced by GOF (the Generic Object Format), the purpose of
which is to provide a global namespace of record types, for which the record defini-
tion and its  properties (the ontology) can be retrieved using the name as a URL, as in
MIF, possibly the smallest possible foundation for agent based computing.
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Abstract. Task (re)allocation is a key problem in multiagent systems.
Several different contract types have been introduced to be used for task
reallocation: original, cluster, swap, and multiagent contracts. Instead
of only using one of these contract types, they can be interleaved in
a sequence of contract types. This is a powerful way of constructing
algorithms that find the best solution reachable in a bounded amount
of time. The experiments in this paper study how to best sequence the
different contract types.
We show that the number of contracts performed using any one contract
type does not necessarily decrease over time as one might expect. The
reason is that contracts often play the role of enabling further contract-
s. The results also show that it is clearly profitable for the agents to
mix contract types in the sequence. Sequences of different contract types
reach a solution significantly closer to the global optimum and in a short-
er amount of time than sequences with only one contract type. However,
the best sequences consist only of two interleaved contract types: origi-
nal and cluster contracts. This allows us to provide a clear prescription
about protocols for anytime task reallocation.

Keywords: Multiagent systems, Performance profiles, Negotiation, Con-
tracting, Task allocation

1 Introduction

The importance of automated negotiation systems is increasing as a consequence
of the development of technology as well as increased application pull, e.g.,
vehicle routing systems [13] and electronic commerce [8,18]. A central part of
such systems is the ability for the agents to reallocate their tasks. Generally,
the tasks have a dependency upon each other, as well as upon the agents. That
is, some of the tasks are synergistic and preferably handled by the same agent,
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whereas others interact negatively and are better handled by different agents.
The agents also have different resources that lead to different costs for handling
the various tasks.2 Furthermore, all of the agents may not be capable of handling
all of the various tasks. Definition 2 is a formal definition of the task allocation
problem that includes the properties discussed above and on which the discussion
herein is based.

Definition 1. Our task allocation problem [16] is defined by a set of tasks T ,
a set of agents A, a cost function ci : 2T → < ∪ {∞} (which states the cost
that agent i incurs by handling a particular subset of tasks), and the initial
allocation of tasks among agents 〈T init

1 , ..., T init
|A| 〉, where

⋃
i∈A T init

i = T , and
T init

i ∩ T init
j = ∅ for all i 6= j.3

In the case where agent i cannot handle a specific set of tasks, Ti, the cost
function ci takes the value infinity. In our example problem the agents incur
different costs for handling the tasks, but all the agents have the capability to
handle any task. The agents in the example problem are self-interested and my-
opically individually rational. This means that an agent agrees to a contract
if and only if the contract increases the agent’s immediate payoff which con-
sists of the side payments received from other agents (for handling their tasks)
minus the cost ci of handling tasks. Recently, new types of contracts were in-
troduced [13,15,16] to be used in contract nets [21]. Earlier research has applied
each of these contracts to a task allocation problem and found the local optima
they reach [1,4,5]. In order to improve the achievable social welfare, these con-
tract types can be sequenced in a number of different ways. In this paper the
entire negotiation is divided into five intervals, and in each interval only one of
the contract types is used. In this manner performance profiles for all possible
sequences of contract types are created.

The example problem is the same multiagent TSP that has been used in
earlier work by Andersson and Sandholm [1,3,4,5]. It is defined in Section 2. A
summary of the contract types and how they are sequenced is found in Section 3,
followed by the algorithm used to solve the problem, Section 4. In Section 5 the
results are presented and Section 6 concludes the paper.

2 Example Problem

The multiagent TSP is defined as follows [1,2,3,4]: Several salesmen will visit
several cities in a world that consists of a unit square (square with sides of
length one), see Figure 1. Each city must be visited by exactly one salesman,
2 The dependencies between tasks in human negotiations are discussed in [11]. The

concepts of linkage and log-rolling are also presented, which are similar to swapping
tasks and clustering tasks.

3 This definition generalizes the ”Task Oriented Domain” presented by Rosenschein
and Zlotkin [12] by allowing different cost functions among agents, and the possibility
of some agent not being able to handle some task sets (corresponds to infinite costs).
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Fig. 1. An example problem instance of a multiagent TSP consisting of five cities (*)
and two salesmen (X). If salesman A contracts out city 1 to salesman B, the social
welfare will increase due to less travel, i.e., lower costs.

and each salesman must return to his starting location after visiting the cities
assigned to him. A salesman can visit the cities assigned to him in any order.

The outcome of the system is the social welfare, i.e., the negative of the sum
of all the salesmen’s costs (distances traveled). Initially the location of the cities
and starting points of the salesmen are randomly chosen as is each salesman’s
initial assignment of cities to visit. After this initial assignment, the salesmen
can exchange cities with each other. The payoff of a salesman consists of the
side payments received from other salesmen (as compensation for handling their
tasks) minus the side payments paid to other salesmen (to compensate them for
handling some of this agent’s tasks) minus the cost of travel, ci. As discussed
above, the salesmen are individually rational and myopic, which means that
they agree to a contract if and only if the contract increases the salesman’s
immediate payoff. Therefore, in the case of full commitment protocols, the sum of
all salesmen’s total distance traveled decreases monotonically, i.e. social welfare
increases monotonically.

2.1 Objectives of the Agents

The cost cqr of traveling between locations q and r (either city or location of
salesman) equals the Euclidean distance between the locations. The total cost
each salesman incurs, ci, when visiting his cities, is the sum of the costs along
his tour:

ci =
∑

q and r that
are consecutive
cities on the tour
of salesman i

cqr (1)

The objective of agent i is to maximize payments received from others (for
handling their tasks or from incurred decommitment penalties) minus the agent’s
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own total cost of traveling, ci, and the decommitment penalties paid. The social
welfare is given by the negative of the sum of all agents’ total costs, −∑

i ci.
Neither side payments nor decommitment penalties affect the social welfare as
they merely redistribute wealth among agents. In the following discussion the
general multiagent task allocation terms, ”agent” and ”task” will be used instead
of the TSP specific terms ”salesman” and ”city”.

3 Contracts and Sequencing of Contracts

The contract most commonly used in multiagent contracting systems only al-
lows for one task to move from one agent to another at a time [20,21]. We will
refer to this type as an original (O) contract. In order to allow for more effi-
cient contracting, four new types of contracts have been introduced [13,15,16]:
cluster, swap, and multiagent contracts, and all the above, including the original
contracts, combined (OCSM-contracts). All of these new contract types allow
more than one task to be transferred between the agents participating in the
contract.

In this paper different sequences of the elementary contract types, i.e., o-
riginal, cluster, swap, and multiagent contracts are studied. The total time of
contracting is divided into five intervals. In each of these intervals any of these
contract types could be applied. All possible combinations of sequences of con-
tract types were investigated, that is, all the 4× 4× 4× 4× 4 = 1024 sequences
of contract types were applied to all TSP instances.

In each interval, all contracts that are possible to construct with the contract
type in question were tried.4 Because of this, the length of the intervals varied
for different contract types and task allocations. A contract was only performed
if it was individually rational to all the agents participating in the contract.

The contracts included in the empirical study are described in the following
sections. They are followed by a technical description of the sequencing of the
contracts within each interval.

3.1 Original Contracts (O-contracts)

The most common contracts used in contract net implementations and analyses
of contracting games are contracts in which only one task is considered at a
time. These O-contracts are conducted between two agents where one task is
transferred from one of the agents to another. A side payment may be paid
between the agents to compensate the party that is worse off after the transfer
of the task, i.e., the agent taking on the task will be paid to do so. Formally,
O-contracts are defined as follows:

Definition 2. [16] An O-contract is defined by a pair 〈Ti,j , ρi,j〉, where |Ti,j | =
1. Ti,j is the task set (including one task) that agent i gives to agent j, and ρi,j

is the contract price that i pays to j for handling the task set.
4 The possible contracts depend on the current allocation of tasks among the agents.
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If the agents carry out a full lookahead, i.e., consider the tree of all possible
sequences of future contracts, these O-contracts would suffice to reach the global-
ly optimal task allocation [16]. However, this generally cannot be accomplished,
except for small problem instances, because of the complexity of exploring the
tree of future contracts. On the other hand, the global optimum is not necessar-
ily reached if the agents are individually rational and myopic when contracting.
Such agents may get stuck in a local optimum since they will not accept a tem-
porary decrease of their payoffs, which may be necessary to reach the global
optimum. Individually rational contracting can be seen as hill-climbing in the
task allocation space, where there is a risk of being trapped in a local optimum,
and not reaching the globally optimal task allocation.

3.2 Cluster Contracts (C-contracts)

Cluster contracts allow the agents to exchange more than one task in each con-
tract. We define a C-contract as a contract where at least two tasks are moved
from one agent to another agent, potentially together with a side payment:

Definition 3. [16] A cluster contract (C-contract) is defined by a pair 〈Ti,j , ρi,j〉,
where |Ti,j| > 1. Ti,j is the task set that agent i gives to agent j, and ρi,j is the
contract price that i pays to j for handling the task set.

C-contracts avoid some of the local optima that O-contracts do not avoid,
while at the same time, O-contracts avoid some of the local optima that C-
contracts do not avoid. If the agents are individually rational and myopic, neither
O- nor C-contracts, applied alone or together, are sufficient for reaching a global
optimum in the space of task allocations [16]. This holds for C-contracts even if
the agents can carry out lookahead instead of being myopic.5

3.3 Swap Contracts (S-contracts)

Even when both O-contracts and C-contracts are used, there may be other con-
tract types that increase the social welfare even more, since the best that is
reached via O- and C-contracts solution may be a local optimum. For example,
there may be beneficial swaps of tasks to be made between two agents. In a
swap contract, one agent gives one task to another agent and at the same time
it receives a task from the same agent. A side payment may also be paid between
the agents to compensate for any value difference between the tasks. Formally:

Definition 4. [16] A swap contract (S-contract) is defined by a 4-tuple
〈Ti,j , Tj,i, ρi,j , ρj,i〉, where |Ti,j | = |Tj,i| = 1. Ti,j is the task set (including
one task) that agent i gives to agent j. Tj,i is the task set (including one task)
that agent j gives to agent i. ρi,j is the amount that i pays to j, and ρj,i is the
amount that j pays to i.
5 In the auction of airwave bandwidth, the Federal Communication Commission used

a simultaneous ascending auction to provide for the bidders the possibility to cluster
the frequencies for which they were bidding, without explicit cluster contracts [10].
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S-contracts, applied alone or together with one or both of the O- and C-
contracts, are necessary but not sufficient for reaching the global optimum when
the agents are individually rational and myopic [16]. The same holds for S-
contracts alone even if the agents are not myopic. Also, S-contracts have a dif-
ferent set of local optima than O- and C-contracts.

3.4 Multiagent Contracts (M-contracts)

We define M-contracts as contract where at least three tasks are transferred
between at least three agents. To differ from cluster contracts, no agent can
give more than one task to the same agent, but an agent can give tasks to
several different agents as well as receive tasks from several different agents.
Side payments may be paid along with the tasks. Formally:

Definition 5. [16] A multiagent contract (M-contract) is defined by a pair
〈T, ρ〉 of |A| × |A| matrices, where at least three elements of T are non-empty
(otherwise this would be just a 2-agent contract), and for all i and j, |Ti,j | ≤ 1.
An element Ti,j is the set of tasks that agent i gives to agent j, and an element
ρi,j is the amount that i pays to j.

M-contracts are also necessary but not sufficient for reaching the global op-
timum. This also holds for any combination of the contract types (O-, C-, S-,
and M-contracts) discussed above [16]. If O-contracts are not included in such a
combination, the statement holds even if the agents were able to carry out full
lookahead. In these experiments the maximum number of agents |A| participat-
ing in an M-contract was limited to three and each agent could only transfer one
task to one other agent,

∑
i |Ti,j | = 1 . These limitations were introduced so that

the length of the intervals would be of the same order. If all possible M-contracts
(with any |A| and |T |) were to be checked in each interval, that interval would
be much longer than the intervals for the other contract types [4].6

3.5 Sequencing of Contracts within an Interval

When searching for a good task allocation, the contract types used in the nego-
tiation are applied repeatedly for all possible combinations of agents and tasks
that suit the contract type. The local optimum is reached when no contracts
of that type have been made for one period, that is, all possible contracts have
been tried but none have been performed. In the following subsections the order
of trying different contracts within each contract type is discussed. The agents
are enumerated from 1 to |A|, and each agent’s tasks from 1 to |Ti|.
6 Sathi and Fox (1989) [19] studied a simpler version of multiagent contracts where

bids were grouped into cascades.
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Sequencing of Original Contracts An O-contract allows one agent to move
one task to one other agent. In our experiments we sequenced the O-contracts
as follows. First, agent 1’s tasks are attempted to be moved, one at a time, to
agent 2. If any contract (move of a task) is profitable, it is performed and the
next contract is tried. After having tried to move all tasks (one at a time) from
agent 1 to 2, agent 1 tries to move its tasks to agent 3. This continues until agent
1 has attempted to move all its tasks to all the other agents. Then the procedure
continues with agent 2, which tries to move its tasks to agent 1, followed by all
the other agents in increasing order. When agent |A| has attempted to move
all its tasks to all the other agents this interval is finished and the negotiation
process is continued with the next contract type.

Sequencing of Cluster Contracts In an C-contract one agent moves at least
two tasks to one other agent, and C-contracts were sequenced as follows. We
start by trying out all combinations of two tasks followed by all combinations of
three tasks, and so on.7 If any contract is profitable, it is performed and the next
contract is tried. After having tried to move all tasks (one at a time) from agent
1 to 2, agent 1 tries to move its tasks to agent 3. This continues until agent 1
has attempted to move all its tasks to all the other agents. Then the procedure
continues with agent 2, which tries to move its tasks to agent 1, followed by all
the other agents in increasing order. When agent |A| has attempted to move
its tasks to all other agents, this interval is finished and the negotiation process
continues with the next contract type.

Sequencing of Swap Contracts In an S-contract, one agent transfers one
task to another agent and it also receives one task from that agent. S-contracts
were sequenced as follows. One at a time, agent 1 tries to move its tasks to agent
2, and in exchange agent 2 tries to move one task to agent 1. For every task agent
1 tries to move, agent 2 tries to move all its tasks to agent 1 (one at a time),
before agent 1 continues with its next task. If any contract, i.e., move of tasks,
is profitable it is performed and the next contract is tried. When all contracts
that include agent 1 and agent 2 have been attempted, all possible contracts
including agent 1 and agent 3 are tried according to the procedure above. When
agent 1 has attempted all contracts with all the other agents, agent 2 tries all
contracts, according to the procedure above, with agent 1 followed by the other
agents in increasing order. When agent |A| has attempted to exchange tasks with
all other agents, this interval is finished and the negotiation process is continued
with the next contract type.

Sequencing of Multiagent Contracts In an M-contract three tasks are
moved between three agents, and each agent can only move one task to one
other agent. A discussion about how the agents participating in M-contracts are
7 The order in which the tasks are tried to be moved is: (1,2), (1,3), . . . , (1, |T1|),

(2,3), (2,4), . . . , ( |T1|-1, |T1|), (1,2,3), (1,2,4), . . .
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selected is followed by a description about how the tasks among those agents are
chosen.

First, all combinations which include agent 1 are tried8 until all combinations
have been tried successively for all agents and then the interval is completed.
Before the next combination of agents is tried all combinations of task transfers9

are tried for the current combination of agents. When all combinations have been
tried, or after a contract has been performed the next combination of agents is
considered.

4 Algorithms and Evaluation

In principle the implementation of a contracting system can solve the multia-
gent optimization TSP for any number of agents and tasks. In the simulations,
the problem instances consisted of eight agents and eight tasks. One thousand
randomly generated TSP instances were solved (initial locations of cities and
start locations for the salesmen in each TSP instance were randomly chosen in
the Euclidean unit square). Each problem instance was solved for each of the
protocols (i.e. sequences of contract types) in the simulation. In addition, an
exhaustive enumeration of task allocations was conducted in order to find the
globally optimal allocation.

4.1 Algorithms for Solving the TSP

In the experiments, each problem instance was tackled in two phases: first all
possible TSPs (i.e. TSPs with any of the salesmen getting any combination of
cities to visit10) were solved and then simulations using different contracting
protocols were conducted to solve the task allocation problem. This way the
agents did not have to recalculate the TSPs every time a different contracting
algorithm (protocol) was applied on the same problem instance. The IDA* search
algorithm [9] was used to solve the TSPs. To ensure that the optimal solution
was reached, an admissible ĥ-function was used. It was constructed by under-
estimating the cost function of the remaining nodes by the minimum spanning
tree of those nodes, i.e., nodes not yet on that path of the search tree, the
last city of that path of the search tree, and the finish (=start) location of the
salesman [7].
8 They are tried in the following order: (1,2,3), (1,2,4), . . ., (1,2,|A|), (1,3,2), (1,3,4),

. . ., (1,|A| − 1,|A|). When all those combinations have been tried, all combinations
of agents including the next agent (agent 2) are tried: (2,1,3), (2,1,4), . . ., (2,1,|A|),
(2,3,1), (2,3,4), . . ., (2,|A| − 1,|A|).

9 The order in which the tasks are tried are (from the first agent to agent no., from
the second agent to agent no., from the third agent to agent no.): (2,1,1), (2,1,2),
(2,3,1), (2,3,2), (3,1,1), (3,1,2), (3,3,1), (3,3,2). If one of the agents does not have
the task needed, that combination is skipped.

10 Salesman 1 visits city 1, salesman 1 visits city 2,. . . , salesman 1 visits cities 1
and 2,. . . , salesman 2 visits city 1,. . . , salesman 8 visits all eight cities.
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4.2 Evaluation Criteria

To be able to compare the different protocols, the ratio bound (ratio of the
welfare of the obtained local optimum for a given contract type to the welfare of
the global optimum) was used. The ratio bounds, CPU-time usage, number of
contracts tried, and performed were calculated using an average over the 1000
problem instances. The variances for the listed measures were also computed in
order to calculate the confidence intervals [6].

Let xl
j denote the social welfare (negative sum of the agents’ total costs)

of the jth problem instance, j ∈ 1, . . . , n (n=1000), after task reallocation has
been performed until a local optimum has been reached using contract type
l ∈ {O, C, S, M, G}, where G indicates the global optimum (or equivalently
OCSM-contracts). The ratio bound, rl

j , for the jth problem instance using l-
contracts is given by the ratio of the social welfare of the local optimum obtained
using l-contracts over the social welfare of the global optimum:

rl
j =

xl
j

xG
j

The average of the ratio bounds of the different contract types l ∈ {O, C, S, M}
is:

rl =
1
n

n∑

j=1

rl
j

5 Results

In order to investigate which sequences of the contract types performed best, all
the 1024 sequences studied were ordered according to ascending ratio bounds.
The 15 best contracts, are shown in Table 1. The reached social welfare for the
best sequences are very close to each other (Table 1 and Figure 2): the best
protocol is 3.1% off the global optimum social welfare and the 12 best protocols
are all between 3% and 4% off the global optimum. In a broader perspective 24
protocols are less than 5% off the optimum, and 181 less than 10%.

If the same contract type is applied in all the five intervals the social welfare
will be much worse, see Table 2. The two worst sequences both consisted of only
one contract type: S-, and M-contracts, respectively. The sequence with only
O-contracts performed better, but is still not among the best half. The same is
true for C-contracts, which after the five intervals still are doing worse than the
O-contracts. In neither of these cases O- or C-contracts reached their local opti-
ma, so this result says that it is better to switch to another protocol even before
reaching the local optima using one contract type. If the O- and C-contracts
were allowed to continue their computation until a local optimum arises, C-
contracts would be better than the O-contracts, with the ratio bounds 1.13557
and 1.2025, respectively [4]. This can also be seen if the curves in question for
the two sequences are extrapolated in Figure 3. So even if the local optimum is



Sequencing of Contract Types for Anytime Task Reallocation 63

1

1.5

2

2.5

3

3.5

0 1 2 3 4 5

R
at

io
 B

ou
nd

s 
of

 S
oc

ia
l W

el
fa

re

Contract Types

OCOCO
OOCCO
OCCOC
OOCOC
OCOOC
COCOC
SOCCO
OCOCC

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

1.4

1.45

1.5

0 1 2 3 4 5

R
at

io
 B

ou
nd

s 
of

 S
oc

ia
l W

el
fa

re

Contract Types

OCOCO
OOCCO
OCCOC
OOCOC
OCOOC
COCOC
SOCCO
OCOCC

Fig. 2. Ratio bound of social welfare (performance profiles). The bottom graph
is a zoom of the top graph.
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Order No. Sequence Social Welfare
1 OCOCO 1.03113
2 OOCCO 1.03268
3 OCCOC 1.03276
4 OOCOC 1.03279
5 OCOOC 1.03413
6 SOCOC 1.03488
7 SOCCO 1.03536
8 COCOC 1.03755
9 OCOCC 1.03857
10 MCOCO 1.03945
11 OCCCO 1.03954
12 MOCCO 1.03988
13 MOCOC 1.04001
14 MCCOC 1.04304
15 COCCO 1.04407

Table 1. The 15 best sequences of contract types.

Order No. Sequence Social Welfare
1 OCOCO 1.03113
2 OOCCO 1.03268
3 OCCOC 1.03276
4 OOCOC 1.03279

375 C-local 1.13557
565 O-local 1.2025
579 OOOOO 1.21298
696 CCCCC 1.23515
1021 CSSSS 1.61181
1022 CMMMM 1.65965
1023 MMMMM 1.76634
1024 SSSSS 1.89321

Table 2. The four best, the four worst sequences (regarding social welfare), the
cases where only one contract type was used in all intervals, and the results when
the O- and C-contracts are allowed to reach an local optimum. The local optimum
for the S- and M-contracts are reached in the two bottom cases.

computed for the case of C-contracts, a sequence of mixed contract types would
achieve a lower result in a shorter amount of time. In Figure 3 we can see that
the local optimum is already reached after the first and second interval with the
S-, and M-contracts, respectively.

Studying the number of contracts tried and performed for the C-contracts
(Figure 4) we can see that more contracts are tried and performed in the second
interval than in the first interval (the curve is convex). This is because after the
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Fig. 3. Ratio bound of social welfare (performance profiles) for the four best
sequences and the cases in which only one contract type were applied.

first interval of C-contracts the resulting task allocation makes more C-contracts
possible to perform, because the C-contracts concentrate the tasks among a
smaller number of agents [2]. In the subsequent intervals (of C-contracts) the
number of individually rational C-contracts become fewer and fewer, resulting
in fewer contracts being performed (curve is concave).

In Figure 5 we can see how the social welfare increases as more contracts are
tried. The number of contracts tried for the different sequences differ greatly be-
cause of the varying task allocations among the agents and the different possible
contracts to form with the different contract types. The expected diminishing
returns with computation are also clearly illustrated in Figure 5.

The study shows the intuition that if two contract types are mixed in a
sequence, the social welfare will never be worse than both of the social welfares
obtained if the different contract types were not mixed. Also, the more mixture
(not the same contract type applied several times in a row) between the contract
types, the greater the social welfare will be. In fact, it is likely that if the social
welfare for a mixed sequence is worse than the better social welfare of the the
contract types applied alone, the mixed sequence consists mostly of one contract
type.
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sequences and the cases in which only one contract type were applied.
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6 Conclusions

The current most widely used contract type allows for only one task to be moved
from one agent to another at a time (O-contracts). Recently new contract type-
s, cluster (C), swap (S), multiagent (M), and OCSM-contracts (all the other
contract types combined) have been introduced. They are all based on the idea
of moving several tasks in a single contract, which reduces the number of local
optima in the search space of task allocations for hill-climbing-based contracting
algorithms.

OCSM-contracts guarantee that a global optimum is reached in a finite num-
ber of steps when used in any hill-climbing algorithm. Although this is a powerful
result for small problem instances, in large-scale problems the number of steps
needed to reach the global optimum may be impractically large. In these prob-
lems it is more important to obtain the best achievable solution in a bounded
amount of time than it is to reach the global optimum.

To be able to construct algorithms which obtain the best achievable solution
in a bounded amount of time, we compared sequences of five contract types in
an example problem: a multiagent version of the TSP. The results regarding
the social welfare of the local optima of the different contract types provide
guidelines to system builders regarding what contract types to use in different
environments when computation is limited. We also presented timing results
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which can be used in the choice of contract type if there is not enough time to
even reach a local optimum.

¿From the results we can see that it is clearly profitable for the agents to mix
different contract types in the sequencing. A solution significantly closer to the
optimum is reached in a shorter amount of time than if only one contract type
is used.

We can also see that the number of contracts performed using the same
contract type is not strictly decreasing over time. When a new contract type
is applied, the number of performed (and tried) contracts might increase after
a while because the task allocation arising from contracts with that protocol
makes more contracts possible with the same contract type.

Future research includes formally comparing the results of sequences that mix
contract types to sequences that do not. We would also like to study changing
the contract type for each contract as opposed to keeping the type fixed within
each interval. Additionally, we would like to apply different numbers of contracts
of one contract type before changing the type, or sequencing the contract types
in a way where a local optimum is found with one type before switching to
another.

Yet another interesting area for future work is combining the different con-
tract types, thus forming atomic contracts having characteristics of more than
one of the O-, C-, S-, and M-contracts, but not all of them (unlike OCSM-
contracts). These composite contract types would not guarantee that individu-
ally rational agents will reach the global optimal task allocation, but they would
lead to a local optimum faster then OCSM-contracts, and to higher average
social welfare than O-, C-, S-, or M-contracts.

Finally, we would like to study agents that may lie about their marginal costs
of handling the task sets under negotiation [14,12], and the use of backtracking in
contracting, which is nontrivial to implement among self-interested agents [17].
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Abstract. Software agents help automate a variety of tasks including those
involved in buying and selling products over the Internet. Although shopping
agents provide convenience for consumers and yield more efficient markets,
today’s first-generation shopping agents are limited to comparing merchant
offerings only on price instead of their full range of value.  As such, they do a
disservice to both consumers and retailers by hiding important merchant value-
added services from consumer consideration.  Likewise, the increasingly
popular online auctions pit sellers against buyers in distributive negotiation tug-
of-wars over price.  This paper analyzes these approaches from economic,
behavioral, and software agent perspectives then proposes integrative
negotiation as a more suitable approach to retail electronic commerce.  Finally,
we identify promising techniques (e.g., multi-attribute utility theory, distributed
constraint satisfaction, and conjoint analysis) for implementing agent-mediated
integrative negotiation.

1. Introduction

Online marketplaces are both an opportunity and a threat to retail merchants.  They are
an opportunity because they offer traditional merchants an additional channel to
advertise and sell products to consumers thus potentially increasing sales.  Forrester
Research estimates that online retail sales were at about $600 million USD in 1996,
will exceed $2 billion USD in 1997, and will reach $17 billion USD by 2001 [1].  In
addition, online markets are more efficient than their physical-world counterparts thus
lowering transaction costs for both merchants and consumers.  For example, low
transaction costs is one reason why Amazon.com [2], a virtual bookstore, can offer a
greater selection and lower prices than its physical-world competitors.
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1.1. Cross-Merchant Product Comparisons

As in the physical world, an online merchant prefers to have consumers shop only at
its own Web site as depicted in Figure 1(a).  There are an increasing number of
software agent tools available to merchants for enhancing and differentiating their
product offerings online such as Firefly Network’s recommendation system [3, 8] and
PersonaLogic’s buying guides [4].  These tools help consumers make buying decisions
within a specific merchant’s site.  However, consumers also compare product
offerings across merchant boundaries as depicted in Figure 1(b).  Due to the lower
transaction costs of online marketplaces and with the help of software shopping
agents, consumers can easily perform cross-merchant product comparisons (whether
merchants want this or not).

(a) Within-Merchant Product Comparisons

(b) Cross-Merchant Product Comparisons

Fig. 1. Merchants prefer that consumers shop for products only within their own store (a).
However, on the Internet, software shopping agents make it very easy for consumers to cross
merchant boundaries and perform cross-merchant product comparisons (b).
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1.2. Value-Added, Merchant Differentiation and Market Power

Although cross-merchant product comparisons are a threat to merchant profitability,
they are characteristic of the retail marketplace and are here to stay.  Knowing this,
retailers add value to manufacturers’ products to distinguish themselves from their
competitors.  These value-added services include extended warranties, forgiving return
policies, wide product selections, brand reputation, extensive service contracts, special
gift services, high product availability, superior customer service and support, diverse
payment, loan and leasing options, fast delivery times with low costs, promotions and
coupons, cross-manufacturer product configurations, etc.  Depending on the product,
these value-added services can be critical to a consumer’s buying decision regardless
of the manner of shopping.

Merchant differentiation through added value is necessary for merchants to exercise
market power, the ability of a merchant to raise the price of a product above its
marginal cost.  In a fully competitive market, no one has market power forcing prices
down to the cost of producing the most expensive (marginal) unit [5].  Therefore,
without merchant differentiation, retailers (and other intermediaries) are reduced to
competing on marginal costs leaving little room for profit.

Unfortunately for online retailers, all of today’s first-generation cross-merchant
shopping agents are limited to comparing merchant offerings only on price instead of
their full range of value as depicted in Figure 2.  This makes it hard (if not impossible)
for merchants to effectively differentiate themselves.  This results in inappropriately
competitive retail markets and forces merchants to compete almost entirely on
marginal costs.

Fig. 2. First-generation Cross-Merchant Shopping Agents.

This paper suggests a reversal of this problematic trend in cross-merchant shopping
agent approaches in order to restore merchant differentiation and thus their market
power.  With so much money at stake, this problem warrants attention.  Although free
markets are inherently „nature red in tooth and claw“ [6], this need not be the
relationship between retailers and their customers.  Rather, we propose that a more
cooperative and personalized integrative negotiation approach differentiates retailer’s
offerings in online markets better than today’s limited price-comparison shopping
agents and unnecessarily hostile distributive negotiation (e.g., auction) approaches.
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1.3. Consumer Buying Behavior Model

Consumer Buying Behavior (CBB) marketing research builds descriptive theories and
models for analyzing consumers’ actions and decisions involved in buying and using
goods and services.  Guttman et al augment traditional CBB research with concepts
from Software Agents research to accommodate electronic markets [7].  Table 1 lists
all six stages of this CBB model and gives representative examples of agent systems
that fall within this space.

Table 1. The six stages of the CBB model with representative examples of agent mediators [7].

Briefly, the Product Brokering stage comprises the retrieval of information to help
determine what to buy.  This encompasses the evaluation of product alternatives based
on consumer-provided criteria.  The result of this stage is the „consideration set“ of
products.  The Merchant Brokering stage combines this „consideration set“ with
merchant-specific information to help determine who to buy from. This includes the
evaluation of merchant alternatives based on consumer-provided criteria (e.g., price,
warranty, availability, delivery time, reputation, etc.).  The Negotiation stage is about
how to determine the terms of the transaction.  In traditional retail markets, price and
other aspects of the transaction are often fixed leaving no room for negotiation.  In
other markets (e.g., stocks, automobile, fine art, local markets, etc.), the negotiation of
price or other aspects of the deal are integral to product and merchant brokering.

As noted in [7], this analysis of retail electronic commerce represents an
approximation and simplification of complex behaviors. CBB stages often overlap and
migration from one to another is sometimes nonlinear and iterative.
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2. Price-Only Shopping Agents and Distributive Negotiation Agents

There are several types of software shopping agents that assist consumers in
making buying decisions. Table 1 gives representative examples of agents that play
different roles in mediating online transactions. See [7] for a treatment of agent
systems playing in the Product Brokering stage of the CBB model.

2.1. Price-comparison Shopping Agents

After Product Brokering comes Merchant Brokering in the CBB model shown in
Table 1.  Andersen Consulting’s BargainFinder [9] was the first merchant brokering
shopping agent.  Given a specific music CD, BargainFinder requests its price
(including shipping) from each of nine different online music catalogs using the same
requests as a web browser.  BargainFinder then presents its results to the consumer.
As would be expected from the discussion in section 1, several of the merchants
preferred not to participate and blocked all price requests from BargainFinder as
shown in Figure 3.

Fig. 3. BargainFinder requests prices of a given music CD from nine separate merchants and
displays them to the consumer for a price comparison. However, three of the nine merchant sites
are blocking BargainFinder’s price requests.

It’s also interesting to note that CDLand initially blocked BargainFinder agents but
eventually decided to compete on price.  However, a visit to their site indicates that it
has been deactivated for the past seven months due to „new management“ and „some
initial transition difficulties“ [10].  We can only presume that a lack of merchant
differentiation and market power lead to their demise.
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However, is merchant differentiation still relevant for commodity-like and low-
price markets such as music CDs?  Although there may be less of a need, properly
presented merchant differentiation can help consumers make more educated buying
decisions even in these markets.  For instance, when buying music CDs, consumers
may still want to consider product availability, delivery times and costs, gift services,
return policies, customer service, as well as promotions and coupons.

Excite’s Jango [11, 12] is similar to BargainFinder but with more product features
to search across and more shopping categories.  The following sidebar describes the
limitations of using Excite’s Jango Shopping Agent to buy a specific notebook
computer.
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2.2. Distributive Negotiation

Like the term „agent“, there is no consensus on the definition of the term
„negotiation.“ Economists, game theorists, business managers, political scientists, and
artificial intelligence researchers each provide unique perspectives on its meaning.
The business negotiation literature defines two types of negotiation: distributive
negotiation and integrative negotiation [13].   Distributive negotiation is the decision-
making process of resolving a conflict involving two or more parties over a single
mutually exclusive goal.  The economics literature describes this more specifically as
the effects on market price of a limited resource given its supply and demand among
self-interested parties [5].  The game theory literature describes this situation as a
zero-sum game where as the value along a single dimension shifts in either direction,
one side is better off and the other is worse off [14].

The benefit of dynamically negotiating a price for a product instead of fixing it is
that it relieves the seller from needing to determine the value of the good a priori.
Rather, this burden is pushed into the marketplace itself.  A resulting benefit of this is
that limited resources are allocated fairly – i.e., to those buyers who value them most.
As such, distributive negotiation mechanisms are common in a variety of markets
including stock markets (e.g., NYSE and NASDAQ), fine art auction houses (e.g.,
Sotheby’s and Christie’s), flower auctions (e.g., Aalsmeer, Holland), and various ad-
hoc haggling (e.g., automobile dealerships and commission-based electronics stores).
More recently, software agents have been taught distributive negotiation skills (e.g.,
auctioneering and auction bidding skills) to help automate the Negotiation CBB stage
of consumer-to-consumer and retail shopping over the Internet.

Kasbah [15, 16] is a Web-based multi-agent classified ad system where users
create buying agents and selling agents to help transact goods.  These agents automate
much of the Merchant Brokering and Negotiation CBB stages for both buyers and
sellers.  A user wanting to buy or sell a good creates an agent, gives it some strategic
direction, and sends it off into a centralized agent marketplace.  Kasbah agents
proactively seek out potential buyers or sellers and negotiate with them on behalf of
their owners. Each agent’s goal is to complete an acceptable deal, subject to a set of
user-specified constraints such as a desired price, a highest (or lowest) acceptable
price, and a date by which to complete the transaction.

Negotiation between buying and selling agents in Kasbah is bilateral, distributive,
and straightforward.  After buying agents and selling agents are matched, the only
valid action in the distributive negotiation protocol is for buying agents to offer a bid
to sellers.  Selling agents respond with either a binding „yes“ or „no“.  Given this
protocol, Kasbah provides buyers with one of three negotiation „strategies“: anxious,
cool-headed, and frugal _ corresponding to a linear, quadratic, or exponential function
respectively for increasing its bid for a product over time.  The simplicity of these
negotiation heuristics makes it intuitive for users to understand what their agents are
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doing in the marketplace.1   This was important for user acceptance as observed in a
recent Media Lab experiment [15].  A larger Kasbah experiment is now underway at
MIT allowing students to transact books and music [16].

AuctionBot [19, 20] is a general purpose Internet auction server at the University
of Michigan. AuctionBot users create new auctions to buy or sell products by choosing
from a selection of auction types and specifying its parameters (e.g., clearing times,
method for resolving bidding ties, the number of sellers permitted, etc.) as shown in
Figure 4.  Buyers and sellers can then bid according to the multilateral distributive
negotiation protocols of the created auction.   In a typical scenario, a seller would bid a
reservation price after creating an auction and let AuctionBot manage and enforce
buyer bidding according to the auction protocols and parameters.

AuctionBot also provides an application programmable interface (API) for users to
create their own software agents to autonomously compete as buyers or sellers in the
AuctionBot marketplace.  This API permits AuctionBot to enforce auction protocols
and provides a semantically sound communication interface to the marketplace.
However, as with the similar Fishmarket system from the Artificial Intelligence
Research Institute in Barcelona [21, 22], it is left to the buyers and sellers to encode
their own bidding strategies.2˘

Fig. 4. AuctionBot users create auctions by choosing from a selection of auction types and
parameters.

                                                          
1 Unlike other multi-agent marketplaces [18], Kasbah does not concern itself with optimal

strategies or convergence properties. Rather, Kasbah provides more descriptive strategies that
model typical haggling behavior found in classified ad markets.

2_Although not currently deployed as a real-world shopping system, Fishmarket has hosted
tournaments to compare opponents’ hand-crafted bidding strategies [23] along the lines of
Axelrod’s prisoner’s dilemma tournaments [24].
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Agent systems like Kasbah and AuctionBot are useful for building prescriptive
theories for coordination among heterogeneous agents with (partially) predictable
system-wide dynamics.  However, as described next, distributive negotiation auctions
are not well-suited for retail markets.

2.3. Auction Fever

Two of the original (non-academic) auction Web sites are OnSale [25] and eBay’s
AuctionWeb [26] and are still very popular.  Likely reasons for their popularly
include their novelty and entertainment value in negotiating the price of everyday
goods, as well as the potential of getting a great deal on a wanted product.  In any
case, the popularity of OnSale and eBay’s AuctionWeb has quickly spawned an
already competitive and growing industry.  Whereas once auctions were in themselves
novel merchant differentiators, with the rapid proliferation of online auctions, this
differentiation has waned.  Yahoo! lists more than 90 active online auctions today
[27].  Forrester Research reports that auctions will be core to making business-to-
business transactions more dynamic, open and efficient [28].  online auctions like
FastParts [29] and FairMarket [30] are already making this happen in the
semiconductor and computer industries.

What’s most relevant here is that many online auctions are augmentations to retail
sites with retailers playing the roles of both auctioneer and seller (i.e., a sales agent).
For example, First Auction [31] is a service of Internet Shopping Network, one of the
first online retailers.  Cendant’s membership-driven retail site, netMarket [32], has
also recently added auctions to its repertoire of online services.  New auction
intermediaries such as Z Auction [33] offer their auction services to multiple
manufactures and resellers as a new sales channel.

With this much „auction fever,“ you would think that auctions are a panacea for
retail shopping and selling.  On the contrary, upon closer look we see that auctions
have rather hostile characteristics.  For example, although the protocols for the two
most prevalent types of online auctions, first-price open-cry English and Yankee [34],
are simple to understand and bid, determining the optimal bidding strategy is non-
trivial3˘ and, more importantly, can be financially adverse.  In fact, in first-price open-
cry auctions (i.e., highest bid wins the good for that price), the winning bid is always
greater than the product’s market valuation.   This is commonly known as „winner’s
curse“ as depicted in Figure 5.  This problem is exacerbated in retail auctions where
buyers’ valuations are largely private4˘.  Buyers with private valuations tend to
(irrationally) skew bids even further above the product’s true value.

                                                          
3_Factors to be considered include information asymmetry, risk aversion, motivation and

valuation.

4_The motivation of a buyer with private-valuation is to acquire goods for personal
consumption (or for gifts).  This is in contrast to a buyer with common-valuation (e.g., in
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Fig. 5. „Winner’s curse“ is the paradox that the winning bid in an auction is greater than the
product’s market valuation.  This occurs in all first-price, open-cry auctions _ the most prevalent
type on the Internet.

Although winner’s curse is a short-term financial benefit to retailers, it can be a
long-term detriment due to the eventual customer dissatisfaction of paying more than
the value of a product.  Two universal auction rules that compound this problem are:
(1) bids are non-retractable and, worse yet, (2) products are non-returnable.  This
means that customers could get stuck with products that they’re unhappy with and paid
too much for.  In short, online auctions are less lucrative and far less forgiving than
would be expected in retail shopping.

Another customer dissatisfaction problem owing to online auctions is the long delay
between the start of the Negotiation CBB stage and the end of the Purchase and
Delivery CBB stage.  For example, due to communication latency issues and wanting
a critical mass of bidders, the English and Yankee auction protocols as implemented
over the Internet extend over several days.  This means that after a customer starts
bidding on a product, she/he must continuously bid for the product (or have a shopping
agent do it as provided by AuctionWeb) up until the auction closes several days later.
This does not cater to impatient or time-constrained consumers.5˘   To make matters
worse, only the highest bidder(s) of an auction can purchase the auctioned good
meaning that the other customers need to wait until the good is auctioned again and

                                                                                                                                     
stock) where the motivation is to make money through the buying and later reselling of goods
which have no other intrinsic value to the buyer.

5_In fact, such delays are the antithesis to impulse buying.
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then restart the Negotiation CBB stage.6˘   Additionally, since bids are non-retractable
and binding, consumers are unable to reconsider earlier brokering decisions during this
delayed negotiation stage.

There are other buyer concerns with English and Yankee style auctions such
as shills.  Shills are bidders who are planted by sellers to unfairly manipulate the
market valuation of the auctioned good by raising the bid to stimulate the market.
Although deemed illegal in all auctions, shills can be hard to detect especially in the
virtual world where it is relatively inexpensive to create virtual identities (and thus
virtual shills).  Also, there is usually no negative consequence to the seller if one of
his/her shills (accidentally) wins the auction.

Distributive negotiation auctions in retail markets also pose problems for
merchants.  Although auctions can relieve merchants of the burden of establishing
prices for limited resources (e.g., fine art and stocks), this benefit is less realizable for
production goods as in retail markets.  Unlike fine art, for example, it is relatively easy
to determine the marginal costs of production goods.7˘  If auctioning these goods,
however, it is non-trivial for the merchant to determine the optimal size of the
auctioned lots and the frequency of their auction [35].  Such a determination requires
an understanding of the demand for the good since it directly affects inventory
management and indirectly affects production schedule.8˘   Therefore, retailers are still
burdened with determining the value of their goods a priori.

In addition, where sellers may have shills, buyers may collude by forming
coalitions.  A buyer coalition is a group of buyers who agree not to outbid one another.
In a discriminatory (i.e., multi-good) auction, the result of this is that the coalition can
buy goods for less than if they competed against one another thus unfairly cheating the
seller.  The coalition can then distribute the spoils amongst themselves (e.g., evenly,
by holding a second private auction, etc.).  As with shills, collusion through buyer
coalitions is also considered illegal.  However, as with shills, it can be hard to detect
buyer collusion, especially in online markets where bidders are virtual.  In fact, Multi-
Agent Systems research has developed technologies that can efficiently form
coalitions even among previously unknown parties [36] – posing an additional threat
to online retail auctions.

As explained, online auctions are unnecessarily hostile to customers and offer no
long-term benefits to merchants.  Essentially, they pit merchant against customer in

                                                          
6_Even in traditional static catalog retail (as well as Continuous Double Auctions), consumers

can purchase products immediately.

7_Granted, the pricing of retail products can get involved.  This is where marketing tactics come
into play such as branding, market segmentation, price discrimination, etc.

8_This relates directly to the just-in-time (JIT) concept for manufacturing, inventory, and
retailing [37].  However, it is not yet clear how best to gauge demand in JIT (e.g., through
negotiation or sales).
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price tug-of-wars.  This is not the type of relationship merchants prefer to have with
their customers [38].  Unlike most consumer-to-consumer and commodity markets,
merchants often care less about profit on any given transaction and care more about
long-term profitability.  This ties directly to customer satisfaction and long-term
customer relationships.  The more satisfied the customer and intimate the customer-
merchant relationship, the greater the opportunity for repeat customer purchases and
additional purchases through direct referrals and indirectly through positive reputation.

And as with price-only shopping agents, distributive negotiation auctions focus the
consumers’ attention solely on a product’s price rather than its full range of value.
This is a disservice to both consumers and merchants because, as with price-
comparison shopping agents, it hides important merchant added value from
consumers’ consideration.9˘  Also, by only negotiating over price, merchants lose an
opportunity to differentiate themselves during the earlier Merchant Brokering and
Product Brokering CBB stages.  Ultimately, by shortsightedly succumbing to „auction
fever,“ retail merchants may be instrumental in bringing about their own demise.  By
promoting auctions as appropriate retail negotiation mechanisms, it strips themselves
of differentiation and exposes their markets to greater competition thus nullifying their
market power and profit.

3. Integrative Negotiation Agents

There is a tremendous amount of literature on how to sell retail products.  No one
approach is correct as it depends upon a number of factors including the type of
product and demographics of its intended audience.  Likewise, there is no one correct
way to shop.  People have different goals, knowledge, preferences, constraints,
influences, and attitudes during any given shopping experience.  One type of shopping
is cross-merchant product comparisons (see section 1.1).  It assumes a (partially)
rational shopper who is concerned with buying the merchant offering that best meets
his/her needs given an invested amount of time and effort.

Cross-merchant product comparisons are conducive to software agent mediation by
assisting the shopper in any of the Product Brokering, Merchant Brokering, and
Negotiation stages of the Consumer Buying Behavior model.  However, some agent-
mediation approaches are better than others.  We argue in section 2.1 for shopping
agents that can perform value-comparisons, not just price-comparisons.  In section 2.3,
we argue for sales agents that can negotiate over the full range of a merchant’s added
value rather than just price.

                                                          
9_For example, Gerry Heller, CEO of FastParts - an online auction for semiconductors, was

quoted in a recent Forrester Research report as admitting that even in this commodity-like
market „availability is more important than price“ when it comes to auctioning
semiconductors.
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We propose an integrative negotiation approach to cross-merchant product
comparisons.  This approach promotes negotiation between consumer-owned shopping
agents and merchant-owned sales agents across each product’s full range of value.
The rest of this section discusses integrative negotiation and identifies promising
techniques for its implementation.

3.1. Integrative Negotiation

As introduced in section 2.2, the business negotiation literature defines two types of
negotiation: distributive negotiation  and integrative negotiation.  Integrative
negotiation is the decision-making process of resolving a conflict involving two or
more parties over multiple interdependent, but non-mutually exclusive goals [13].  The
study of how to analyze multi-objective decisions comes from economics research and
is called multi-attribute utility theory (MAUT) [40].  The game theory literature
describes integrative negotiation as a non-zero-sum game where as the values along
multiple dimensions shift in different directions, it is possible for all parties to be
better off [14].

In essence, integrative negotiation is a win-win type of negotiation.  An example of
this is depicted in Figure 7.  This is in stark contrast to distributive negotiation which
is a win-lose type of negotiation as discussed in section 2.2.  Also as discussed, all
auctions are forms of distributive negotiation and are therefore win-lose types of
negotiation.

Desired retail merchant-customer relationships and interactions can be described in
terms of integrative negotiation – the cooperative process of resolving multiple
interdependent, but non-mutually exclusive goals.  A merchant’s primary goals are
long-term profitability through selling as many products as possible to as many
customers as possible for as much money as possible with as low transaction costs as
possible.  A customer’s primary goals are to have their personal needs satisfied
through the purchase of well-suited products from appropriate merchants for as little
money and hassle (i.e., transaction costs) as possible.  An integrative negotiation
through the space of merchant offerings can help maximize both of these sets of goals.
From a merchant’s perspective, integrative negotiation is about tailoring its offerings
to each customer’s individual needs resulting in greater customer satisfaction.  From a
customer’s perspective, integrative negotiation is about conversing with retailers to
help compare merchant offerings across their full range of value resulting in mutually
rewarding and hassle-free shopping experiences.

3.2. Multi-Objective Decision Analysis and Multi-Attribute Utility Theory

Multi-objective decision analysis prescribes theories for quantitatively analyzing
important decisions involving multiple, interdependent objectives from the perspective
of a single decision-maker [40].  This analysis involves two distinctive features: an
uncertainty analysis and a utility (i.e., preference) analysis.  Techniques such as
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bayesian network modeling aid uncertainty analysis.  Multi-attribute utility theory
(MAUT) analyzes preferences with multiple attributes.

Examples of uncertainty in retail shopping are „will she like this product as a gift?“
and „how much do I trust this merchant?“  Such uncertainties weighed against other
factors play a part in consumers’ buying decisions.  From a merchant’s perspective,
analyzing an uncertainty like „what will be the demand for this product?“ is vital for
pricing products and managing inventory.

Often, decisions have multiple attributes that need to be considered.  For example,
in retail shopping, the price of a product could be important, but so could its delivery
time.  What is the relationship and tradeoff between these two?  Figure 6 gives a
simple example of this.

Fig. 6. This graph plots a consumer’s and a merchant’s multi-atribute utilities for a product’s
total price vs. delivery time (in days). In this example, the merchant offers three delivery options
at different price points of which the „2-3 days“ option best matches the consumer’s utility
profile.

Multi-objective decision analysis and MAUT can (and have) been used to tackle
many different types of decision problems including electrical power vs. air quality,
airport location, heroin addiction treatment, medical diagnostic and treatment, business
problems, political problems, etc.  These theories have also been instantiated in
computer systems.  The PERSUADER system at Carnegie Mellon University, for
example, integrates Case-Base Reasoning and MAUT to resolve conflicts through
negotiation in group problem solving settings [39].  Logical Decisions for Windows
(LDW) by Logical Decisions, Inc. [41] is a general-purpose decision analysis tool for
helping people think about and analyze their problems.  Figure 7 shows LDW at work
on a retail purchase decision problem.
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Fig. 7. A screenshot of Logical Decisions for Windows (LDW). This screenshot shows the
results of a computer purchase decision after LDW captured the decision-maker’s utilities
across multiple product attributes. One results window shows the product rankings and the other
a side-by-side comparison of two product contenders.

LDW falls within the Product Brokering stage of our CBB model.  However,
MAUT tools such as LDW can also be applied to the Merchant Brokering CBB stage
by formulating a new problem to analyze merchant value add for the winning product
(i.e., considered set) of the Product Brokering stage.  If certain pragmatic issues
concerning MAUT’s appropriateness for real-time Internet-based bilateral negotiations
can be allayed, then MAUT techniques are contenders for decision support in agent-
mediated integrative negotiation strategies for online retail markets.
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Fig. 8. Screenshots of PersonaLogic assisting a customer select automobile features with results.

3.3. Distributed Constraint Satisfaction

MAUT analyzes decision problems quantitatively through utilities.  Constraint
Satisfaction Problems (CSPs) analyze decision problems more qualitatively through
constraints.  A CSP is formulated in terms of variables, domains, and constraints.
Once a decision problem is formulated in this way, a number of general purpose (and
powerful) CSP techniques can analyze the problem and find a solution [42].

Finite-domain CSPs are one type of CSP and are composed of three main parts: a
finite set of variables, each of which is associated with a finite domain, and a set of
constraints that define relationships among variables and restricts the values that the
variables can simultaneously take.  The task of a CSP engine is to assign a value to
each variable while satisfying all of the constraints.  A variation of these „hard“
constraints is the ability to also define „soft“ constraints (of varied importance) which
need not be satisfied.  The number, scope, and nature of the CSP’s variables, domains,
and constraints will determine how constrained the problem is and, for a given CSP
engine, how quickly a solution (if any) will be found.

Many problems can be formulated as a CSP such as scheduling, planning,
configuration, and machine vision problems.  In retail markets, CSP techniques can be
used to encode hard constraints such as „I’m not willing to spend more than $2,000 for
this product,“ and soft constraints such as „availability is more important to me than
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price.“  Even constraints such as  „I prefer the Gateway 2000 P5-90 over the Dell
Dimension XPS P (but I don’t know why)“ are legitimate.  PersonaLogic (see Figure
8) uses CSP techniques to help shoppers evaluate product alternatives in the Product
Brokering stage of our CBB model.   Given a set of constraints on product features,
PersonaLogic filters products that don’t meet the given hard constraints and prioritizes
the remaining products using the given soft constraints.  This approach can also be
applied to sales configuration systems such as Dell’s „Build Your Own System“ [43]
and Trilogy’s Selling Chainª [44].

An important side-benefit of CSPs is that they can clearly explain why they made
certain decisions such as removing a product from the results list (e.g., „Product X is
not an option because it has only 16 MB of RAM and you specified that the product
should have at least 32 MB of RAM.“).  This feature is important because it relates to
consumer trust.  Trust is partially achieved by the shopping agent exhibiting somewhat
predictable behavior and being able to explain its decisions.

As with LDW, PersonaLogic can likely be extended into the Merchant Brokering
stage of the CBB model.  In fact, it may even be possible to extend PersonaLogic into
the Negotiation stage by using Distributed Constraint Satisfaction Problem (DCSP)
techniques.  DCSPs are similar to CSPs except that variables and constraints are
distributed among two or more loosely-coupled agents [45].  This appears to map well
to the retail case where consumers and merchants each have their respective set of
constraints on merchant offerings.

However, DCSPs have been designed for fully cooperative group problem solving
situations.  Although integrative negotiations are far more cooperative than distributive
negotiations, DCSP techniques may require more cooperation than is appropriate for
merchant-customer interactions.  For example, a customer may not be willing to
divulge her reservation value (e.g., a willingness to pay up to $2,000 for a computer)
to a merchant for fear of first-degree price discrimination with the merchant (unfairly)
capturing all of the surplus in the market.  However, first-degree price discrimination
is tenuous in markets with monopolistic competition – i.e., a market with a large
number of firms selling similar but differentiated products with no significant barriers
to entry – which characterizes most retail markets [5].  This suggests that DCSP
techniques may not be overly cooperative for bilateral integrative negotiations in retail
markets.10˘

3.4. Conjoint Analysis and Machine Learning

Conjoint analysis is a popular marketing tool to help identify and market new product
features [46].  The approach involves repeatedly surveying respondents for the
preferred product given two or more product choices.  This is in contrast to rating

                                                          
10_Full cooperation does not necessitate full disclosure.  For example, merchants need not

divulge their profit margins.  However, full cooperation does assume soundness of trust - i.e.,
false advertising isn’t permitted.



Agent-mediated Integrative Negotiation for Retail Electronic Commerce 87

products (e.g., in automated collaborative filtering) or specifying requirements on
product attributes (e.g., in constraint satisfaction).  Rather, respondents jointly
consider11˘  and relatively rank product choices.  Conjoint analysis then infers which
product attributes are most important to the consumer relieving the consumer of
specifying these features explicitly.  Also, by being forced to make product decisions,
consumers avoid unreasonable product attribute combinations – e.g., the most robust
feature set and the lowest price.  This is a benefit over CSPs which allow consumers to
specify unreasonable product attribute combinations resulting in an empty „considered
set“ of products.12˘

However, in order to make a product selection, consumers need to identify
differences in product attributes.  It may be better for a user to just express these
attribute preferences rather than spend time making a series of product choices which
will (at best) infer the same preferences.  Conjoint analysis also suffers from not
dealing well with noisy or inconsistent data (which are very common in user surveys),
not being conducive to changes in product preferences, and being time-consuming,
redundant, and boring for the consumer.  As such, although conjoint analysis is
appropriate for identifying new product features and segmenting markets, it appears
less appropriate as the sole mechanism for extracting utility preferences for integrative
negotiations in retail electronic markets.

There are numerous statistical, search, and heuristic approaches that can also learn
preferences and patterns of user behavior.  In fact, a tenet of artificial intelligence (AI)
is learning.  Specific AI fields of inquiry include inductive learning, genetic
algorithms, classifier systems, case-based reasoning, neural networks, and a variety of
other machine learning and adaptive behavior theories and technologies [47, 48].

4. Conclusion

This paper analyzed the state-of-the-art in agent-mediated retail electronic commerce.
We first looked at how price-only shopping agents are a disservice to both consumers
and retailers by hiding important merchant value add from consumer consideration.
We then explored how distributive negotiation techniques (e.g., online auctions) are
considerably more hostile to both consumers and merchants than would be expected in
retail markets (in spite of their increasing popularity).

Finally, we proposed a new integrative negotiation approach to retail electronic
commerce.  We described how techniques such as multi-attribute utility theory,
distributed constraint satisfaction, and conjoint analysis could be harnessed for
allowing consumer’s to integratively negotiate over a product’s full range of value.
From a merchant’s perspective, integrative negotiation is about tailoring its offerings

                                                          
11_Conjoint is a contraction of „consider jointly.“

12_However, there are CSP techniques to automatically relax constraints in over-constrained
problems.
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to each customer’s individual needs resulting in greater customer satisfaction.  From a
customer’s perspective, integrative negotiation is about conversing with retailers to
help compare merchant offerings across their full range of value resulting in mutually
rewarding and hassle-free shopping experiences.
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Abstract:  Moving commercial cargo across the US-Mexico border i s
currently a complex, paper-based, error-prone process that incurs expensive
inspections and delays at several ports of entry in the Southwestern US.
Improved information handling will dramatically reduce border dwell time,
variation in delivery time, and inventories, and will give better control of
the shipment process. The Border Trade Facilitation System (BTFS) is an
agent-based collaborative work environment that assists geographically
distributed commercial and government users with transshipment of goods
across the US-Mexico border. Software agents mediate the creation,
validation and secure sharing of shipment information and regulatory
documentation over the Internet, using the World-Wide Web to interface
with human actors. Agents are organized into Agencies. Each agency
represents a commercial or government agency. Agents perform four
specific functions on behalf of their user organizations: (1) agents with
domain knowledge elicit commercial and regulatory information from
human specialists through forms presented via web browsers; (2) agents
mediate information from forms with diverse ontologies, copying invariant
data from one form to another thereby eliminating the need for duplicate
data entry; (3) cohorts of distributed agents coordinate the work flow among
the various information providers and they monitor overall progress of the
documentation and the location of the shipment to ensure that all regulatory
requirements are met prior to arrival at the border; (4) agents provide status
information to human actors and attempt to influence them when problems
are predicted.

1. Introduction

A simple model of commerce divides a commercial transaction into three phases:
negotiation, delivery, and settlement. This paper focuses on an agent-based electronic
commerce system, the Border Trade Facilitation System (BTFS), built to expedite the
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regulation, control, and execution of commercial trans-border shipments during the
delivery phase. The system is targeted towards the rapidly growing manufacturing
industry centered around the US/Mexican border. The North American Free Trade
Agreement (NAFTA) has fueled this growth to a large extent. Managing the logistics
of trans-border shipments is a daunting task complicated by import/export regulations
and documentation requirements promulgated by both the US and Mexico. Drug
smuggling activities and drug interdiction efforts have made shipping even more
difficult. The primary goal of the BTFS is to improve information handling and
documentation processes for legitimate stakeholders without furthering opportunities
for smuggling and other criminal activities.

The BTFS features a number of innovations, including a distributed object
substrate that supports authenticated transactions among agents, a general-purpose
agent development framework, agent integration with the World-Wide Web, and a
collaborative agent architecture that supports open trading over the Internet. In this
paper we provide only an overview of this complex information system.

2. Background

Each day several thousand commercial trucks cross the US-Mexico border at six
major ports of entry along the US/Mexico border. The majority carry cargo to and
from the maquilas in Mexico. A maquila, or “twin plant,” typically provides
inexpensive labor for the assembly of parts or subassemblies into finished goods that
are then re-shipped to the US for consumption. Passage of the North American Free
Trade Agreement (NAFTA) has increased maquila traffic at ports of entry along the
Southwestern US border significantly since 1993. Maquila border crossings are
projected to be in the thousands daily by the year 2000. Ironically, the increased border
traffic has provided drug smugglers with a crowded street in which to disappear,
creating a tension among US government agencies responsible for the facilitation of
trade and the interdiction of drugs. The governments of the United States and Mexico
currently have projects under way or planned that will expand the physical capacity of
existing ports of entry. The US recently opened a new port at Santa Teresa, New
Mexico. Plans to increase the capacity for handling information necessary to
document the increasing number of border crossings have not been made, largely
because the majority of the information handling resides in the commercial sector.

A significant fraction of commercial trucks currently arrive at ports of entry with
either incorrect or incomplete documentation. These trucks are summarily pulled over
to a primary inspection area, and sometimes subsequently to a secondary inspection
area, where they are often completely unloaded. Primary and secondary inspections
take a minimum of 15 minutes and can last several hours or even days if problems are
found. Delays typically cost both the transport provider and the manufacturer. Truck
and driver costs can exceed $100/hour. Maquila plants are increasingly operated in
just-in-time mode, so receival delays at the maquilas can result in work stoppage,
idling dozens of workers and halting production lines costing thousands of dollars per
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minute to run. Paper documents currently carry the information needed to cross the
border. Truck drivers carry the documents and present them to inspectors at the ports
of entry and exit. Many factors can cause delays at the port, including drug interdiction
campaigns and fugitive alerts. Proper documentation in and of itself cannot prevent
delays, but improper documentation is virtually certain to cause them.

The root causes of documentation errors are deeply buried in the complex
preparations that precede a border crossing. The required regulatory documents for each
leg of the trip are numerous and bilingual. Additional NAFTA requirements have
complicated the documentation further while increasing the cross-border traffic, leading
to the expansion of the import/export brokerage industry in both the US and Mexico.
For example, a typical package prepared by a Mexican broker includes the original
invoice; the Shipper’s Export Declaration; a Spanish language invoice called the
factura; an import pedimento (Mexican import/export declaration document); an
English manifest and a Spanish manifiesto describing the physical nature of the
shipment for the trucking firms; a packing list, describing how the shipment is
actually arranged on the truck; and any of several possible Mexican regulatory
compliance documents. NAFTA documents must be on file certifying the firm as a
maquila, and the pedimento must be registered by the firm in some manner to satisfy
year-end material-balancing regulations. The driver and the vehicle must be properly
licensed and certified. Further complications stem from the maquilas’ ability to
consolidate several invoices/facturas under a single pedimento. Shipment into the US
involves several additional US import documents. The documents are syntactically
distinct, although there is significant semantic overlap. For example, the “total
shipment value” given on many of these documents is not necessarily called the same
thing between any given pair nor will the value necessarily be computed on the same
basis; in particular, valuations are two different currencies.

Customshouse brokers assist manufacturers with preparing the documents for a
given shipment and generally pay any duty assessed. Brokers also provide additional
assurance to their clients by remaining up to date on the latest regulations regarding
trade between the US and Mexico. They are essentially brokers of specialized
knowledge and information, operating between government regulators and the
commercial world. Brokers prepare regulatory forms from an initial manifest that may
be presented by a client in a variety of forms, including “sneaker net,” fax machine,
Electronic Data Interchange (EDI), and most recently Internet email. Although
segments of the process are computerized, transcription of information from paper to
computer and back occurs often even in advanced brokerage houses. Fortunately both
the US and Mexican customs services have (separate) computerized entry systems that
accept document filings by modem. Nonetheless, errors occur with great regularity and
brokers maintain troubleshooters on site at the ports of entry to handle such incidents.

A successful border crossing is the result of a coordinated effort on the part of the
manufacturer, the consignee, and carriers and brokers on both sides of the border. For
example, a nominal southbound (US to Mexico) maquila shipment involves the
owner of the goods (“the firm”), the firm’s US shipping facility, at least one US
trucking company (perhaps owned by the firm), US customs, a US export broker
(sometimes an employee of the firm), Mexican customs, a Mexican import broker
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(also sometimes an employee of the firm), a Mexican trucking company, and finally
the maquila plant itself. Although new port facilities are planned and expansion of old
ports is has begun, traffic at the border is often backed up several miles. Often the
customs district maintains several alternative ports in the same area. However, drivers
cannot effectively choose an alternative port prior to enqueuing for two reasons: (1)
the intended port of entry is declared on the paper document he carries and cannot be
changed without resubmission to the US Customs Automated Cargo System; and (2)
the driver cannot determine the traffic load (nor, therefore, estimate the delay) at the
port until arrival.

Border-crossing stakeholders have noted that “the most frequent cause of legitimate
freight being pulled over for inspection is improper or incomplete documentation
[Godfrey 1998].” In a recent border process survey [Parker and Icerman 1996], 78% of
US and Mexican firms doing business across the border cited “automated
documentation” as a priority technology, the highest percentage for any technology in
the survey. Stakeholders were concerned, however, that a highly-accessible electronic
documentation scheme might make their proprietary information vulnerable.
Commercial stakeholders were adamant that the system be decentralized; they
considered a central database administered by a national government highly
undesirable. The second-most frequently cited technology, “Container/conveyance
tracking,” was cited by 60%. In all, technologies that the stakeholders identified as
high-priority appear to address the root causes of their delays: correct, complete, and
timely electronic documentation; computer-based sharing of shipment information
among stakeholders; protection of proprietary information; and timely shipment status
information.

Simulations of the new Santa Teresa port of entry by Science Applications
International Corporation [SAIC 1997] show that computerized documentation and
tracking technology would cut time spent waiting to cross the border by 33% (from
18 to 12 minutes) at 30% technology penetration and four times the current traffic,
and by 52% (from 47 to 20 minutes) at 60% penetration and six times the current
traffic (saturation level)2. These reduced waiting times would be enjoyed by all
vehicles, not just those with advanced technology. If a dedicated lane for advanced
technology vehicles is added in the latter case, those vehicles enjoy a reduction in
waiting time of 75%.

In 1997 the Advanced Information Systems Laboratory (AISL) at Sandia National
Laboratories completed a prototype of the Border Trade Facilitation System (BTFS), a
collaborative information processing environment that operates on the Internet and
World-Wide Web. The BTFS comprises multiple autonomous software agents that
assist human actors in conducting international shipping transactions by creating,
documenting, monitoring, and coordinating shipment transactions in information
space. The BTFS attacks the border-crossing problem in the three problem areas with
the highest potential for improving the border-crossing process: (1) manual entry of
redundant information throughout the process by different organizations; (2)
                                                

2 “Current traffic” refers to 1995-96 levels; traffic grew 80% during the 1996-97 year
and is thus already at twice the “current traffic” level
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incomplete regulatory documents; and (3) lack of timely status information regarding
the location of the vehicle and the progress of the documentation. We discuss the
conceptual design and implementation of the BTFS in the remainder of this paper.

3. System Concept

The essential concept of the BTFS is that the physical trans-border shipment of
goods and the required accompanying certification are entirely represented as a set of
events in information space, the state of which both controls and certifies events in
physical space. The BTFS information system contains a real-time transaction-centric
model of the physical border-crossing process. This leads to a two-component system:
(1) a physical sensor system that reports state of health and location data via satellite
[Schoeneman and Fox 1996]; and (2) a secure electronic commerce system that
interfaces with the humans responsible for documenting commercial and regulatory
information. We will focus on the secure electronic commerce system for the
remainder of this paper.

Coordination of the shipping process to improve the timeliness and correctness of
the information requires a collaborative information processing network that spans
government and commercial entities, involves both the US and Mexico, and passes
Spanish and English-language documents. Security to protect proprietary information
is of paramount importance to commercial entities. Security is also critical to
government agencies; an insecure system on the open Internet could be used to spoof
regulatory agencies at the border and thereby lend support to criminal activities such
as drug smuggling.

The ultimate objective of the system is to ensure that the US and Mexican
Customs databases contain validated documents when the truck arrives at the border.
The truck cargo must have a unique ID code that identifies it with its counterpart
(representation) in information space. An enforcement officer must use this code to
reference the documents and make an inspection decision. The flow of data through the
system is transaction-centric; each new shipment instance is a new transaction. A
transaction is initiated by the ultimate customer—the manufacturer—on either the
shipper side or the consignee side. A transaction may be open for long periods, many
days in some cases.

To achieve the level of integration and information quality envisioned by the border
stakeholder community, the BTFS is based on multi-agent concepts and technology.
Software agents elicit specialized information from human informants, monitor
overall progress of the documentation task, monitor the location of the shipment via
tracking sensors, coordinate the work flow, and attempt to influence human actors
when problems are predicted or detected. Agent functions are realized by goal-directed
agents specializing in various tasks in the import/export domain.

The BTFS design is based on three general concepts: (1) creation of a distributed
object programming environment with an underlying secure network infrastructure;
(2) a distributed object representation of a shipping transaction; and (3) insertion of
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knowledgeable software agents at critical points in the information flow. Since the
stakeholders in the trans-border shipping domain are geographically distributed
independent organizations, the Internet provides a ready-made communications
infrastructure to integrate their operations. Using the open Internet as the
communications infrastructure accommodates any commercial organization with
access. Security is provided by public-key encryption and authentication techniques.
Our initial approach suggested that the Internet, with its high ramification and
ubiquity, would be well suited for the BTFS if security issues were addressed.
Assuming this can be accomplished, the Internet goes well beyond merely satisfying
BTFS requirements; with the BTFS in place, one could conduct international
commerce from any site with an Internet connection and a web browser. The Web,
nearly as far-flung as the Internet itself, also suggested HTML as the lingua franca of
the BTFS, thus obviating the user interface dilemma and neatly solving the client end
of the system. In the BTFS, a highly specialized agent converts HTML from the
client into the central ontology and back.

Overlying the secure Internet is a distributed object programming system that
provides a seamless design methodology for networked object environments [Spires
1997]. The distributed object system is essential to networking agents in a
collaborative environment. Distributed object technology also supports a shared
fragmented workpiece object. The information needed to effect a single shipment is
captured in a complex distributed information structure with compositional semantics
called the Maquila Enterprise Transaction (MET). The components of a given MET
are distributed among the agencies involved in a particular shipment. The MET is
shared via proxy; when a given agent needs information in the MET, it is handed the
proxy to the MET. Since the MET is distributed, no one agent or agency has access
to all components. Access is permitted based on task requirements and controlled by
electronic signature. BTFS agents interact with the border-crossing process by
collecting and organizing information and posting it in the MET. Control of the
distributed computation is decentralized and opportunistic. Each agent computes new
information components based on its internal knowledge base and the state of the
MET. Changes in the components trigger computations in a manner reminiscent of
blackboard systems [Englemore and Morgan 1987].

Agents improve the border crossing process in the following manner:

• Document quality is improved by elicitation agents. Elicitation agents interface
with human informants and specialists to elicit highly structured forms-based
data, ensuring that proper documents are entered into the system. Elicitation
agents have significant knowledge about the domain and the forms, and they are
able to present partially-instantiated documents through use of a case-based
reasoning mechanism. Elicitation includes mediation of information from other
documents to remove the opportunity for redundant data entry. Invariant data from
previously completed documents, having been validated by other elicitation
agents and not the responsibility of the current human informant, is translated
into the target document’s ontology and copied into a non-editable field of the
target document.
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• Timeliness of documentation and integration of shipment information is
improved by an agent collective comprising agents from different organizations
that monitor status and coordinate work flow. The collective correlates the
physical state of the shipment with its information state to maintain registration
and reference, mediates the agency’s work on the transaction, updates the
transaction, notifies collaborators of updates, and enforces selective data sharing.
Monitoring is accomplished by each agent independently and focuses on the
interests of its parent organization. Agents respond to requests for status
information by users.

• An open decentralized trading regime is ensured by negotiation agents.
Negotiation agents are the points of contact for each trading organization. They
inspect each incoming transaction before committing to accept the transaction,
first validating customer and supplier relationships, and analyzing the ability of
the organization to perform the requested services. Upon accepting a transaction,
negotiation agents dispatch potential transactions to agents representing
knowledge workers for further processing.

Figures 1-3 show elicitation, delegation, and negotiation in use case notation
[Jacobson 1992] (the agents are distinguished as spherical). Elicitation and mediation
are performed within the same context by an elicitation agent. Figure 1 shows the
Elicitation Agent working with form A instance connected by its inherent slot
structure to the shared workpiece (this is the MET in the BTFS). The Export
plan requires that a form of each type named as one of the “Required forms [0 ... n]”
be properly filled out. The agent interacts with the Human actor object, an internal
representation of the individual, which in turn communicates with the person via the
Web browser. Another Elicitation agent (the italicized links) that needs access
to the same information gets it from the shared workpiece, which is the
transaction record.
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Fig. 1. Elicitation and Mediation.

Negotiation and delegation behaviors provide coordination of the workflow and
timely completion of all documents. Agents coordinate their activities through direct
communications and explicit cooperative control [Lesser 1991]. Customer agents
negotiate task specifications with supplier agents. When a contract is negotiated and
the supplier agent commits to perform the services, the customer agent delegates the
task to the supplier. Throughout the negotiations, each proposed new version of the
task is signed by the proposing agent with a cryptographic digital signature (Figure
2). Agent “A” signs with the signature denoted “A;” agent “B” signs with signature
“B.” The final contract is signed by both agents. The basis of coordinated negotiation
and delegation is very similar to a joint intentions protocol [Levesque et al. 1990;
Cohen and Levesque 1991]. We have added public-key digital signatures to all
negotiated forms and tasks for accountability and non-repudiability. This is an
essential feature for commercial trading applications. Delegation is shown
schematically in Figure 3. A goal or task is passed from a “boss agent,” who retains
responsibility for the goal, to a “worker agent,” who must commit to achieve the goal
or report defaulting. If the delegate defaults, the delegator is responsible for finding
another qualified delegate.
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4. Implementation of Agents

Agent populations are organized into agencies, collectives of agents of various
competencies, that have ongoing high-level goals stated in business terms. In
particular, the BTFS is a distributed set of agencies specialized on the commercial
functions of the various stakeholders in the border-crossing process.

The agents that populate the BTFS are realized as instances of speciated agent
classes whose behavioral envelope is defined by the Standard Agent Framework
[Goldsmith 1997]. The Standard Agent Framework is an object-oriented framework
that enables the exploratory development of multiagent systems that interact with
human users. The Standard Agent Framework provides a means for constructing and
customizing multiagent systems by specialization of base classes (architecture-driven)
and by composition (data-driven).

The framework comprises two associated abstract classes: agent and agency. An
agency identifies an independent locus of processes, activities, and knowledge
typically associated with an company, organization, department, site, household,
machine, or some other natural partitioning of the application domain. The underlying
assumption is that the application is naturally modeled as a group of interacting
agencies. The agency provides a containing context for a collection of agents. The
activities of the agency are conducted by its constituent agents. Agents inhabit an
agency for the express purpose of providing services, including interagency
communications, that maintain the functioning of the agency and lead to satisfaction
of the ultimate objectives of the agency. An agent performs domain-specific tasks on
behalf of human actors and other agents.

Actual agent systems are implemented by the specialization and instantiation of
four concrete classes: (1) Standard Agency, (2) Standard Agent, (3) Human Actor, and
(4) Resources. The class Standard Agency is an elaboration of the agency concept that
includes human activities within the agency and devices for data-oriented activities
such as storage and communications. An instance of Standard Agency is a persistent,
identity-bearing composite object that contains collections of the component classes
Standard Agent, Human Actor, and Resources.

The class Standard Agent implements instances of agents that have specific
attributes: autonomy, social ability, reflexivity, and pro-activeness [Wooldridge and
Jennings 1995]. The primary Standard Agent protocols are: An interface mechanism
that enables interaction with other agents and human actors, a reflexive action
mechanism for rapidly responding to event objects in the agent’s environment, and a
generic inference mechanism for achieving explicit goals. The interaction and
inference protocols can be specialized with methods that implement other agent
architectures and mechanisms. Agents are self-contained threads of execution that
execute both periodically and through immediate scheduling.
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Fig. 2. Negotiation between two agents.

Fig. 3. Delegation.

Human Actors are people that inhabit the agency through an interface device and
interact with agents to accomplish tasks. Human actor objects are temporary objects
that contain an interface address, an interface object that captures the display, data
entry and control functions currently available to the person, and a persistent person
object that holds personal data, passwords, email address, and an account object that
provides access to past and current workspaces. A workspace object contains objects
created and stored by the person during work sessions.

Agents and human actors have access to resources such as databases, fax machines,
telephones, email handlers, and other useful services. Resource objects provide
concurrency control and access protocols for agency resources. Subclasses of the
resource class implement objects representing data bases, fax machines, printers,
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email ports, EDI ports and other commonplace legacy devices in the agency
environment.

The Standard Agent Framework supports distributed agent systems. Agency objects
may be distributed in a network environment to create a collaborative enterprise
structure of interconnected agencies. The fundamental activity conducted among
distributed agencies is the trading of domain objects through proxy agents that
represent one agency within the agent collection of another agency. These proxy
objects delegate all messages (except for a local request for identifying information
about the represented agency) to the appropriate domain or task agent residing in the
agency. Public proxies are registered in an agency network phonebook with a well-
known address. To find other agencies, an agent issues one or more queries to the
phonebook and is returned the proxy objects matching the query. The agent proxies
interned within an agency form a persistent network of agencies. Such networks are
called durable proxy networks.

An electronic commerce agency (ECA) is a specialized subclass of an agency that
implements architectural features specific to electronic commerce applications. An
ECA has the additional attributes of transactions and organizations. The transactions
attribute holds a collection of open and closed transaction objects. The organizations
attribute holds a collection of public proxy objects pointing to agencies that represent
trading partners.

The BTFS agent society comprises several federated ECAs analogous to the
interested business entities. Each ECA is populated by a heterogeneous collective of
speciated agents, each of which is able to perform a fragment of the information tasks
needed to effect trans-border shipment. Their exact duties are based on the idiosyncratic
business rules of the actual businesses involved, so an operational ECA must be
tailored and situated for each business. Constructing the ECA and the agents that
make it up consists in specializing agents from a set of standard agent classes
constructed for commerce. ECA classes are also pre-defined for the various required
roles: originator, receiver, transport provider, and import/export broker.

In addition to domain and task specialists, several varieties of housekeeping agents
perform maintenance tasks for the ECA. Security agents control access by human
actors to each agency within the parent organization. A human actor logged into the
ECA “inhabits” the agency for the duration of the work session. An agent handles all
interactions with the human actor. Task agents initiate requirements to obtain
information based on activated goals, monitor the appropriate information sites to see
whether the goals have been achieved, and take corrective or contingency measures
when failures occur. Dispatch agents allocate new transactions to the appropriate
agents. Supervisory agents allocate work to task agents, deal with rejected goals,
collate agency-level data, and respond to outside requests for task status information.
Various agents incorporate reporting facilities for human actors, including government
customs on both sides of the border.
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5. Meta-comments on the state of agent-mediated commerce

Work presented at the Workshop on Agent-mediated Electronic Trading discusses,
among others, the following:

• Task reallocation,
• Contract type selection,
• Trading/bidding strategy selection and evolution,
• Algorithms for negotiation,
• Realization infrastructures for multi-agent trading,
• Representation strategies and logics for trade, and
• Encoding standards and integration with existing systems.

We have observed a tendency to concentrate on the formation of mechanisms to
support observed practice, which may not be sufficiently visionary for the coming
paradigm shift.

If we have any criticism of the field as a whole, it is that there seems to be an
overemphasis on negotiation for individual consumer-to-business transactions,
especially auctions, with the concomitant underemphasis on delivery and settlement.
Negotiation establishes the pipeline for the flow of goods and payment; delivery and
settlement fill that pipeline, and agent-based systems are as valuable here. In large-
scale commercial operations, the negotiation phase of a given transaction has often
already been accomplished. The issue in general is more likely to be a matter of
accessing the negotiated terms. These usually reside in a document, e.g. a contract or
Trading Partner Agreement (TPI). Agents must know how to formulate, populate, and
access these (to be sure, the formulation and population will involve negotiation).
The existence of secure, agent-readable documents is a crucial aspect of business-to-
business ecommerce.

The stock exchange is an example of a multi-buyer, multi-seller environment that
agents will certainly make more efficient due to their ability to communicate and act
nearly instantaneously. Commodity values will be less affected by local market forces
and perception. Large-scale price effects—often undesireable ones—have been observed
in practice as so-called “robots” automatically buy and sell huge amounts of stock
based on computed economic indicators. The implication is that blind (or at least
uninformed) automation is at best a risky strategy for commerce automation. It seems
clear that a more reflective mechanism that better understands the ramifications of its
actions needs to be employed.

Representation of various market bidding, auction, and trading environments can
enable agents to choose behaviors that are instantaneously optimal based on
information they hold at decision time. Theories of realization and optimal behavior
are engendering realization mechanisms that make agent systems increasingly easy to
implement. Representational standards, especially in describing customer needs and
product attributes, are making it easier for general automated mechanisms to
communicate without significant co-engineering, thus also enabling a trading
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environment that is more reliable and more likely to be able to handle any given
transaction. Some of our work [Phillips et al.] has addressed formation of interlinguae
to enable transactions among diverse business stakeholders. The business community
has embraced the well-developed Electronic Data Interchange (EDI) standard, albeit in
several specialized versions, to enable electronic transactions without prior
communication. To be sure, the EDI standards are so broad that ongoing business
relationships must be supported by a Trading Partner Agreement (TPI) that bounds the
kind and content of electronic communication between the partners.

As an aside, there is a natural residence for such interlinguae once they exist: the
broker. When commercial transactions require a broker, it is often at least partially
because one party or the other is not familiar with the language of the transaction, and
the broker serves not only to cause the transaction to occur but also to dynamically
translate the terms back and forth among the parties involved. This has direct benefits
for referential integrity and parsimony, because every party doesn’t require the ability
to translate every other parties’ terms. Workload may be distributed among several
brokers if necessary.

We have observed much consternation over the question of how to decide whether
an agent standing on your figurative doorstep is trustworthy or not. Two comments:
First, trust is born out of reliable delivery and settlement practices. Information must
be unavailable to those who aren’t supposed to see it and available to those who are;
the intended effects of permitted, purposeful actions must occur reliably, and forbidden
or accidental actions must have no effect. These notions are encompassed by the word
“surety.” Our assessment is that agents participating in a mechanism with surety will
automatically engender trust because they will be trustworthy and reliable.

Second, and notwithstanding surety, we suggest that trust of an agent is not based
on any inherent property of the agent; rather it is based on the agency that the agent
represents. What is needed is an agent bonding or certification mechanism so that we
can instantly recognize the affiliation of an agent. This implies the existence of an
agency, discussed herein, a concept not new in domains needing surety (e.g. certificate
issuers). We trust and use Automated Transaction Machines (ATMs) not because we
believe each machine to be trustworthy but because it has on it the name of a known
financial institution. We don’t go to the ATM to complain about failures; we go to
its bank. In short, you can’t create trust, but you can engineer surety, and trust
devolves from surety.

6. Conclusions

The BTFS prototype demonstrates a multi-agent approach to coordinating a complex,
knowledge-intensive shipping process. We have demonstrated the following agent
behaviors: elicitation, mediation between ontologies, negotiation, delegation,
monitoring, and goal satisfaction. We have demonstrated an authenticated negotiation
protocol for commercial contracts.
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The most challenging aspects of integrating a diverse enterprise such as border trade
are: (1) knowledge-intensive elicitation of form information, (2) mediation and
ontological leveling of information across multiple organizations, (3) knowledge
engineering in general, and (4) secure distributed object computing.

The BTFS system is currently being evaluated for commercialization.
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Abstract. We present an approach to the bid-evaluation problem in
a system for multi-agent contract negotiation, called MAGNET. The
MAGNET market infrastructure provides support for a variety of types
of transactions, from simple buying and selling of goods and services to
complex multi-agent contract negotiations. In the latter case, MAGNET
is designed to negotiate contracts based on temporal and precedence con-
straints, and includes facilities for dealing with time-based contingencies.
One responsibility of a customer agent in the MAGNET system is to
select an optimal bid combination. We present an efficient anytime algo-
rithm for a customer agent to select bids submitted by supplier agents in
response to a call for bids. Bids might include combinations of subtasks
and might include discounts for combinations. In an experimental study
we explore the behavior of the algorithm based on the interactions of
factors such as bid prices, number of bids, and number of subtasks. The
results of experiments we present show that the algorithm is extremely
efficient even for large number of bids.

1 Introduction

The combination of electronic commerce and autonomous intelligent agents has
the potential to deliver enormous economic benefits. Primitive examples are
already being deployed on the Internet, in the form of automated shopping
agents [8] and auction services [17,26]. More complex economic activities remain
outside the reach of the current generation of automated agents.

The overall research goal of the MAGNET project [6,7] is to develop a seman-
tic model for the integration of planning, contracting, scheduling, and execution
in a multi-agent market domain, such as the Internet. In particular, we are in-
terested in how an agent that has a goal to satisfy can construct a plan, issue a
call for bids to other self-interested agents, award contracts, and monitor their
execution. We call this process Plan Execution by Contracting.

MAGNET includes a market infrastructure and a set of agents that can make
use of this environment to carry out Plan Execution by Contracting activities.
The market infrastructure provides an environment with explicit support for
complex agent interactions. The market acts as a trusted third party to reduce
opportunities for fraud and misrepresentation. It also manages and enforces the
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negotiation protocol between agents, from the negotiation and contracting phas-
es through the full cycle of contract commitment, execution, and settlement.

All the agents in the MAGNET environment are assumed to be self-interested.
In other words, they exhibit limited rationality in the sense that they will do
what is in their own best interests within the limits of their reasoning capa-
bilities. Agents are also heterogeneous; they are not assumed to have the same
capabilities, nor do they necessarily embody similar decision processes. In gen-
eral, they are motivated to engage in contracting behavior because they do not
have direct access to the resources needed to execute their plans.

The main focus of this paper is a bid-evaluation mechanism for MAGNET
agents. We start by providing an overview of the MAGNET market architecture
and a negotiation protocol for Plan Execution by Contracting, and then proceed
to discuss bid evaluation. Because the evaluation of bids must take into account
plan feasibility as well as cost factors, straightforward auction mechanisms are
inadequate for the MAGNET domain. We describe an anytime bid-evaluation
algorithm that attempts to find the lowest-cost feasible plan, within the limits
of available time and computing resources. Finally, we describe how our work
relates to other efforts in the general area of automated negotiation and con-
tracting.

2 The MAGNET Architecture

The MAGNET architecture is a distributed set of objects that can support elec-
tronic commerce in a variety of domains, from the simple buying and selling of
goods to situations that require complex multi-agent negotiation and contract-
ing. The fundamental elements of this architecture are the exchange, the market,
and the market session, as outlined below.

2.1 The Exchange

An Exchange is a collection of domain-specific markets in which goods and ser-
vices are traded, along with some generic services required by all markets, such
as verifying identities of participants in a transaction, or a Better Business Bu-
reau that can provide information about the reliability of other agents based on
past performance. Architecturally, an exchange is a network-accessible resource
that supports a set of markets and common services, as depicted in Figure 1.

2.2 Markets

Each Market within an exchange is a forum for commerce in a particular com-
modity or business area. We envision markets devoted to banking, publishing
and printing, construction, transportation, industrial equipment, electronic as-
sembly, etc. Each market includes a set of domain-specific services and facilities,
as shown in Figure 2, and each market draws upon the common services of the
exchange.
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Fig. 1. The Structure of an Exchange. c©1988 by ACM, Inc., appeared in [7]

An important component of each market is a set of current Market Sessions
in which the actual agent interactions occur. Agents participating in a market
may do so as either session initiators, or as clients, or both. As detailed in the
next section, each session is initiated by a single agent for a particular purpose,
and in general multiple agents may join an existing session as clients. Important
elements of the market include:

– An Ontology that is specific to the domain of the market, specifying the
terms of discourse within that domain. In a commodity-oriented domain,
it would include terms for the products or services within the domain, as
well as terminology for quality, quantity, features, terms and conditions of
business, etc. In a planning-oriented domain, specifications of services would
be in a form that supports planning.

– A Protocol Specification that formalizes the types of negotiation supported
within the market. Within a planning-oriented market domain, these spec-
ifications include limits on parameters of the negotiation protocol, such as
the maximum decommitment penalty, whether bids can be awarded before
the bid deadline, etc.

– A Registry of market clients who have expressed interest in doing business in
the market. Entries in this registry would include the identity of a client, a
catalog (or a method for accessing a catalog) of that client’s interests, prod-
ucts or capabilities, which can be used to locate clients to meet requests for
new session participants, and a client agent that is empowered to negotiate
contracts on behalf of the supplier. Client catalogs are required to express
their interests and offerings in terms of the market’s ontology.

2.3 Market Sessions

A Market Session (or simply a session) is the vehicle through which market
services are delivered dynamically to participating agents. It serves as an encap-
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Fig. 2. The Structure of a Market within the Exchange. c©1988 by ACM, Inc.,
appeared in [7]

sulation for a transaction in the market, as well as a persistent repository for
the current state of the transaction.

We have chosen the term “session” to emphasize the temporally extended
nature of many of these interactions. For example, in a construction-oriented
market, if an agent wishes to build a new house, it initiates a session and issues
a call-for-bids. The session extends from the initial call-for-bids through the ne-
gotiation, awards, construction work, paying of bills, and final closing. In other
words, the session encloses the full life of a contract (or possibly a set of relat-
ed contracts). The session mechanism ensures continuity of partially-completed
transactions, protects against fraud by verifying the identity of agents, limits
counterspeculation by enforcing negotiation rules, and relieves the participating
agents from having to keep track of detailed negotiation status themselves.

Agents can play two different roles with respect to any session. The agent
who initiates a session is known as the session initiator, while other participating
agents are known as session clients. A session can be initiated either for the
purpose of buying or selling, depending on the type of market. In the above
example of building a house, the initiating agent was the buyer or customer, and
the other participants would be sellers or suppliers, whether they were supplying
materials, labor, advice, credit, or other services. A session could also be initiated
to sell items or services at auction.

At any given time, a session can be open to new participants, or closed.
A public auction would typically be open to new participants, while the house-
building session described above would be closed once the contracts were let. The
market maintains a list of open sessions which may be accessed (and potentially
joined) by participating agents.

Figure 3 shows the structure of a session. Two APIs are exposed, one for the
session initiator and one for session clients.
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Fig. 3. The Structure of a Market Session. c©1988 by ACM, Inc., appeared in
[7]

Each session contains an Initiator Proxy that implements the Initiator API
and persistently stores the current state of the session from the standpoint of
the initiator.

A Client Proxy is provided for each client that similarly provides a Client
API to the client agent, and persistently stores the current state of the session
from the standpoint of the client. Proxies are market entities that act on behalf
of the agents and enforce market rules.

There are two reasons for the existence of the proxy components. The first
is related to security: client proxy components cannot see the private data of
the initiator or of other clients. The second is that in a distributed system envi-
ronment, the processing and persistent data elements of the initiator and clients
could be instantiated at different locations in the network to maximize perfor-
mance.

3 The MAGNET Protocol

In this section we briefly describe a protocol that supports the Plan Execution by
Contracting model. As outlined in the interaction diagram in 4, the negotiation
portion of the protocol is a finite 3-step process that begins when a customer
agent initiates a session and issues a Call For Bids. This diagram does not deal
with decommitment or settlement.

The Plan Execution by Contracting protocol begins after the session has
been initiated by a customer agent: the customer issues a call-for-bids, suppliers
reply with bids, and the customer accepts the bids it chooses with bid-accept
messages.

Another set of messages, including release, completion, and decommitment,
are used to manage the progress of the plan once bids have been awarded. We
have avoided the need for open-ended negotiation by means of bid break downs
and a time-based decommitment penalty as described below.
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Fig. 4. A Typical Session-Mediated Negotiation

3.1 Call for bids

Once the customer has developed a plan of subtasks chosen from the market’s
ontology, it will send a call-for-bids message. The call-for-bids message will in-
clude, for each subtask listed, a time window during which the work must be
done. The call-for-bids message will also include, among other information:

1. a bid deadline, or the time by which the suppliers must respond with bids,
2. the time at which the customer will begin considering the bids,
3. the earliest time at which bid acceptances will be sent,
4. penalty functions for each subtask, which will be assessed against the supplier

if the supplier commits to work, but fails (or decides not) to do it. These
penalty functions are piecewise-linear functions of time that are intended to
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encourage suppliers to perform the work they commit to. If a supplier is
unable to perform, the increasing value of the penalty function encourages
it to explicitly decommit as early as possible.

This call-for-bids message, once created, is passed to the market session,
which makes it available to all of the appropriate suppliers (those who are reg-
istered with the market, and are able to perform the necessary tasks.)

In this sense, the call-for-bids message is public, while all of the remaining
messages are private. Before forwarding it, the market session may check the
message to make sure that it conforms to all market and exchange rules which
may exist.

3.2 Bidding

Each supplier will inspect the call-for-bids, and will decide whether or not it
should respond with a bid, according to its resources, time constraints, and
knowledge of the work to be done, according to the catalog of services provided
by the market agent.

If it chooses to respond, it will send a bid message, which will be private (i.e.
other suppliers will not see the contents of the bid). This bid message can include
a combination of subtasks, which must be a subset of the subtasks listed in the
call-for-bids. The content and number of bid messages will be monitored and
may be recorded by the market session, before they are validated and forwarded
to the customer.

In the bid, the supplier must indicate the cost (to the customer), the time
window, and the estimated duration of the work for the whole subtask com-
bination, and this same data for each of the separate subtasks (please see the
explanation for this in the next section). The bid-accept deadline must also be
included, as well as a penalty function for each subtask which the customer will
have to pay if it commits to giving this supplier the work but then decides to
decommit. This penalty function will have the same structure as the supplier
penalty function.

Each supplier can send multiple bids for each call-for-bids, each including
different costs and time windows, but each supplier will be awarded only one bid
combination (or part of one). This is to enable the supplier to send many bids,
but not over commit itself.

This bid is a commitment by the supplier to do work listed in the bid, should
the customer accept it. If the supplier sends no bid message before the customer’s
bid deadline, the customer will assume that the supplier has decided not to send
a bid for this particular call for bids. Thus, rejection is passive.

3.3 Bid acceptance

Having received the bids, the customer must decide which of the bids to
accept, using knowledge about the bids, the task and subtask values, its own
time constraints and the bidder (perhaps provided by the market agent). After
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completing this process, the customer must decide to do one of three things for
each bid that it has received:

1. accept the whole bid,
2. accept a subset of the subtasks in the bid, or
3. reject the bid (passive rejection).

The motivation for these choices is to make open-ended negotiation unnec-
essary. If no acceptable set of bids together would cover every subtask to the
satisfaction of the customer, then the customer can avoid negotiation because
it knows how the supplier will break down the costs of the accepted subtasks,
should it become necessary for the customer to accept a subset of the original
bid combination.

This scheme in conjunction with the time-based decommitment penalty func-
tions makes it possible to avoid open-ended negotiation without loss of generality.

The bid-accept message will be sent through the market session, which will
verify, validate and time-stamp it before forwarding it to the customer. Note
that either of the first two choices are commitments to give the supplier the
work and at the point in time that this message is sent (according to the market
session’s time stamp), both the supplier and the customer penalty functions will
be set into effect.

A failure to send a bid-accept message means the customer is rejecting the
supplier’s bid.

Once commitments have been made, an agent may determine that it cannot
do the tasks it has committed to, or that it would disadvantageous to do so.
In these situations, the agent must send a decommitment message to the other
agent, describing what parts of its commitment it will not be satisfying. Included
in the decommitment messages will be an acknowledgment of the penalty that
the agent will be paying as a result of the decommitment.

3.4 Release

As the plan progresses, Release messages are used to inform supplier agents
that they may begin work on portions of the plan for which they have been
awarded bids. Failure to release prior to the suppliers latest start time constitutes
decommitment on the part of the customer, and a penalty will be assessed by
the Session.

3.5 Decommitment

Once bids are awarded, either party may choose to decommit and pay a penal-
ty. The ability to decommit makes this a “leveled commitment” protocol. This
is a requirement in many real-world contracting domains, and Sandholm and
Lesser [21] have shown that the ability to decommit permits agreements to be
reached in situations where no agreement would otherwise be possible.

Decommitment is only valid prior to delivery, and the penalty is not dis-
counted in the case where a discounted multi-element bid was awarded.
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3.6 Delivery and acceptance

The protocol is completed with messages that signify delivery by the supplier and
acceptance of delivery by the customer. Failure to deliver prior to the deadline
agreed to in the bid constitutes supplier decommitment, and the supplier will
be assessed the decommitment penalty by the Session. For present purposes, we
will assume that settlement is outside the scope of the system.

4 An Algorithm for Bid Evaluation

In this section we consider the specific problem of evaluating bids in a Plan Ex-
ecution by Contracting situation. In general it is not enough to merely compare
prices, because the set of bids accepted must constitute a complete and feasible
plan. We have chosen a local improvement search [22,27] over a constructive
search for three reasons:

– There is a straightforward mechanism for constructing a baseline feasible
solution.

– The time-dependent nature of the negotiation protocol requires that the
search be completed within a fixed period of time. Boddy and Dean [3] have
characterized this type of search as an anytime search. In [2], Boddy has
further characterized the requirements for anytime problem solving using
performance profiles.

– Since the search space for this problem is well-structured, a systematic,
domain-specific search algorithm such as the one we propose here appears
more suited than the generic methods described in [16].

We consider a typical contracting situation in which the customer’s call-
for-bids is comprised of a group of subtasks. We use bid break-downs to avoid
open-ended negotiation among agents, but for simplicity, we do not consider
temporal factors such as bid deadlines or time-based decommitment penalties.
Accordingly, a bid by a supplier is a subset of these subtasks with an associated
cost or price for the whole bid.

In addition, each bid includes a cost for individual subtasks that make up the
bid. The bid cost may represent a discount over the sum of the costs of individual
subtasks contained in the bid. To satisfy a subtask the customer agent has the
option of choosing the whole bid from a given supplier, or selecting individual
bid elements from various suppliers.

A typical contracting situation is depicted in Figure 5, where the customer
agent has issued a call-for-bids comprised of four subtasks S1, S2, S3, and S4.
Suppliers have submitted 3 bids, each containing a subset of these subtasks.
Finally, the customer, after evaluating the bids, has accepted parts of bids 1 and
3 and all of bid 2. In this case, the customer would pay the full price for subtasks
S1 and S4 as specified by bids 1 and 4, respectively. However, subtasks S2 and
S3 may have been obtained at a discount price since the customer has accepted
the complete bid.
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Fig. 5. A Typical contracting situation

We now present our bid selection algorithm. The goal is to find the best
combination of bids and parts of bids (selecting only some of the subtasks from
a bid, and ignoring the discount) to cover the entire set of subtasks specified by
the call-for-bids.

The algorithm has two phases. First, we build an initial solution from the best
individual subtask prices. If there are no bids for one or more of the subtasks, no
initial solution can be constructed and the algorithm terminates. If a solution
exists, we try to improve the initial solution by applying discounts from the
various bids. Because each bid represents a single discount, we conduct our
search by bid, not by subtask.

Each solution is represented by a node in a list of feasible solutions. We start
the list by creating an initial solution, storing it in what we call the origin node,
and placing the origin node in the feasible solution list.

Each node, which represents a solution to the problem, includes a list of
subtasks, the price of each subtask, which bid is covering each subtask, whether
each subtask is part of a discount (false for all subtasks in the origin node), and
the total discount amount (zero in the origin node).

In the algorithm, we use the notation node.bidID[i] to indicate the bid
identifier of subtask i in the node node, node.price[i] to indicate the price
of subtask i, node.discount?[i] to indicate if subtask i is part of a discoun-
t. node.T otalDiscount indicates the total discount, node.DiscountedPrice the
discounted price, and node.T otalPrice the total price of the solution. We will
use a similar notation to indicate the components of a bid.
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/* initialize origin node */
create origin node;
origin.T otalDiscount← 0;
for each subtask ∈ SetofTasks do

origin.bidID[subtask]← unassigned
origin.price[subtask]←∞
origin.discount?[subtask]← false

/* construct an initial solution (if one exists) */
for each bid ∈ SetofBids do

for each subtask covered in bid do
if origin.bidID[subtask] = unassigned

or bid.price[subtask] < origin.price[subtask]
then origin.price[subtask]← bid.price[subtask]

origin.bidID[subtask]← bid.bidID[subtask]
solution?← true
for each subtask ∈ SetofTasks do

if origin.bidID[subtask] = unassigned then solution?← false
if solution? = false then exit /* no solution exists */
add origin to SolutionList /* a solution exists */

/* improve the initial solution by applying one or more discounts */
for each bid ∈ SetofBids do

for each node in SolutionList do
discounted?← false
for each subtask covered in bid do

if node.discount?[subtask] = true then discounted?← true
if discounted? = false

/* there is no subtask overlap for the discounts */
then create a new node current

for each subtask in bid do
current.price[subtask]← bid.price[subtask]
current.bidID[subtask]← bid.bidID[subtask]
current.discount?[subtask]← true

current.T otalDiscount← node.T otalDiscount + bid.discount
current.T otalPrice←∑

subtask∈SetofTasks current.price[subtask]
current.DiscountedPrice←

current.T otalPrice− current.T otalDiscount
if current.DiscountedPrice < node.DiscountedPrice
then add current to TemporaryList
else discard it

add the nodes from TemporaryList to SolutionList
sort SolutionList in decreasing order by DiscountedPrice

the first node in SolutionList is the best solution
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Let us now consider a detailed example of this procedure. In this example,
we consider a call-for-bids on four subtasks. Suppose that, in response to the
call-for-bids, three bids are received by the customer agent:

1. Bid 1 covers subtasks 1, 3 and 4 for 130 units with subtask 1 at 50 units,
subtask 3 at 50 units and subtask 4 at 45 units (15 units discount).

2. Bid 2 covers subtasks 2 and 3 for 95 units with subtask 2 at 60 units and
subtask 3 at 70 units (35 units discount).

3. Bid 3 covers subtasks 1 and 4 for 95 units with subtask 1 at 75 units and
subtask 4 at 40 units (20 units discount).

The origin node is formed by taking the smallest individual price for each
subtask, thus:

Origin Parent Node: None
subtask bidID price discount?

1 1 50 false
2 2 60 false
3 1 50 false
4 3 40 false

total price: 200
total discount: 0
discounted price: 200

We now try to form a child node for each node in the list using the Bid 1
discount. Since there is only one node in the list, and none of its subtasks are
marked as discounted, we make a child node:

Node 1 Parent Node: Origin
subtask bidID price discount?

1 1 50 true
2 2 60 false
3 1 50 true
4 1 45 true

total price: 205
total discount: 15
discounted price: 190

Since the discounted price is indeed less than the discounted price of its
parent, we add this node to the list. We now try to create children using the Bid
2 discount. From the Origin Node we can make a child:
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Node 2 Parent Node: Origin
subtask bidID price discount?

1 1 50 false
2 2 60 true
3 2 70 true
4 3 40 false

total price: 220
total discount: 35
discounted price: 185

Since the discounted price is less than the discounted price of its parent, we
add this node to the list. We cannot, however, make a child node from Node 1
(because there is a discount overlap on subtask 3).

We now move on to Bid 3. We can make a node from the Origin Node:

Node 3 Parent Node: Origin
subtask bidID price discount?

1 3 75 true
2 2 60 false
3 1 50 false
4 3 40 true

total price: 225
total discount: 20
discounted price: 205

This node is not added to the list. Its discounted price is actually above the
price of its parent (in this case the origin node).

We cannot make a child from Node 1 using Bid 3 because of the overlap on
subtasks 1 and 4. We can, however, make a child of Node 2:

Node 4 Parent Node: Node 2
subtask bidID price discount?

1 3 75 true
2 2 60 true
3 2 70 true
4 3 40 true

total price: 245
total discount: 55
discounted price: 190

This node is not added to the list, because though it is cheaper than the
Origin Node, it is not cheaper than its parent node (Node 2).
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There are now a total of three nodes in the list, and the cheapest price can be
found in Node 2. Though that node contains higher subtask prices than the origin
node, it contains enough discount to make it the least expensive combination.

The number of nodes created by this algorithm is highly dependent on the
interaction between the number of bids, subtasks, price variation, and discount.
We shall examine the results of some of these interactions in the next section.

Our algorithm conducts a systematic search on a finite space, so the algorithm
is complete. It finds the optimal solution because it creates all non-conflicting
discount combinations. Combinations which are not considered as solutions are
rejected because they increase the total price. Since the algorithm starts with
a solution and only combinations that decrease the price are considered, the
algorithm has an anytime behavior. The algorithm can be terminated any time
and will return the best solution found so far. Given additional time, it will
produce a better solution, if one is available.

5 Experimental Evaluation

In order to observe the behavior of this algorithm under different circumstances,
we constructed a set of experiments using the following parameters:

– The number of subtasks in the call-for-bids. We tried 10, 20 or 30 subtasks.
– The number of bids (suppliers). We tried 10, 20, or 30 suppliers.
– The mean percentage of subtasks that suppliers will include in their bids.

This percentage was fixed at 30% for one set of experiments, and was varied
randomly within the 10 to 60% range, for another set of experiments.

– The price range that suppliers can bid for each subtask. We tried allowing
the price to vary widely (10-100) or narrowly (80-100).

– The percentage discount that suppliers will offer in their bids. This was
picked with a uniform distribution within the range 0-40%.

All of the subtasks were considered to be of equal importance and were
bid by the suppliers up to a price of 100 units each. Subtask ordering and other
temporal considerations were ignored. For each experiment, ten different bid sets
were produced with the same parameters, and the number of nodes examined
to complete the search was computed.

Figures 6 and 7 illustrate the results for these experiments. Figure 6 shows
the results for two sets of experiments, one in which the percentage of subtasks
per bid was fixed at 30% and another with the percentage varying in the range
of 11-60%. In both cases, the bid prices varied from 10 to 100 units. Figure 7
shows the results of another two sets of experiments using the same subtask
percentage parameters, but using a bid price range of 80-100 units.

Comparing Figures 6 and 7, we can see that when pricing is allowed to
fluctuate widely, the number of nodes searched decreases as the number of bids
increases. When prices are constrained in their range, however, the number of
nodes increases as the number of bids increases. This is due to the fact that, in the
unconstrained scenario, there is an increased chance of bids being overpriced with
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Fig. 6. Price varying from 10 to 100 unit

Fig. 7. Price varying from 80 to 100 unit



120 Erik Steinmetz et al.

respect to the lowest price, even when considering their discount. This, in turn,
results in an increase in the number of nodes discarded. In a typical contracting
situation we should expect the price range not to have a large variance. Therefore
it would be desirable for the customer agent to receive fewer bids, as illustrated
in Figure 7.

When the subtask percentage (the percentage of subtasks that can appear in
a bid) is allowed to vary up to sixty percent, some of the bid sets have a large
number of subtasks, which causes the number of nodes searched to decrease
as the number of subtasks increases. In general, the larger is the percentage of
subtasks in each bid, the better the algorithm performs. At one extreme, if no
bid contains multiple subtasks only one node is expanded. At the other extreme,
if each bid includes all the subtasks, the algorithm is linear in the number of
bids.

In Figure 8 we compared the performance of this algorithm with a standard
A∗ algorithm, using a minimum cost heuristic. As the figure shows, the number
of nodes expanded by A∗ grows very rapidly. A comparison with other branch
and bound algorithms [10] is planned for the near future.

No. of No. of A∗ Anytime
Subtasks Bids Algorithm

4 4 137 2.6
4 6 350 2.3
4 8 695 1.8
6 4 659 2.7
6 6 3682 2.1
6 8 7367 1.9
7 4 4830 2.3
7 6 22104 1.5

Fig. 8. Number of nodes expanded by A∗ and by the anytime algorithm for
a variety of problems. For all the experiments the price range is between 10
and 100 units, the percentage of subtasks each suppliers includes in the bids is
between 30% and 80%. The table shows the average number of nodes expanded
in 10 runs for each experiment.

From these results we can see that the interesting parameters to explore
should be when the percentage of subtasks that can appear in a bid is small
and both prices and discounts are kept in a reasonable range. Under these con-
ditions, the space searched can become very large with larger numbers of bids
and subtasks. In order to use the anytime property of this algorithm, it may
become useful to sort the bids (and thus guide the search space) by the percent-
age discount given. When the algorithm is interrupted, it will have already tried
to apply the better discounts, and so should produce a cheaper solution than
looking at the bids in a random order.
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In a further experiment, we limited the prices and discounts to a reasonable
range. The prices were kept between 80% and 100% of the highest price, and
discounts were allowed only up to 30% of the total price of a bid. Further, the
subtask percentage was kept at 10%. We then looked at the effect of varying the
number of bidders from 20 to 45 and the number of subtasks from 20 to 45.

The following table shows the results of our experiments. Each cell shows the
mean number of nodes expanded for trials in which a feasible solution existed.
Ten trials were attempted for each cell. Assuming that decisions to bid on in-
dividual subtasks are independent events, the probability that all subtasks will
be bid on by at least one bidder is P = (1− (1− p)m)n, where m is the number
of bidders, n is the number of subtasks, and p is the probability that a bidder
will bid on a subtask. It should be noted that the variance in these numbers is
rather high; typically, σ > 0.6X.

Bidders 20 25 30 35 40 45

Subtasks

20 364 1352 8125 27591 72465 201827
25 2190 6827 15384 34064 66510 88380
30 1366 3271 19244 45595 85348
35 2767 9613 21659 31409 55318
40 4088 7493 21257 34133
45 4445 7167 16136 32795

Fig. 9. Number of nodes expanded by the anytime algorithm for a price range
between 80 and 100 units, the probability of a subtask being included in a bid
is 10%. Empty cells had no instances of full subtask coverage in 10 runs.

Under these conditions, it appears as though the number of nodes searched
increases exponentially with the number of bidders when the number of sub-
tasks is kept constant, approximately doubling with every five bidders added.
The number of nodes searched decreases, however, as the number of subtasks
increases for a constant number of bidders, which also increases the probability
that some subtasks will be included in only one or a very small number of bids.

There are two ways this information could be used by a customer agent in
the MAGNET system: before the Call For Bids is issued, and after bids are
received:

– if a customer agent has a priori knowledge of the likely number of bidders and
the bid density (expected number of subtasks per bid), then the structure of
the Call For Bids could be manipulated to both increase the probability of
achieving plan coverage, and to reduce the search effort. Such manipulation
could be done by choosing plan expansions with more or fewer elements,
or with different levels of hierarchical breakdown. The necessary a priori
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knowledge could be gathered by the Market as contracting activity proceeds
under its jurisdiction;

– after bids are received, a simple measure of the bid density and degree of
overlap could be used to estimate the required search effort. If the predicted
effort was greater than the available time, then a different search strategy,
such as simulated annealing, might be chosen in order to achieve broad
coverage of the search space, while sacrificing detailed examination.

6 Related Work

In recent years, a variety of architectures have been proposed for electronic
commerce and multi-agent automated contracting [4,9,13,15,17,24,25].

In addition to the work on virtual market architectures, several protocols
have been developed and proposed that support automated contracting and
negotiation among multiple agents in such markets [11,18,19,20]. Automated
contracting protocols generally assume direct agent-to-agent negotiation. For
example, Smith [23] pioneered research in communication among cooperating
distributed agents with the Contract Net protocol. The Contract Net has been
extended by Sandholm and Lesser [19] to self-interested agents.

In these systems, agents communicate and negotiate directly with each oth-
er. On the other hand, in the MAGNET system [7], the proposed architecture
and the associated protocol for automated contracting utilize an external and
independent market infrastructure to reduce fraud and counterspeculation a-
mong self-interested agents. In contrast to Sandholm’s protocol [20], MAGNET
avoids the need for open-ended negotiation by means of bid break-downs and
time-based decommitment penalties, as described more in detail in [6].

A primary motivation behind the design of our proposed protocol and mar-
ket framework is to support automated contracting. This sort of problem is
often found in public contracting and it is useful, in general, in multi-enterprise
manufacturing.

Existing architectures are generally designed for the kind of commercial ac-
tivity that involves buying and selling of physical or electronic goods over a
distributed electronic environment such as the Internet. They do not explicit-
ly support more complex interactions such as those in a contracting domain
where customer agents formulate plans and use the negotiation process to gain
commitment from multiple supplier agents for the execution of these plans.

To the extent that we require the existence of an external market mechanism
as an intermediary, our proposed framework is similar to that of Wellman’s
market-oriented programming used in AuctionBot [26]. AuctionBot supports
a variety of auction types each imposing a set of market rules on the agent
interactions. Hence, the auctions, themselves, become the intermediaries. The
entity that sets up the auction can specify certain parameters for the auctions.
In contrast, our framework provides explicit market mechanisms which can not
only specify and enforce auction parameters, but also support more complex
interactions. Furthermore, these market mechanisms also enforce general market
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rules and “social laws”, such as government regulations, by which all participants
must abide. Rosenschein and Zlotkin [18] showed how the behavior of the agents
can be influenced by the set of rules that the system designers choose for the
agents’ environment.

In Rosenschein and Zlotkin’ study [18] the agents are homogeneous, and the
assumption is that there are no side payments. In other words, the goal is to
share the work, not to pay for work. Sandholm’s agents [19,20,1] redistribute
work among themselves by a contracting mechanism. Unlike Rosenschein and
Zlotkin, Sandholm considers agreements involving explicit payments.

7 Conclusions and Future Work

In this paper we have presented an overview of the MAGNET automated con-
tracting system, and preliminary results of our work in developing an anytime
algorithm that can choose the best combination of bids in real time on a reason-
ably sized problem. Our proposed algorithm has been developed as part of the
MAGNET contracting market framework [7]. It compares favorably with algo-
rithms that build solutions (for example, a constructive A∗ search of the subtask
space).

Our experimental evaluation suggests that the algorithm searches very ef-
ficiently and expands a small number of nodes before producing the optimal
solution. The algorithm can be interrupted at any time and will return the best
solution found so far. Our results also affirm the common sense notion that there
is a tradeoff between cost of computation and opportunity for optimization.

It has been observed that there is often a form of phase transition situa-
tion that separates easy from hard problems [5]. This observation has produced
significant results in the context of propositional satisfiability (SAT) problems
(see, for instance, [14,12]. It would be worthwhile to explore if specific heuristics
adapt better to either of these extremes, and to study the effect of alternative
pruning tactics on hard problems in the domain we have described here.

There are extensions to this algorithm that we are considering. First, we
plan on including other factors in the cost of bids, such as the reliability of
the supplier, or the desirability of the customer to deal with a specific supplier,
Second, we plan on extending the algorithm to include time considerations in
addition to price. The best bid could be the one that accomplishes the task at
the most appropriate time for the customer, not the one that has the lowest
price.
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Abstract. Automated negotiation has been of particular interest due to
the relevant role that negotiation plays among trading agents. This paper
presents two types of agent architecture: Case-Based and Fuzzy, to model
an agent negotiation strategy. At each step of the negotiation process
these architectures fix the weighted combination of tactics to employ
and the parameter values related to these tactics. When an agent is
provided with a Case-Based architecture, it uses previous knowledge and
information of the environment state to change its negotiation behaviour.
On the other hand when provided with a Fuzzy architecture it employs
a set of fuzzy rules to determine the values of the parameters of the
negotiation model. In this paper we propose an evolutionary approach,
applying genetic algorithms over populations of agents provided with
the same architecture, to determine which negotiation strategy is more
successful.

1 Introduction

Negotiation in multi-agent systems is one of the main research lines in multi-
agent systems [18] and has been studied from different points of view: economics
[22], dialectics [27] or coordination [4]. Recent growing interest in autonomous
agents and their application in areas such as electronic commerce has given
more importance to the problem of automated negotiation. Agents negotiate
to coordinate their activities and come to a mutual agreement. In many cases,
this automated negotiation requires different behaviours for different negotiation
situations. We not present any experiments results, we only made an outline
proposal.

We explore an existing model of negotiation [15] based on a set of mutually
influencing two-parties, many-issues negotiation. This model relies on strategies
and tactics to define the agent’s negotiation behaviour (i.e. to determine which
offers should be accepted and which rejected, what counter-offers should be
generated and when). The model has been already applied upon a real-world
business process management system [15] in which the agents need to agree as
to who should perform a particular service under what terms and conditions.
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Since this model can operate in a wide range of environments and has a large
number of parameters, Genetic Algorithms (GA) appear to be a good means
of determining its performance through an empirical evaluation (see previous
results in [19]).

In this paper we extend this previous work by exploring the combination
of an evolutionary approach with two types of agent architecture: Case-Based
and Fuzzy. Both architectures determine, at each step of the negotiation, which
combination of tactics is more useful and which are the best tactic parameters.
Over a family of agents with the same architecture we use an evolutionary ap-
proach to determine which individual instantiation of each type of architecture
is preferred.

Case-Based Reasoning has received a lot of attention over the last years, and
has been employed with good results in many areas, including negotiation [24].
We use this technique to determine the combination of tactics and the parameter
values to use at each moment of the negotiation by looking at the similarity of
the current negotiation to previous cases kept in a case base. The successful
negotiations that an agent performs following a specific role (seller or buyer) are
kept in the case base for later retrieval. The most similar case is adapted to the
current situation by a set of adaptation fuzzy rules.

As an alternative route, we propose agents that use a set of fuzzy rules to
model the strategy of the negotiation process for an agent. A subset of these
rules determines the general behaviour of the agent, and the other adjusts the
weights and the parameters of the tactics considering the information of the
agent’s mental state. With the combination of both kind of rules we obtain a
weighted combination of tactics and their associated parameter values.

Over these architectures we make an evolutionary approach using GAs to
analyse the behaviour of both kinds of agents architecture. This approach was
chosen because GAs have been shown to find good solutions for problems of this
nature [3]. The long term goal of this research is to study the dynamics of agents
populations.

This paper presents a preliminary view of these two types of architectures, not
the experimental results and is structured as follows: Section 2 summarises the
service-oriented negotiation model presented in [23]. Section 3 gives an example
of scenarios in which we apply this model. Sections 4 and 5 describe the two
agent architectures. Section 6 describes the general steps of the GA. Section 7
places our work in context and Section 8 outlines the avenues of further research.

2 The service-oriented negotiation model

This section outlines the main components of the service-oriented negotiation
model presented in [23]. The majority of the justification for particular design
choices and much of the detailed explanation of the negotiation behaviour has
been omitted.

This multi-lateral negotiation model is based on a set of mutually influencing
two-parties, many-issues negotiations. In service-oriented negotiations, agents
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can adopt two possible roles that are, in principle, in conflict. Let Agents denote
the set of agents in the system and let the conflicting roles be denoted by the
set of agents: Sellers and Buyers.

Negotiations can range over a number of quantitative (e.g. price, duration,
and cost) and qualitative (e.g. type of reporting policy, and nature of the con-
tract) issues. The set of issues used by each agent can change during the negoti-
ation process, increasing or decreasing the number of issues. Quantitative issues
in negotiation are defined over a real domain (i.e x[j] ∈ Dj = [minj, maxj ]).
Qualitative issues are defined over a totally ordered domain (i.e x[j] ∈ Dj =
〈q1, · · · , qn〉). When an agent receives an offer (x = (x[1], · · · , x[n])) where n is
the total number of issues), it rates it by using a function that combines the
scores of the different issues. For the purposes of this paper we can see it as a
linear combination:

V a(xt) =
∑

1≤j≤n

wa
j (t)V a

j (xt[j])

where wa
j (t) is the importance of issue j for agent a at time t1.

Each agent has a scoring function V a
j : Da

j → [0, 1] that gives the score
agent a assigns to a value of issue j in the set of its acceptable values Da

j .
For convenience, scores are kept in the interval [0, 1], and scoring functions are
monotonous for quantitative issues. If the score of the received offer is greater
than the score of the counter offer the agent would send at this point, then the
offer is accepted. If the pre-established constant deadline (tamax) at which the
negotiation must have been completed by agent a is reached, the offer is rejected
by a. Otherwise, a counter offer is submitted.

Let xt
a→b represent the vector of values proposed by agent a to agent b at

time t, and xt
a→b[j] be the value for issue j proposed from a to b at time t.

Given any two agents negotiating we will call agent a to the agent that initiate
the negotiation process and b to the other agent. A Negotiation Thread between
agents a, b ∈ Agents, at time tn ∈ T ime, noted Xtn

a↔b, is any finite sequence of
length n of the form (xt1

a→b, x
t2
b→a, xt3

a→b, . . . ) with t1 < t2 · · · < tn, where for each
issue j, xi

a→b[j] ∈ Da
j , xi+1

b→a[j] ∈ Db
j with i = 1, 3, 5, . . . , and optionally the last

element of the sequence being one of the particles {accept, reject}. last(Xtn

a↔b)
is a function returning the last element in a sequence.

Offers and counter-offers are generated by lineal combinations of functions
called tactics. A tactic generates a value for a single negotiation issue based upon
a single criterion: time remaining, resources remaining and/or the behaviour of
the opponent. If multiple criteria are important in determining the value of a
negotiation issue, then multiple tactics can be applied to the issues. In this
case, the tactics are assigned a weight to indicate their relative importance. As
the negotiation proceeds, new criteria may become relevant and the relative
importance of existing criteria may vary. To reflect this fact, an agent has a

1 The weights associated to the issues are defined by each agent at the beginning of the
negotiation, but can change later due to external causes or to the agent’s interests.
We assume the weights are normalised.
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strategy which varies the weights of the different tactics over time in response to
various environmental and negotiation cues (section 2.3).

2.1 Quantitative Case

Time-dependent tactics These tactics model the fact that the agent is likely
to concede quicker as the deadline for the negotiation approaches. We model
the offer of agent a to agent b for issue j at time 0 ≤ t ≤ tamax, by a function
αa : t→ [0, 1],

xt
a→b[j] =

{
mina

j + αa(t)(maxa
j −mina

j ) If V a
j is decreasing

mina
j + (1− αa(t))(maxa

j −mina
j ) If V a

j is increasing

A wide range of functions can be defined simply by varying the way in which
αa(t) is computed. Here we use a family of polynomial functions parameterised
by a value β ∈ R

+ that determines the convexity of the curve:

αa(t) =
(

t

tamax

) 1
β

This expression represents an infinite number of possible tactics, one for each
value of β. However, to better understand their behaviour, we have classified
them into two sets which show clearly different patterns of behaviour: Boul-
ware (don’t start conceding until the deadline is nearly up) with β � 1, and
Conceder (start giving ground fairly quickly) with β � 1.

Resource-dependent tactics These tactics generate counter-offers depending
on how a particular resource, in this case the time, is being consumed; they
become progressively more conciliatory as the quantity of resource diminishes:

αa(t) = e−(ta
max−t)

Behaviour-dependent or Imitative tactics These tactics base their actions
on the behaviour of their negotiation opponent [2]. The new offer is calculated
in the following way:

x
tn+1
a→b [j] =




mina
j if P ≤ mina

j

maxa
j if P > maxa

j

P otherwise

The tactics differ depending on which aspect of the opponent’s behaviour they
imitate and to what degree, determine by the factor P .

1. Relative Tit-For-Tat (Relative-TFT)
The agent reproduces, in percentage terms, the behaviour that its opponent
has performed δ ≥ 1 steps ago:

P =
x

tn−2δ

b→a [j]

x
tn−2δ+2
b→a [j]

x
tn−1
a→b [j]
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2. Absolute Tit-For-Tat (Random-TFT)
The same as Relative TFT except that the behaviour is imitated in absolute
rather than percentage terms.

P = x
tn−1
a→b [j] + x

tn−2δ

b→a [j]− x
tn−2δ

b→a [j]

3. Averaged Tit-For-Tat (Average-TFT).
The agent uses the average of the percentage change in a window of size
λ ≥ 1 of its opponents history to determine its offer.

P =
x

tn−2λ

b→a [j]
xtn

b→a[j]
x

tn−1
a→b [j]

2.2 Qualitative Case

In this work we admit only ordered qualitative variables Dj = 〈q1, · · · , qn〉. For
this kind of variables the aforementioned tactics need some transformation. We
must redefine values like mina

j or maxa
j . When we need to use a qualitative

issue’s value in a tactic equation, we use instead of the qualitative value, the
score related to the value. In the same way the mina

j and maxa
j values are

related to the maximum and minimum scoring of the variable. For instance for
the Relative Tit-For-Tat tactics:

x
tn+1
a→b [j] =




mina
j if P ≤ mina

j

maxa
j if P > maxa

j

P otherwise

the transformation is the following:

P =
V a

j (xtn−2δ

b→a [j])

V a
j (xtn−2δ+2

b→a [j])
V a

j (xtn−1
a→b [j]), mina

j = min
q∈Da

j

{V a
j (q)}, maxa

j = max
q∈Da

j

{V a
j (q)}

For the qualitative case, each tactic give as a result an score value, x
tn+1
a→b [j] ∈

[0, 1]. In the next section we explain how the agent conform the qualitative offer.

2.3 Strategies

The aim of a negotiation strategy is to determine the best course of action to
reach an agreement. When agent a receives an offer from agent b, it becomes the
last element in the current negotiation thread between the agents. If the offer
is unsatisfactory to a, the agent a generates a counter-offer. In generating its
counter-offer, a may use the information of mental state and different weighted
combinations of tactics for each of the negotiation issues. More formally, an agent
(a) has a representation of its mental state (MSt

a) at time t, which contains
information about its beliefs, its knowledge of the environment (time, resources,
etc.), and any other attitudes (desires, goals, obligations, intentions, etc.).
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Given a negotiation thread between agents a and b at time tn, Xtn

a↔b, over
domain D = D1×· · ·×Dp, with last(Xtn

a↔b) = xtn

b→a, and a finite set of m tactics2

T a = {τi|τi : MSa → D}i∈[1,m], where MSa is the representation of its mental
state for all time t, a weighted counter proposal, x

tn+1
a→b , is a linear combination of

the tactics given by a matrix of weights

Γ
tn+1
a→b =




γ11 γ12 . . . γ1m

γ21 γ22 . . . γ2m

...
...

...
...

γp1 γp2 . . . γpm


 .

defined in the following way:

x
tn+1
a→b [j]=(Γ tn+1

a→b ∗ T a(MS
tn+1
a ))[j, j]

=γj1(τ1(MS
tn+1
a ))[j] + γj2(τ2(MS

tn+1
a ))[j] + · · ·+ γjm(τm(MS

tn+1
a ))[j]

With (T a(MS
tn+1
a ))[i, j] = (τi(MS

tn+1
a ))[j], γji ∈ [0, 1] and for all issues j,∑m

i=1 γji = 1. The weighted counter proposal extends the current negotiation
thread as follows:

X
tn+1
a↔b = Xtn

a↔b; x
tn+1
a→b

where ; is the sequence concatenation operation.
For qualitative case x

tn+1
a→b [j] is the weighted combination of all tactics used

by issue j. In subsection 2.2 we mention that the tactics gave as a result a
scoring value. For that reason we apply a pseudo inverse function, V a[−1]

j , over
this weighted counter proposal for obtain a qualitative offer.

V a[−1]

j (xtn+1
a→b [j]) =




q if ∃ q ∈ Da
j and

V a
j (q) = x

tn+1
a→b [j]

minq∈Da
j
{|V a

j (q)− x
tn+1
a→b [j]|} otherwise

This pseudo inverse function give the traditional inverse value if exist and the
qualitative value that has the score more near to the x

tn+1
a→b value.

Given a set of tactics, different types of negotiation behaviour can be obtained
by weighting the tactics in a different way. That is, by changing the matrix Γ
— particular to each negotiation thread.

A Negotiation Strategy for agent a is any function f such that, given a’s men-
tal state at time tn, MStn

a , and a matrix of weights at time tn, Γ tn

a→b, generates
a new matrix of weights for time tn+1, i.e.

Γ
tn+1
a→b = f(Γ tn

a→b, MStn
a )

The main point in every step of the negotiation process is then to determine
both, which weighted combination of tactics to employ and the value of the
2 This definition uses the natural extension of tactics to the multi-dimensional space

of issues’ values.
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parameters associated with these tactics. Our goal is to make an evolutionary
study of how two different agent architectures allow us to create a negotiation
strategy and determine which strategy is more successful. In this paper we study
two of these architectures: Case-Based and Fuzzy. In figure 1 their schemes are
presented.

Set of Fuzzy 

Fuzzy RulesCase-Based Reasoner

Agent nAgent 2 ... Agent n

Population Population

Negotiation
Strategies

Current Case

Rules

Genetic Algorithm Genetic Algorithm

Agent 2Agent 1

Fuzzy Rules
Adaptation Offer

Current
Case

Memory of Cases

Retrieval
Case

Agent 1 ...

Offer

Environment
Environment

Fig. 1. Main components of the agent architecture.

3 Negotiation in a Real Estate Agency

In this section we describe a real domain, a Real Estate Agency, that will be
used to exemplify our negotiation model. In a Real Estate Agency there is a
set of properties that need to be sold. In this domain there are two main agent
roles, seller that represents the interests of a Real Estate Agency and buyer
that represents the interests of a customer. Seller agents need to sell a house
(preferable the one with higher profit for the agency) and buyers want to buy a
house with specific features.

In this example, artificial agents represent the interests of a human buyer or
seller. If a person needs to buy a house he wants to visit as few properties as
possible; this is why the person might be willing to instruct an agent with a set
of features that represent his desires in order to obtain a house that meets his
needs. The coordination of different buyer agents negotiating at the same time
with different Real Estate Agencies is not treated here.
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The agents so delegated negotiate over a set of issues that describe the char-
acteristics of the house, for instance:

• Surface • Price
• District • Brightness
• Number of rooms • Number of bathrooms
• Floor number • Elevator
• Garage • Address

The seller agent has a complete information of all the properties on sale at
the Real Estate Agency. However, in some cases the buyer agent does not have
a clear opinion on his preferences on the mentioned issues. The seller agent,
during the negotiation, usually includes new issues to enrich the description of a
house. Then, the buyer uses this new information to compare and discriminate
better among the different offers made by the seller. That is, its utility function
gets extended to consider the new issues introduced. In so doing, the buyer tries
to obtain a complete description of the properties, negotiating over the set of
issue mentioned before. Usually the agents try to adjust either the issues related
to the description of the house and later the price issue. They negotiate until
they obtain an agreement, in this case a property that satisfies both sides, if any
exists, or one of them withdraws.

4 Case-Based Negotiating Agents

Case-based reasoning solve a new problem by adapting a previous similar sit-
uation [1,25]. Using CBR terminology, a case in negotiation can be thought of
as a negotiation process that has been stored in a specific way and that can be
reused in solving new negotiation processes. The main tasks that a case-based
negotiating agent has to deal with are the representation of the negotiation cas-
es in its case base, the retrieval of a past case similar to the new one and the
adaptation of its solution to the current negotiation process. In figure 1 we are
described the main components old a CB reasoner. From the memory of cases
the most similar case to the actual negotiation is retrieval. This selected case
is then adapted considering the environmental information. Then the new offer
is calculated using the weighted combination and the parameters gave by this
case.

We denote by CB the Case Base. In CB we only keep track of the negotiation
processes that reach an agreement, that is, that have the following final thread:
Xtn

c = {xt1
c , · · · , xtdeal

c , accept} where tn = tdeal + 1. Now we analyse in detail
the main parts of the CBR cycle.

4.1 Case Representation

The Case Base for any agent a, is composed of a set of cases that represent past
negotiation processes. This Case Base is extended by the negotiations performed
by agent a and the negotiations performed by other agents with the same role as a
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(seller or buyer). An agent can communicate successful cases to agents following
the same role when meeting during the evolutionary computation (see section
6). The cases that belong to other agents will be considered like a negotiation
performed by agent a and, to simplify, we incorporate then in the case base by
substituting the name of the other agent by a. We represent a case as a vector
that keeps values of the following components:

1. Problem Description
– Good: the good which was negotiated.
– tdeal: the time that negotiation takes.
– tmax: the maximum time for the negotiation, tmax ≥ tdeal.
– Init: this value determines who began the negotiation, 1 if agent a start-

ed, 0 otherwise.
– Issues: the vector of the subsequent sets of issues involved in each step of

the negotiation process, i.e. Issues =
[
[j1, j2, j3], [j1, j3], · · · , [j1, j4]

]
. The

vector is indexed by time instants, i.e. Issues[t1] = [j1, j2, j3], Issues[t2] =
[j1, j3].

– Weights: the vector of the subsequent vectors of relative importance
values assigned by the agent to each issue during the negotiation, i.e.
Weights =

[
[wj1 , wj2 , wj3 ], [wj1 , wj3 ], · · · , [wj1 , wj4 ]

]
.

– Thread : the vector that keeps offers and counter-offers made during the
negotiation.

– Valuation: the relative importance of this case. This value quantifies
the contributions that this case made in the resolution of other cases
(Valuation ∈ [0, 1]) The updating of this value is explained in section
4.4.

– Utility: this quantity indicates how well the negotiation resulted by com-
paring the utility of final deal with the utility at the Nash equilibrium
point [5].

Utility = tanh
(

V a(xtdeal
c )

V a(xNash
c )

)

where xtdeal
c is the final deal, and xNash

c represents the deal that would be
made at the Nash equilibrium point. We use the monotonically increasing
function tanh: < → [0, 1] (hyperbolic tangent) to keep the value of utility
in the interval [0,1].

2. Solution
– Gammas: sequence of matrices of weights Γ employed by agent a during

the negotiation.
Gammas = (Γ1, · · · , Γp) where p is the number of times that agent a
participates (makes offers) during the negotiation.

– Parameters: the vector that keeps the value of the parameters of each
one of the tactics used in each step of the negotiation.
Parameters = [(Par1

τ1
, Par1

τ2
, ...Par1

τm
), · · · , (Parp

τ1
, Parp

τ2
, ...Parp

τm
)]

where τi denote tactics from the families of tactics defined in Section 2.
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Example: Now let us see an example of case representation for a negotiation
process in a Real Estate Agency. Two agents, a seller b and a buyer a negotiate
during 5 units of time. In the first steps of the negotiation process the set of
issues was S1 = {Address, Surface, Number of Rooms, Brightness, Price} and
later the seller agent b added a new issue Garage , so S2 = {Address ,Surface,
Number of Rooms, Brightness, Price, Garage}. Agent a began the negotiation
process and used only 3 tactics, from the following families: Boulware, Conceder
and Relative TFT. The offers and counter-offers are shown in the following ne-
gotiation thread: Xt5

a↔b = {xt1
a→b, x

t2
b→a, xt3

a→b, x
t4
b→a, xt5

a→b, accept} where:

xt1
a→b = [?, 140m2, 4, Very Bright , £400k]

xt2
b→a = [#21, 60m2, 4, Slightly Bright , £400k]

xt3
a→b = [?, 120m2, 4, Very Bright , £400k]

xt4
b→a = [#69, 120m2, 3, Bright , £600k, true]

xt5
a→b = [#69, 120m2, 3, Bright , £500k, true]

The sign = in the negotiation thread represents that the value of the com-
ponent at this position is the same as the previous one in the vector. Then the
representation of this negotiation process in the Case Base of agent a would be:

[
House, 5, 7, 1, [S1, S1, S1, S2, S2],

[
[0.1, 0.23, 0.23, 0.14, 0.3], =,

Good, tdeal, tmax, Init, Issues, Weight[t1 ], Weight[t2 ],

=, =, [0.1, 0.2, 0.15, 0.1, 0.4, 0.05]
]
,

Weight[t3 ], Weight[t4 ] Weight[t5 ]

[
xt1

a→b, x
t2
b→a, xt3

a→b, x
t4
b→a, xt5

a→b, accept
]
, 0.3, 0.5

Thread∗ Valuation Utility

([
[0.4, 0.3, 0.3], [0.5, 0.2, 0.3], [0.5, 0.1, 0.4], [0.4, 0.4, 0.2], [0.7, 0.1, 0.2]

]
, =,

Γ 1, Γ 2,[
[0.9, 0.05, 0.05], [0.9, 0.05, 0.05], [0.9, 0.05, 0.05], [0.9, 0.05, 0.05], [0.7, 0.1, 0.2],

Γ 3,

[0.9, 0.05, 0.05]
]) [

(0.02, 5, 2), =, =
] ]

Par1 Par2 Par3

The vector Pari = (0.02, 5, 2) contains the value of the parameters related with
the tactics employed by agent a, in this case (βboulware, βconceder, δrelative). In
the last step of the negotiation, agent a behaves in a more boulware way for
all the issues for which it agrees on the value (agent a doesn’t want to change
these values) and only concentrates in adjusting the price of the house. That is
shown in the value of the Γ matrix, [0.9, 0.05, 0.05]. The value ? for an issue j is
handled like a don’t care value which has scoring zero, V a

j (?) = 0.
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4.2 Case Retrieval

The case retrieval process is executed concurrently with the other activities of
a case-based agent. When an agent sends an offer, it immediately begins to
retrieve those cases that are more similar to the current negotiation from its
Case Base. When it receives a counter-offer to its offer it is incorporated into
the negotiation thread and used to finally select the most similar case from those
that were obtained in the meantime. We denote by N the current negotiation
represented in the same format used for the cases stored in the Case Base CB .
The goal of this task is to find the case in CB most similar to N . We can see a
graphical representation of this process in figure 2.

Agent a Agent b

Initial OfferNegotiation
Activation

b

Filtering

F subset 

Best Case

Adaptation

t

t

a b

a

X

t

a b

t

b a

t

a
n+2

b

1

1

n+1

x

X

x

x

aX b

t
n+2

Selection

n+1

Case Base

of cases

Fig. 2. Case Retrieval.

Filtering Not all cases stored in CB can be compared with N for different
reasons. For instance, because the set of issues considered in each step of the
negotiation and the duration of the negotiation are different. This is why we
build a subset F selecting from CB those cases that satisfy all the following
criteria:

1. Class of tdeal. We divide CB into two classes that depend on the value of
tdeal with respect to a cut value θ:
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– Short tdeal: C ∈ F1 iff C ∈ CB and C[tdeal] ≤ θ

– Large tdeal: C ∈ F1 iff C ∈ CB and C[tdeal] > θ

The rationale here is that the negotiation strategies are radically different
depending on how much time is available.

2. Duration of negotiation. With t being the time consumed so far in the
current negotiation, we select the cases with a duration longer than the
value of t, but not longer than the tmax defined in N . This is an important
criterion, again because the negotiation strategies strongly depend on the
time that the agent has to negotiate [10]. These conditions can be expressed
by:
C ∈ F2 iff C ∈ CB and t < C[tdeal] ≤ N [tmax]

3. Sets of Issues. We select the cases from CB that contain at least the set of
issues of N for each step of the negotiation, to make the comparison between
them possible.
C ∈ F3 iff C ∈ CB and ∀k ≤ t S(N [Issues, k]) ⊆ S(C[Issues, k]) where
S is a function that transforms a vector into a set.

4. Who began the negotiation? Only the cases in which the agent that
began the negotiation is the same as in N are considered. C ∈ F4 iff
C ∈ CB and C[Init ] = N [Init ].

Hence, we define F as the set of cases that satisfy all criteria, that is, C ∈ F iff
C ∈ F1 ∩ F2 ∩ F3 ∩ F4

Final Selection The cases that satisfied all the aforementioned criteria compose
the set F from where we will select the most similar case with respect to the
current negotiation. The similarity at time t between the case N and all the
cases C ∈ F is measured in the following way:

Sim(N, C, t) = ρ1 ∗
t−1∑
k=1

2k

t(t− 1)
∗ Sim Step(N, C, k) + ρ2 ∗ C[V aluation]+

ρ3 ∗ C[Utility]

In this similarity measure we take into account three factors:

– The similarity between the offers of both cases for all previous instance k
of the negotiation (Sim Step(N, C, k) ∈ [0, 1]). With the factor 2k

t∗(t+1)
3 we

concede an increasing importance to the similarity of the offers in the last
steps of the negotiation.

– The Valuation of the case, that shows how much this case has contributed
to the solution of other cases (C[V aluation] ∈ [0, 1]).

– The utility obtained by this case during the negotiation (C[Utility] ∈ [0, 1]).

3 ∑t−1
k=1

2k
t(t−1)

= 1; so we employ this component as a weighting mechanism that
produces a normalised output.
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The factors ρi ∈ [0, 1], i = 1, 2, 3, determine the relative relevance of the
three elements mentioned in the similarity measure and satisfy: ρ1 +ρ2 +ρ3 = 1.
The similarity of cases will change by varying the value associated with each ρi,
for example: if we give more importance to ρ3, associated with the C[Utility], we
prefer cases which are better off in the negotiation, i.e. whose scoring was better
or nearest to the scoring at the Nash equilibrium point.

The similarity degree between two offers takes into account the similarity
between the issues of both cases and is defined as:

Sim Step(N, C, k)=
in∑

j=i1

AE

(
V a

j (N [Thread , k, j])
V a

j (N [Thread , k + 1, j])
∗ V a

j (C[Thread , k + 1, j])
V a

j (C[Thread , k, j])

)

∗N [weights, k, j] ∗ Sim Weight(N, C, k, j)

with N [issues, k] = [i1, · · · , ink
]. In this function we take into account:

– The similarity between the vector Thread for both cases. We consider a
quotient between the scoring value for issue j in the step k and the scoring
for the same issue in the step k+1. This quotient is computed for both cases,
N and C, and then the quotient of both is the argument of the function
AE = Almost Equal that shows how close to 1 was the result. For example,

AE =
{

x if x ≤ 1
1/x if x > 1

– The weight for issue j in N at step k (N [weights, k, j] ∈ [0, 1]). We give more
importance to the similarity between those issues that agent a considers
more relevant in the current step of negotiation.

– The similarity between the vectors of weights of the case C and N
(Sim Weight(N,C, k, j) ∈ [0, 1]). The relative importance that the agents gave
to the issues under the negotiation determine in some way how similar the
strategies to adopt in each step of this process can be. For this reason we
consider the similarity between the vectors of weights as a factor in the overall
step similarity. We prefer cases with a similar importance to the issues. The
similarity between the vectors of weight is calculated in the following way:

Sim Weight(N, C, k, j) =

∣∣∣N [weights, k, j]− C[weights,k,j]
ℵ(N,C,k)

∣∣∣
nk

ℵ(N, C, k) =
in∑

j=i1

C[weights, k, j]

with N [issues, k] = [i1, · · · , ink
]

The sets of issues for both cases are not necessarily the same. We compute
the similarity related with the set of issues involved in the case N . For that
reason we must normalise the weights of that set of issues for the case C,
that is the factor ℵ(N, C, k).
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Incremental Computation of Similarity We use an incremental way of
computing the similarity between cases in F and the current case N . This is
done for efficiency reasons. Immediately after agent a sends an offer at time t,
it begins to compute a provisional similarity (Sim(N, C, t)) to profit from the
waiting time. When the counter part answers, the agent incorporates the new
information, the offer just received, by actualising its thread and adjusting the
similarity of the cases stored in F with the objective of selecting the most similar
case.
The similarity between N and all the cases C ∈ F is then computed in the
following way:

Similarity(N, C, t) = ρ1 ∗ Sim(N, C, t) + ρ2 ∗ C[V aluation] + ρ3 ∗ C[Utility]
Sim(N, C, 0) = 0

Sim(N, C, t) =
t

t + 1
∗ Sim(N, C, t− 1) +

2
t + 1

∗ Sim Step(N, C, t)

Where Sim Step(N, C, t) is as mentioned before. The value Sim(N, C, t) is
kept by each agent and is used in the next step t to avoid calculate the same
quantity.

4.3 Adaptation

The case with the highest similarity contains the vector of Parameters t+1 and the
Γt+1 matrix; these elements are to be used in the next step of the negotiation
process. However, this solution can be improved by adapting the values of the
Parameters t+1 and the Γt+1 to the current mental state (MSt+1

a ). This adaptation
process is modelled by a set of Adaptation Fuzzy Rules. These rules represent
conditions of the environment in which the agent acts and determine variations
in the value of the parameters of the tactics and the γij ’s. In general these rules
follow the following pattern:

RULEi : IF x1 is Ai1 and ... and xn is Ain THEN y is Bi

where x1, · · · , xn and y are the mental state variables and Ai1, · · · , Ain, Bi

are linguistic labels of the variables x1, · · · , xn, y in the universe of discourse
U1, · · · , Un, V of the variables. An example of linguistic labels could be:{high,
medium, low}. These linguistic labels are characterised by their membership
functions Aij : Uj → [0, 1], j = 1, · · · , n; Bi : V → [0, 1] and have a trapezoidal
shape. For more details see [26].

In general the rule conditions express a state of the environment and the
negotiation tactics. The rule consequents change the weighted combinations and
the tactic parameters. A variation in a γij generates automatically a normalisa-
tion of the rest of gammas.

Example: In the domain of the Real Estate Agency, we could have the following
fuzzy rules:
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IF highway is near and γprice,boulware is medium THEN 4βboulware is
negative small

IF park is near and γprice,boulware is high THEN 4γprice,conceder is
positive high

The linguistic labels positive high represents a big positive number and negative
small a small negative number. If the first rule applies, the agent will behave

in a more boulware fashion in all issues by decreasing its βboulware value. On the
contrary (second rule) if a park is near the house and the agent’s attitude to the
price is mainly boulware, it will become more conceder, i.e. the γprice,conceder

related to the conceder tactic increases the value and via the normalisation
process γprice,boulware will decrease.

4.4 Retain

If the result of the negotiation is satisfactory, i.e. last(Xtn

N ) = accept , the new
case is stored in CB . Moreover, the Valuation of all C ∈ CB is updated by
assigning a positive reinforcement to the cases that contributed to steps of the
solution (r = 0) and negative reinforcement if not (r = 1):

C[Valuation ] = C[Valuation ] + δ ∗ (1− C[Valuation ])

δ = k ∗ (−1)r ∗ tanh
(

V a(xtdeal

N )
V a(xNash

N )

)

where δ ∈ [0, 1], xtdeal

N is the final deal, and xNash
N represents the deal that would

be made at the Nash equilibrium point and k = 0.001 is a reduction factor. Like
explained before the function tanh keeps the value of the quotient in [0, 1].

5 Fuzzy Rules

Systems based on fuzzy rules [8,7] have proved to be an important tool to model
complex systems. We had defined a type of agents that use a family of fuzzy
rules to model the negotiation strategy. At each step of the negotiation process
(figure 1) a set of fuzzy rules is applied to the parameters of the tactics involved
in the negotiation step and the weighted combination of these tactics.

Each agent interacts in a specific domain; this is why they must represent
this domain in a way that permits the interaction with other agents in the same
domain. In other words, they need to use an ontology [12] that permits the
representation of objects, concepts that exist in that domain and also relations
between them. We assume, for the purpose of using GA as will be seen later in
section 6, that this ontology is common, and that the fuzzy rules are built on
top of it using the same syntax for all agents.

Similar to the adaptation fuzzy rules of the case-based agents, the rules follow
the following pattern:
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RULEi : IF x1 is Ai1 and ... and xn is Ain THEN y is Bi

where x1, · · · , xn and y are the mental state variables and Ai1, · · · , Ain, Bi

are linguistic labels of the variables x1, · · · , xn, y in the universe of discourse
U1, · · · , Un, V of the variables. These linguistic labels are characterised by their
membership functions Aij : Uj → [0, 1], j = 1, · · · , n; Bi : V → [0, 1] and have
a trapezoidal shape.

In general we can divide the set of fuzzy rules in two classes:

– Rules of general behaviour. These rules define the general conduct of the
agent. They determine how an agent reacts during a negotiation, i.e. with a
more boulware, conceder or imitative behaviour.

– Rules of the Mental State. These rules analyse the environment to adjust the
parameters and the weighted combination of tactics. The mental state rules
have a higher priority because are more specific, that is, more informed.

Example: In the domain of the Real Estate Agency we could have the following
rules:

1. Rules of general behaviour. Like in the adaptation fuzzy rules of the Case
Base architecture, these rules change the value of the γi,j ’s and the value of
the parameters associated with each tactic. However, these rules take into
account other aspects such as the general conduct of the agent. For instance,
the following rules describe the behaviour (the dominant tactic) depending
on the current of negotiation stance and the behaviour of the opponent.

– IF remaining time is medium THEN 4γj,tft is positive high

If the remaining time that the agent has to negotiate is medium then the pos-

sibilities to interact with the contrary are bigger. Under these conditions the

imitative tactics have more opportunities to assess their opponents’ behaviour

and to respond appropriately, hence we increment the value of the γj,tft for all
issues j.

– IF average(last opponent offers) is high conceder and γj,conceder is high

THEN 4βconceder is negative small

The agent analyses the last offer received and if the opponent, in av-
erage, has conceded, and if the conceder tactic is the domain tactic for
all issues j, then the agent carries out a small decrease in its conceder
behaviour to try to exploit the opponent.

2. Rules of the Mental State. These rules cause variations on the weighted com-
binations and the parameter values depending on the knowledge of the agent
about the negotiation context.
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– IF agency is going bankrupt and γprice,conceder is medium THEN

4γprice,boulware is positive high

If the Real Estate Agency is going bankrupt and we are not very tough
in negotiating price, we change it by making the agent behave in a more
boulware way, because it has, in such conditions, a higher opportunity
of getting a lower price for a property.

– IF time on sell is long and γj,tft is high THEN
4γj,boulware is positive high

If the Real Estate Agency has a property that wasn’t sold for a long period

we can obtain more profit by not conceding in the same way as the agency,

because if the house has not been sold for a long time, means probably that its

price is far beyond the reasonable one. In other words we should not imitate

the conceding steps of the agency in the same amount, hence we increase our

boulware behaviour for all issues.

– IF wbright is high and house is bright and γsurface,boulware is medium THEN

βboulware=1

The agent behaves less boulware if it gives a lot of importance to bright-
ness and it is a feature of the house being offered.

Gamma Matrix

Parameters of tactics

offer

Fuzzyfication DefuzzificationMental State Rule Evaluation Normalisation

Fig. 3. Main Components of a Fuzzy Agent Architecture.

The handling of this set of rules is done by the following steps (see Figure
3):

1. Fuzzification. The membership functions of the input variables about the cur-
rent negotiation thread and the weighted tactics are applied to their actual
values to determine the truth degree of each condition.

2. Rule Evaluation. In this process the truth value of the premise of each rule
is propagated to the conclusions. The result of this process is the assignment
of a fuzzy subset to some output variables.
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3. Defuzzification. Our goal is to determine a new matrix Γ and values for the
parameters associated to each tactic, for this reason we need to obtain an
exact value for these variables. There are several defuzzification methods to
obtain a crisp value from a fuzzy subset and its associated truth degree, but
we employ the centroid method, where the crisp value of the output variables
corresponds to the value of the centre of gravity of the membership function
of the fuzzy value [26].

4. Normalisation. Finally, a normalisation of the values of gamma, Γ , obtained
by defuzzification is done.

6 Evolving the negotiation strategies

GAs generate a sequence of ever improving (“fitter”) populations as the out-
come of a search method modelled by a selection mechanism, crossover (recom-
bining existing genetic material in new ways) and mutation (introducing new
genetic material into the population by random modifications) [11]. In our case
we employ the GA to make an evolutionary approach of the Fuzzy Rules, of
fuzzy agents, and the Case Base and the Adaptation Fuzzy Rules associated
with Cased-Based agents. We form a population, where each agent becomes an
individual, and model as genetic material the different sets of rules and/or the
case base. The overall aim of the search in all cases is to find a set of rules and a
base of cases which are optimally adapted for particular negotiation situations.
Even though we have two kinds of populations to analyse, Fuzzy and Case-Based,
(see Figure 4) the general steps for the GA are the same.

.
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Ontology Set of Rules

Agent 1

Ontology Set of Rules

Agent n
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Set of Rules
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Set of Rules

Set of Rules

Agent 2
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Set of RulesOntology

Agent 2

Ontology

Ontology
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 Fuzzy PopulationCB Population

Case Base

Case Base

Case Base

Fig. 4. Types of Populations
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In this section we develop its basic schema —indicating how rules and cases
are encoded as genes (section 6.1), how the fitness of the agents is computed
(section 6.2), and how the search algorithm operates in detail (section 6.3).

6.1 Codification

Fuzzy. Every fuzzy agent has a set of Fuzzy Rules. Each individual in a pop-
ulation represents an agent, and the genes that conform it are the codification
of the linguistic labels involved in the set of rules (the ontology of the agen-
t) followed by the codification of its fuzzy rules (see Figure 5). Linguistic labels
have the form of trapezoidal-shaped functions, and for each one we represent the
4-tuple (aj , bj , cj , dj) that describes its shape, that is, Aij , Bi ∈ {A1, · · · , Ap}
where p is the maximum number of linguistic labels on the ontology, and Aj =
(aj , bj , cj , dj) 1 ≤ j ≤ p.

The dimension of the set of fuzzy rules differs from one agent to another. We
consider the length of the individual’s genetic code to be equal to the cardinality
of the biggest set of rules in the current population and denote it by

r = max
agenti∈P t

{card(FRagenti )}

Where P t is the population in the generation t. If the number of rules of an
agent is smaller than r the remaining positions of the vector codifying them are
filled in with zeros.

Ontology Rules

a1 b1 c1 d1 a2 b2 c2 d2 · · · ap bp cp dp x1
1 A11 x1

2 A12 · · · y1 B1 · · ·
A1 A2 Ap R1

Rules

xr
1 Ar1 xr

2 Ar2 · · · yr Br

Rr

Fig. 5. Fuzzy Agent Codification.

Case-Based.
Case-based agents have a Case Base and a set of Adaptation Fuzzy Rules; both

components evolve in the genetic process. Each individual in the population
represents an agent and the genes are past cases stored in CB, the codification
of the linguistic labels involved in the set of rules (the ontology of the agent)
followed by the codification of the adaptation fuzzy rules. We represent the past
cases by an identifier and we codified the ontology of the agent and the set of
adaptation fuzzy rules in the same way as mentioned for the Fuzzy agents.
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For the Case Base we have fixed a maximum number of cases (M Cases).
We controlled the number of cases in CB selecting those cases with the best
Valuation . Cases stored in the Case Base are genes of the individuals in the
population. The dimension of the Case Base differs between agents. We consider
the length of the individuals’ genetic code to be equal to the cardinality of the
biggest Case Base in the current population

mc = min
(

M Cases , max
agenti∈P t

{card(CBagenti)}
)

If the number of cases of an agent is smaller than mc the remaining positions of
the vector codifying them are filled in with zeros.

Cases Ontology Rules

c1 c2 · · · cmc a1 b1 c1 d1 · · · ap bp cp dp x1
1 A11 x1

2 A12 · · · y1 B1 · · ·

A1 Ap R1

Rules

xr
1 Ar1 xr

2 Ar2 yr Br

Rr

Fig. 6. Case-Based Agent Codification.

6.2 Measuring a strategy’s fitness

An agent’s fitness value indicates how well it performs in comparison to others in
the same population. Following basic evolutionary ideas, fitness also determines
the agent’s chance of surviving to the next population generation —the higher
the value, the more likely the agent will be to reproduce. To compute an agent’s
fitness we play a round-robin tournament in which each buyer b ∈ Buyers
negotiates with each seller s ∈ Sellers. Then, we score each agent with a value
that measures how well it performed and this score becomes the agent’s fitness.

The fitness function compares the utility associated with the deal and the
utility associated with the Nash equilibrium point (the point at which the sellers’
and the buyers’ scoring functions are equal [5]). The more positive the difference,
the more successful the agent’s behaviour. The cost involved in attaining a deal is
taken into consideration by associating a charge with each message interchange
—the more messages exchanged in coming to a deal, the higher the associated
cost. With these two components in place, a non-subjective, cost-adjusted fitness
function (fa) can be defined:

fa(Xtn
c ) =

{
V a(xtdeal

c )− V a(xNash
c )− τ(Xtn

c ) if last(Xtn
c ) = accept

−V a(xNash
c )− τ(Xtn

c ) otherwise (1)
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where xtdeal
c is the final deal, and xNash

c represents the deal that would be made
at the Nash equilibrium point. Communication cost is modelled as: τ(Xtn

c ) =
q ∗ |Xtn

c | where q is a constant. Varying the value of q allows us to change the
relative importance of the communication cost in the fitness computation.

6.3 Algorithm steps

The GA ’s basic operation can be characterised by the following schema:

P 0 population given by an expert;
While not(Stopping Criterion) do

Make the population negotiate;
Calculate the fitness of all the individuals in the current P t population;
Mating pool MP = Tournament Selection(P t);
Best strategies BestMP = Best Individuals(MP );
Remaining strategies R = Crossover&Mutation(MP − BestMP );
P t+1 = BestMP + R

end while

1. Generation of the first population. The initial population represents the
search’s starting point and it is created by taking the set of fuzzy rules or
adaptation fuzzy rules defined by the expert and a case base for each agent.

2. Selection Process. All GAs use some form of mechanism to chose which
individuals from the current population should go into the mating pool that
forms the basis of the next population generation. To be effective, the selec-
tion mechanism should ensure that as diverse a range of fit agents make it
into the mating pool as possible (especially in the early stages). A selection
mechanism which is known to work well in such circumstances is Tournament
Selection [6]. Tournament selection works in the following way: k individuals
are randomly chosen from the population. The individual with the highest
fitness among the selected k is placed in the MP. This process is repeated
N times, where N is the size of the population. k is called the tournament
size and it determines the degree to which the best individuals are favoured
[20]. For this reason, it is the mechanism we employ to select from P t those
individuals that will reproduce. Tournament selection works in the following
way: t individuals are randomly chosen from the population. The individual
with the highest fitness among the selected t is placed in the mating pool.
This process is repeated N times, where N is the size of the population. t
is called the tournament size and it determines the degree to which the best
individuals are favoured [20]. Once the mating pool has been created, H in-
dividuals with the highest fitness in the pool are selected. These individuals
will definitely form part of the new population. The rest of individuals in the
next population, R, are created by applying crossover and mutation to the
remaining individuals in the mating pool. Thus, the next generation (P t+1)
is composed of the H best individuals of the old population plus a number
of newly created ones.
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3. Crossover Process. This mechanism exchanges genetic material between
individuals. We randomly select two individuals from the population.
c crossover points are then randomly chosen and sorted in ascending or-
der. Then, the genes between successive crossover points are alternately ex-
changed between the individuals. For the characteristics of our codification,
for fuzzy agents we set two crossover regions, one where the ontology of
the agent is codified and the other where the fuzzy rules are codified (in
Figure 5 the two regions are separated by |||). We give a different crossover
probability to each region, that is Pontology and Prules. We made this distinc-
tion because we want to make less variations (exchange) in the ontology of
the agents, Pontology < Prules. Similarly for the case-based agents we define
Pcases, Pontology and Prules. These regions are separated by ||| (see Figure
6).

4. Mutation Process. Mutation is another technique to create individuals in
new generations. For the Case Base we do not apply mutation because any
variation in a component of a case will most probably produce an undesirable
strategy.
In the case of fuzzy rules, the genes related with the linguistic variables of
an individual, that is, the ontology, are given a chance Pm of undergoing
mutation. When a gene is selected for mutation we change the scaling factor
of one linguistic label involved in the set of rules. This kind of variation affects
directly all the rules that contain that particular linguistic label as part of
a condition or in the conclusion. Thereby we consider a low probability of
mutation.

5. Stopping Criterion. The simulations stop when the population is stable
(95% of the individuals have the same fitness) or the number of iterations is
bigger than a pre-determined maximum.

The concrete values for the probability of mutation and crossover are not men-
tioned in this paper because we are still at the experimental phase and we have
not completely adjusted these values.

7 Related Work

In this paper we mention several topics from different research areas like negotia-
tion, case-based reasoning, fuzzy logic and genetic algorithms. A complete review
of all related literature is not possible here. Many works have been developed in
each one of these areas, but up to our knowledge none combines these techniques
to obtain a better performance for an agent during a negotiation process.

Research in negotiation models have been pursued in different fields like,
game theory, social sciences and artificial intelligence, making assumptions that
were pertinent for the objective of their study. Our interests lay in the study
of the negotiation process among the agents and not on the outcome. In this
work we employ a negotiation model and we concentrate on how can we find the
best strategies in that model. For this propose we used case-based reasoning and
fuzzy rules to model strategies.
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In the area of case-based reasoning there are several works related with nego-
tiation. For instance, Sycara [24] presented a model of negotiation that combines
case-based reasoning and optimisation of the multi-attribute utilities of the a-
gents. She provided a model of goal conflict resolution through negotiation im-
plemented in the PERSUADER system, a program that resolves labour disputes,
and tested her system using simulations of such domains. Our approach differs
from this previous work in that we employ case-based reasoning to determine
in each step of the negotiation the best performance of the agent by selecting
the weighted proposal combinations and the parameters associated with a set
of tactics. We also make to evolve the case base and the adaptation fuzzy rules
trying to find the best performance. With this evolutionary process the agents
interchange cases and rules to find an optimal set of cases and rules that allow
to obtain a better scoring during the negotiations.

Many researchers have explored the use of genetic algorithms to tune fuzzy
logic controllers. One of the pioneers on this was C. Karr [16], who used GAs
to modify the membership function in the term sets of the variables used by
a fuzzy controller. In the same line Herrera, Lozano and Verdegay [14], used a
real encoding for a four-parameter characterisation of a trapezoidal membership
value in each term set. Each rule used by the fuzzy control was represented by the
concatenation of the membership values. The population was the concatenation
of all rules so represented. In our case we use GAs to make evolve a set of fuzzy
rules that model negotiation strategies in one case or that adapt the solution
obtained by a case-based agent. We make genetic evolution over the linguistic
labels (the ontology) of the agent and also, during the genetic process, the agents
interchange rules to find an optimal performance.

Others researchers have also attempted to use GAs and co-evolutionary pro-
gramming to find optimal interaction strategies. For example, Oliver [21] does
consider negotiation strategies where each negotiating agent is a chromosome and
the parameters of the negotiation model are genes in the chromosome. However,
his negotiation model is much simpler. (Offers are accepted if they have a util-
ity over a preset threshold and he encodes counter-offers as part of the genetic
material which means they have limited sophistication.) The extra complexity
required by our model means additional work was needed when designing the
population evolution mechanism.

8 Conclusions and Further Work

In this paper we presented the main technical ideas of our current work on auto-
mated negotiation. We presented two agent architectures for negotiation, Case-
Based and Fuzzy. Three basic techniques: Case-Based Reasoning, Fuzzy Sets and
Genetic Algorithms are used as the basis to make an evolutionary analysis of ne-
gotiation strategies. Case-based agents, in each step of the negotiation, use it
past information (case base) to retrieve a similar case to the current negotiation
and adapt it by means of fuzzy rules. Fuzzy agents conduct their behaviour by
means of a set of fuzzy rules. Over both architectures we make an evolutionary
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study applying GA, to determine the best strategy for the negotiation model
mentioned in this paper.

Many aspects of these architectures need to be studied and adjusted during
the experimental process that is currently ongoing. We think that this combina-
tion technique is a step forward the design of flexible and accountable trading
agents.
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Abstract. Auction-based electronic commerce is an increasingly inter-
esting domain for AI researchers. In this paper we present an attempt
towards the construction of trading agents capable of competing in multi-
agent auction markets by introducing both a formal and a more prag-
matical approach to the design of bidding strategies for buyer agents
in auction-based tournaments. Our formal view relies on possibilistic-
based decision theory as the means of handling possibilistic uncertainty
on the consequences of actions (bids) due to the lack of knowledge about
the other agents’ behaviour. For practical reasons we propose a two-fold
method for decision making that does not require the evaluation of the
whole set of alternative actions. This approach utilizes global (market-
centered) information in a first step to come up with an initial set of
potential bids. This set is subsequently refined in a second step by means
of the possibilisitic decision model using individual (rival agent centered)
information induced from a memory of cases composing the history of
tournaments.

1 Introduction

Auctions are an attractive domain of interest for AI researchers in at least two ar-
eas of activity. On the one hand, we observe that the proliferation of on-line auc-
tions in the Internet —such as Auctionline1, Onsale2, InterAUCTION3, eBay4

and many others— has established auctioning as a main-stream form of electron-
ic commerce. Thus, agent-mediated auctions, and more generally agent-mediated
institutions[18], appear as a convenient mechanism for automated trading, due
mainly to the simplicity of their conventions for interaction when multi-party
negotiations are involved, but also to the fact that on-line auctions may suc-
cessfully reduce storage, delivery or clearing house costs in many markets. This
popularity has spawned AI research and development in auction servers[28,23]
1 http://www.auctionline.com
2 http://www.onsale.com
3 http://www.interauction.com
4 http://www.eBay.com

P. Noriega und C. Sierra (Eds.) AMET-98, LNAI 1571, pp. 151–165, 1999.
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as well as in trading agents and heuristics[9,16]. On the other hand, auctions are
not only employed in web-based trading, but also as one of the most prevalent
coordination mechanisms for agent-mediated resource allocation problems (f.i.
energy management[29], climate control[12], flow problems[27]).

¿From the point of view of multi-agent interactions, auction-based trading
is deceivingly simple. Trading within an auction house demands from buyers
merely to decide on an appropriate price on which to bid, and from sellers,
essentially only to choose a moment when to submit their goods. But those
decisions—if rational—should profit from whatever information may be available
in the market: participating traders, available goods and their expected re-sale
value, historical experience on prices and participants’ behaviour, etc. However,
richness of information is not the only source of complexity in this domain.
The actual conditions for deliberation are not only constantly changing and
highly uncertain—new goods become available, buyers come and leave, prices
keep on changing; no one really knows for sure what utility functions other agents
have, nor what profits might be accrued—but on top of all that, deliberations
are significantly time-bounded. Bidding times are constrained by the bidding
protocol which in the case of DBP5 auctions—like the traditional fish market6—
proceeds at frenetic speeds.

Consequently, if a trading agent intends to behave aptly in this context, the
agent’s decision-making process may be quite elaborate. Clearly, the problem of
choosing a successful bidding strategy by a trading agent in n-agents auction
tournaments is clearly not deterministic and it will depend on many factors, in
particular on the strategies themselves of the other competing agents. As long
as the knowledge the agent will have about the other agents’ strategies will be
usually incomplete, our approach presented in this paper consists in looking at
this problem as a decision making problem under uncertainty.

As in any decision problem, the trading agent has to choose a decision, i.e. a
bid, among a set of available alternatives, taking into account her preferences on
the set of possible consequences in terms of maximising her benefit. In decision
problems, given a (finite) set of situations Sit and a (finite) set of consequences
X , a non-uncertain decision d is represented by a function d : Sit→ X . Then, in
each situation, decisions can be easily ranked using, for instance, a real-valued u-
tility function u : X → < modelling the preferences over consequences. However,
uncertainty may be involved in many different aspects of the decision process, in
particular, in a given situation, we may be uncertain on what the consequences
of a decision are. Classical approaches to decision making under uncertainty as-
sume that uncertainty is represented by probability distributions. In such a case,

5 Downward bidding protocol
6 We will use the expression fish market to refer to the actual, real-world, human-

based trading institution, and FishMarket to denote the artificial, formal, multi-
agent counterpart. Hence, FM96.5 refers to a particular implementation of the Fish-
Market model of the fish market. Notice that we use the term institution in the
sense proposed by North [19] as a ”. . . set of artificial constraints that articulate
agent interactions”.
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if we are in a situation s0 and we know the probability Ps0,d(x) of each possible
consequence x ∈ X of a decision d, then the global utility of the decision d is
usually evaluated as the expected value of u with respect to Ps0,d:

Us0(d) = Σx∈XPs0,d(x)u(x).

This utility is used then to rank decisions (the greater the better). This kind of
approach corresponds to the well-known Expected Utility Theory (EUT) [17],
but it presents some problems and paradoxes, basically related to inferring the
probabilities. Indeed, in our problem of trading agents the working assumption
is that the knowledge the agent has about the other agents’ strategies is reduced
to a memory (or history) of previous successful biddings. In such a framework,
we propose a kind of case-based reasoning to observe behaviour in previous simi-
lar situations. The uncertainty induced in these kind of processes is due to what
extent we may consider two situations similar enough to presume a similar be-
haviour, and this kind of uncertainty is possibilistic rather than probabilistic.
Recently, Dubois and Prade have proposed in [7] a qualitative decision theory
which relies on the basic assumption that uncertainty about a decision problem
is of qualitative nature and representable by possibility distributions over the
set of consequences X . Given a qualitative7 uncertainty scale V , a possibility
distribution π : X → V provides a plausibility ordering on X in such a way
that π(x′) ≤ π(x) means that the consequence x is at least as plausible as x′.
Based on such uncertainty representation, (qualitative) utility functions are de-
fined and characterised by a set of axioms which can be regarded as a qualitative
counterpart of Von Neumann and Morgenstern’s axiomatics for the EUT.

In this work we build on this decision model to design bidding strategies
for trading agents. After this introduction, Section 2 briefly describes the auc-
tion tournament environment. In Section 3, our theoretical decision model is
described. Next section 4 is devoted to explain how this decision model can be
applied to the design of bidding strategies while section 5 presents an heuristic-
based approach for applying our model. Finally, we end up with some conclusions
and an outline of our future work.

2 Auction-based Tournament Scenarios

In [23] we presented FM96.5, an electronic auction house based on the traditional
fish market metaphor as an alternative approach to other proposals for electronic
marketplace architectures(f.i. [25,3]). In a highly mimetic way, the workings
of FM96.5 involves the concurrency of several scenes governed by the market
intermediaries identified in the fish market. Namely, seller agents register their
goods with a seller admitter agent, and wait for receiving their earnings from a
seller manager until the auctioneer has sold them in the auction room. Buyers,
on the other hand, register with a buyer admitter, and bid in the auction room
for goods which they pay through a credit line that is set up and updated with a
7 In the sense that the ordering is the only that matters.
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seller manager. The principal scene is the auction itself, in which buyers bid for
boxes of fish that are presented by an auctioneer who calls prices in descending
order - the downward bidding protocol. Buyer and seller agents can trade goods as
long as they comply with the FishMarket institutional conventions, incarnated
in what we call an interagent [15], which constitutes the sole and exclusive means
through which a trader agent —be it a software agent or a human trader—
interacts with the market institution. An interagent gives a permanent identity to
the trader and enforces an interaction protocol that establishes what illocutions
can be uttered by whom and when.

In order to obtain an auction tournament environment, FM96.5 has been
extended with some innovations that turn it into a multi-agent test-bed, as de-
scribed in [21,22]8. This test-bed permits the definition, activation and evaluation
of a wide variety of experimental trading scenarios (from simple toy scenarios to
complex real-world scenarios) that we shall refer to as tournaments.

A tournament scenario will involve a collection of explicit parameters that
characterize an artificial market. Such parameters define the bidding conditions
(timing restrictions, increment/decrement steps, publicly available information,
etc.), the way goods are identified and brought into the market, the resources
buyers may have available, and the conventions under which buyers and sellers
are going to be evaluated.

In rest of this section we sketch out our simplified9 (formal) view of such
tournament scenarios by introducing some of the elements composing them. We
start by explicitly describing the dynamics of the downward bidding protocol
governing the main activity within the FishMarket :

[Step 1 ] The auctioneer chooses a good out of a lot of goods that is sorted
according to the order in which sellers deliver their goods to the sellers’
admitter.

[Step 2 ] With a chosen good, the auctioneer opens a bidding round by quot-
ing offers downward from the good’s starting price, previously fixed by the
sellers’ admitter, as long as these price quotations are above a reserve price
previously defined by the seller.

[Step 3 ] Several situations might arise during this round:

Bids: One (or several) buyer(s) submit his/their bids at the current price.
If there is only one bid, the good is sold to the bidder. Otherwise, a
collision comes about, the good is not sold, and the auctioneer restarts
the round at a higher price.

No bids: No buyer submits a bid at the current price. If the reserve price
has not been reached yet, the auctioneer quotes a new lower price, other-
wise the auctioneer declares the good withdrawn10 and closes the round.

[Step 4 ] The first three steps repeat until there are no more goods left.
8 The sof tware package of this test-bed can be donwloaded from the FM project web

page[30] and has been fully reported in [20].
9 The interested reader may refer to [22] for a more thorough discussion.

10 The good is returned to its owner.
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Next, we identify the elements composing a FishMarket -like tournament
scenario by introducing the notion of Tournament descriptor, which intends to
encompass all the information characterizing tournament scenarios using the
above downward bidding protocol. We define a Tournament Descriptor T as
the 6-tuple

T = 〈∆price,B,S, Cr, µ, E〉

where ∆price is the decrement of price between two consecutive quotations ut-
tered by the auctioneer; B = {b1, . . . , bn} is a finite set of identifiers correspond-
ing to all participating buyers, analogously S for the participating sellers; Cr is
the initial endowment of each buyer at the beginning of each auction; µ ∈ M is
the tournament mode whereM = {random, automatic, one auction, fish market,
. . . } is the set of tournament modes; and E is the buyers evaluation function
calculated as the cumulative benefits.

It is of worth noticing that a number of tournament scenarios of varying de-
grees of realism and complexity can be generated by instantiating the definition
above11.

3 Possibilistic-based Decision Theory

In this section we describe the possibilistic-based decision making model that
we shall subsequently employ for designing competitive bidding strategies for
trading agents.

We start by introducing the basics of Dubois and Prade’s possibilistic decision
model[7] (with some simplifications), and then we follow with some extensions
that we propose in order to show how this decision model generalizes other
decision models such as, f.i., Gilboa and Schmeidler’s CBDT[10].

3.1 Background

First of all we introduce some notation and definitions. X = {x1, . . . , xp} will
denote a finite set of consequences, (V,≤) a linear scale of uncertainty, with
inf(V ) = 0, sup(V ) = 1. Pi(X) will denote the set of consistent possibility
distributions on X over V , i.e. Pi(X) = {π : X → V | ∃x ∈ X such that
π(x) = 1}. Finally, (U,≤) will denote a linear scale of preference (or utility),
with sup(U) = 1 and inf(U) = 0, and u : X → U a utility function that assigns
to each consequence x of X a preference level u(x) of U . For the sake of simplicity
here, we make the assumption that U = V = [0, 1].

The working assumption of the decision model is that every decision d ∈ D
induces a possibility distribution π : X → V on the set X of consequences. Thus,
ranking decisions amounts to ranking possibility distributions of Pi(X). In such
a framework, Dubois and Prade [7] propose the use of two kinds of qualitative
utility functions to order possibility distributions. The basic underlying idea is
11 [21] provide examples of several tournament instantiations.
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based on the fact that a utility function u : X → U on the consequences can be
regarded as specifying a fuzzy set of preferred, good consequences: the greater
is u(x), the more preferred is the consequence x and the more x belongs to the
(fuzzy) set of preferred consequences. On the other hand, a possibility distribu-
tion π : X → V specifies the fuzzy set of which consequences are plausible: the
greater π(x), the more plausible is the consequence x. Therefore, a conservative
criterion is to look for those π’s which, at some extent, make hardly plausible
all the bad consequences, or in other words, all plausible consequences are good.
On the contrary, an optimistic criterion that may be used to break ties is to
look for those π’s that, also to some extent, make plausible some of the good
consequences.

For each utility function u : X → U the conservative and optimistic qualita-
tive utilities used in the possibilistic decision model are respectively:

QU−(π | u) = min
x∈X

max(1 − π(x), u(x))

QU+(π | u) = max
x∈X

min(π(x), u(x)).

One can easily notice that QU−(π | u) and QU+(π | u) are nothing but the
necessity and possibility degrees of the fuzzy set u w.r.t. the distribution π [1],
or in other words, the Sugeno integrals of the utility function u with respect to the
necessity and possibility measures induced by the distribution π. Moreover, when
π denotes a crisp subset A (i.e. π(x) = 1 if x ∈ A, π(x) = 0 otherwise), QU−(π |
u) = minx∈A u(x) and QU+(π | u) = maxx∈A u(x), and hence, maximizing QU−

and QU+ generalizes the well-known maximin and maximax decision criteria
respectively. See [6] for an axiomatization of the preference relation induced by
QU−, QU+, and other related utility functions.

3.2 Possible generalizations

It is well known in fuzzy set theory that the necessity and possibility measures
account for a qualitative notion of fuzzy set inclusionship and intersection, re-
spectively. Thus, in terms of fuzzy set operations, the decision criteria above
using the QU− and QU+ functions can be read as the higher the degree of fuzzy
set inclusionship of the π into u, the higher ranking of π according to the con-
servative criterion, while the higher the degree of fuzzy set intersection of π with
u, the higher ranking of π according to the optimistic criterion.

Thus, besides those pure qualitative utilities, one can naturally think of intro-
ducing some other expressions of a more quantitative nature, but still accounting
for a notion of inclusion and intersection. For instance, the most general way of
defining the degree of intersection of π and u is:

dg(π ∩ u) = max
x∈X

(π ∩ u)(x),
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where (π∩u)(x) = π(x)⊗u(x), ⊗ being a t-norm12 operation in [0, 1]. However,
to define a degree of inclusion of π into u, there are at least two ways based on:
(i)to what extent all elements of π are also elements of u; (ii) the proportion of
elements of π ∩ u with respect to the elements of π. The former comes from a
logical view while the latter comes from a conditioning view. They lead to the
following expressions:

– dgl(π ⊆ u) = minx∈X π(x)⇒ u(x),
where ⇒ is a many-valued implication13 function,

– dgc(π ⊆ u) = ‖π∩u‖
‖π‖ ,

where ‖ ‖ denotes fuzzy cardinality14.

At this point, the following remarks are in order.

1. If both π and u define crisp subsets of consequences, then dgl(π ⊆ u) is
either 1 or 0, while dgc(π ⊆ u) is nothing but the relative cardinality of π
inside u, and for both, the degree is 1 only if π ⊆ u.

2. When ⊗ = min and α ⇒ β = max(1 − α, β), we recover the qualitative
utility functions: dgl(π ⊆ u) = QU−(π | u) and dg(π ∩ u) = QU+(π | u).

3. When ⊗ = product, dgc(π ⊆ u) is nothing but the expected value E(u)
of the utility function u w.r.t. to the unnormalized probability distribution
P (x) = π(x), or in other words, the weighted average of the u(x) values
according to the weights π(x). When π comes from a similarity function,
then dgc(π ⊆ u) can be closely related to Gilboa and Schmeidler’s CBDT.

Finally, based on the notions of degree of inclusion and intersection defined
above, we can consider the utility functions U−

∗ (π | u) = dg∗(π ⊆ u), ∗ = l, c,
and U+(π | u) = dg(π ∩ u).

4 Possibilistic-based Design of Bidding Strategies

An agent’s bidding strategy must decide on an appropriate price on which to bid
for each good being auctioned during each round composing the tournament.
Due to the nature of the domain faced by the agent, we must demand that
such bidding strategy balances the agent’s short-term benefits with its long-term
benefits in order to succeed in long-run tournaments.

In what follows we make use of the possibilistic-based decision-making model
described above as the key element to produce a competitive bidding strategy.
12 A t-norm ⊗ is a binary operation (usually continuous) in [0, 1] which is non-

decreasing, commutative, associative, and verifying 1 ⊗ x = x and 0 ⊗ x = 0 for
all x ∈ [0, 1].

13 An implication function ⇒ is a binary operation in [0, 1] which is non-increasing
in the first variable, non-decreasing in the second variable, and verifying at least
1 ⇒ x = x and x ⇒ 1 = 1 for all x ∈ [0, 1].

14 If A denotes a fuzzy subset of X with membership function µA then ‖A‖ =
Σx∈XµA(x)
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4.1 The Decision Problem

For each round composing a tournament scenario, the decision problem for a
trading agent consists in selecting a bid from the whole set of possible bids—
from the starting price down to the reserve price.

In order to apply the possibilistic decision model first we have to identify the
variables involved in the decision problem of our interest.

We model market situations faced by our agent, denoted hereafter b0, as
vectors of features

s = (r, a, τ, g, pα, prsl, κ, E, R)

characterizing round r of auction a such that τ is the type of the good g to be
auctioned, pα is its starting price, prsl is its resale price, κ is the vector of credits
(κi is the credit of buyer bi), E is the vector of scores (Ei is the score of buyer
bi), and R is the number of rounds left.

The decision set D will consist of the set of allowed bids our agent b0 can
submit. Given a new market situation s0, we shall have D = {bid(p) | p =
pα − m.∆price, m ∈ IN, prsv ≤ p ≤ κ(b0)}, where pα and prsv are the starting
and reserve prices in situation s0, and bid(p) means that the agent submits a
bid at price p.

At each round, either the agent (b0) wins, or buyer b1 wins, . . . , or buyer
bn wins by submitting bids at different prices. Therefore, the set X of outcomes
(or consequences) is defined as the set X = {win(bi, p) | i = 0, . . . , n ; p ∈
[prsv +∆price, pα]}, where x = win(bi, p) means that buyer bi wins the round by
submitting a bid at price p.

So, according to the decision model introduced in the previous subsection,
given a current market situation s0, it remains to assess, for each possible decision
(bid) d ∈ D, which are the possibility and utility values π(x) and u(x), for all
x ∈ X , to be able to calculate a global utility for each d (using either QU−,
QU+, or U). This is done in the next subsections.

Hereafter we shall assume that the agent keeps a memory of cases M storing
the history of (past and the current) tournaments, whose cases are of the form
c = (s, b, ps), where b is the buyer who won the round characterized by s (as
defined above) by submitting a bid at price ps.

4.2 Generating possibility distributions from cases

In order to obtain a possibility degree for each consequence in X , we observe the
behaviour of each agent in previous similar situations. Then, the uncertainty on
the behaviour of each agent in front of a new market situation is estimated, as
a possibility degree, in terms of the similarity between the current situation and
those market situations where the agent exhibited that behaviour.

Given the current market situation s0, for each possible bid pd ∈ D , our
agent has to evaluate the possibility of each buyer (including himself) winning
the round, i.e. the possibility of each consequence x ∈ X . Let x = win(bi, p0) be
a consequence and (s, bi, p) a case in M . We shall assume as a working principle
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that “the more similar is (s0, p0) to (s, p), the more possible bi will be the winner
in s0” (a similar principle has been recently considered in a framework of fuzzy
case-based reasoning[4]). If s̃ denotes the fuzzy set of situations similar to s, the
above principle can be given the following semantics:

πs0(win(bi, p0)) ≥ µs̃(s0)⊗ µp̃(p0)

where µs̃ : Sit → [0, 1] denotes the membership function of the fuzzy set s̃ and
µp̃ : Prices → [0, 1] denotes the membership function of the fuzzy set p̃. They
are defined as µs̃(s′) = S(s, s′) and µp̃(p′) = P(p, p′), where S and P are fuzzy
relations on the set of situations and on the set of prices respectively, accounting
for a notion of proximity or similarity.

Therefore, we can estimate the possibility degrees for each bi 6= b0 as:

πs0 (win(bi, p0)) = max
{(s,bi,p)∈M|p≤p0}

µs̃(s0)⊗ µp̃(p0)

for all win(bi, p0) ∈ X . Observe that this defnition ensures that the possibility
of winning is non-increasing with respect to the value of bids (i.e. the lower the
bid, the lesser the possibility of winning).

¿From these possibilities we can construct an initial fuzzy set Bid0
bi

of the
possible winning bids of each participating buyer bi 6= b0 by defining its mem-
bership function as

µBid0
bi

(p) = πs0(win(bi, p))

for all p such that win(bi, p) ∈ X . However this fuzzy set may be further mod-
ified by means of a set of fuzzy rules which attempt at modelling the rational
behaviour of buyers in particular situations that may not be sufficiently de-
scribed by the cases in the memory. For instance, we consider the following set
of fuzzy rules:

if [κ(bi) is high] and [R is very short ] and [E(bi) is low ]
then ∆Bidbi is very positive

if [κ(bi) is medium] and [R is very short ] and [E(bi) is low ]
then ∆Bidbi is slightly positive

expressing heuristic rules describing expected changes in the strategy of a buyer
when only a few rounds are left (R is very short), and he lags behind in the
ranking (E(bi) is low). In these situations, depending on the agents’ current
credit (κ(bi)), the fuzzy rules above model an increase in the agresiveness of the
buyer, at different degrees, by yielding the expected increases (∆Bidbi) in the
agent’s bid. In general, by applying a set of fuzzy rules of that type in the stan-
dard way, we obtain for each buyer a fuzzy set ∆Bidbi representing the expected
variation of the observed bidding strategy of each buyer.

¿From the combination of the initial fuzzy set of possible bids Bid0
bi

with the
fuzzy set of expected variations ∆Bidbi we obtain the final fuzzy set of possible
bids

Bidω
bi

= Bid0
bi
⊕∆Bidbi
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where ⊕ denotes fuzzy addition, i.e.

µBidω
bi

(p) = max{min{µBid0
bi

(p1), µ∆Bidbi
(p2)} | p = p1 + p2}.

Then, we make use of the fuzzy set Bidω to reassign possibilities to each con-
sequence for each bi 6= b0

πs0,pd(win(bi, p)) =

{
µBidω(bi)(p), if 0 < p < pd

0, otherwise

Finally, to estimate the possibility of our agent winning with a bid at price pd

we look into the memory M for those cases such that the sale price was not
greater than pd. Let Mpd

= {(s, bi, p) ∈M | p < pd, bi 6= b0}. Then

πs0,pd(win(b0, p)) =

{
max

(s,bi,p′)∈Mpd

µBidω (bi)(p
′), if p = pd

0, otherwise

These are the possibility values to be utilized when applying our decision model.

4.3 Assessing utilities

Given a new market situation s0, for each consequence x = win(bi, p) our agent
b0 must assess the utility value u(win(bi, p)) at the fact that buyer bi wins
the round by submitting a bid at price p. Several modelling options could be
considered here. As a matter of example we propose here a particular utility
function that aims at modelling an agent that prefers to wait and see when he
is ahead, whereas he becomes more and more agressive when he lags behind in
order to reach the first position in the tournament. It is based on the following
scoring function:

f(bi, s0, p) =
{

k · t, if k ≤ 0
k · t−1, otherwise

where k = (maxj 6=i E(bj))−E(bi) and t = (R−1)/(max(κ(bi)−p, 1) · (prsl−p)),
being prsl the resale price. We assume that prsl − p ≥ 0, and κ(bi)− p ≥ 0, i.e.,
buyers only take into consideration bids that can improve their score whenever
they have enough credit to submit them. In the above definition of f , the factor
(maxj 6=iE(bj)) − E(bi) accounts for the position of buyer bi with respect to
the other buyers in the ranking of scores, the factor prsl − p accounts for the
benefit the agent would make if he wins the round, and the factor R−1

max(κ(bi)−p,1)

estimates the cost of winning the round. Then, based on the scoring function f ,
we propose the following utility function:

u(win(bi, p)) =
{

r(f(b0, s0, p)), if i = 0
r(−f(bi, s0, p)), otherwise

where r is a normalization linear scaling function which makes u to fall into [0,1].
To summarize, given a new market situation s0, the decision process follows

the following steps:
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(i) for each decision d = bid(pd), where pd ∈ D,
(a) for each consequence x = win(bi, p) ∈ X we calculate:

- the possibility πs0,d(x)
- the utility u(x)

(b) the global utility assessed to each decision d will be calculated from either
QU−, QU+, U− or U+ by combining possibilities with utilities.

(ii) Our agent b0 will choose one of the most preferred decision(one decision
valued most by the global utility function).

5 An Heuristic Approach for the Development of
Competitive Bidding Strategies

For each round, the resulting strategy performs a hybrid, two-fold decision mak-
ing process that involves the usage of global(market-centered) probabilistic in-
formation in a first decision step, and individual(rival-centered) possibilistic in-
formation in a second, refining decision step.

The outright use of the possibilistic decision mechanism described above ap-
pears to be prohibitively expensive. Therefore, when facing the design of prag-
matic bidding strategies we must attempt to propose flexible heuristic guidelines
that prevent the agent from evaluating the whole set of alternative actions so that
its deliberation process constrains to time and resource-boundedness. In what
follows we propose a two-folded approach for decision making. In the first step
a set of potential bids (as a subset of the whole set of possible bids) is selected
according to the general trend of the markert. Then, the second step consists of
selecting the best bid for the agent according to the possibilistic decision model
previously described.

We describe next how the first step is put into practice. Let s0 be the current
situation and M the available memory of cases. s0, a first Assuming the principle
that “similar market situations usually lead to similar sale prices of the good”,
the idea is to take advantge of the interpolation mechanism implicit in the fuzzy
case-based reasoning model proposed in [5]. This amounts to consider, for each
case15 (s, p) ∈ M , a gradual fuzzy rule “If Σ is s̃ then Υ is p̃”, where again
s̃ and p̃ stand for the fuzzy set of situations similar to s and the fuzzy set of
prices similar to p respectively; Σ and Υ are variables ranging over situations
and prices resp. (Caution: the fuzzy set s̃ may be different from the fuzzy set
with the same name appearing in subsection 4.2, since the criteria used to define
how similar situations are may change from one purpose to another.) Such a
fuzzy rule, together with the input situation s0 gives the following fuzzy set pbid
of prices (see [8]) for details about the semantics of fuzzy gradual rules):

µpbid(p′) = I(µs̃(s0), µp̃(p′)).

15 Since we are only interested in the situation descriptor and the sale price we ommit
in this section the buyer’s identifier in the cases.
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Here I is residuated many-valued implication16, and assuming to have defined
similarity functions S∗ : Sit× Sit→ [0, 1] and T ∗ : prices× prices→ [0, 1], we
may define µs̃(s0) = S∗(s, s0) and µp̃(p′) = T ∗(p, p′). Considering all the cases
in the memory M we come up with the following (fuzzy) set of potential bids:

µpbid(p′) = min
(s,p)∈M

I(S∗(s, s0), T ∗(p, p′)).

Finally the set B̂α of candidate bids can be selected to be those having a mem-
bership degree to pbid above a certain value α > 0, i.e. B̂α = {p′ | µpbid(p′) ≥ α}.
It can be checked that B̂α = ∩(s,p)∈M{p′ | T ∗(p, p′) ≥ S∗(s, s0) ⊗ α}, where ⊗
is the t-norm whose residuum is I.

Therefore, instead of considering the whole set of alternative bids, the pro-
posed decision-making process will only evaluate those bids within B̂α. The
algorithm in figure 1 summarizes the process of selecting a bid out of B̂α using
a utility function U .

6 Conclusions and Future Work

We have described a possibilistic-based decision method that attemps at mod-
elling buyer agents’ behaviour in electronic auction tournaments. Interestingly,
competitions seem to be in vogue in the AI community as suggested by the many
emerging initiatives. Robocup[13] is attempting to encourage both AI researchers
and robotics researchers to make their systems play soccer, autonomous mobile
robots try to show their skills in office navigation and in cleaning up the tennis
court in the AAAI Mobile Robot Competition[14], and even automated theorem
proving systems participate in competitions [24]. But surely our proposal is clos-
er to the Double auction tournaments held by the Santa Fe Institute[2] where
the contenders competed for developing optimized trading strategies. However,
the main concern of our proposal consists in providing a method for performing
multi-agent reasoning under uncertainty based on the modelling of the other
agents’ behaviour likewise [26], where the recursive modelling method [11] was
used for constructing agents capable of predicting the other agents’ behaviour
in Double auction markets.

As to our future work, firstly this shall focus on the empirical evaluation of
our proposal. Secondly, we will head towards the construction of actual agents
capable of trading in actual auction markets under the rules of any bidding
protocol.

16 A residuated many-valued implication is a binary opereation in [0, 1] of the form
I(x, y) = sup{z ∈ [0, 1] | x ⊗ z ≤ y}, where ⊗ is a t-norm, i.e., a binary, non-
decreasing, associative and commutative operation in [0,1] such that x ⊗ 1 = x and
x ⊗ 0 = 0.
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Function Bid Selection (M, B̂α, s0, U)

∀ candidate bid pd ∈ B̂α

∀ buyer b ∈ B such that b 6= b0

Retrieve all cases c = (s,b, ps) ∈ M
∀ price p

Consequence x := win(b, p)
if p < pd

then π(win(b, p)) = 0
else π(win(b, p)) = πs0,pd(win(b, p))

u(win(b, p)) = r(−f(b, s0, p))
end for

end for
b = b0

Retrieve all cases c = (s, b0, ps) ∈ M
∀ price p

Consequence x := win(b0, p)
if p 6= pd

then π(win(b0, p)) = 0
else π(win(b0, p)) = πs0,pd(win(b0, p))
u(win(b0, p) = r(f(b0, s0, p))

end for
Calculate U(bid(b0, p))

end for

return p = arg max{U(bid(b0, pd)) | pd ∈ B̂}
end function

Fig. 1. Bid Selection Procedure
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Abstract. This paper reports an educational exercise in using the π-
calculus to model components of an electronic marketplace. Specifically,
we are looking at the Spanish fish market, since we have participated in
the construction of several simulations of this scenario over the past 18
months and now feel it is time to prepare a more precise description. Our
objectives in doing this were (i) to gain familiarity with the π-calculus
(ii) to find out whether the π-calculus might provide a suitable basis
for defining the behaviour of components in an electronic marketplace.
It is not our intention at this stage to establish the correctness of the
components or the completeness of the model: these will be addressed
later using existing tools and by developing new ones. In summary, this
is an experience report.

1 The problem: an informal description

This analysis has arisen from joint work with the the Spanish government AI
research institute (IIIA) at Bellaterra near Barcelona. Formerly, this laboratory
was located at Blanes on the Costa Brava, north of Barcelona, and Blanes is the
location of the actual fish market that has inspired this work on institutional
modelling and agent specification.

In 1995 the business of formalizing the illocutions of the agents in an elec-
tronic fish market began using dynamic logic [13], along with the building of the
first prototypes. In the summer of 1996, Bath and IIIA collaborated on the con-
struction of three more prototypes, using various technologies to explore different
aspects of the design space, culminating in FM96.5, which was described in detail
in [17]. During this last phase, a new protocol was developed for downward bid-
ding, which broke away from the näıve initial implementation where prospective
buyers had to acknowledge every offer from the auctioneer—effectively enforcing
a distributed lock-step in the thrall of the slowest connection. The new protocol,
which we describe here, reduces communication by only requiring synchroniza-
tion when a bid is made. The price for this protocol is that message delivery
must be guaranteed and order must be preserved.
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(http://www.maths.bath.ac.uk/~jap/Denton) and the CEC/HCM VIM project,
contract CHRX-CT93-0401 (http://www.maths.bath.ac.uk/~jap/VIM)

P. Noriega und C. Sierra (Eds.): AMET-98, LNAI 1571, pp. 166–188, 1999.
c© Springer-Verlag Berlin Heidelberg 1999



A π-calculus Model of a Spanish Fish Market 167

UP FRONT PLAYERS

the auctioneer declares lots and prices, arbitrates on bids

the buyers’ manager admits buyers to the market

the sellers’ manager accepts lots from sellers

BACK STAGE

the accountant assists the buyers’ manager by verifying credit-worthiness of a
potential buyers; assists auctioneer, sellers’ and buyers’ man-
ager by recording sales and updating credit records

the boss initiates and terminates the market

SCENES

buyers’ admission in which a buyer requests admission to the market and is
either rejected or receives a NBI with which to participate in
the auction.

sellers’ admission in which a seller requests admission to the market and de-
posits some fish for sale.

auction in which the lots are sold to the highest bidder.

buyers’ settlement in which a buyer receives the lots for which he has successfully
bid and is informed of his remaining credit.

sellers’ settlement in which a seller receives money corresponding to the fish
deposited earlier.

Table 1. Players and scenes in the FishMarket

The Blanes fishermans’ cooperative is like many thousands of other such in-
stitutions around the world: it exists to provide institutional guarantees to the
buyers (a fair market price, quality of commodity) and the sellers (a fair mar-
ket price although not perhaps as advantageous as under an English ascending
price auction, a guaranteed market). There are many sociological and (micro-
)economic aspects which could be explored from this point, but which would be
inappropriate for this paper. For a synopsis, the interested reader is referred to
[17]. The fair market price is established by a downward bidding open outcry
auction—popularly known as a Dutch auction. Auctions have been the subject
of microeconomic study for some years and it is accepted that the Dutch auction
results in a price very close to the market valuation (that is, to the benefit of
the fishermen).

The players and scenes comprising the fishmarket are summarized in Table 1
and this organization is largely reflected in Figure 1 except for the processes
labelled NBI (for nomadic buyer interface) which we shall now explain. (Note:
solid lines are used in Figure 1 for internal lines of communication and dashed
denote external connections.) The term open outcry reasonably leads the reader
to suppose that the buyer will shout ”mine” (or something equivalent!) while
the auctioneer calls out a decreasing sequence of numbers. In the Spanish fish-
market, at Blanes anyway, technology has interposed itself. While the auctioneer
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Fig. 1. Schematic of the agents and their communication channels in the Fish-
Market

calls out details of the lots, the decreasing sequence is displayed on a large elec-
tronic scoreboard overhead. And instead of shouting out, buyers are issued with
electronic control boxes bearing a button which, when pressed, stops the de-
scending count and identifies which box was responsible. It is this control box
which inspired the introduction of the NBI, bringing numerous benefits with it.
In particular, the auctioneer now need not be accessible to (electronic) buyer-
s and so is not subject to interference from them. More importantly, the NBI
serves as a mechanism capable of preventing manipulation of the auction by
premature bidding, foot-dragging and spoofing, as will be seen later.

The task of the remainder of this paper is to report on our attempts to
formalize the above in terms of the π-calculus.
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2 A π-calculus model

The components of the market are presented largely in a top-down order, rather
than the order in which we developed them: we began in the middle, focussing
on the auction process and moved outward, adding detail as the overall structure
became clearer. Here we begin with the market boss, moving on to the buyer’s
admitter, the auctioneer and the nomadic buyer interfaces. We do not include
the sellers’ manager or the accountant due to time and space limitations.

The progenitors of the area of process algebras are Hoare’s Communicating
Sequential Process (CSP) language [8] which found operational expression in
the occam programming language and Milner’s Calculus of Concurrent Systems
(CCS), a forerunner of the π-calculus. The CSP family is designed for static
checking, with application in embedded control systems and is simply unsuitable
for the kind of dynamics that arise in multi-agent systems, so we do not consider
it further. The CCS family has proven more fertile and related schemes are
the Join Calculus [4] which is inspired by Berry’s Chemical Abstract Machine
(Cham) and the Ambient Calculus [1] amongst others.

Of these the Ambient Calculus looks promising for future investigation be-
cause the notion of ambient maps clearly to the scenes of multi-agent interaction
(or the rooms of dungeon-style models), enabling agents to interact by entering a
space (ambient), compared to the tediousness of hard-wired channel connections
necessary in the π-calculus.

Why choose the π-calculus of all these? We have already stated what makes
the CSP family unsuitable. Of the remaining schemes, the π-calculus is the most
mature, although the evidence of all the variants suggests, there are inadequacies
to be resolved. But to be more specific, of the many process calculi that now exist,
the π-calculus most closely matches our requirements of a dynamically changing
network of communicating processes. Or, more simply put, the FishMarket is a
system of mobile processes, and the π-calculus is the most important calculus
for the description of mobile processes, despite the deficiencies that we have
encountered in the communications mechanism. Furthermore, we felt the need
to discover for ourselves the extent to which the π-calculus is useful in “real life”
problems. There have been many studies into the theory and semantics of the
π-calculus, but very few examples of actual use. It may be, just as for the λ-
calculus, the π-calculus is great for the theoretical understanding of computation,
but in practice it is too low-level to be used as a serious tool.

Of the many variants of the π-calculus we chose, as a simple starting point,
the basic synchronous form as found in [11], in particular we have found the
non-deterministic choice (sum) operator essential, although its behaviour raises
some interesting questions. To quote [11].

The summation form
∑

πi.Pi represents a process able to take part
in one—but only one—of several alternatives for communication. The
choice is not made by the process; it can never commit to one alternative
until it occurs, and this occurrence precludes the other alternatives.
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When viewed as a mathematical description, e.g., for the purpose of deter-
mining bisimilarity, there is no problem. However, when viewed as a program
to run, there is an element of time and therefore sequence involved. Consider
the process ā.P + b̄.Q. If a message arrives on a just before one arrives on b,
do we expect to become P , or do we expect a non-deterministic choice of P or
Q? Certainly, we can become P , but most people (and the quote above can be
interpreted to support this), would say we should become P . If not then the
π-calculus would be a difficult tool indeed, requiring many synchronisations to
enforce this natural behaviour, and these synchronisations would generally have
no counterpart in a “real” program.

In the following descriptions we have assumed that the natural interpretation
is the case, i.e., choices are determined as and when messages arrive on channels.

Nevertheless, there is still a fundamental reason why the standard π-calculus
is far from appropriate, as it stands, for modelling MAS: communication is syn-
chronized. In the context of electronic marketplaces, if not for other MAS appli-
cations, this is an infeasible constraint, even with guaranteed quality of service
provisions in forthcoming internet protocols. On the other hand, such a protocol
may be employed at a lower communication layer, although it is not visible at
the inter-agent illocution layer. Unfortunately, as we observe later, there is not
an obvious way to hide this in specifying agent behaviour. However, we still be-
lieve this has been a useful exercise, since the experience and insights gained will
carry over both to other process algebras and help us in exploring and extending
the design space of process algebras in general. Therefore, please accept this as
a flawed work which points the way to issues of greater potential.

2.1 Summary of π-calculus syntax and semantics

The main features of the π-calculus—and those necessary to read the remain-
der of this paper—are the means to read and write information over channels,
the creation of channels, and parallel, alternative and sequential composition.
Terms in the π-calculus are described as prefixes followed by terms, which is
intentionally a recursive definition. Syntactic details are outlined below1.

In order to keep this paper to a reasonable length, we cannot provide a full
introduction to the π-calculus, limiting ourselves instead to this summary. For
more information, the interested reader is referred to Pierce’s excellent article
[15] and subsequently to Milner [11] and the wider literature [12].

x (y): reads an object from channel x and associates it with the name y. This
operation blocks until the writer is ready to transmit. The scope of y is
limited to the process definition in which y occurs. Channel names, on the
other hand may be local (see ν below), parameters to process definitions (see
below), or global.

1 A word of warning: this description should not be taken as definitive, since there are
numerous interpretations which vary slightly in details of syntax, and sometimes of
semantics. It does however represent π-calculus adequately for the purposes of the
discussion in this paper.
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relay−result

await−arbitration

discard−offers

relay−price

receive−new−lot

declare−result

resolve−bids

collect−bids

synchronize−NBIs

continue−round

start−round

Fig. 2. State diagram of the auctioneer (left) and the nomadic buyer interface
(right)
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x 〈y〉: writes the object named by y to the channel x. This operation blocks until
the reader is ready to receive.

ν x ...: creates a new channel named x. The scope of x is limited to the ν ex-
pression, but the channel may be passed over another channel for use by
another process. For example, a common idiom is to create a channel using
ν, transmit it to another process and then wait for a reply on that channel:

ν (x ) y 〈x , question〉 . x (answer)

P | Q: the terms P and Q behave as if they are running in parallel. For example,
x 〈1〉 | y 〈2〉 outputs 1 on channel x and 2 on channel y simultaneously.

P + Q: either one or the other (non-deterministic choice) of P and Q proceeds.
Normally, the prefixes of P and Q are operations which could block, such
as channel transactions, and this operation allows us to express the idea of
waiting on several events and then proceeding to act upon one of them when
it occurs. For example, x(a) + y(a) waits for input on channels x and y,
associating the information in both cases with a. As soon as one branch of
such an alternative succeeds, the others can be considered to have aborted.

P . Q: the actions of term P precede those of term Q. For example x(y) . z 〈y〉
reads y from x then writes y on z.

In addition, we include an ability to associate a term with a name — that
is a definition — and furthermore, that in so doing a global channel is declared
with that name, as in: P (x1 , x2 , x3 ) = ..., which defines a process P taking a
three-tuple. In practice this also means we have declared a channel P such that
we may invoke the process P by writing a three-tuple to the channel named P .
We will use this convention to obtain a form of parameterization, allowing us
to pass processes as arguments (high-order processes) by passing the channel by
which they are invoked. This syntactic convenience can be described primitively
in the π-calculus but we omit these details here.

To simplify the presentation, we have made two notational extensions, so for
completeness, we define these here in terms of the core π-calculus. We have ob-
served many syntactic variations/conventions in the presentation of π-calculus.
Here, e believe we are consistent with that adopted in [15], bar the choice of
sans-serif font for the process names.

scatter: we define the prefix y1 . . . yn 〈x 〉 such that

y1 . . . yn 〈x 〉 . P
def=

ν ()
y1 〈x〉 . w 〈〉 | y2 〈x 〉 . w 〈〉 | ... | yn 〈x 〉 . w 〈〉 | w() . ... . w() . P

where there are n occurrences of w(), which is to say the message x is output
on all the channels y1 . . . yn in parallel (fork), following which, each sub-
action outputs the null message on the private channel w. Subsequently, we
await the receipt of n null messages on channel w (join), before proceeding
to behave as P .
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gather: while its counterpart is the prefix y1 . . . yn(x1, ..., xn), such that

y1 . . . yn(x1, ..., xn) . P
def=

ν (w1, ..., wn)
y1(z1) . w1 〈z1〉 | ... | yn(zn) . wn 〈zn〉 | w1(x1) . ... . wn(xn) . P

which is to say, each sub-action reads a value zi on channel yi and then
outputs it on the private channel wi to be read into the corresponding xi

before behaving as P .

2.2 The Boss

The boss starts the market up by creating the various intermediaries with whom
the buyers and sellers must communicate as well as the internal functionaries.

Boss() =

ν (bm/boss, bm/auc, bm/acc, sm/boss, sm/acc, sm/auc, acc/boss, acc/auc, auc/boss)
BM-Server(bm/boss, bm/acc, bm/auc)
| SM-Server(sm/boss, sm/acc, sm/auc)
| ACC-Server(acc/boss, bm/acc, sm/acc, acc/auc)
| AU-Server(auc/boss, bm/auc, sm/auc, acc/auc)
| Boss-Server(bm/boss, sm/boss, acc/boss, auc/boss)

The most obvious condition for signalling the the closing of the market is
when all the lots have been sold. This also has the virtue that all the key players
will be in well-defined states. However, the decision to close could, in princi-
ple, be taken at any time and this adds considerably to the complexity of its
specification.

2.3 The Buyers’ Manager

The Buyers’ Manager (BM) accepts requests to participate in bidding from po-
tential buyers. A buyer may not enter the market unless they have sufficient
credit to make purchases and so a buyer may also make a deposit via the BM.
If access is granted, the buyer then supplies a set of channels for communication
with a nomadic buyer interface (NBI) and the BM also updates the auctioneer
with the information about the new NBI. The BM also has responsibilities to
the market boss, so should the boss signal the closing of the market, the BM
must cease admitting new buyers.

The channel for further communication with between buyer and market is
supplied by the buyer, thus the security of that channel is the responsibility of
the buyer (or channel service provider). Or, looking at that from the buyer’s
point of view, he does not have to trust the security of a channel provided
by the market - although the market must! This may also be important in a
regulatory/legislative framework where agents are governed by the rules and
laws of the agent’s originating country, such as if the channel is required to
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support government monitoring. We are assuming services exist for the secure
transfer of information about credit and for financial transactions. NBIs are
rendered useless when a buyer leaves the market. The action of leaving the
market is signalled via the NBI to the BM: in this way, the NBI can disable the
bid function immediately, whereas if departure was signalled by communication
with the BM and the NBI was subsequently disabled—by action of the BM—a
bid could be made and accepted in between, leading to an inconsistent record
or significant complexity in dealing with this special case, should it arise.

The Buyers’ Manager is essentially a server: buyers make requests to enter
the market passing a channel buyer for communication and an object credit
which may be used to augment their credit. If the market is shutting as a result
of a signal from the boss, then the buyer is sent the message closed. Otherwise,
BM-Server forks, becoming BM-CheckCredit and BM-Server.

We do not go into the details of market shutdown, however we should em-
phasize that it is extremely tricky to specify correctly, with many chances for
race conditions, and is considerably more difficult—by virtue of detail rather
than techical challenge—than the more attractive bidding protocol aspect of the
institution.

BM-Server(bm/boss, bm/acc, bm/auc) =

bm/boss() . BM-Shut(bm/boss, bm/acc, bm/auc)
+ enter(buyer, credit) . BM-CheckCredit(bm/acc, bm/auc, buyer , credit)

| BM-Server(bm/boss, bm/acc, bm/auc)

If the market is shutting down, then BM-Shut will reply closed to the buy-
er using channel buyer. However, on the second signal from the boss, the BM
terminates. There is a potential race condition here, in that the signal from the
boss and a buyer request may both be present and non-determinism means that
the buyer’s request could be ignored, the server terminates and the buyer is left
in limbo. A means to resolve this problem is discussed in section 3.

BM-Shut(bm/boss, bm/acc, bm/auc) =

bm/boss() + enter(buyer , credit)

. buyer 〈closed〉

. BM-Shut(bm/boss, bm/acc, bm/auc)

The decision to admit a buyer is based on whether he has deposited sufficient
means of payment with the market. At the same time as the entry request is
made, the buyer can also make a deposit with the market. The BM communicates
with the accountant over the channel bm/acc passing a reply channel and the
credit instrument offered by the buyer. The accountant simply responds yes or
no. In the first case BM-CheckCredit becomes BM-CreateNewNBI; in the second
it becomes BM-Goodbye.
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BM-CheckCredit(bm/acc, bm/auc, buyer , credit) =

ν ()

bm/acc 〈reply, credit〉
. reply(m)

.

[
[m = yes]
BM-CreateNewNBI(bm/auc, buyer)

+ [m = no]
BM-Goodbye(buyer)

The creation of a new NBI really comes down to the creation of the necessary
new channels: one each for nbi/msg and nbi/offer for the NBI links with the
auctioneer and one for the link between the NBI and the buyers’ manager. Thus,
BM-CreateNewNBI becomes NBI and BM-leave. The communication channels
between the NBI and the buyer are supplied by the buyer in response to the yes
signalling admission to the market. The definition of BM-leave is not provided,
but serves to handle the settling up process with the buyer and delivery of the
lots bought.

BM-CreateNewNBI(bm/auc, bm/buyer) =

ν (nbi/msg, nbi/offer , bm/nbi)

bm/auc 〈nbi/msg, nbi/offer〉
. bm/buyer 〈yes〉
. bm/buyer(bid, offer , exit)
. NBI(nbi/msg, nbi/offer , bid, offer , exit, bm/nbi) | BM-Leave(bm/nbi, bm/buyer)

If the buyer fails to satisfy the credit check, the message no is sent to the
prospective buyer and the process terminates.

BM-Goodbye(buyer) =

buyer 〈no〉

2.4 The Auctioneer

AU-Server(auc/boss, auc/bm, auc/sm, auc/acc) =

AU-StartRound(auc/boss, auc/bm, auc/sm, auc/acc, nil, 0, 0, {})

The auctioneer announces a new lot to the NBIs along with a starting price,
he then proceeds both to listen for bids and broadcast the new price until the
reserve price is reached, at which time, the lot is withdrawn (see Figure 2). The
auctioneer is started up by the market boss (see section 2.2), which passes the
channels provided by the boss and sets the initial values of the auctioneer state,
namely the lot (initially nil), the starting price (initially 0), reserve price (ini-
tially 0) and the set of msg/offer channel pairs (initially {}) for communicating
with the NBIs.
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AU-StartRound(auc/boss, auc/bm, auc/sm, auc/acc, lot, sp, rp, {(msgi, offeri)}) =


if |{(msgi, offeri)}| > 1
auc/bm(msg, offer)
. AU-StartRound(auc/boss, auc/bm, auc/sm, auc/acc, lot, sp, rp,

{(msgi, offeri)} ∪ {(msg, offer)})
+

∑
i=1

msg1 . . . msgn(bye, msg, offer)
. msg 〈bye〉
. AU-StartRound(auc/boss, auc/bm, auc/sm, auc/acc, lot, sp, rp,

{(msgi, offeri)} \ {(msg, offer)})
+ auc/sm 〈〉

. auc/sm(lot , sp, rp)

. msg1 . . . msgn 〈lot〉

. offer1 . . . offern 〈sp〉

. AU-ContinueRound(auc/boss, auc/bm, auc/sm, auc/acc, sp, rp,
sp − 1, {(msgi, offeri)})

otherwise
msg1 . . . msgn 〈wait〉
. auc/bm(msg, offer)
. AU-StartRound(auc/boss, auc/bm, auc/sm, auc/acc, lot , sp, rp,

{(msgi, offeri)} ∪ {(msg, offer)})

AU-StartRound chooses between

1. admitting new buyers — in fact accepting the communication channels to
their NBIs — using information received from the buyers’ manager using
channel auc/bm. As it stands, this definition does not guarantee to admit all
waiting buyers before starting a new round. A partial remedy would be to
compose AU-StartRound with the channel prioritiser described in section 3,
but in the absence of a means to do the equivalent of a non-blocking read,
something more sophisticated is required in the spirit of a solution to read-
ers/writers with reader priority.

2. discarding connections to an NBIs given to a buyer who has decided to leave.
The NBI sends the msg/offer channel pair to the auctioneer, who removes
it from the set of broadcast recipients and acknowledges the NBI so that it
can safely terminate.

3. communicating with the sellers’ admitter to obtain the next lot and the
starting price using the channel auc/sm, this information is then broadcast
over the channels offer1 . . . offern to the NBIs. Subsequently, AU-StartRound
becomes AU-ContinueRound passing the current price.

Note that an auction round does start unless there are at least two buyers.
If the current price of the lot reaches the reserve price, then a fake bid is

entered and the NBI synchronization process is started in order to collect any
bids that are in transit, or yet to be made, otherwise AU-ContinueRound chooses
between

1. choosing between the NBIs, in effect, waiting for a buyer to bid via one of
the channels offeri and then becoming AU-SynchronizeNBIs with the channel
index i and the bid bidi

2. broadcasting the current price to all the NBIs using the channels offer1 . . .
offern and then becoming AU-ContinueRound with the new (reduced) price.
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It also has an exceptional duty to perform, namely when the Boss signals that
the market must close. Although it might be desireable to recognize shutdown
in other circumstances, to keep the model size down, we have here limited our
handling of it to the top of the AU-ContinueRound loop, since that identifies one
consistent place to stop.

AU-ContinueRound(auc/boss, auc/bm, auc/sm, auc/acc, sp, rp, cp, {(msgi, offeri)}) =


if cp = rp
AU-SynchronizeNBIs(auc/boss, auc/bm, auc/sm, auc/acc, 0, −1, rp,

{(msgi, offeri)})

otherwise
auc/boss() . AU-Shutdown(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)})
+

∑
i=1

offeri(bidi)
. AU-SynchronizeNBIs(auc/boss, auc/bm, auc/sm, auc/acc, i, bidi, rp,

{(msgi, offeri)})
+ offer1 . . . offern 〈cp〉

. AU-ContinueRound(auc/boss, auc/bm, auc/sm, auc/acc, sp, rp,
cp − 1, {(msgi, offeri)})

AU-SynchronizeNBIs executes when the first bid is received and issues a null
message over the msg channel to each NBI. Subsequently, in parallel

1. it waits for an acknowledgement from each of the NBIs — in effect a global
synchronization — after which a null message is output on channel synch to
enable AU-CollectBids to proceed.

2. it becomes AU-CollectBids with a singleton set containing the identity of the
NBI whose bid was received first.

AU-SynchronizeNBIs(auc/boss, auc/bm, auc/sm, auc/acc, i, bid , rp, {(msgi, offeri)}) =

msg1 . . . msgn 〈synchronize〉
. ν ()

msg1 . . . msgn(synchronize) . synch 〈〉
| AU-CollectBids(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)},

{i}, bid , rp, synch)

AU-CollectBids chooses between

1. waiting for a null message on channel synch, which means it waits until all
the NBIs have acknowledged the synchronization message, and then becomes
AU-ResolveBids with the set of bidders B and the bid price bid

2. waiting for any other buyers to bid and dealing with the three cases of higher,
equal and lower bids. A lower bid is ignored, and equal bid causes the identity
of the NBI to be added to the set B and a higher bid replaces B with a new
singleton set identifying the NBI and bid with the new bid price.

This is the heart of the distributed downward bidding protocol and in order
for it to work, requires no-loss in-order delivery of messages. Thus the final syn-
chronization message should only be processed after the final bid. Unfortunately,
this cannot be guaranteed, since they could both be present on channels synch
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and offeri, although, in fact, the message on synch is only relayed after receipt of
the last synchronize on msgi. This potential race condition could be resolved
by multiplexing, a solution for which we sketch in section 3.

AU-CollectBids(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)}, B, bid , rp, synch) =

synch()
. AU-ResolveBids(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)}, B, bid, rp)

+
∑

i=1
offeri(bidi)

.




[bidi > bid]
AU-CollectBids(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)},

{i}, bidi, rp)
+ [bidi = bid]

AU-CollectBids(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)},
B ∪ {i}, bid , rp)

+ [bidi < bid]
AU-CollectBids(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)}, B,

bid, rp)

If the winning bid is less than the reserve price, the lot is withdrawn and
a new round starts. If B is a singleton set, then a single bid was received at
price bid and the message finish is sent to all the NBIs to indicate the end of
the bidding round and AU-ResolveBids becomes AU-DeclareResult. Otherwise, the
NBIs are sent the message repeat to indicate that the bidding round is going to
be repeated and AU-ResolveBids becomes AU-ContinueRound with the collision
bid price increased by 25%.

AU-ResolveBids(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)}, B, bid, rp) =


if bid < rp
msg1 . . . msgn 〈withdrawn〉
. AU-StartRound(auc/boss, auc/bm, auc/sm, auc/acc, nil, 0, 0,

{(msgi, offeri)})

elseif |B| = 1
msg1 . . . msgn 〈finish〉
. AU-DeclareResult(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)}, B, bid)

otherwise
msg1 . . . msgn 〈repeat〉
. AU-ContinueRound(auc/boss, auc/bm, auc/sm, auc/acc, sp, rp,

bid ∗ 1.25 , {(msgi, offeri)})

To look at the preceding few definitions (AU-StartRound to AU-ResolveBids)
from a different perspective, the whole bidding round process could be viewed
as a super-step in bulk synchronous parallelism terminology, which terminates
in response to a bid or on reaching the reserve price, but either way requires a
global synchronization of the processes involved.

This phase should occasion some confusion to the reader familiar with the
π-calculus. The reason is that in the standard π-calculus, as used here, all com-
munications are synchronized, therefore there can be no notion of “message in
transit” and the first bid to be received by the auctioneer, could reasonably be
regarded as the winner, since there could not be any higher bid on its way. At this
point, our solution is over-engineered because the protocol has been designed to



A π-calculus Model of a Spanish Fish Market 179

function in an asynchronous context. However, we can finesse this criticism by
handing-off work in the auctioneer to the NBIs: we observe that from the buyer’s
point of view, it is impossible to tell whether the descending price transmitted
over the offer channel is relayed from the auctioneer or generated locally. Thus,
the bidding round could be redefined so that the auctioneer simply issues a start
command to the NBIs along with the starting price and reserve price and they
then proceed, counting down and transmitting the price to the buyer. If/when
the buyer bids, the NBI relays that to the auctioneer, which must now enter a
bid resolution process of the like described above, since the first bid is now not
necessarily the winner.

Finally, AU-DeclareResult sends the message got on channel msgi to inform
the ith NBI that its buyer’s bid won, then the message not on every other msg
channel. Subsequently, it becomes AU-StartRound.

AU-DeclareResult(auc/boss, auc/bm, auc/sm, auc/acc, {(msgi, offeri)}, {i}, b) =

msgi 〈got〉
. msg1 . . . msgi−1, msgi+1 . . . msgn 〈not〉
. AU-StartRound(auc/boss, auc/bm, auc/sm, auc/acc, nil, 0, 0,

{(msgi, offeri)})

2.5 The Nomadic Buyer Interface

The virtues of the nomadic buyer interface (NBI) are described elsewhere [17]:
here it suffices to say that it provides the key to guaranteeing the integrity of
the market as well as that of the buyer. The buyer connects to the NBI via
the channels bid, offer and exit, while the NBI is linked to the auctioneer via
two channels: nbi/auc for control messages and auc/offer for offer prices. As we
have noted before, a single channel with multiplexing would suffice, but multiple
channels where each is used for a single purpose, can make the exposition clearer.

We observe that, since communication is synchronous in the π-calculus,
should the buyer not communicate with the NBI, the whole auction would dead-
lock. This could be rectified by the insertion of a buffer process in the NBI to
handle buyer communications, but which we omit since this description, which
was intended to be brief, is already overlong.

The NBI is created by the buyers’ manager, receiving all the channels over
which it will need to communicate. It receives the new lot description on channel
nbi/auc and the starting offer price on channel auc/offer. This information is
passed on to the buyer over channel offer and NBI becomes NBI-RelayPrice. It
may be that there are too few buyers either initially, or at some stage, so the
NBI must also deal with wait messages from the auctioneer, which it relays to
the buyer (see Figure 2).
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NBI(nbi/auc, auc/offer , bid, offer , exit , nbi/bm) =

nbi/auc(wait)

. offer 〈wait〉

. NBI(nbi/auc, auc/offer, bid , offer , exit, nbi/bm)
+ nbi/auc(lot)

. auc/offer(price)

. offer 〈lot , price〉

. NBI-RelayPrice(nbi/auc, auc/offer , bid, offer , exit, nbi/bm, price)

NBI-RelayPrice is effectively a loop, by means of which the current offer price
is relayed from the auctioneer to the buyer. However, at the same time three
other events may take place:

1. the buyer may signal a bid—pressing the button on the control box—by
sending a null message to the NBI on channel bid; this is then relayed to the
auctioneer over channel nbi/auc before becoming NBI-DiscardOffers.

2. another buyer may signal a bid, in which case, the auctioneer will send a
synchronize message to all the NBIs over nbi/auc, which they must acknowl-
edge, so NBI-RelayPrice becomes NBI-AwayArbitraion.

3. the buyer may signal his intention to leave the market using the exit channel,
so this fact is communicated to the auctioneer and to the buyer’s manager,
however the NBI does not terminate until signalled by the auctioneer, in
case it is needed to participate in a synchronization process for a bid in this
round.

NBI-RelayPrice(nbi/auc, auc/offer, bid , offer , exit, nbi/bm, price) =

auc/offer(new-price)

. offer 〈new-price〉

. NBI-RelayPrice(nbi/auc, auc/offer , bid, offer , exit, nbi/bm, new-price)
+ bid()

. nbi/auc 〈price〉

. NBI-DiscardOffers(nbi/auc, auc/offer, bid , offer , exit, nbi/bm, true)
+ nbi/auc(synchronize)

. NBI-AwaitArbitration(nbi/auc, auc/offer, bid , offer , exit, nbi/bm, false)
+ exit()

. nbi/bm 〈bye〉

. nbi/auc 〈bye〉

. nbi/auc(bye)

NBI-DiscardOffers chooses between

1. receiving and discarding subsequent lower offers that the auctioneer has
broadcast between the buyer bidding and the auctioneer receiving the bid
and beginning the synchronization process

2. receiving the synchronization message, indicating there are no lower offers
to come, and becoming NBI-AwayArbitraion.
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NBI-DiscardOffers(nbi/auc, auc/offer , bid, offer , exit, nbi/bm, flag) =

auc/offer(price) . NBI-DiscardOffers(nbi/auc, auc/offer , bid, offer , exit, nbi/bm, flag)
+ nbi/auc() . NBI-AwaitArbitration(nbi/auc, auc/offer, bid , offer , exit, nbi/bm, flag)

NBI-AwayArbitraion first acknowledges the synchronization message from the
auctioneer, then receives the result of the arbitration of the bids, which is passed
on to the buyer, and then chooses between three cases:

1. the message is finish indicating the lot was awarded, then the process be-
come NBI-RelayResult.

2. the message is repeat indicating the lot was not awarded and that the round
is restarting, so a new starting price is received and NBI-AwayArbitraion
becomes NBI-RelayPrice.

3. the message is withdrawn indicating that no bids were received above the
reserve price, so the lot is withdrawn and a new round will begin with a new
lot.

NBI-AwaitArbitration(nbi/auc, auc/offer, bid , offer , exit, nbi/bm, flag) =

nbi/auc 〈synchronize〉
. nbi/auc(result)

. offer 〈result〉

.




[result = finish]
NBI-RelayResult(nbi/auc, auc/offer, bid, offer, exit , nbi/bm, flag)

+ [result = repeat]
auc/offer(price)

. offer 〈price〉

. NBI-RelayPrice(nbi/auc, auc/offer , bid, offer , exit, nbi/bm, price)
+ [result = withdrawn]

offer 〈withdrawn〉
. NBI(nbi/auc, auc/offer, bid , offer , exit, nbi/bm)

If the buyer using this NBI was one of those who made a bid—indicated
by the parameter flag being true—the buyer is relayed the message (got or
not) from the auctioneer saying whether the bid was successful, NBI-RelayResult
then becomes NBI. Otherwise, the message from the auctioneer is discarded and
NBI-RelayResult becomes NBI.

NBI-RelayResult(nbi/auc, auc/offer, bid , offer, exit , nbi/bm, flag) =


nbi/auc(result)

. offer 〈result〉

. NBI(nbi/auc, auc/offer, bid , offer , exit, nbi/bm)

if flag = true

nbi/auc(result)
. NBI(nbi/auc, auc/offer, bid , offer , exit, nbi/bm)

otherwise

2.6 Missing aspects and components

Unfortunately, despite the length of this already, there are still many missing
components. The obvious omissions are the remainder of market boss, the sellers’
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admitter, the rest of the buyers’ admitter and the accountant. As of each of
these is added, it is likely that further complexity may be added to the existing
components—modularity seems elusive, as yet, in π-calculus system descriptions.
However, in considering the expected behaviour of the missing items, we cannot
see, in principle, their action or structure being significantly different from the
idioms we have developed so far, and specifically, the buyers’ manager provides
a suitable rôle model.

3 Lessons

We undertook this task for two reasons: (i) because a formal model of the Fish-
Market was long overdue and (ii) because we wanted to see how effective the
π-calculus would be in helping us to model a prototypical multi-agent system.
The second point makes it sound like we may be seeking to criticise the π-
calculus: that is not so. We are relatively näıve users who have sought to use
it to solve our particular problem. We may have used it unwisely and we may
have even been mistaken in choosing to use it for the task we have. So with
those caveats in mind, we can now make some more general remarks about the
process and the formalism.

3.1 Idioms

We have discovered (or perhaps re-discovered) several useful idioms while writing
this description of the FishMarket. Here we describe a few of them.

The idea of passing channels to other processes to use for a reply we have
found quite convenient. This style, also found in many other places (e.g., [15]) is
quite natural, and can be likened to passing a reply continuation in actor seman-
tics. It also has the benefit of sitting comfortably in the client-server paradigm
that we have adopted. This construction can be see as a specific case of a more
general pattern of processes as parameters, in the sense that rather than see-
ing the continuation as a return point, it is really “what to do next”. Thus a
convention could be established, akin to the continuation-passing style:

A(k1) = νk2(B(k2) | k2() . C(k1)
B(k1) = . . . k1〈〉

that is, the first parameter is the continuation channel, which is signalled as
the process’s last action, thus invoking the continuation.

It is tempting (when approached from a practical computer science view of
the world, where everything has a cost) to reuse channels as much as possi-
ble. However, from a descriptive point of view, this is a disaster. Using them
for more than one purpose rapidly causes confusion, as one needs to multiplex
and de-multiplex messages according to meaning, and this multiplies the com-
plexity of description way beyond what is saved from economising on channels.
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Unfortunately, using many channels forces you into employing memorable nam-
ing conventions, again making definitions harder to sketch, since they get much
longer plus you have to pass them around as arguments to processes to provide
a form of modularity. We discuss modularity further, below.

There are places in our description that require synchronisation of sets of
processes, e.g., at the end of a bidding round. We have solved this by waiting on
a process that broadcasts to the processes that need to synchronise, and itself
waits for all of them to reply. It would be nice if we could capture this idea in
a simnple abstraction: after all, this is very much like the superstep concept of
BSP ([18]).

3.2 Modularity

As with all expressive computational languages there is a question of namespaces
and modularity. In fact, as names are channels in the π-calculus, the wanton use
of names has security aspects: to have a name is to have a capability to talk to a
process, and thus potentially to subvert the FishMarket. In view of this we have
been careful to ensure that internal channels to the FishMarket (the solid lines
in Figure 1) are private; also buyers and sellers provide their own channels to
talk with the admitters and NBIs. To allow global channels would be a recipe
for trouble: for reasons of both unintended and intended (but malicious) name
capture.

The downside of this is the ungainly way we have to pass many channels as
parameters to each process description. Though this is a syntactic difficulty, it
would be nice if some more convenient way of restricting the namespace could
be used. In consequence, we are currently examining the Ambient calculus [1].

Shared channels overcomes the non-determinism problem, but messages have
to be tagged to identify sender. Furthermore, dedicated channels are required
for the reply and so the appropriate one must be selected from a set (pre-
allocated) which is further complication. A more in-the-spirit solution would
have the sender transmit a reply channel as we have done for the buyers arriving
at the buyers’ manager.

A pattern for modularisation is to define all process behaviours using channels
passed as parameters and then composing them all use the parallel construct
and passing newly created channels for communications. We can see this in the
definition of the market in section 2.2.

Although our chosen scenario is not particulary complicated among electronic
trading platforms, and although we have omitted many aspects that should be
present in a complete modelling, we have found that one is very easily swamped
with detail in using the π-calculus. It is true that the π-calculus is relatively low-
level and as a foundational calculi of distributed systems, this is to be expected.
Nevertheless, we were not prepared for the wealth of detail it became necessary
to manage in the form of the multiplicity of states required for each agent, the
number of channels, and beyond that, the even larger number of channel names,
all of which made it hard to keep one’s attention on the global picture. Clearly,
some abstractions are needed to make it easier to focus on the actions of agents.
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3.3 Proactive vs. reactive models

In several places in the system, we initially used non-determinism to express
the notion that an agent would either follow its agenda (proactive) or deal with
communications from another agent. However, we shortly realized this was un-
satisfactory, since non-determinism means there is no guarantee that one of the
branches will ever be executed, consequently important messages could be ig-
nored for ever—or at least a long time. Crucial examples of this were the BM
telling the auctioneer about new buyers—quality of service requires all waiting
buyers to be admitted at the beginning of a round—the boss signalling the closing
of the market—again quality of service demands immediate response—and the
NBI receiving the buyer exit signal—once again quality of service requires this
should be acknowledged immediately. Thus we conclude that non-determinism
is only applicable in those places where true concurrency exists, for example
in the action of the NBIs (see NBI-RelayPrice) and the collection of bids (see
AU-CollectBids).

The unfortunate consequence is that we must use explicitly sequenced com-
munication, in effect, polling, in order to ensure that market control communica-
tions are processed properly. This confirms us in our view that a more actor-like
model offers a more attractive framework for the formalization of the kinds of
agents seen in this particular problem.

With this in mind, one can conceive of an abstraction expressed in the π-
calculus:

agent({(mi, Pi)}) =

in(m , s, a1 . . . an) .




P (in , s , a1 . . . an)
| agent({(mi, Pi)})

if (m, P ) ∈ {(mi, Pi)}

agent({(mi, Pi)}) otherwise

such that an agent is parameterized by a set of pairs of messages and processes
and that it repeatedly reads in a message m from sender s with arguments
a1 . . . an and having found the corresponding process, invokes it with a channel
back to itself, the sender and the arguments to run in parallel with itself. For
simplicity here, unrecognized messages are ignored.

A lower cost solution—although not so general—is to compose the agent with
a buffer process which merges two input streams, but gives priority to one of
them. This can be defined briefly as follows:

B = a(x) . c〈x〉 . B + b(y) . B1(y)
B1(y) = a(x) . c〈x〉 . B1(y) + c〈y〉 . B

However, this only increases the probability that an a message will be able
to overtake a b message: we are still at the mercy of non-determism in B1.
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We observe that the development of the individual agents was relatively s-
tratightforward, since each had their own set of tasks to perform. However, as
soon as unexpected interactions had to be addressed as well, this wove a signifi-
cant additional thread of complexity through each agent’s processes, leading to
a re-think of the specification of the original behaviour and also to significant
doubt as to the validity of the result. The problem is that the specification is
trying to serve two purposes: describing the normal and the abnormal behaviour
of the agent. It becomes like trying to verify a tightly written fragment of assem-
bly code by eye, when one would prefer to keep these aspects separate—in the
specification—and then amalgamate them automatically. This appears to have
much in common with the “Aspect Oriented Programming” project [9].

4 Related work

Most papers about the π-calculus focus on variants of the language and proofs of
their correctness. We have not yet found any papers discussing its use driven by
a need to build a model in a multi-agent application domain. On the other hand,
there is a detailed modelling of the same FishMarket [13], against which to con-
trast this model. Noriega and Sierra use Concurrent Descriptive Dyanmic Logic
(CDDL) to define a Belief-Desire-Intent (BDI) model of the FishMarket. It is our
belief, given our understanding of the CDDL description, and discussions with
the authors, that it and the π-calculus approach are complementary. The CDDL
model defines aspects of the market at several levels: the agents themselves, the
set of illocutions (names plus signatures) and a logical declarative specification
of agent behaviour. From our experience so far, we see the π-calculus model
as being more operational (although still declarative in the functional program-
ming sense) and focussing on the specification of the behaviour of the agents in
terms of sending and receiving messages. Indeed, the whole ethos of π-calculus
is process-centred and as we noted above in the section “Lessons”, the means
to construct abstractions is not particularly straightforward or well-defined. It
is also curious, despite the pivotal rôle of communication, how awkward it is
to use channels—see our dilemma above regarding single-use channels versus
multiple-use with tagged data—to lift them from the level of sockets to that of
illocutions. Although this all sounds relatively negative, the process has been re-
warding and it also does have its place in multi-agent systems specification: it is
precisely because the π-calculus forces details to be spelt out in terms that have
an unambiguous implementation, that we arrive at a more rigorous description
from an operational perspective. Indeed, in order to carry this experiment to its
logical conclusion, we have recently developed another FishMarket simulation
working entirely from this specification and using a programmer who had nei-
ther worked on the problem before nor seen the π-calculus before. We are pleased
to report that only minor bugs (of a syntactic nature) have been found in the
description, although it is still intended to put this model through a π-calculus
simulator/checker.
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The last remark brings us to the other aspect of related work: π-calculus
analysis and animation systems. We believe two are of note: the Pict system
[16] and Executable Pi Calculus (EPI) [7]. The main drawback of Pict are the
restrictions it places on sums, which is a common pattern of behaviour in this
specification: see the auctioneer, for example. Nevertheless, we will carry out
some experiments with Pict in the near future to determine its limits more
precisely. EPI has only recently been made generally available and again we will
be experimenting with this shortly.

The message to take away from this experiment is that although the π-
calculus does have its drawbacks, further investigation is needed into its use in
developing MAS. In particular, we would observe that a model must be careful
not to take advantage the synchronous nature of the π-calculus and either to
use an asynchronous variant or not use inherently asynchronous protocols within
a synchronous framework. Here, we are particularly mindful of the interaction
between auctioneer and NBIs, but feel this is an instance of a more general
lesson.

5 Links to other papers in this volume

We pointed out in the introduction that the work presented here stems from
earlier collaboration with IIIA on the development of the Spanish FishMarket
scenario. Consequently, the paper on bidding strategies [5] offers a means to
define decision procedures that could communicate with the auction architecture
we have specified here via the nomadic buyer interfaces.

The associated workshop on Deception, Fraud and Trust in Agent Societies
at Autonomous Agents ’98 very clearly established that the single greatest per-
ceived obstacle to electronic commerce is lack of trust. While some seek to pro-
vide confidence through the support of well-known institutions (banks etc.), the
approach we are exploring here is to create trust by have a verifiable market-
place. That may still need an independent certification authority, but may also
offer the opportunity for electronic commerce to develop outside the control of
existing trusted parties. Thus, as a first foray in this direction, we have attempt-
ed to specify a marketplace using not only a formal system, but also a potentially
executable system, which offers the opportunity for proving properties of the vir-
tual institution, such as fairness, correctness of initial conditions, termination of
bidding rounds, correctness of bid resolution and information privacy. Of course,
such an approach is not limited to Spanish FishMarkets and could — and should
— be experimented with in other more complex trading domains, such as that
outlined in [6] which handles cross-border documentation issues.

The focus of this paper has been how and when the entities within a virtual
institution coordinate but says nothing — apart from the explicit passing of
data tuples — about what agents communicate, which is unsatisfactory in the
desperately low-level at which this is treated. Again, this is a topic where material
from other workers in the field can be plugged in, such as the simple contract
language presented in [3] or more generally using KQML [10] or FIPA ACL [14].
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Such communication languages are necessary for the building of realistic trading
systems, but would over-complicate a description such as that given here. On the
other hand, a formalization of their interpretation to the marketplace would be
necessary in a fully specified system, if the goal of trader trust is to be achieved.

The specification mechanism outlined here is very low level, because the π-
calculus is itself low level. Programming systems like Pict [16] and EPI [7] aim to
build on the π-calculus in the way that functional programming has built on the
foundation of λ-calculus, making many useful, but inessential in terms of theory,
extensions to the model to enable higher level descriptions. The ZEUS system
[2] works at a higher level still in that it provides a graphical user interface for
constructing agent systems, generating code to combine components from pre-
existing libraries. Given the complexities of building such distributed systems
and the tediousness of work with a purely text-based representation, plus a very
distinct need for a component-oriented, constructive approach in order to control
those complexities, as well as making automatic verification tractable, such agent
system generators seem to offer a very positive way forward.
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Abstract. In agent-mediated electronic commerce, agents need to ex-
change information with other agents and to integrate the information
obtained from other agents in their own information. Integration is a
very complex task as: information is distributed among different agents;
each agent autonomously represents and manages a piece of information;
information might be partial, as agent cannot wait to have complete in-
formation before acting; finally information is redundant, as the same
information might be represented by two different agents. The goal of
this paper is to provide a formal semantics for information integration
able to cope with distributed, autonomous, partial, and redundant in-
formation. In the paper we introduce two examples from an electronic
commerce scenario which emphasize critical problems in the integration
of information, we define a semantics for information integration, and we
test its adequacy by formalizing the examples.

1 Introduction

In agent-mediated electronic trading each agent is associated with a system for
the management of the information. This information constitutes agents goals,
plans, and beliefs about the state of the market. An agent plans and performs
actions, such as negotiation, evaluation of different offers, contract stipulation,
etc., on the basis of the information available in its system. In many cases how-
ever, an agent doesn’t have enough information for pursuing its goals and, in
order to properly plan its actions, it needs to collect suitable extra information
from other agents. In defining a system for the management of the agent’s infor-
mation, we have therefore to consider at least two aspects. The first concerns the
internal structure of such a system. This includes how beliefs, goals, plans, etc.,
are represented and how to reason about them. The second aspect concerns how
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the information, obtained by communicating with the other agents, is integrated
in the agent’s information.

In this paper we address the problem of the integration of information that
different agents have. We don’t consider the representational aspects of belief,
goals, etc1. For this reason we introduce a simplifying hypothesis on the struc-
ture of the information system of each agent: we suppose that agents represent
information by a relational database.

Focusing on the problem of exchanging and integrating information, a set of
agents can be abstracted to a set of databases able to communicate via some
agent communication mechanism. These databases are distributed, partial, au-
tonomous, and redundant. Distribution means that databases of different agents
are different systems, each of them containing a specific piece of information.
Autonomy means that the database of each agent is autonomous regarding the
design, the execution, and the communication with the other agents. Therefore
different databases may adopt different conceptual schemata (including domain,
relations, naming conventions, . . . ), and certain operations are performed local-
ly, without interactions with the other agents. Redundancy means that the same
piece of information may be represented, possibly from different perspectives, in
the databases of different agents. Redundancy not only means that information
is duplicated, but also that the information of two databases might be related.
Redundancy is what makes communication possible. Indeed communication (as
intended in this paper) allows information to be duplicated from an agent to
another. This is possible only if this information is representable in the database
of both agents, and therefore only if the databases of the agents are redundant.

Distribution, partiality, autonomy, and redundancy generate many problems
in integrating the information contained in different databases. Several approach-
es have been proposed in the past. An incomplete list is [4,13,14,11]. However
they all fail to represent all these issues in a uniform way. The goal of this pa-
per is to provide a formal semantics for information integration able to cope
with these problems. This is a key point to understand, specify, and verify the
behavior of a multi-agent system for electronic commerce.

The semantics for information integration proposed in this paper, called Local
Model Semantics (LMS hereafter), is an extension to first order languages of
the semantics of contexts proposed in [9]. It is based on the intuition that the
database of an agent can be though as a partial view (thought as a context) on
a common world.

The paper is structured as follows. In Section 2 we introduce motivating ex-
amples. In Section 3 we review the basic concepts of semantics of databases.
In Section 4 we introduce the concept of integration information schema and in
Section 5 we define LMS for information integration. Section 6 defines logical
consequence for information integration. In Section 7 we formalize the examples

1 We have addressed representational issues, such as multi agent beliefs, in some pre-
vious paper (see for instance [10,8,5]). These approaches are homogeneous with the
formalism presented in this paper and can be easily integrated in it.
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via LMS. Then we compare LMS with the most relevant formalisms for informa-
tion integration (Section 8) and we make some concluding remarks (Section 9).

2 Motivating Examples

Two common examples of information integration occurring in electronic com-
merce are constituted by information exchange and information gathering. In-
formation exchange between two agents is the basis for electronic commerce
interaction protocols, such as contract-net. In information gathering, so called
mediator agents or broker agents [17,12,15] collect information from a number
of information providers and integrate it in a unique database.

Example 1 (Cooperation via information exchange). Let I be a company which
produces and sells assessments for Italian cars, and E be a company which does
the same for European sport cars. The assessment process is the same for both
companies and consists of 10 tests (e.g. for comfort, brakes, consume, . . . ). For
each test a car is assigned a rating from 1 to 10. I assigns a final score from
A to F computed as follows: a car is assigned an A if its total evaluation after
the 10 tests is less than 100

6 , a B if it is between 100
6 and 2 ∗ 100

6 , and so on. E
instead assigns a final score from 0 to 10 obtained by dividing the total valuation
by 10 and rounding to the nearest half point. Figure 1 compares the two scales.
Suppose that, in assessing to car1, I assigns car1 a total evaluation of 80 after the

1 2 3 4 5 6 7 8 9 100

50 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 959 100

FEDCBA

Fig. 1. Comparison of the different scales

first 9 tests, but for some reason the tenth test cannot be done. Since I doesn’t
want to loose the data of the previous 9 tests, a partial information is included in
the assessment database of I and car1 will be assigned a partial evaluation which
is either E or F . I and E decide to collaborate by exchanging the data about
common products (i.e. Italian sports cars). However they are not completely
cooperative. Indeed I decides to communicate only complete information (i.e.
no information about partial tests are communicated) and E decides not to
communicate the assessments of a specific sport car, say Ferrari F40, because it
is to critical. A formal model of this example must address the following aspects:

Semantic heterogeneity: The two scales 0–10 and A–F constitute an hetero-
geneous measure of the same aspects;
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Different domains: The domain of European sport cars is different from that
of Italian cars;

Domain overlapping: European sport cars and Italian cars overlap on Italian
sport cars;

Partiality: The incomplete assessment of car1 generates partial information;
Autonomy of communication: Each company decides to communicate only

a specific subset of the data.

Example 2 (Information gathering). Let m be a mediator of an electronic mar-
ket place for fruits composed of three fruits sellers: 1, 2, and 3. m collects infor-
mation about fruit prices from 1, 2, and 3 and integrates it in a unique homo-
geneous database. Customers that need information about fruit prices, instead
of connecting each seller, can submit a single query to the mediator. Figure 2
gives a graphical representation of the structure of this example. Circles rep-
resent databases and arrows represent information flow between databases. A

DB1 DB2

DBm

DB3

Fig. 2. Architecture for information integration

formalization of this scenario should address the following aspects:

Semantic heterogeneity: Prices of the different sellers are not homogeneous.
Suppose for instance that prices of database 1 don’t include taxes, while
prices of database 2 and 3 do.

Different domains: The sellers provide different subsets of fruits and therefore
the domains of their databases are different.

Heterogeneity on common domains: The domain of fruits can be repre-
sented at different level of details by different sellers. We suppose, for in-
stance, that the database 1 contains prices for red apples and yellow apples,
while database 2 and 3 don’t make this distinction and provide a single price
just for apples.

Directionality of the communication: The information about prices goes
from the sellers’ databases to the mediator, but no information runs in the
opposite direction.

Modularity: A new fruit seller might join the market place. This happens in
a transparent way w.r.t the database of the old sellers; i.e. the databases of
the old sellers are not affected by this change.
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3 Technical Preliminaries

The basic building blocks for the formalization of information integration are the
models of the information of each single agent. Since agents represent information
via a relational database, a formal model of information integration is build on
top of the formal models of the relational databases of the agents.

To this purpose we exploit well established results in this field. We follow [1]
in the notation and terminology. We assume that a countably infinite set att
of attributes is fixed. Let dom be a countable set of individual symbols, called
domain. For any A ∈ att the domain of A is a non empty subset dom(A) of
dom. Domains of attributes are mutually disjoint. The set of relational symbols
is a countable set R of symbols disjoint from att and dom, such that for any
R ∈ R, the sort of R is a finite sequence of elements of att.

Given att, dom, and R, L denotes the relational language over att, dom,
and R, i.e. the sorted first order language with sort att, constant symbols dom,
relational symbols R, and no function symbols. A database schema is a pair
S = 〈R, Σ〉, where Σ is a set of closed formulae of L, called integrity constraints.

A database schema S is essentially a theory in the language L. A database
on the schema S is formalized as an interpretation of L satisfying S. A complete
database db on a schema S is a first order interpretation of L in the domain
dom, which maps each R ∈ R of sort 〈A1, . . . , An〉, into a finite subset of
dom(A1)×, . . . ,×dom(An), each d ∈ dom in itself, and such that db classically
satisfies Σ (in symbols db |= Σ). A complete database contains complete infor-
mation about the elements of the domain, namely for each tuple of elements of
the domain and each relation, either such a tuple belongs to the relation or not.
In many applications, however, it is important to consider databases with partial
information, namely databases in which it is possible to specify disjunctive facts
or existential facts. A partial database DB on a schema S is a set of complete
databases on the schema S. Intuitively a partial (incomplete) database is repre-
sented extensionally as the set of all its possible completions. For instance, the
partial database in which “John has a car” is the set of interpretations which
state that John has a specific car, for any car in the domain of the database. In
the following we let the specification “partial” implicit.

An important feature of a database is its query language as we suppose
that each database communicates with the others via query answering. For the
purpose of this paper we consider first order queries (see [1], chapter 5), i.e.,
queries defined by first order open formulae. A formula φ with free variables in
{x1, . . . , xn} is denoted by φ(x1, . . . , xn). For each tuple d1, . . . , dn of elements of
dom, if the expression obtained by replacing each xi with di in φ is a formula of
L, then it is denoted by φ(d1, . . . , dn). In the other case φ(d1, . . . , dn) is undefined.

4 Information Integration Schema

The formalization of information integration is done in two steps. In the first
step (described in this section) we define an information integration schema
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which describes the structure of the database of each single agent and how the
information of different agents is integrated. in the second step (described in
next section) we define an information integration state as a formal model of an
information integration schema.

Let I be a (at most) countable set of indexes, each of which denotes an agent
(or equivalently its database). The first component of an information integration
schema is a family {Si}i∈I (hereafter {Si}) of database schemata. Si represents
the schema of the database of agent i.

The second component of an information integration schema represents how
the databases of the different agents are integrated. Due to the fact that infor-
mation is distributed, we cannot assume that a common data structure shared
by two agents exists. Therefore two agents can communicate only via query an-
swering. Heterogeneity implies that, if an agent j wants to get the information
in i-th database about the set of individuals which satisfy the property ψ, it
j must perform the following operations: (1) rewriting the query ψ in the lan-
guage of i (e.g. φ), (2) map back the answer of i (which is a set of objects in the
domain of i) into a set of objects in its own domain. Figure 3 gives a graphical
example of the query-answering between two heterogeneous databases where the
properties ψ and φ are instantiated in circle(x) and square(x), respectively. The
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circle(x)square(x)

Answer rewriting

i

Fig. 3. Example of query and result rewriting

specification of query rewriting schemata is obtained introducing the definition
of view constraints; the specification of result rewriting schemata is obtained
introducing the definition of domain constraints.

Definition 1 (View Constraint). Let Si and Sj be two database schema-
ta. A view constraint from Si to Sj is an expression i : φ(x1, . . . , xn) → j :
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ψ(x1, . . . , xn), where φ(x1, . . . , xn) and ψ(x1, . . . , xn) are formulae (or equiva-
lently queries) of the language of Si and Sj, respectively2.

Intuitively the view constraint i : φ(x1, . . . , xn) → j : ψ(x1, . . . , xn) means
that the agent j can ask the agent i the sub-query φ(x1, . . . , xn) in order to an-
swer the query ψ(x1, . . . , xn). Sets of view constraints from Si to Sj are denoted
by V Cij .

Definition 2 (Domain Constraint). Let Si and Sj be two database schemata.
A domain constraint from Si to Sj is an expression of the form Ti:A

j:B or Si:A
j:B

where A and B are formulae with one free variable of Si and Sj respectively.

Intuitively Ti:A
j:B captures the fact that from the point of view of j, for any

object of domi which is in the answer set of the query A there is a corresponding
object in domj which is in the answer set of the query B. Conversely Si:A

j:B

captures the fact that from the point of view of j, for any object d of domj which
is in the answer set of B in Sj , there is an object in domi which corresponds to
d and which is in the answer set of A. Sets of domain constraints from Si to Sj

are denoted by DCij .
An interschema constraint ICij from Si to Sj is a pair ICij = 〈DCij , V Cij〉.

Definition 3 (Information Integration Schema). An Information Integra-
tion Schema on I is a pair IIS=〈{Si}, {ICij}〉 where, for each i, j∈I with i 6=j,
Si is a database schema and ICij is an interschema constraint from Si to Sj.

5 Semantics for Information Integration

The collection of the states of the agents’ databases at a given instant point
is called information integration state. An information integration schema de-
scribes a class information integration states, i.e. those which satisfy the inter-
schema constraints. In this section we provide the formal notion of information
integration state, and we define when an information integration state satisfies
the constraints of an information integration schema. An information integra-
tion state is defined by formalizing the database of each agent as a context and
by taking the perspective described in [9] for the semantics of contexts and of
contextual reasoning. The formal semantics associated to each database i rep-
resents the description of the current state of the real world from i-th partial
point of view. Therefore the formal semantics of the information integration
schema 〈{Si}, {ICij}〉 contains a set {DBi} of databases, each DBi being a par-
tial database on the schema Si.

According to this perspective, databases may have distinct domains. Namely
there is no global domain there is rather a set of domains, each associated to
an agent (database). In order to propagate information about related objects
2 We define view constraints as pairs of formulae with the same set of free variables

for the sake of simplicity. View constraints can be easily generalized by dropping
this requirement.
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we introduce a family of relations between objects of the different databases’
domains. This relation is called domain relation. A domain relation from domi

to domj represents the capability of agent j to map the objects of domi in
its domain (i.e. domj). Formally, let domi be the domain of DBi. A domain
relation rij from domi to domj is a subset of domi×domj . A pair 〈d, d′〉 being
in rij means that, from the point of view of j, d in domi is the representation
of d′ in domj . A domain relation for Example 1, restricted to the domains of
rating values, is

rEI =
{ 〈0, A〉, 〈1, A〉, 〈2, B〉, 〈3, B〉, 〈3, C〉, 〈4, C〉,
〈5, D〉, 〈6, D〉, 〈7, E〉, 〈8, F 〉, 〈9, F 〉, 〈10, F 〉

}

A formal semantics for information integration is composed of a set of databases
(as defined in Section 3) and set of domain relations from the schema of a
component to that of the others. Domain constraints imply that only certain
domain relations are accepted. Analogously view constraints imply that only
certain combinations of databases are admitted.

Definition 4 (Satisfiability of Domain Constraint). Let Si and Sj be two
database schemata. The domain relation rij satisfies the domain constraint Ti:A

j:B

if for any d ∈ domi such that DBi |= A(d) there is a d′ such that 〈d, d′〉 ∈ rij
and DBj |= B(d′). Analogously rij satisfies the domain constraint Si:A

j:B iff for
any d ∈ domj such that DBj |= B(d), there is a d′ such that 〈d′, d〉 ∈ rij and
DBi |= A(d)

Definition 5 (Satisfiability of View Constraint). Let DBi and DBj be two
databases on Si and Sj, and rij be a domain relation. The tuple 〈DBi,DBj , rij〉
satisfies the view constraint i : φ(x1, . . . , xn) → j : ψ(x1, . . . , xn) if for any
〈dk, d

′
k〉∈ rij (1≤ k ≤ n), DBi |= φ(d1, . . . , dn)implies that DBj |= ψ(d′1, . . . , d′n).

An intuitive interpretation of satisfiability of a view constraint can be given
in terms of relations between the results of queries to the databases. A domain
relation rij can be interpreted as a mapping from relations in i into relations in
j. Formally if X ⊆ domn

i is a relation in DBi then rij(X) is defined as

{〈d′1, . . . , d′n〉 ∈ domn
j | 〈d1, . . . , dn〉 ∈ X and for all 1 ≤ k ≤ n 〈d,d

′
k〉 ∈ rij}

According to this fact, 〈DBi,DBj , rij〉 satisfies i :φ(x1, . . . , xn)→j :ψ(x1, . . . , xn)
if and only if rij(X) ⊆ Y , being X and Y the result of the query φ(x1, . . . , xn)
to DBi, and the result of query ψ(x1, . . . , xn) to DBj respectively.

Definition 6 (Information Integration State). Let {Si} be a set of database
schemata. Let {DBi} be a set of databases, each DBi being a database on Si,
and {rij} be a family of domain relations. An information integration state on
the information integration schema 〈{Si}, {ICij}〉 is a pair iis = 〈{DBi}, {rij}〉
such that for all i, j ∈ I, i 6= j, 〈DBi,DBj , rij〉 satisfies ICij .
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6 Logical Consequence

Interschema constraints, like integrity constraints in single databases (see [1],
Chapter 8), imply that certain facts in a database are consequences of other facts
in, possibly distinct, databases. The formal characterization of such a relation
is crucial as it allows to formally check inconsistencies in the databases and to
understand how information propagates through databases independently from
the specific information state. In this section we formalize this relation by the
notion of logical consequence. Logical consequence is a relation between formulae
of the relational languages of the databases. To define logical consequence we
introduce some extra notation. A labeled formula is a pair i : φ. It denotes the
formula φ and the fact that φ is a formula of the database schema Si. If no
ambiguity arises, labeled formulae are called formulae. Given a set of labeled
formulae Γ , Γj denotes the set of formulae {γ | j :γ ∈ Γ}. From now on we say
that φ is a i-formula to specify that φ is a formula of the schema Si.

We extend the set of variables of each Si to a set of extended variables. For
each j ∈ I, each variable x of sort A in Si, and each attribute B in Sj , xj:B→

and x→j:B are variables of sort A. Notationally we write e to mean an extended
variable. Intuitively a variable x of sort A (without indexes) occurring in i : φ
is a placeholder for a generic element of domi(A); the extended variable xj:B→

of sort A occurring in i :φ is a placeholder for an element of domi(A) which is
an image, via rji, of the element of domj(B) denoted by x; analogously x→j:B

occurring in i :φ is a placeholder for an element of domi(A) which is a pre-image,
via rij , of the element of domj(B) denoted by x.

Given an information integration state iis on an information integration
schema IIS, an assignment is a total function a which maps a pair 〈e, i〉 in-
to an element of domi(A). a is an admissible assignment if for any variable x of
sort A and any variable xi:A→ and x→i:A of sort B

1. if Ti:A
j:B ∈ DCij , then 〈a(x, i), a(xi:A→, j)〉 ∈ rij

2. if Si:B
j:A ∈ DCji, then 〈a(x→i:A, j), a(x, i)〉 ∈ rji.

Definition 7 (Satisfiability). Let iis = 〈{DBi}, {rij}〉 be an information in-
tegration state. A i-formula φ is satisfied in db ∈ DBi by an assignment a, in
symbols db |= φ[a], according to the definition of satisfiability in first order logic.
A i-formula φ is satisfied in DBi by an assignment a, in symbols DBi |= φ[a],
if for any db ∈ DBi, db |= φ[a]. i : φ is satisfied in iis by an assignment a, in
symbols iis |= i : φ[a], if DBi |= φ[a].

Notationally, for any set of i-formulae Γ , DBi |= Γ [a] means that DBi |= γ[a]
for any γ ∈ Γ . Let DBi be a database on Si and a an assignment for any set
of i-formulae Γ, φ. Γ [a] |=DBi

φ[a] if and only if for all dbi ∈ DBi, dbi |= Γ [a]
implies that dbi |= φ[a].

Definition 8 (Logical Consequence). Let IIS be an information integration
schema and Γ be a set of formulae. A formula i : φ is a logical consequence of Γ ,
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in symbols Γ |=IIS i : φ, if for any information integration state 〈{DBi}, {rij}〉
on IIS and for any admissible assignment a, if for all j 6= i, DBj |= Γj [a], then
Γi[a] |=DBi φ[a].

7 Modeling the Examples

Example 3 (Formalization of example 1). In the scenario of example 1 there are
two agents I and E containing two databases with local schemata SI and SE

respectively.

Local Schemata SI and SE contain two attributes value (for evaluation values)
and car (for cars). domI(value) = {A, . . . , F} and domE(value) = {1, . . . , 10}.
domI(car) is the set of Italian cars, and domE(car) is the set of European sport
cars.

SI and SE contain a binary predicate eval(x, y) of sort 〈car, value〉 meaning
that the result of the assessment of car x is y. SI contains a unary predicate
sport-car(x) of sort car. meaning that x is a sport car; SE contains a unary
predicate it-car(x) of sort car, meaning that x is an Italian car.

Interschema Constraints We remind that domain constraints from i to j repre-
sent the capability of j to map in its domain the answers of queries submitted
to i. In our example, the complete cooperation of I in answering the queries
submitted by E, corresponds to the fact that any sport car in domI is translated
in an Italian car in domE and, vice versa, for any Italian car c in domE there is
a sport car in domI which is mapped into c. This is represented by the domain
constraints:

T
I:sport−car(x)
E:it−car(x) S

I:sport−car(x)
E:it−car(x) (1)

The domain constraint from E to I must take into account that E is not com-
pletely cooperative as it refuses to give information about the car Ferrari F40.
This means that, when E answers to a query submitted by I any Italian car in
domE with the exception of F40, can be translated into a sport car in domI and
vice versa. This is represented by the domain constraints:

T
E:it−car(x)∧x 6=F40
I:sport−car(x) S

E:it−car(x)∧x 6=F40
I:sport−car(x) (2)

Both companies are completely cooperative w.r.t the domains of the attribute
value. I.e. I is able to translate any evaluation A–F of the domain of E in 1–10,
and vice versa. This is represented by the following domain constraints:

TI:value
E:value SI:value

E:value TE:value
I:value SE:value

I:value (3)

Let’s consider view constraints. Both companies agree on cars names. E.g., the
intended meaning of “car2” in the database of both companies is a unique car
whose name is car2. This is represented by the view constraints:

I : x = c → E : x = c E : x = c → I : x = c (4)
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for any car name c which is in the language of I and E. Evaluation transformation
is formalized by two sets of view constraints that reflect the comparison between
the two different scales in Figure 1:

I : x = A → E : x = 0 ∨ x = 1 ∨ x = 2 E : x = 0 → I : x = A
I : x = B → E : x = 2 ∨ x = 3 E : x = 1 → I : x = A

...
...

I : x = F → E : x = 8 ∨ x = 9 ∨ x = 10 E : x = 10 → I : x = F

(5)

Finally, the intended meaning of the predicate eval(x, y) in both databases
coincides. This is formalized by the view constraints:

I : eval(x, y) → E : eval(x, y) E : eval(x, y) → I : eval(x, y) (6)

The information integration schema IISv for this example is composed by SI,
SE, and the domain constraints and view constraints defined above. An example
of information integration state iis on the schema IISv is:

DBI DBE rIE rEI

db1
eval

car value
car1 E
car2 F
car3 C

db2
eval

car value
car1 F
car2 F
car3 C

db3
eval

car value
car2 4
car3 5
Porche 960 7
F40 10

〈A, 0〉
〈A, 1〉
〈C, 5〉
〈E, 8〉

.

.

.
〈car1, car1〉
〈car2, car2〉

.

.

.
〈F40, F40〉

〈0, A〉
〈1, A〉
〈5, C〉
〈7, E〉

.

.

.
〈car1, car1〉
〈car2, car2〉

.

.

.

Let us now address the aspects pointed out in Example 1.

Semantic heterogeneity: View constraints (5) allow to relate the (heteroge-
neous) values 0–10 and A–F. From the definition of satisfiability of a view
constraint, (5) influence the definition of the domain relations rIE and rEI.
Let us analyze by mean of an example how the two databases exchange
data about cars. In the information integration state iis depicted above
DBE |= eval(car3, 5). By view constraint (6), and by 〈5, C〉 ∈ rEI it follows
that DBI |= eval(car3, C). Another information integration state on the same
schema is obtainable from iis by replacing 〈5, C〉 with 〈5, D〉 in rEI (this is
still a domain relation which satisfies view constraints (5)). Again view con-
straint (6) forces DBI |= eval(car3, D). However in order to satisfy view con-
straint (5) and domain constraint TE:value

I:value either 〈5, C〉 ∈ rEI or 〈5, D〉 ∈ rEI.
This implies that, for any information integration state on the schema IISv,
DBE |= eval(car3, 5) implies DBI |= eval(car3, C)∨eval(car3, D). The above
observations are summarized by the following properties of the logical con-
sequence of IISv.

E : eval(car3, 5) 6|=
IISv

I : eval(car3, C) (7)
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E : eval(car3, 5) 6|=
IISv

I : eval(car3, D) (8)
E : eval(car3, 5) |=

IISv
I : eval(car3, C) ∨ eval(car3, D) (9)

Notice that the properties of |=IISv
shown above formalize that semantic

heterogeneity between the two scales prevents to find a one to one translation
between rates. In particular the fact that neither I : eval(car3, C) nor I :
eval(car3, D) are logical consequences of E : eval(car3, 5) (equations (7)
and (8)) formalizes that we cannot translate the rate 5 to a unique value (C
or D) because of the fact that 5 might be obtained rounding off a valuation
between 4.5 and 5, or by rounding off a valuation between 5 and 5.5. However
equation (9) enable us to infer the partial information that car3’s final score
in the second scale is either C or D from the fact that car3’s final score in
the first scale is 5.

Different domains: The domains of I and E contain different objects. For in-
stance the domain of E contains the car Porche 960 which is not an Italian
car and it is not contained in the domain of I.

Domain overlapping: The overlapping on Italian sport cars is formalized by
domain constraints (1) and (2)

Partiality: The incomplete assessment of car1 is represented in iis by the fact
that DBI |= eval(car1, E) ∨ eval(car1, F ) but neither DBI |= eval(car1, E)
nor DBI |= eval(car1, F ).

Autonomy of communication: I doesn’t communicate to E partial informa-
tion about evaluation. For instance, the partial evaluation on car1 in I does
not entail any evaluation (even partial) in E;

I : eval(car1, E) ∨ eval(car1, F ) 6|=
IISv

E : ∃x.eval(car1, x)
despite the fact that each of the disjuncts in I entails an eval statement in E.

I : eval(car1, E) |=
IISv

E : eval(car1, 7) ∨ eval(car1, 8) (10)
I : eval(car1, F ) |=

IISv
E : eval(car1, 9) ∨ eval(car1, 10) (11)

The fact that E doesn’t communicate to I any data about F40, corresponds
to the property that for any evaluation X in 1–10.

E : eval(F40, X) 6|=
IISv

I :∃x.eval(F40, x) (12)

The above property is the consequence of the fact that the domain relation
rEI might not associate any element to F40 (see domain constraint (2)).
Non cooperativeness of E does not prevent I to be cooperative. Indeed I
communicates information about F40 to E and the following property holds
for any evaluation X in A–F.

I : eval(F40, X) |=
IISv

E :∃x.eval(F40, x) (13)

The proof is similar to that of equation (9) and is obtained from the fact
that domain constraint 1) forces the pair 〈F40, F40〉 to be in rIE.
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Example 4 (Formalization of example 2). The information integration schema
for this example is composed of four databases, one for each fruit seller, and a
one for the mediator agent. Let Si (i = 1, 2, 3) be the local schema of the sellers
and Sm be the local schema for the mediator.

Local Schemata Each Si (i = 1, 2, 3) and Sm contain the attribute fruit-name,
with domain a set of names (of fruits), and the attribute price, with domain the
set of money amounts expressed in dollars. Si (i ∈ I) and Sm contain a predicate
has-price(x, y) of sort 〈fruit-name, price〉 meaning that x costs y.

Interschema Constraints Let us consider domain constraints. Since the mediator
retrieves information concerning the prices of all the available fruits, for any
object in a domain of a seller, there exists a corresponding object in the domain
of the mediator. This is formalized by the following domain constraints:

Ti:A
m:A for any i = 1, 2, 3 and for any A = fruit-name, price (14)

Let us now consider view constraints. Constants in each seller preserve the
same meaning in the mediator with the exception of red-apple and yellow-apple
in the database of the first seller which correspond just to apple in the mediator
(that is the mediator is not interested in maintaining the distinction between
different kinds of apples). This is formalized by the view constraints

i : x = c → m : x = c (15)

for any i = 1, 2, 3 and any constant c in Si different from the constants red-apple
and yellow-apple in S1.

The fact that red-apple and yellow-apple in S1 is rewritten as apple in Sm is
represented by the view constraint:

1 : x = red-apple → m : x = apple (16)
1 : x = yellow-apple → m : x = apple (17)

The first seller, provides fruit prices without including taxes, since the medi-
ator considers prices with tax, the prices of the first seller must be increased by
the tax rate. (say 0.07). This is represented by the view constraint:

1 : has-price(x, y) → m : ∃y′has-price(x, y′) ∧ y′ = y + (0.07 ∗ y) (18)

The second and third seller, adopts prices with taxes and no transformation is
necessary. The view constraint from 2 and 3 to m is therefore the following:

2 : has-price(x, y) → m : has-price(x, y) (19)
3 : has-price(x, y) → m : has-price(x, y) (20)

The information integration schema for example 2 is Sm = 〈{Si}, {ICij}〉,
where ICmi is empty for any i = 1, 2, 3 and ICim contains the interschema
constraints (15)–(20).
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An example of information integration state on the federated database
schema IISm contains the databases DB1,DB2,DB3,DBm depicted below and
the domain relations rim (i = 1, 2, 3) defined as identity relations except for the
pairs 〈red-apple, apple〉 and 〈yellow-apple, apple〉 in r1m; all the other domain
relation are empties.

DBm

db4

has-price

fruit-name price

apple 0.856$
apple 1.284$
apple 1$
apricot 0.8$
banana 0.7$
banana 3$
mellon 2$
pineapple 0.5$
water-mellon 3.4$

DB1 DB2 DB3

db1

has-price

fruit-name price

red-apple 0.8$
yellow-apple 1.2$

db2

has-price

fruit-name price

apple 1$
apricot 0.8$
banana 0.7$
pineapple 0.5$

db3

has-price

fruit-name price

banana 3$
mellon 2$
water-mellon 3.4$

Let us now address the issues pointed out in Example 2.

Semantic heterogeneity: The first issue concerns the resolution of the het-
erogeneity on the prices of the different sellers. View constraints (18)–(20)
specify how eliminate this heterogeneity.

Different domains: Different databases have different domains. E.g. the sec-
ond database contains apricot which is not contained in the domain of the
first database.

Heterogeneity on common domains: The domain of fruits is described at
different levels of detail in the different databases. This heterogeneity is re-
moved in importing information into the mediator via view constraints. No-
tice that view constraints (16) and (17) force the domain relation r1m to map
both red apples and yellow apples in apples and to solve the heterogeneity
between the domain of DB1 and that of the mediator.
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Directionality of the communication: The fact that all the interschema
constraints are from i ∈ {1, 2, 3} to m implies that no information runs
in the opposite direction. This corresponds to the following property: for
any formula φ in the language of m, and for any formula ψ of the language
of a seller (say i)

if 6|=
IISm

i : ψ then m : φ 6|=
IISm

i : ψ

This must be read: if a fact ψ is not in the database of seller i, then it cannot
be imported as the result of submitting any query φ to the mediator.

Modularity: Suppose that a new seller (say 4) joins the market. Let S4 be the
schema of its database. The new information integration schema is obtained
by adding the local schema S4 and a set of interschema constraints IC4m

which formalizes how the mediator imports information from 4. Notice that
neither the mediator schema nor the information sources schemata and the
interschema constraints between them are modified. Modularity is therefore
guaranteed. Notice that autonomy is also preserved. Indeed due to direction-
ality of communication is easy to prove that the information sources 1, 2,
and 3 are not modified by the addition of new sellers.

8 Related Work

The main advantages of LMS w.r.t the approaches proposed in the past derives
from the fact that LMS is not based on a unique model of the world but on a
combination partial models each of which represents the point of view of an agent
i on the world. Most of the other approaches are instead based on a complete
description of the world, and the semantics of the databases are built by filtering
the information of such a description. However a description of the real world is
hardly to be available, especially in the case of a set of autonomous agents which
are supposed to operate in an open environment. In most of the cases, indeed,
the database of each agent has its own semantics which corresponds to a partial
description of the real world.

A significant attempt to develop a logic based formal semantics for hetero-
geneous information integration is the idea of cooperative information system
(CIS) described in [4]. A CIS is quite similar to an information integration state.
It is composed of a set of database schemata and a set of so called interschema
assertions. Database schemata represent the individual information sources and
are theories in description logics [3]. Interschema assertions formalize relations
between different database schemata. CISs formalize a certain degree of auton-
omy, each database having its own language, domain, and schema. Furthermore
CISs formalize a certain degree of redundancy by means of interschema asser-
tions, which capture four different kinds of semantic interdependencies between
concepts and relations in different databases. A first difference between CIS and
LMS concerns the domains. A model for a CIS is defined over a global domain
which is the union of the domains of the databases. This implies that a constant
c in different databases is interpreted in the same object c in the CIS. As a
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consequence in CIS one cannot represent various forms of redundancy between
objects belonging to different database domains, e.g. the fact that a database
domain is an abstraction of another database domain. A second difference con-
cerns partiality. CIS models complete databases and cannot express partiality.
Totality affects directionality. Indeed in CIS every interschema constraints from
S1 to S2 entails the converse interschema assertion in the opposite direction.
This prevents CIS to completely represent directionality in the communication
between databases.

Subrahmanian [14] uses annotated logic [2] to integrate a set of deductive
databases in an unique amalgamated database called amalgam. The amalgam, in
addition to the disjoint union of the databases, contains a supervisory database.
The supervisory database is a set of clauses (called amalgamated clauses) which
resolve conflicts due to inconsistent facts and compose uncertain information
of different database sources. [14] investigates the relation between the mod-
els of the amalgam and the models of its components. Subrahmanian takes a
more general approach then ourselves as he considers formulas with complex
sets of truth values and time intervals. However the intuition behind amalga-
mated clauses (contained in the supervisory database) is very close to that of a
generalization of view constraints described in [6]. From our perspective adopting
a global amalgamated database is the reason of the main drawback of Subrahma-
nian’s approach. Indeed global amalgamated database prevents one to associate
distinct deductive mechanism to each database in the system. Furthermore a-
malgamated database doesn’t support local inconsistency. I.e. the inconsistency
of a local database forces the inconsistency of the whole amalgamated database.
Differently, our approach allows an integration information state in which the
i-th database is inconsistent while the other are consistent.

Vermeer et al. [16] exploit the semantic information provided by the integrity
constraints of the single databases to achieve interoperability among them. The
spirit of this approach is similar to ours, although they mainly address a differ-
ent problem. In [16] different databases are integrated in an unique integrated
view. The consistency of such an integrated view is checked by using integrity
constraints of component databases. Vermeer et al. argue that semantic rela-
tions are expressed by relationships between objects (cf. domain relations) and
relations between classes are the result of object relationships (cf. definition of
satisfiability of domain/view constraints w.r.t. a domain relation).

9 Conclusions

In this paper we have provided a formal semantics, called Local Models Semantic-
s (LMS), for the integration of information of different agents. We have provided
two examples from the electronic commerce scenario which involve many of the
challenging aspects of information integration. We have defined LMS introducing
the key concepts of domain constraint and view constraint which formalize how
the information of different agents is integrated. Then we have argued that LMS
is an adequate formalism for information integration in electronic commerce by
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formalizing the examples presented in the paper. Finally we have compared LMS
with the main formalisms in the area of information integration. In [7] we have
defined a sound and complete calculus based on ML systems [10] which allows
to reason about LMS.
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