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Preface

Software engineers have derived a progressively better understanding of the cha-
racteristics of complexity in software. It is now widely recognised that interaction
is probably the most important single characteristic of complex software. Soft-
ware architectures that contain many dynamically interacting components, each
with their own thread of control and engaging in complex coordination proto-
cols, are typically orders of magnitude more complex to correctly and efficiently
engineer than those that simply compute a function of some input through a
single thread of control.

Unfortunately, it turns out that many (if not most) real-world applications
have precisely these characteristics. As a consequence, a major research topic in
computer science over at least the past two decades has been the development
of tools and techniques to model, understand, and implement systems in which
interaction is the norm. Indeed, many researchers now believe that in the future,
computation itself will be understood chiefly as a process of interaction.

Since the 1980s, software agents and multi-agent systems have grown into
what is now one of the most active areas of research and development activity
in computing in general. There are many reasons for the current intensity of
interest, but certainly one of the most important is that the concept of an agent
as an autonomous system, capable of interacting with other agents in order to
satisy its design objectives, is a natural one for software designers. Just as we can
understand many systems as being composed of essentially passive objects, which
have a state and upon which we can perform operations, so we can understand
many others as being made up of interacting, semi-autonomous agents.

This recognition has led to the growth of interest in agents as a new para-
digm for software engineering. The aim of the AOSE-2000 workshop, held at the
ICSE-2000 conference in Limerick, Ireland, in June 2000, was to investigate the
credentials of agent-oriented software engineering, and to gain an understanding
of what agent-oriented software engineering might look like.

Some 32 papers were submitted to the workshop, and after refereeing, about
half were accepted for presentation. After the workshop, these papers were revi-
sed in light of the discussions at the workshop and, together with a selection of
invited papers (by Bussmann, Petrie, Rana, and Shehory), these revised papers
make up the volume you are now reading.

We are convinced that agents have a significant role to play in the future
of software engineering. This book offers insights into the issues that will shape
that future.

September 2000 Paolo Ciancarini
Michael Wooldridge
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Topics of Interest

The workshop invited the submission of all papers covering aspects of agent-
oriented software engineering, but particularly the following:

– Methodologies for agent-oriented analysis and design
– Relationship of agent-oriented software to other paradigms (e.g., OO)
– UML and agent systems
– Agent-oriented requirements analysis and specification
– Refinement and synthesis techniques for agent-based specifications
– Verification and validation techniques for agent-based systems
– Software development environments and CASE tools for AOSE
– Standard APIs for agent programming
– Formal methods for agent-oriented systems, including specification and ve-

rification logics
– Engineering large-scale agent systems
– Experiences with field-tested agent systems
– Best practice in agent-oriented development
– Market and other economic models in agent systems engineering
– Practical coordination and cooperation frameworks for agent systems

We were particularly interested in papers that addressed to the following
questions:

1. The “OO mindset” contains about half a dozen key concepts – class, instance,
encapsulation, inheritance, polymorphism, and so on. In your view, what are
the key concepts in the “agent-oriented” mindset? If you had to identify just
one, then what would it be and why? How do we identify what should and
should not be modelled/implemented as an agent? What are the key features
you look for in a problem that suggests an agent-based solution?

2. Over the past few years, there has been an increasing trend in the object-
oriented community towards the development of “agent-like” features. Ex-
amples include distributed objects (CORBA, RMI), applets, mobile object
systems, and coordination mechanisms and languages. This trend is likely to
continue at least in the short term. Given this, how does an agent-oriented
software engineering view sit in relation to other software paradigms, in par-
ticular, object-oriented development? What are the key attributes of agent-
oriented development that make it unique and distinctive?

3. What is the impact of agent-oriented languages and tools on the software de-
velopment process? How can legacy software architectures be integrated with
agent- or multi-agent-oriented applications? Which specification, design, im-
plementation, maintenance, or documentation systems and strategies have
to be adopted in order to deal with agent-oriented issues?

4. Agent-based solutions are not appropriate to all applications. One of the keys
to the success of agent-oriented software engineering is therefore to identify
the application requirements that indicate an agent-based solution. What
are the key properties that indicate an agent-based approach is appropriate?
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Agent-Oriented Software Engineering:
The State of the Art
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University of Bologna
Mura Anteo Zamboni 7, 47127 Bologna, Italy
ciancarini@cs.unibo.it

Abstract. Software engineers continually strive to develop tools and techniques
to manage the complexity that is inherent in software systems. In this article,
we argue thatintelligent agentsandmulti-agent systemsare just such tools. We
begin by reviewing what is meant by the term “agent”, and contrast agents with
objects. We then go on to examine a number of prototype techniques proposed for
engineering agent systems, including methodologies for agent-oriented analysis
and design, formal specification and verification methods for agent systems, and
techniques for implementing agent specifications.

1 Introduction

Over the past three decades, software engineers have derived a progressively better un-
derstanding of the characteristics of complexity in software. It is now widely recognised
that interaction is probably the most important single characteristic of complex soft-
ware. Software architectures that contain many dynamically interacting components,
each with their own thread of control, and engaging in complex coordination protocols,
are typically orders of magnitude more complex to correctly and efficiently engineer
than those that simply compute a function of some input through a single thread of
control.

Unfortunately, it turns out that many (if not most) real-world applications have pre-
cisely these characteristics. As a consequence, a major research topic in computer sci-
ence over at least the past two decades has been the development of tools and techniques
to model, understand, and implement systems in which interaction is the norm.

Many researchers now believe that in future, computation itself will be understood
as chiefly as a process of interaction. This has in turn led to the search for new com-
putational abstractions, models, and tools with which to conceptualise and implement
interacting systems.

Since the 1980s, software agents and multi-agent systems have grown into what is
now one of the most active areas of research and development activity in computing
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generally. There are many reasons for the current intensity of interest, but certainly
one of the most important is that the concept of an agent as an autonomous system,
capable of interacting with other agents in order to satisfy its design objectives, is a
natural one for software designers. Just as we can understand many systems as being
composed of essentially passive objects, which have state, and upon which we can
perform operations, so we can understand many others as being made up of interacting,
semi-autonomous agents.

Our aim in this article is to survey the state of the art in agent-oriented software
engineering. The article is structured as follows:

– in the sub-sections that follows, we provide brief introductions to agents and multi-
agent systems, and comment on the relationship between agents and objects (in the
sense of object-oriented programming);

– in section 2, we survey some preliminarymethodologiesfor engineering multi-
agent systems — these methodologies provide structured but non-mathematical
approaches to the analysis and design of agent systems, and for the most part take
inspiration either from object-oriented analysis and design methodologies or from
knowledge-engineering approaches; and finally,

– in section 3, we comment on the use offormalmethods for engineering multi-agent
systems.

We conclude the main text of the article with a brief discussion of open problems,
challenges, and issues that must be addressed if agents are to achieve their potential
as a software engineering paradigm. In an appendix, we provide pointers to further
information about agents.

1.1 What are Agent-Based Systems?

Before proceeding any further, it is important to gain an understanding of exactly what
we mean by an agent-based system. By anagent-based system, we mean one in which
the key abstraction used is that of anagent. Agent-based systems may contain a single
agent, (as in the case of user interface agents or software secretaries [50]), but arguably
the greatest potential lies in the application ofmulti-agent systems [5]. By anagent, we
mean a system that enjoys the following properties [75, pp.116–118]:

– autonomy: agents encapsulate some state (that is not accessible to other agents), and
make decisions about what to do based on this state, without the direct intervention
of humans or others;

– reactivity: agents aresituatedin an environment, (which may be the physical world,
a user via a graphical user interface, a collection of other agents, theINTERNET, or
perhaps many of these combined), are able toperceivethis environment (through
the use of potentially imperfect sensors), and are able to respond in a timely fashion
to changes that occur in it;

– pro-activeness: agents do not simply act in response to their environment, they are
able to exhibit goal-directed behaviour bytaking the initiative;

2 M. Wooldridge and P. Ciancarini



– social ability: agents interact with other agents (and possibly humans) via some
kind of agent-communication language[28], and typically have the ability to en-
gage in social activities (such as cooperative problem solving or negotiation) in
order to achieve their goals.

These properties are more demanding than they might at first appear. To see why, let
us consider them in turn. First, considerpro-activeness: goal directed behavior. It is not
hard to build a system that exhibits goal directed behavior — we do it every time we
write a procedure in Pascal, a function in C, or a method in Java. When we write such
a procedure, we describe it in terms of theassumptionson which it relies (formally,
its pre-condition) and theeffectit has if the assumptions are valid (itspost-condition).
The effects of the procedure are itsgoal: what the author of the software intends the
procedure to achieve. If the pre-condition holds when the procedure is invoked, then
we expect that the procedure will executecorrectly: that it will terminate, and that upon
termination, the post-condition will be true, i.e., the goal will be achieved. This is goal
directed behavior: the procedure is simply a plan or recipe for achieving the goal. This
programming model is fine for many environments. For example, its works well when
we considerfunctional systems— those that simply take some inputx, and produce
as output some some functionf(x) of this input. Compilers are a classic example of
functional systems.

But for non-functional systems, this simple model of goal directed programming
is not acceptable, as it makes an important limiting assumption. It assumes that the
environmentdoes not changewhile the procedure is executing. If the environment does
change, and in particular, if the assumptions (pre-condition) underlying the procedure
become false while the procedure is executing, then the behavior of the procedure may
not be defined — often, it will simply crash. Similarly, it is assumed that the goal, that
is, the reason for executing the procedure, remains valid at least until the procedure
terminates. If the goal doesnot remain valid, then there is simply no reason to continue
executing the procedure.

In many environments, neither of these assumptions are valid. In particular, in do-
mains that aretoo complexfor an agent to observe completely, that aremulti-agent(i.e.,
they are populated with more than one agent that can change the environment), or where
there isuncertaintyin the environment, these assumptions are not reasonable. In such
environments, blindly executing a procedure without regard to whether the assumptions
underpinning the procedure are valid is a poor strategy. In such dynamic environments,
an agent must bereactive, in just the way that we described above. That is, it must
be responsive to events that occur in its environment, where these events affect either
the agent’s goals or the assumptions which underpin the procedures that the agent is
executing in order to achieve its goals.

As we have seen, building purely goal directed systems is not hard. Similarly, build-
ing purely reactivesystems — ones thatcontinuallyrespond to their environment — is
also not difficult; we can implement them as lookup tables that simply match environ-
mental stimuli to action responses. However, what turns out to be very hard is building
a system that achieves an effectivebalancebetween goal-directed and reactive behav-
ior. We want agents that will attempt to achieve their goals systematically, perhaps by
making use of complex procedure-like recipes for action. But we don’t want our agents
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to continue blindly executing these procedures in an attempt to achieve a goal either
when it is clear that the procedure will not work, or when the goal is for some reason
no longer valid. In such circumstances, we want our agent to be able to react to the new
situation, in time for the reaction to be of some use. However, we do not want our agent
to becontinuallyreacting, and hence never focussing on a goal long enough to actually
achieve it.

On reflection, it should come as little surprise that achieving a good balance be-
tween goal directed and reactive behavior is hard. After all, it is comparatively rare to
find humans that do this very well. How many of us have had a manager who stayed
blindly focussed on some project long after the relevance of the project was passed, or
it was clear that the project plan was doomed to failure? Similarly, how many have en-
countered managers who seem unable to stay focussed at all, who flit from one project
to another without ever managing to pursue a goal long enough to achieveanything?
This problem — of effectively integrating goal-directed and reactive behavior — is one
of the key problems facing the agent designer. As we shall see, a great many proposals
have been made for how to build agents that can do this — but the problem is essentially
still open.

Finally, let us say something aboutsocial ability, the final component of flexible
autonomous action as defined here. In one sense, social ability is trivial: every day, mil-
lions of computers across the world routinely exchange information with both humans
and other computers. But the ability to exchange bit streams is not really social ability.
Consider that in the human world, comparatively few of our meaningful goals can be
achieved without thecooperationof other people, who cannot be assumed toshareour
goals — in other words, they are themselves autonomous, with their own agenda to
pursue. This type of social ability — involving the ability to dynamically negotiate and
coordinate — is much more complex, and much less well understood, than simply the
ability to exchange bitstreams.

An obvious question to ask is why agents and multi-agent systems are seen as an
important new direction in software engineering. There are several reasons [40, pp.6–
10]:

– Natural metaphor.
Just as the many domains can be conceived of consisting of a number of interacting
but essentially passiveobjects, so many others can be conceived as interacting,
active, purposefulagents. For example, a scenario currently driving much R&D
activity in the agents field is that of software agents that buy and sell goods via the
Internet on behalf of some users. It is natural to view the software participants in
such transactions as (semi-)autonomous agents.

– Distribution of data or control.
For many software systems, it is not possible to identify a single locus of control:
instead, overall control of the systems is distributed across a number computing
nodes, which are frequently geographically distributed. In order to make such sys-
tems work effectively, these nodes must be capable of autonomously interacting
with each other — they must agents.

– Legacy systems.

4 M. Wooldridge and P. Ciancarini



A natural way of incorporating legacy systems into modern distributed information
systems is toagentifythem: to “wrap” them with an agent layer, that will enable
them to interact with other agents.

– Open systems.
Many systems areopenin the sense that it is impossible to know at design time ex-
actly what components the system will be comprised of, and how these components
will be used to interact with one-another. To operate effectively in such systems, the
ability to engage in flexible autonomous decision-making is critical.

1.2 On the Relationship between Agents and Objects

Programmers familiar with object-oriented approaches often fail to see anything novel
or new in the idea of agents. When one stops to consider the relative properties of agents
and objects, this is perhaps not surprising. Objects are defined as computational entities
thatencapsulatesome state, are able to perform actions, ormethodson this state, and
communicate by message passing. There are clearly close links between agents and
objects, which are made stronger by our tendency to anthropomorphisize objects. For
example, the following is from a textbook on object-oriented programming:

There is a tendency [. . . ] to think of objects as“actors” and endow them with
human-like intentions and abilities. It’s tempting to think about objects “decid-
ing” what to do about a situation, [and] “asking” other objects for information.
[. . . ] Objects are not passive containers for state and behaviour, but are said to
be the agents of a program’s activity. [37, p.7]

While there are obvious similarities, there are also significant differences between agents
and objects. The first is in the degree to which agents and objects are autonomous. Re-
call that the defining characteristic of object-oriented programming is the principle of
encapsulation — the idea that objects can have control over their own internal state.
In programming languages like Java, we can declare instance variables (and methods)
to beprivate , meaning they are only accessible from within the object. (We can of
course also declare thempublic , meaning that they can be accessed from anywhere,
and indeed we must do this for methods so that they can be used by other objects. But
the use ofpublic instance variables is usually considered poor programming style.)
In this way, an object can be thought of as exhibiting autonomy over its state: it has
control over it. But an object does not exhibit control over it’sbehavior. That is, if an
object has a public methodm, then other objects can invokemwhenever they wish —
once an object has made a methodpublic , then it subsequently has no control over
whether or not that method is executed.

Of course, an objectmustmake methods available to other objects, or else we would
be unable to build a system out of them. This is not normally an issue, because if we
build a system, then we design the objects that go in it, and they can thus be assumed to
share a “common goal”. But in many types of multi-agent system, (in particular, those
that contain agents built by different organisations or individuals), no such common
goal can be assumed. It cannot be for granted that an agenti will execute an action
(method)a just because another agentj wants it to —a may not be in the best interests
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of i. We thus do not think of agents as invoking methods upon one-another, but rather
asrequestingactions to be performed. Ifj requestsi to performa, theni may perform
the action or it may not. The locus of control with respect to the decision about whether
to execute an action is thus different in agent and object systems. In the object-oriented
case, the decision lies with the object that invokes the method. In the agent case, the
decision lies with the agent that receives the request. This distinction between objects
and agents has been nicely summarized in the following slogan:Objects do it for free;
agents do it because they want to.

The second important distinction between object and agent systems is with respect
to the notion of flexible (reactive, pro-active, social) autonomous behavior. The standard
object model has nothing whatsoever to say about how to build systems that integrate
these types of behavior. One could point out that we can build object-oriented programs
thatdo integrate these types of behavior. And indeed we can, but this argument misses
the point, which is that the standard object-oriented programming model has nothing to
do with these types of behavior.

The third important distinction between the standard object model and our view of
agent systems is that agents are each considered to have their own thread of control.
Agents are assumed to be continually active, and typically are engaged in an infinite
loop of observing their environment, updating their internal state, and selecting and
executing an action to perform. In contrast, objects are assumed to be quiescent for
most of the time, becoming active only when another object requires their services by
dint of method invocation.

Of course, a lot of work has recently been devoted toconcurrencyin object-oriented
programming. For example, the Java language provides built-in constructs for multi-
threaded programming. There are also many programming languages available (most of
them admittedly prototypes) that were specifically designed to allow concurrent object-
based programming. But such languages do not capture the idea we have of agents as
autonomousentities. Perhaps the closest that the object-oriented community comes is
in the idea ofactive objects:

An active object is one that encompasses its own thread of control [. . . ]. Active
objects are generally autonomous, meaning that they can exhibit some behavior
without being operated upon by another object. Passive objects, on the other
hand, can only undergo a state change when explicitly acted upon. [6, p.91]

Thus active objects are essentially agents that do not necessarily have the ability to
exhibit flexible autonomous behavior.

To summarize, the traditional view of an object and our view of an agent have at
least three distinctions:

– agents embody stronger notion of autonomy than objects, and in particular, they
decide for themselves whether or not to perform an action on request from another
agent;

– agents are capable of flexible (reactive, pro-active, social) behavior, and the stan-
dard object model has nothing to say about such types of behavior;

– a multi-agent system is inherently multi-threaded, in that each agent is assumed to
have at least one thread of control.
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2 Agent-Oriented Analysis and Design

The first main strand of work we consider on approaches to developing agent systems
involves principled butinformaldevelopment methodologies for the analysis and design
of agent-based system. These can be broadly divided into two groups:

– those that take their inspiration from object-oriented development, and either ex-
tend existing OO methodologies or adapt OO methodologies to the purposes of
AOSE [10, 45, 77, 54, 18, 3, 44, 56, 70];

– those that adapt knowledge engineering or other techniques [8, 49, 36, 16].

In the remainder of this section, we review some representative samples of this work.
As representatives of the first category, we survey the AAII methodology of Kinny et al
[45], the Gaia methodology of Wooldridge et al [77], and summarise work on adapting
UML [54, 18, 3]. As representatives of the second category, we survey the Cassiopeia
methodology of Collinot et al [16], the DESIRE framework of Treur et al [8], and the
use of Z for specifying agent systems [49].

Kinny et al: The AAII Methodology The Australian AI Institute (AAII) has been
developing agent-based systems for a decade. The primary development environment
in which this work has been carried out is the belief-desire-intention technology [74] of
the Procedural Reasoning System (PRS) and its successor, the Distributed Multi-Agent
Reasoning System (DMARS) [62]. ThePRS, originally developed at Stanford Research
Institute, was the first agent architecture to explicitly embody the belief-desire-intention
paradigm, and has proved to be the most durable agent architecture developed to date. It
has been applied in several of the most significant multi-agent applications so far built,
including an air-traffic control system calledOASIS that is currently undergoing field
trials at Sydney airport, a simulation system for the Royal Australian Air Force called
SWARMM, and a business process management system calledSPOC (Single Point of
Contact), that is currently being marketed by Agentis Solutions [29]. The AAII method-
ology for agent-oriented analysis and design was developed as a result of experience
gained with these major applications. It draws primarily upon object-oriented method-
ologies, and enhances them with some agent-based concepts. The methodology itself
is aimed at the construction of a set of models which, when fully elaborated, define an
agent system specification.

The AAII methodology provides bothinternal andexternalmodels. The external
model presents a system-level view: the main components visible in this model are
agents themselves. The external model is thus primarily concerned with agents and the
relationships between them. It is not concerned with the internals of agents: how they
are constructed or what they do. In contrast, the internal model is entirely concerned
with the internals of agents: their beliefs, desires, and intentions.

The external model is intended to define inheritance relationships between agent
classes, and to identify the instances of these classes that will appear at run-time. It
is itself composed of two further models: theagent modeland theinteraction model.
The agent model is then further divided into anagent class modeland anagent in-
stance model. These two models define the agents and agent classes that can appear,
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and relate these classes to one-another via inheritance, aggregation, and instantiation
relations. Each agent class is assumed to have at least three attributes, for beliefs, de-
sires, and intentions. The analyst is able to define how these attributes are overridden
during inheritance. For example, it is assumed that by default, inherited intentions have
less priority than those in sub-classes. The analyst may tailor these properties as desired.

Details of the internal model are not given, but it seems clear that developing an
internal model corresponds fairly closely to implementing aPRSagent, i.e., designing
the agent’s belief, desire, and intention structures.

The AAII methodology is aimed at elaborating the models described above. It may
be summarised as follows:

1. Identify the relevantroles in the application domain, and on the basis of these,
develop anagent class hierarchy. An example role might be weather monitor,
whereby agenti is required to make agentj aware of the prevailing weather condi-
tions every hour.

2. Identify the responsibilities associated with each role, the services required by and
provided by the role, and then determine thegoalsassociated with each service.
With respect to the above example, the goals would be to find out the current
weather, and to make agentj aware of this information.

3. For each goal, determine the plans that may be used to achieve it, and the context
conditions under which each plan is appropriate. With respect to the above example,
a plan for the goal of making agentj aware of the weather conditions might involve
sending a message toj.

4. Determine the belief structure of the system — the information requirements for
each plan and goal. With respect to the above example, we might propose a unary
predicatewindspeed(x) to represent the fact that the current wind speed isx. A
plan to determine the current weather conditions would need to be able to represent
this information.

Note that the analysis process will be iterative, as in more traditional methodologies.
The outcome will be a model that closely corresponds to thePRSagent architecture. As
a result, the move from end-design to implementation usingPRSis relatively simple.

Wooldridge et al: Gaia The Gaia1 methodology is intended to allow an analyst to go
systematically from a statement of requirements to a design that is sufficiently detailed
that it can be implemented directly. Note that we view the requirements capture phase as
being independent of the paradigm used for analysis and design. In applying Gaia, the
analyst moves from abstract to increasingly concrete concepts. Each successive move
introduces greater implementation bias, and shrinks the space of possible systems that
could be implemented to satisfy the original requirements statement. (See [42, pp.216-
222] for a discussion of implementation bias.) Analysis and design can be thought of as
a process of developing increasingly detailedmodelsof the system to be constructed.

1 The name comes from the Gaia hypothesis put forward by James Lovelock, to the effect that all
the organisms in the earth’s biosphere can be viewed as acting together to regulate the earth’s
environment.
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Abstract Concepts Concrete Concepts
Roles Agent Types
Permissions Services
Responsibilities Acquaintances
Protocols
Activities
Liveness properties
Safety properties

Table 1.Abstract and concrete concepts in Gaia

Gaia borrows some terminology and notation from object-oriented analysis and de-
sign, (specifically,FUSION[15]). However, it is not simply a naive attempt to apply such
methods to agent-oriented development. Rather, it provides an agent-specific set of con-
cepts through which a software engineer can understand and model a complex system.
In particular, Gaia encourages a developer to think of building agent-based systems as
a process oforganisational design.

The main Gaian concepts can be divided into two categories:abstractandconcrete;
abstract and concrete concepts are summarised in Table 1. Abstract entities are those
used during analysis to conceptualise the system, but which do not necessarily have any
direct realisation within the system. Concrete entities, in contrast, are used within the
design process, and will typically have direct counterparts in the run-time system.

The objective of the analysis stage is to develop an understanding of the system
and its structure (without reference to any implementation detail). In the Gaia case, this
understanding is captured in the system’sorganisation. An organisation is viewed as a
collection of roles, that stand in certain relationships to one another, and that take part
in systematic, institutionalised patterns of interactions with other roles.

The idea of a system as a society is useful when thinking about the next level in the
concept hierarchy:roles. It may seem strange to think of a computer system as being
defined by a set of roles, but the idea is quite natural when adopting an organisational
view of the world. Consider a human organisation such as a typical company. The com-
pany has roles such as “president”, “vice president”, and so on. Note that in a concrete
realisationof a company, these roles will beinstantiatedwith actual individuals: there
will be an individual who takes on the role of president, an individual who takes on the
role of vice president, and so on. However, the instantiation is not necessarily static.
Throughout the company’s lifetime, many individuals may take on the role of company
president, for example. Also, there is not necessarily a one-to-one mapping between
roles and individuals. It is not unusual (particularly in small or informally defined or-
ganisations) for one individual to take on many roles. For example, a single individual
might take on the role of “tea maker”, “mail fetcher”, and so on. Conversely, there may
be many individuals that take on a single role, e.g., “salesman”.

A role is defined by four attributes:responsibilities, permissions, activities, and
protocols. Responsibilitiesdetermine functionality and, as such, are perhaps the key
attribute associated with a role. An example responsibility associated with the role of
company president might be calling the shareholders meeting every year. Responsibili-
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ties are divided into two types:liveness propertiesandsafety properties[57]. Liveness
properties intuitively state that “something good happens”. They describe those states
of affairs that an agent must bring about, given certain environmental conditions. In
contrast, safety properties areinvariants. Intuitively, a safety property states that “noth-
ing bad happens” (i.e., that an acceptable state of affairs is maintained across all states
of execution). An example might be “ensure the reactor temperature always remains in
the range 0-100”.

In order to realise responsibilities, a role has a set ofpermissions. Permissions are
the “rights” associated with a role. The permissions of a role thus identify the resources
that are available to that role in order to realise its responsibilities. Permissions tend to
be information resources. For example, a role might have associated with it the ability
to read a particular item of information, or to modify another piece of information. A
role can also have the ability togenerateinformation.

Theactivitiesof a role are computations associated with the role that may be carried
out by the agent without interacting with other agents. Activities are thus “private”
actions, in the sense of [65].

Finally, a role is also identified with a number ofprotocols, which define the way
that it can interact with other roles. For example, a “seller” role might have the protocols
“Dutch auction” and “English auction” associated with it; the Contract Net Protocol is
associated with the roles “manager” and “contractor” [66].

Odell et al: Agent UML Over the past two decades, many different notations and as-
sociated methodologies have been developed within the object-oriented development
community (see, e.g., [6, 64, 15]). Despite many similarities between these notations
and methods, there were nevertheless many fundamental inconsistencies and differ-
ences. The Unified Modelling Language — UML — is an attempt by three of the
main figures behind object-oriented analysis and design (Grady Booch, James Rum-
baugh, and Ivar Jacobson) to develop a single notation for modelling object-oriented
systems [7]. It is important to note that UML isnot a methodology; it is, as its name
suggests, a language for documenting models of systems; associated with UML is a
methodology known as the Rational Unified Process [7, pp.449–456].

The fact that UML is a de facto standard for object-oriented modelling promoted
its rapid takeup. When looking for agent-oriented modelling languages and tools, many
researchers felt that UML was the obvious place to start [54, 18, 3]. The result has been
a number of attempts to adapt the UML notation for modelling agent systems. Odell and
colleagues have discussed several ways in which the UML notation might usefully be
extended to enable the modelling of agent systems [54, 3]. The proposed modifications
include:

– support for expressing concurrent threads of interaction (e.g., broadcast messages),
thus enabling UML to model such well-known agent protocols as the Contract
Net [66];

– a notion of “role” that extends that provided in UML, and in particular, allows the
modelling of an agent playing many roles.

Both the Object Management Group (OMG) [55], and the Foundation for Intelligent
Physical Agents (FIPA) [27] are currently supporting the development of UML-based
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notations for modelling agent systems, and there is therefore likely to be considerable
work in this area.

Treur et al: DESIRE In an extensive series of papers (see, e.g., [8, 19]), Treur and col-
leagues have described the DESIRE framework. DESIRE is a framework for the design
and formal specification of compositional systems. As well as providing a graphical
notation for specifying such compositional systems, DESIRE has associated with it a
graphical editor and other tools to support the development of agent systems.

Collinot et al: Cassiopeia In contrast to Gaia and the AAII methodology, the Cas-
siopeia method proposed by Collinot et al is essentiallybottom upin nature [16]. Es-
sentially, with the Cassiopeia method, one starts from thebehavioursrequired to carry
out some task; this is rather similar to the behavioural view of agents put forward by
Brooks and colleagues [9]. Essentially, the methodology proposes three steps:

1. identify theelementary behavioursthat are implied by the overall system task;
2. identify therelationshipsbetween elementary behaviours;
3. identify theorganisational behavioursof the system, for example, the way in which

agents form themselves into groups.

Collinot et al illustrate the methodology by way of the design of a RoboCup soccer
team (see [38]).

Luck and d’Inverno: Agents in Z Luck and d’Inverno have developed an agent spec-
ification framework in the Z language [68], although the types of agents considered in
this framework are somewhat different from those discussed above [48, 49]. They de-
fine a four-tiered hierarchy of the entities that can exist in an agent-based system. They
start withentities, which are inanimate objects — they have attributes (colour, weight,
position), but nothing else. They then defineobjectsto be entities that have capabilities
(e.g., tables are entities that are capable of supporting things).Agentsare then defined to
be objects that have goals, and are thus in some sense active; finally,autonomous agents
are defined to be agents with motivations. The idea is that a chair could be viewed as
taking on my goal of supporting me when I am using it, and can hence be viewed as an
agent for me. But we would not view a chair as anautonomousagent, since it has no
motivations (and cannot easily be attributed them). Starting from this basic framework,
Luck and d’Inverno go on to examine the various relationships that might exist between
agents of different types. In [49], they examine how an agent-based system specified in
their framework might be implemented. They found that there was a natural relationship
between their hierarchical agent specification framework and object-oriented systems:

The formal definitions of agents and autonomous agents rely on inheriting
the properties of lower-level components. In theZ notation, this is achieved
through schema inclusion [. . . ]. This is easily modelled inC++ by deriving
one class from another. [. . . ] Thus we move from a principled but abstract
theoretical framework through a more detailed, yet still formal, model of the
system, down to an object-oriented implementation, preserving the hierarchical
structure at each stage. [49]
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The Luck-d’Inverno formalism is attractive, particularly in the way that it captures the
relationships that can exist between agents. The emphasis is placed on the notion of
agents acting for another, rather than on agents as rational systems, as we discussed
above. The types of agents that the approach allows us to develop are thus inherently
different from the “rational” agents discussed above. So, for example, the approach does
not help us to construct agents that can interleave pro-active and reactive behaviour. This
is largely a result of the chosen specification language:Z. This language is inherently
geared towards the specification of operation-based, functional systems. The basic lan-
guage has no mechanisms that allow us to easily specify the ongoing behaviour of an
agent-based system2.

2.1 Discussion

The predominant approach to developing methodologies for multi-agent systems is to
adapt those developed for object-oriented analysis and design: hence the AAII method-
ology takes inspiration from Rumbaugh’s work, Gaia takes inspiration fromFUSION,
and so on. There are obvious advantages to such an approach, the most obvious being
that the concepts, notations, and methods associated with object-oriented analysis and
design (and UML in particular) are increasingly familiar to a mass audience of software
engineers. However, there are several disadvantages. First, the kinds ofdecomposition
that object-oriented methods encourage is at odds with the kind of decomposition that
agent orienteddesign encourages. Put crudely, agents are more coarse-grained compu-
tational objects than are agents; they are typically assumed to have the computational
resources of a UNIX process, or at least a Java thread. Agent systems implemented
using object-oriented programming languages will typically contain many objects (per-
haps millions), but will contain far fewer agents. A good agent oriented design method-
ology would encourage developers to achieve the correct decomposition of entities into
either agents or objects.

Note that an alternative would be to model every entity in a system as an agent.
However, while this may be in some sense conceptually clean, does not lead to effi-
cient systems (see the discussion in [76]). The situation reflects the treatment of integer
data types in object-oriented programming languages; in “pure” OO languages, all data
types, including integers, are objects. However, viewing such primitive data types as ob-
jects, while ensuring a consistent treatment of data, is not terribly efficient, and for this
reason, more pragmatic OO languages (such as Java) do not treat integers, booleans,
and the like as objects.

Another problem is that object-oriented methodologies simply do not allow us to
capture many aspects of agent systems; for example, it is hard to capture in object mod-
els such notions as an agent pro-actively generating actions or dynamically reacting to
changes in their environment, still less how to effectively cooperate and negotiate with
other self-interested agents. The extensions to UML proposed by Odell et al [54, 18, 3]
address some, but by no means all of these deficiencies. At the heart of the problem
is the problem of the relationship between agents and objects, which has not yet been
satisfactorily resolved.

2 There are of course extensions toZ designed for this purpose.
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Note that a valuable survey of methodologies for agent-oriented software engineer-
ing can be found in [35].

3 Formal Methods for AOSE

One of the most active areas of work in agent-oriented software engineering has been
on the use offormal methods(see, e.g., [75] for a survey). Broadly speaking, formal
methods play three roles in software engineering:

– in thespecificationof systems;
– for directly programmingsystems; and
– in theverificationof systems.

In the subsections that follow, we consider each of these roles in turn. Note that these
subsections pre-suppose some familiarity with formal methods, and logic in particular.

3.1 Formal Methods in Specification

In this section, we consider the problem ofspecifyingan agent system. What are the
requirements for an agent specification framework? What sort of properties must it be
capable of representing? Taking the view of agents as practical reasoning systems that
we discussed above, the predominant approach to specifying agents has involved treat-
ing them asintentional systemsthat may be understood by attributing to themmental
statessuch as beliefs, desires, and intentions [17, 75, 74]. Following this idea, a number
of approaches for formally specifying agents have been developed, which are capable
of representing the following aspects of an agent-based system:

– thebeliefsthat agents have — the information they have about their environment,
which may be incomplete or incorrect;

– thegoalsthat agents will try to achieve;
– theactionsthat agents perform and the effects of these actions;
– theongoing interactionthat agents have — how agents interact with each other and

their environment over time.

We refer to a theory which explains how these aspects of agency interact to generate
the behaviour of an agent as anagent theory. The most successful approach to (formal)
agent theory appears to be the use of atemporal modal logic(space restrictions prevent a
detailed technical discussion on such logics — see, e.g., [75] for extensive references).
Two of the best known such logical frameworks are the Cohen-Levesque theory of
intention [14], and the Rao-Georgeff belief-desire-intention model [60, 74]. The Cohen-
Levesque model takes as primitive just two attitudes: beliefs and goals. Other attitudes
(in particular, the notion ofintention) are built up from these. In contrast, Rao-Georgeff
take intentions as primitives, in addition to beliefs and goals. The key technical problem
faced by agent theorists is developing a formal model that gives a good account of
the interrelationships between the various attitudes that together comprise an agents
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internal state [75]. Comparatively few serious attempts have been made to specify real
agent systems using such logics — see, e.g., [26] for one such attempt.

A specification expressed in such a logic would be a formula'. The idea is that
such a specification would express the desirable behavior of a system. To see how this
might work, consider the following, intended to form part of a specification of a process
control system.

if
i believes valve 32 is open

then
i should intend thatj should believe valve 32 is open

Expressed in theBDI logic developed in [74], this statement becomes the formula:

(Bel i Open(valve32))) (Int i (Bel j Open(valve32)))

It should be intuitively clear how a system specification might be constructed using
such formulae, to define the intended behavior of a system.

One of the main desirable features of a software specification language is that it
should not dictatehowa specification will be satisfied by an implementation. The spec-
ification above has exactly this property: it does not dictate how agenti should go about
makingj aware that valve 32 is open. We simply expecti to behave as a rational agent
given such an intention [74].

There are a number of problems with the use of languages such as for specification.
The most worrying of these is with respect to their semantics. The semantics for the
modal connectives (for beliefs, desires, and intentions) are given in the normal modal
logic tradition of possible worlds [11]. So, for example, an agent’s beliefs in some state
are characterized by a set of different states, each of which represents one possibility
for how the world could actually be, given the information available to the agent. In
much the same way, an agent’s desires in some state are characterized by a set of states
that are consistent with the agent’s desires. Intentions are represented similarly. There
are several advantages to the possible worlds model: it is well studied and well under-
stood, and the associated mathematics of correspondence theory is extremely elegant.
These attractive features make possible worlds the semantics of choice for almost every
researcher in formal agent theory. However, there are also a number of serious draw-
backs to possible worlds semantics. First, possible worlds semantics imply that agents
are logically perfect reasoners, (in that their deductive capabilities are sound and com-
plete), and they have infinite resources available for reasoning. No real agent, artificial
or otherwise, has these properties.

Second, possible worlds semantics are generallyungrounded. That is, there is usu-
ally no precise relationship between the abstract accessibility relations that are used to
characterize an agent’s state, and any concrete computational model. As we shall see
in later sections, this makes it difficult to go from a formal specification of a system
in terms of beliefs, desires, and so on, to a concrete computational system. Similarly,
given a concrete computational system, there is generally no way to determine what the
beliefs, desires, and intentions of that system are. If temporal modal logics such as are
to be taken seriously asspecificationlanguages, then this is a significant problem.
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3.2 Formal Methods in Implementation

Specification is not (usually!) the end of the story in software development. Once given
a specification, we must implement a system that is correct with respect to this specifi-
cation. The next issue we consider is this move from abstract specification to concrete
computational model. There are at least three possibilities for achieving this transfor-
mation:

1. manually refine the specification into an executable form via some principled but
informal refinement process (as is the norm in most current software development);

2. directly execute or animate the abstract specification; or
3. translate or compile the specification into a concrete computational form using an

automatic translation technique.

In the subsections that follow, we shall investigate each of these possibilities in turn.

Refinement. At the time of writing, most software developers use structured but in-
formal techniques to transform specifications into concrete implementations. Probably
the most common techniques in widespread use are based on the idea of top-down re-
finement. In this approach, an abstract system specification isrefinedinto a number of
smaller, less abstract subsystem specifications, which together satisfy the original spec-
ification. If these subsystems are still too abstract to be implemented directly, then they
are also refined. The process recurses until the derived subsystems are simple enough
to be directly implemented. Throughout, we are obliged to demonstrate that each step
represents a true refinement of the more abstract specification that preceded it. This
demonstration may take the form of a formal proof, if our specification is presented in,
say,Z [68] or VDM [42]. More usually, justification is by informal argument. Object-
oriented analysis and design techniques, which also tend to be structured but informal,
are also increasingly playing a role in the development of systems (see, e.g., [6]).

For functionalsystems, which simply compute a function of some input and then
terminate, the refinement process is well understood, and comparatively straightfor-
ward. Such systems can be specified in terms of pre- and post-conditions (e.g., using
Hoare logic [32]). Refinement calculi exist, which enable the system developer to take
a pre- and post-condition specification, and from it systematically derive an implemen-
tation through the use of proof rules [53]. Part of the reason for this comparative sim-
plicity is that there is often an easily understandable relationship between the pre- and
post-conditions that characterize an operation and the program structures required to
implement it.

For agent systems, which fall into the category of Pnuelian reactive systems (see the
discussion in chapter 1), refinement is not so straightforward. This is because such sys-
tems must be specified in terms of theirongoingbehavior — they cannot be specified
simply in terms of pre- and post-conditions. In contrast to pre- and post-condition for-
malisms, it is not so easy to determine what program structures are required to realize
such specifications. As a consequence, researchers have only just begun to investigate
refinement and design technique for agent-based systems.
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Directly Executing Agent Specifications. One major disadvantage with manual re-
finement methods is that they introduce the possibility of error. If no proofs are pro-
vided, to demonstrate that each refinement step is indeed a true refinement, then the
correctness of the implementation process depends upon little more than the intuitions
of the developer. This is clearly an undesirable state of affairs for applications in which
correctness is a major issue. One possible way of circumventing this problem, which
has been widely investigated in mainstream computer science, is to get rid of the refine-
ment process altogether, anddirectly executethe specification.

It might seem that suggesting the direct execution of complex agent specification
languages is naive — it is exactly the kind of suggestion that detractors of logic-based
AI hate. One should therefore be very careful about what claims or proposals one makes.
However, in certain circumstances, the direct execution of agent specification languages
is possible.

What does it mean, to execute a formula' of logicL? It means generating a logical
model,M , for ', such thatM j= ' [24]. If this could be done without interference
from the environment — if the agent had complete control over its environment — then
execution would reduce to constructive theorem-proving, where we show that' is sat-
isfiable by building a model for'. In reality, of course, agents arenot interference-free:
they must iteratively construct a model in the presence of input from the environment.
Execution can then be seen as a two-way iterative process:

– environment makes something true;
– agent responds by doing something, i.e., making something else true in the model;
– environment responds, making something else true;
– . . .

Execution of logical languages and theorem-proving are thus closely related. This tells
us that the execution of sufficiently rich (quantified) languages is not possible (since
any language equal in expressive power to first-order logic is undecidable).

A useful way to think about execution is as if the agent isplaying a gameagainst
the environment. The specification represents the goal of the game: the agent must
keep the goal satisfied, while the environment tries to prevent the agent from doing
so. The game is played by agent and environment taking turns to build a little more
of the model. If the specification ever becomes false in the (partial) model, then the
agent loses. In real reactive systems, the game is never over: the agent must continue to
play forever. Of course, some specifications (logically inconsistent ones) cannot ever be
satisfied. Awinning strategyfor building models from (satisfiable) agent specifications
in the presence of arbitrary input from the environment is an execution algorithm for
the logic.

Concurrent METATEM is a programming language for multiagent systems, that
is based on the idea of directly executing linear time temporal logic agent specifica-
tions [25, 23]. A Concurrent METATEM system contains a number of concurrently exe-
cuting agents, each of which is programmed by giving it a temporal logic specification
of the behavior it is intended the agent should exhibit. An agent specification has the
form

V
i
Pi ) Fi, wherePi is a temporal logic formula referring only to the present or

past, andFi is a temporal logic formula referring to the present or future. ThePi ) Fi
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formulae are known asrules. The basic idea for executing such a specification may be
summed up in the following slogan:

on the basis of the pastdo the future.

Thus each rule is continually matched against an internal, recordedhistory, and if a
match is found, then the rulefires. If a rule fires, then any variables in the future time part
are instantiated, and the future time part then becomes acommitmentthat the agent will
subsequently attempt to satisfy. Satisfying a commitment typically means making some
predicate true within the agent. Here is a simple example of a Concurrent METATEM
agent definition:

bbbbbcccccdddddeeeeefffffgggask(x)) }give(x)
(:ask(x)Z (give(x) ^ :ask(x))) ) :give(x)
give(x) ^ give(y)) (x = y)

The agent in this example is a controller for a resource that is infinitely renewable,
but which may only be possessed by one agent at any given time. The controller must
therefore enforce mutual exclusion. The predicateask(x) means that agentx has asked
for the resource. The predicategive(x) means that the resource controller has given
the resource to agentx. The resource controller is assumed to be the only agent able
to “give” the resource. However, many agents may ask for the resource simultaneously.
The three rules that define this agent’s behavior may be summarized as follows:

– Rule 1: if someone asks, then eventually give;
– Rule 2: don’t give unless someone has asked since you last gave; and
– Rule 3: if you give to two people, then they must be the same person (i.e., don’t

give to more than one person at a time).

Concurrent METATEM agents can communicate by asynchronous broadcast message
passing, though the details are not important here.

Compiling Agent Specifications.An alternative to direct execution iscompilation. In
this scheme, we take our abstract specification, and transform it into a concrete compu-
tational model via some automatic synthesis process. The main perceived advantages
of compilation over direct execution are in run-time efficiency. Direct execution of an
agent specification, as in Concurrent METATEM, above, typically involves manipulat-
ing a symbolic representation of the specification at run time. This manipulation gen-
erally corresponds to reasoning of some form, which is computationally costly (and in
many cases, simply impracticable for systems that must operate in anything like real
time). In contrast, compilation approaches aim to reduce abstract symbolic specifica-
tions to a much simpler computational model, which requires no symbolic represen-
tation. The “reasoning” work is thus done off-line, at compile-time; execution of the
compiled system can then be done with little or no run-time symbolic reasoning. As a
result, execution is much faster. The advantages of compilation over direct execution
are thus those of compilation over interpretation in mainstream programming.
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Compilation approaches usually depend upon the close relationship between mod-
els for temporal/modal logic (which are typically labeled graphs of some kind), and
automata-like finite state machines. Crudely, the idea is to take a specification', and
do aconstructive proofof the implementability of', wherein we show that the spec-
ification is satisfiable by systematically attempting to build a model for it. If the con-
struction process succeeds, then the specification is satisfiable, and we have a model to
prove it. Otherwise, the specification is unsatisfiable. If we have a model, then we “read
off” the automaton that implements' from its corresponding model. The most common
approach to constructive proof is thesemantic tableauxmethod of Smullyan [67].

In mainstream computer science, the compilation approach to automatic program
synthesis has been investigated by a number of researchers. Perhaps the closest to our
view is the work of Pnueli and Rosner [58] on the automatic synthesis of reactive sys-
tems from branching time temporal logic specifications. The goal of their work is to
generate reactive systems, which share many of the properties of our agents (the main
difference being that reactive systems are not generally required to be capable of ratio-
nal decision making in the way we described above). To do this, they specify a reactive
system in terms of a first-order branching time temporal logic formula8x 9y A'(x; y):
the predicate' characterizes the relationship between inputs to the system (x) and out-
puts (y). Inputs may be thought of as sequences of environment states, and outputs as
corresponding sequences of actions. TheA is the universal path quantifier. The specifi-
cation is intended to express the fact that in all possible futures, the desired relationship
' holds between the inputs to the system,x, and its outputs,y. The synthesis process it-
self is rather complex: it involves generating a Rabin tree automaton, and then checking
this automaton for emptiness. Pnueli and Rosner show that the time complexity of the
synthesis process is double exponential in the size of the specification, i.e.,O(22

c:n

),
wherec is a constant andn = j'j is the size of the specification'. The size of the
synthesized program (the number of states it contains) is of the same complexity.

Similar automatic synthesis techniques have also been deployed to develop concur-
rent system skeletons from temporal logic specifications. Manna and Wolper present
an algorithm that takes as input a linear time temporal logic specification of thesyn-
chronizationpart of a concurrent system, and generates as output a program skeleton
(based upon Hoare’sCSPformalism [33]) that realizes the specification [52]. The idea
is that the functionality of a concurrent system can generally be divided into two parts:
a functional part, which actually performs the required computation in the program,
and a synchronization part, which ensures that the system components cooperate in the
correct way. For example, the synchronization part will be responsible for any mutual
exclusion that is required.

Perhaps the best-known example of this approach to agent development is thesitu-
ated automataparadigm of Rosenschein and Kaelbling [63]. In this approach, an agent
has two main components:

– aperceptionpart, which is responsible for observing the environment and updating
the internal state of the agent; and

– anactionpart, which is responsible for deciding what action to perform, based on
the internal state of the agent.
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Rosenschein and Kaelbling developed two programs to support the development of the
perception and action components of an agent respectively. TheRULER program takes a
declarative perception specification and compiles it down to a finite state machine. The
specification is given in terms of a theory of knowledge. The semantics of knowledge in
the declarative specification language are given in terms of possible worlds, in the way
described above. Crucially, however, the possible worlds underlying this logic are given
a precise computational interpretation, in terms of the states of a finite state machine. It
is this precise relationship that permits the synthesis process to take place.

The action part of an agent in Rosenschein and Kaelbling’s framework is specified
in terms ofgoal reduction rules, which encode information about how to achieve goals.
The GAPPS program takes as input a goal specification, and a set of goal reduction
rules, and generates as output a set ofsituation action rules, which may be thought of
as a lookup table, defining what the agent should do under various circumstances, in
order to achieve the goal. The process of deciding what to do is then very simple in
computational terms, involving no reasoning at all.

3.3 Formal Verification

Once we have developed a concrete system, we need to show that this system is correct
with respect to our original specification. This process is known asverification, and it
is particularly important if we have introduced any informality into the development
process. For example, any manual refinement, done without a formal proof of refine-
ment correctness, creates the possibility of a faulty transformation from specification to
implementation. Verification is the process of convincing ourselves that the transforma-
tion was sound. We can divide approaches to the verification of systems into two broad
classes: (1)axiomatic; and (2)semantic(model checking). In the subsections that fol-
low, we shall look at the way in which these two approaches have evidenced themselves
in agent-based systems.

Axiomatic Approaches: Deductive Verification. Axiomatic approaches to program
verification were the first to enter the mainstream of computer science, with the work of
Hoare in the late 1960s [32]. Axiomatic verification requires that we can take our con-
crete program, and from this program systematically derive a logical theory that repre-
sents the behavior of the program. Call this the program theory. If the program theory
is expressed in the same logical language as the original specification, then verification
reduces to a proof problem: show that the specification is a theorem of (equivalently, is
a logical consequence of) the program theory.

The development of a program theory is made feasible byaxiomatizingthe pro-
gramming language in which the system is implemented. For example, Hoare logic
gives us more or less an axiom for every statement type in a simple Pascal-like lan-
guage. Once given the axiomatization, the program theory can be derived from the
program text in a systematic way.

Perhaps the most relevant work from mainstream computer science is the specifi-
cation and verification of reactive systems using temporal logic, in the way pioneered
by Pnueli, Manna, and colleagues [51]. The idea is that the computations of reactive
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systems are infinite sequences, which correspond to models for linear temporal logic.
Temporal logic can be used both to develop a system specification, and to axiomatize a
programming language. This axiomatization can then be used to systematically derive
the theory of a program from the program text. Both the specification and the program
theory will then be encoded in temporal logic, and verification hence becomes a proof
problem in temporal logic.

Comparatively little work has been carried out within the agent-based systems com-
munity on axiomatizing multiagent environments. I shall review just one approach.

In [71], an axiomatic approach to the verification of multiagent systems was pro-
posed. Essentially, the idea was to use a temporal belief logic to axiomatize the prop-
erties of two multiagent programming languages. Given such an axiomatization, a pro-
gram theory representing the properties of the system could be systematically derived
in the way indicated above.

A temporal belief logic was used for two reasons. First, a temporal component was
required because, as we observed above, we need to capture the ongoing behavior of a
multiagent system. A belief component was used because the agents we wish to verify
are each symbolicAI systems in their own right. That is, each agent is a symbolic rea-
soning system, which includes a representation of its environment and desired behav-
ior. A belief component in the logic allows us to capture the symbolic representations
present within each agent.

The two multiagent programming languages that were axiomatized in the temporal
belief logic were Shoham’sAGENT0 [65], and Fisher’s Concurrent METATEM (see
above). The basic approach was as follows:

1. First, a simple abstract model was developed of symbolicAI agents. This model
captures the fact that agents are symbolic reasoning systems, capable of communi-
cation. The model gives an account of how agents might change state, and what a
computation of such a system might look like.

2. The histories traced out in the execution of such a system were used as the semantic
basis for a temporal belief logic. This logic allows us to express properties of agents
modeled at stage (1).

3. The temporal belief logic was used to axiomatize the properties of a multiagent
programming language. This axiomatization was then used to develop the program
theory of a multiagent system.

4. The proof theory of the temporal belief logic was used to verify properties of the
system (cf. [20]).

Note that this approach relies on the operation of agents being sufficiently simple that
their properties can be axiomatized in the logic. It works for Shoham’sAGENT0 and
Fisher’s Concurrent METATEM largely because these languages have a simple seman-
tics, closely related to rule-based systems, which in turn have a simple logical seman-
tics. For more complex agents, an axiomatization is not so straightforward. Also, cap-
turing the semantics of concurrent execution of agents is not easy (it is, of course, an
area of ongoing research in computer science generally).

Semantic Approaches: Model Checking.Ultimately, axiomatic verification reduces
to a proof problem. Axiomatic approaches to verification are thus inherently limited
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by the difficulty of this proof problem. Proofs are hard enough, even in classical logic;
the addition of temporal and modal connectives to a logic makes the problem consider-
ably harder. For this reason, more efficient approaches to verification have been sought.
One particularly successful approach is that ofmodel checking[13]. As the name sug-
gests, whereas axiomatic approaches generally rely on syntactic proof, model-checking
approaches are based on the semantics of the specification language.

The model-checking problem, in abstract, is quite simple: given a formula' of
languageL, and a modelM for L, determine whether or not' is valid in M , i.e.,
whether or notM j=L '. Verification by model checking has been studied in connection
with temporal logic [13]. The technique once again relies upon the close relationship
between models for temporal logic and finite-state machines. Suppose that' is the
specification for some system, and� is a program that claims to implement'. Then, to
determine whether or not� truly implements', we proceed as follows:

– take�, and from it generate a modelM� that corresponds to�, in the sense that
M� encodes all the possible computations of�;

– determine whether or notM� j= ', i.e., whether the specification formula' is
valid inM�; the program� satisfies the specification' just in case the answer is
“yes.”

The main advantage of model checking over axiomatic verification is in complexity:
model checking using the branching time temporal logicCTL [12] can be done in time
O(j'j � jM j), wherej'j is the size of the formula to be checked, andjM j is the size of
the model against which' is to be checked — the number of states it contains.

In [61], Rao and Georgeff present an algorithm for model checkingBDI systems.
More precisely, they give an algorithm for taking a logical model for their (proposi-
tional) BDI logic, and a formula of the language, and determining whether the formula
is valid in the model. The technique is closely based on model-checking algorithms for
normal modal logics [13]. They show that despite the inclusion of three extra modal-
ities (for beliefs, desires, and intentions) into theCTL branching time framework, the
algorithm is still quite efficient, running in polynomial time. So the second step of the
two-stage model-checking process described above can still be done efficiently. Similar
algorithms have been reported forBDI-like logics in [4].

The main problem with model-checking approaches forBDI is that it is not clear
how the first step might be realized forBDI logics. Where does the logical model char-
acterizing an agent actually come from? Can it be derived from an arbitrary program
�, as in mainstream computer science? To do this, we would need to take a program
implemented in, say,PASCAL, and from it derive the belief-, desire-, and intention-
accessibility relations that are used to give a semantics to theBDI component of the
logic. Because, as we noted earlier, there is no clear relationship between theBDI logic
and the concrete computational models used to implement agents, it is not clear how
such a model could be derived.

21Agent-Oriented Software Engineering



3.4 Discussion

This section is an updated and modified version of [73], which examined the possibility
of using logic to engineer agent-based systems. Since this article was published, several
other authors have proposed the use of agents in software engineering (see, e.g., [39]).

Structured but informal refinement techniques are the mainstay of real-world soft-
ware engineering. If agent-oriented techniques are ever to become widely used out-
side the academic community, then informal, structured methods for agent-based de-
velopment will be essential. One possibility for such techniques, followed by Luck and
d’Inverno, is to use a standard specification technique (in their case,Z), and use tradi-
tional refinement methods (in their case, object-oriented development) to transform the
specification into an implementation [49]. This approach has the advantage of being
familiar to a much larger user-base than entirely new techniques, but suffers from the
disadvantage of presenting the user with no features that make it particularly well-suited
to agent specification. It seems certain that there will be much more work on manual re-
finement techniques for agent-based systems in the immediate future, but exactly what
form these techniques will take is not clear.

With respect to the possibility of directly executing agent specifications, a number
of problems suggest themselves. The first is that of finding a concrete computational
interpretation for the agent specification language in question. To see what we mean
by this, consider models for the agent specification language in Concurrent METATEM.
These are very simple: essentially just linear discrete sequences of states. Temporal
logic is (among other things) simply a language for expressingconstraintsthat must
hold between successive states. Execution in Concurrent METATEM is thus a process
of generating constraints as past-time antecedents are satisfied, and then trying to build
a next state that satisfies these constraints. Constraints are expressed in temporal logic,
which implies that they may only be in certain, regular forms. Because of this, it is
possible to devise an algorithm that is guaranteed to build a next state if it is possible to
do so. Such an algorithm is described in [1].

The agent specification language upon which Concurrent METATEM is based thus
has a concrete computational model, and a comparatively simple execution algorithm.
Contrast this state of affairs with languages like , where we have not only a temporal
dimension to the logic, but also modalities for referring to beliefs, desires, and so on.
In general, models for these logics haveungroundedsemantics. That is, the semantic
structures that underpin these logics (typically accessibility relations for each of the
modal operators) have no concrete computational interpretation. As a result, it is not
clear how such agent specification languages might be executed.

Another obvious problem is that execution techniques based on theorem-proving
are inherently limited when applied to sufficiently expressive (first-order) languages, as
first-order logic is undecidable. However, complexity is a problem even in the proposi-
tional case. For “vanilla” propositional logic, the decision problem for satisfiability is
NP-complete [20, p.72]; richer logics, or course have more complex decision problems.

Despite these problems, the undoubted attractions of direct execution have led to a
number of attempts to devise executable logic-based agent languages. Rao proposed
an executable subset ofBDI logic in his AGENTSPEAK(L) language [59]. Building
on this work, Hindriks and colleagues developed the 3APL agent programming lan-
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guage [30, 31]. Lesp´erance, Reiter, Levesque, and colleagues developed theGOLOG

language throughout the latter half of the 1990s as an executable subset of the situation
calculus [46, 47]. Fagin and colleagues have proposedknowledge-based programsas a
paradigm for executing logical formulae which contain epistemic modalities [20, 21].
Although considerable work has been carried out on the properties of knowledge-based
programs, comparatively little research to date has addressed the problem of how such
programs might be actually executed.

Turning to automatic synthesis, we find that the techniques described above have
been developed primarily for propositional specification languages. If we attempt to
extend these techniques to more expressive, first-order specification languages, then we
again find ourselves coming up against the undecidability of quantified logic. Even in
the propositional case, the theoretical complexity of theorem-proving for modal and
temporal logics is likely to limit the effectiveness of compilation techniques: given an
agent specification of size 1,000, a synthesis algorithm that runs in exponential time
when used off-line is no more useful than an execution algorithm that runs in exponen-
tial time on-line.

Another problem with respect to synthesis techniques is that they typically result
in finite-state, automata-like machines, which are less powerful than Turing machines.
In particular, the systems generated by the processes outlined above cannot modify
their behavior at run-time. In short, they cannot learn. While for many applications, this
is acceptable — even desirable — for equally many others, it is not. In expert assistant
agents, of the type described in [50], learning is pretty much theraison d’etre. Attempts
to address this issue are described in [43].

Turning to verification, axiomatic approaches suffer from two main problems. First,
the temporal verification of reactive systems relies upon a simple model of concurrency,
where the actions that programs perform are assumed to be atomic. We cannot make
this assumption when we move from programs to agents. The actions we think of agents
as performing will generally be much more coarse-grained. As a result, we need a more
realistic model of concurrency. One possibility, investigated in [72], is to model agent
execution cycles as intervals over the real numbers, in the style of the temporal logic of
reals [2]. The second problem is the difficulty of the proof problem for agent specifi-
cation languages. The theoretical complexity of proof for many of these logics is quite
daunting.

Hindriks and colleagues have used Plotkin’s structured operational semantics to
axiomatize their 3APL language [30, 31].

With respect to model-checking approaches, the main problem, as we indicated
above, is again the issue of ungrounded semantics for agent specification languages. If
we cannot take an arbitrary program and say, for this program, what its beliefs, desires,
and intentions are, then it is not clear how we might verify that this program satisfied a
specification expressed in terms of such constructs.

4 Conclusions

Agent-oriented software engineering is at an early stage of evolution. While there are
many good paper arguments to support the view that agents represent an important di-
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rection for software engineering, there is as yet a dearth of actual experience to underpin
these arguments. Preliminary methodologies and software tools to support the deploy-
ment of agent systems are beginning to appear, but slowly. In this final section, we point
to some of what we believe are the key obstacles that must be overcome in order for
AOSE to become “mainstream”:

– Sorting out the relationship of agents to other software paradigms — objects in
particular.
It is not yet clear how the development of agent systems will coexist with other
software paradigms, such as object-oriented development.

– Agent-oriented methodologies.
Although, as we have seen in this article, a number of preliminary agent-oriented
analysis and design methodologies have been proposed, there is comparatively little
consensus between these. In most cases, there is not even agreement on the kinds of
concepts the methodology should support. The waters are muddied by the presence
of UML as the predominant modelling language for object-oriented systems [7]:
we suggested earlier that the kinds of concepts and notations supported by UML
are not necessarily those best-suited to the development of agent systems.

– Engineering for open systems.
We argued that agents are suitable foropensystems. In such systems, we believe it
is essential to be capable of reacting to unforeseen events, exploiting opportunities
where these arise, and dynamically reaching agreements with system components
whose presence could not be predicted at design time. However, it is difficult to
know how tospecifysuch systems; still less how to implement them. In short, we
need a better understanding of how to engineer open systems.

– Engineering for scalability.
Finally, we need a better understanding of how to safely and predictably engineer
systems comprised of massive numbers of agents dynamically interacting with one-
another in order to achieve their goals. Such systems seem prone to problems such
as unstable/chaotic behaviours, feedback, and so on, and may fall prey to malicious
behaviour such as viruses.

Appendix: How to Find Out More About Agents

There are now many introductions to intelligent agents and multiagent systems. Fer-
ber [22] is an undergraduate textbook, although as its name suggests, this volume fo-
cussed on multiagent aspects rather than on the theory and practice of individual agents.
A first-rate collection of articles introducing agent and multiagent systems is Weiß [69].
Two collections of research articles provide a comprehensive introduction to the field
of autonomous rational agents and multiagent systems: Bond and Gasser’s 1988 col-
lection,Readings in Distributed Artificial Intelligence, introduces almost all the basic
problems in the multiagent systems field, and although some of the papers it contains
are now rather dated, it remains essential reading [5]; Huhns and Singh’s more recent
collection sets itself the ambitious goal of providing a survey of the whole of the agent
field, and succeeds in this respect very well [34]. For a general introduction to the the-
ory and practice of intelligent agents, see Wooldridge and Jennings [75], which focuses
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primarily on the theory of agents, but also contains an extensive review of agent archi-
tectures and programming languages. For a collection of articles on the applications of
agent technology, see [41]. A comprehensive roadmap of agent technology was pub-
lished as [40].
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Abstract. This paper describes a new approach to the production of robust soft-

ware. We �rst motivate the approach by explaining why the two major goals

of software engineering�correct software and reusable software�are not be-

ing addressed well by the current state of software practice. We then describe a

methodology based on active, cooperative, and persistent software components,

i.e., agents, and show how the methodology produces robust and reusable soft-

ware. We derive requirements for the structure and behavior of the agents, and

report on preliminary experiments on applications based on the methodology. We

conclude with a roadmap for development of the methodology and ruminations

about uses for the new computational paradigm.

1 Introduction

Computing is in the midst of a paradigm shift. After decades of progress on represen-

tations and algorithms geared toward individual computations, the emphasis is shifting

toward interactions among computations. The motivation is practical, but there are ma-

jor theoretical implications. Current techniques are inadequate for applications such

as ubiquitous information access, electronic commerce, and digital libraries, which in-

volve a number of independently designed and operated subsystems. The metaphor of

interaction emphasizes the autonomy of computations and their ability to interface with

each other and their environment. Therefore, it can be a powerful conceptual basis for

designing solutions for the above applications.

Unfortunately, the �eld of software engineering has been progressing slowly. This

should not be surprising, for three reasons:

1. Software systems are the most complicated artifacts people have ever attempted to

construct

2. Software systems are (supposedly) guaranteed to work correctly only when all er-

rors have been detected and removed, which is infeasible in light of the above

complexity

3. The effect of an error is unrelated to its size, i.e., a single misplaced character out

of millions can render a system useless or, worse, harmful.

1.1 Progress in Software Engineering

Software engineering concerns both the process of producing software and the software

that is produced. The major goal for the software is that it be correct, and the major goal
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for the process is that it be conducted ef�ciently. One fundamental approach to meeting

these goals is to exploit modularity and reuse of code. The expectations are that small

modules are easier to debug and verify, and therefore more likely to be correct, that

small modules will be more likely to be reused, and that reusing debugged modules

is more ef�cient than coding them afresh. A few examples of software engineering

practice based on this approach are the following [5]:

� Parameterized subroutines provide code reuse within an application

� Libraries of subroutines encourage code sharing across applications

� Object-oriented methods allow tailoring of library routines via inheritance and

polymorphism

� Client/server paradigms, such as the world-wide web, ODBC, OLAP, and SQL

databases, permit sharing of data across platforms

� Remote procedure calls, such as Sun's Java RMI and Microsoft's COM, enable

code to be shared across platforms

� Transaction processors, such as Tuxedo and Encina++, enable transactions to be

shared

� Distributed object technologies, such as OMG CORBA and Microsoft DCOM, al-

low sharing of tailorable code across platforms.

Programming paradigms have evolved from machine language in the 1950's, pro-

cedural programming in the 1960's, structured programming in the 1970's, and object-

based and declarative programming in the 1980's. In the 1990's, methods for structuring

collections of objects are being developed, including frameworks, design patterns, sce-

narios, and protocols.

However, software has not kept pace with the increased rate of performance for

processors, communication infrastructure, and the computing industry in general [30].

Whereas processor performance has been increasing at a 48% annual rate and network

capacity at a 78% annual rate, software productivity has been growing at a 4.6% annual

rate and the power of programming languages and tools has been growing at an 11%

annual rate. CASE tools, meant to formalize and promote software reuse, have not been

widely adopted [19]. By a different metric, the industry standard for good commercial

software is approximately six defects per KLOC (thousand lines of code), and this rate

has held constant for decades [13].

Table 1. Features of Programming Languages and Paradigms (from [30])

Concept Procedural Language Object Language Multiagent Language

Abstraction Type Class Society

Building Block Instance, Data Object Agent

Computation Model Procedure/Call Method/Message Perceive/Reason/Act

Design Paradigm Tree of Procedures Interaction Patterns Cooperative Interaction

Architecture Functional Inheritance and Managers, Assistants,

Decomposition Polymorphism and Peers

Modes of Behavior Coding Designing and Using Enabling and Enacting

Terminology Implement Engineer Activate
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The procedural and declarative approaches to programming suffer from being pri-

marily line-at-a-time techniques, with a basis in functional decomposition. Object tech-

nology improves these by replacing decomposition with inheritance hierarchies and

polymorphisms. It enables design reuse of larger patterns and components. However,

inheritance and polymorphism are just as complex and error prone as decomposition,

and the great complexity of interactions among objects limits their production and use

to a small community of software engineers. By focusing on encapsulating data struc-

tures into objects and the relationships among objects, it supports a data-centric view

that makes it dif�cult to think about sequences of activity and data�ow. Scenarios over-

come this dif�culty by depicting message sequences and threads of control, but they

are not well supported by current object languages. Table 1 summarizes the major fea-

tures of existing software paradigms, and the features promised by the multiagent-based

approach described below.

1.2 A New Software Paradigm

We believe it is time to consider a completely different approach to software systems.

We propose one based on the (intentionally provocative) recognition that

� errors will always be a part of complex systems

� error-free code can at times be a disadvantage

� where systems interact with the complexities of the physical world, there is a con-

comitant power that can be exploited.

We suggest an open architecture consisting of redundant, agent-based modules. The

appropriate analogy is that of a large, robust, natural system. We motivate our approach

by means of the following four examples.

Example 1: Avoiding Deadlocks and Livelocks. Sometimes, when two people ap-

proach each other on a narrow sidewalk, they move from side-to-side in unison a few

times until they �nd a way to pass. Now, imagine two robots in a similar situation: if

they are each programmed identically and accurately, then they might move in unison

and be deadlocked forever. If, however, one had a small �aw in its programming, then

it would eventually act differently and break the deadlock.

This example illustrates a key concept: errors can sometimes make a system more

robust. Individual components do not have to be perfect, if there are a suf�cient number

of them, if their capabilities are basically sound, and if their responsibilities overlap.

Such deadlock behavior is actually quite common�it can occur anytime two pro-

cesses access a common resource, e.g., when two applications attempt to update a

database, bid at an auction, or communicate over a channel at the same time. When

the possibility of the deadlock is known in advance, a solution is to deliberately intro-

duce uncertainty into one or both of the processes; this is the basis for con�ict resolution

in the CSMA/CD Ethernet protocol.
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Fig. 1. Robots meeting in a hallway might move in unison and �livelock�, unless one operates

differently than the other

Example 2: Forming a Circle. Consider asking a group of children to form a circle.

This they will be able to do, relatively independent of the number of children, their

sizes, and their ages, without requiring any further directions as to who should stand

where. The formation of the circle will be robust with respect to the removal or addition

of children. It will even accommodate a few children who do not understand the request.

This �circle algorithm� succeeds because each element of the solution is intelligent and

autonomous, and possesses basic knowledge of the problem domain. Each element is

not, however, required to be perfect.

Contrast this with a conventional approach to developing software for arranging

items in a circle. A programmer would �rst de�ne classes for the items, with attributes

describing their size and shape. The programmer would then construct a central control

module that, using trigonometry, would compute the precise locations for each of the

items. The control module would have to be written to accommodate an arbitrary num-

ber of items having a variety of sizes and shapes. Changing any one of the parameters

would require the control module to recompute the locations of all items. More signi�-

cantly, changing the way in which the shape or size of an item is de�ned would require

the control module to be rewritten. (For example, if the control module expected items

to be de�ned in terms of their length and width, then it would have to be modi�ed to

handle items de�ned in terms of their radius.)

Example 3: Navigating on Mars. Consider an autonomous vehicle roaming on Mars.

There is a very simple algorithm that enables the vehicle to maneuver around obstacles:

when an obstacle is encountered, the vehicle

1. Backs up 1 meter

2. Turns clockwise 90 degrees

3. Moves forward 1 meter

4. Turns counterclockwise 90 degrees

5. Goes forward on its original course.

Although in theory it appears that the vehicle can easily become trapped, in practice

the vehicle is able to wriggle through any con�guration of obstacles that it can physi-

cally �t between, because it cannot move exactly 1 meter or turn exactly 90 degrees. Its

errors in these motions give it the variability it needs to move eventually in just the right
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Fig. 2. Children (and autonomous agents) can be a robust circle-forming algorithm

way to go around an obstacle. Surprisingly, attempts to increase its precision not only

increase its complexity, but also make it more likely to become trapped. In essence,

reducing errors can make the system less robust.

Example 4: Business SoftwareObjects�Avoiding a PayCut. As a more general and

fundamental example, most business software components are intended to be models

of some real object within the business, such as an employee. A problem is that, unlike

the entities they represent, conventionally implemented components are passive. Why

is this a problem? If someone accidentally reduced the salary of an employee by 50%,

a conventional software component would not protest. Like real employees, agents im-

plemented as components with the extra ability to take action would not allow such

accidents. As we describe next, agents can also do a lot more.

2 Interaction-Based Software Development

The behavior of any system depends on its construction and the environment in which

it operates. When the system contains a number of components that interact with each

other and a complex environment, the behavior can be dif�cult to predict and control.

Traditional software interfaces are rigid. Often the slightest error in the implementa-

tion of a component can have far-reaching repercussions on the behavior of the entire

system. However, the output of a component may be erroneous because of its mal-

functioning, its environment being out of its design range, or an erroneous input from
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Fig. 3. A robot navigating on Mars can wriggle between obstacles via a very simple algorithm

that takes advantage of errors in its movement through the environment

another component. Traditional approaches for software or hardware fault tolerance are

rigid in that they use �xed means, e.g., averaging or voting, to correct errors.

By contrast, we are developing an approach in which the interactions among com-

ponents are de�ned in a more robust manner using higher-level abstractions such as

social commitments and team intentions. These abstractions enable us to design the

components to be more �exible toward their inputs and outputs. Moreover, in real-

life situations, a component may be forced to release results that are almost certainly

erroneous�it may lack the time and resources to await de�nite inputs and process

them properly. Our approach can handle these situations naturally, whereas traditional

approaches are incapable of even representing such situations.

Our approach presupposes that the components are able to enter into social com-

mitments to collaborate with others, to change their mind about their results, and to

negotiate with others. They must be long-lived (to even detect errors that manifest later

in the execution) and persistent (to resolve them). In other words, the components are

interacting agents functioning in teams. The agents can detect not only errors, but also

opportunities in general. They can volunteer to take advantage of those opportunities,

to form teams, negotiate solutions, and enact them in a persistent manner. One risk with

such systems is that their persistence may get them into livelocks where interactions

prevent progress. It is essential that the agents be able to explore their way out of live-

locks. Interestingly, �errorful� behavior by some members of the team can facilitate this

exploration, especially in complex environments where the concurrently executing mix

of agents is determined dynamically.

Our approach is based a number of important tenets:
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Interaction Persistent action

Teamwork founded on social commitments Negotiation

Exploration Error tolerance and exploitation

Although some of these tenets are shared with some recent approaches, e.g., aspect-

oriented and agent-oriented programming, no existing approach captures all of them. It

appears desirable to try to exploit their synergistic mix.

2.1 Requirements for a New Class of Applications

Thanks to ongoing advances in computer systems, new classes of applications are evolv-

ing. These applications require a number of important properties beyond traditional

approaches:

Disintermediation (the direct association between users and their software [40]). Pro-

viding a user with seamless access to and interaction with remote information, applica-

tion, and human resources requires a distributed active-object architecture [51].

Dynamic composability and execution. A system should execute as a set of distributed

parts, but the resources required will be mostly unknown until run-time: this requires

an infrastructure to enable their discovery and composition as needed.

Interaction. There might be subtle and critical patterns of interaction among the com-

ponents, but the speci�c interactions may be unknown until run-time, and may vary:

this requires that the patterns of interaction be explicitly represented and reasoned with.

Error tolerance and exploitation. As the deployed systems become increasingly com-

plex, they should not only tolerate, but where possible exploit, errors in their compo-

nents.

Two major convergences now give us the means to address the above requirements.

First, large information environments dealing not only with information, but also with

the physical world are available to provide crucial computing and communication re-

sources, as well as ready contact with reality. Second, technical advances in computer

science provide a foundation for agent architecture and languages. These advances go

hand-in-hand, because the existence of the expanding infrastructure changes the trade-

offs in carrying out the dictates of the science.

A recent computing paradigm is based on Java, and the ability it provides for users

and applications to download the speci�c functionality they want at the moment they

request it. In particular, Java Beans possess two interfaces: one that governs the in-

teraction of a bean with its environment at run-time, and a second that describes the

behavior of the bean to developers at program-creation or compile time. DCOM pro-

vides a similar capability for COM objects. Such capability is leading to the rise of a

software-component industry, which will produce and then distribute on demand the

components that have a users' desired functionality [Yourdon 1996]. Each user can be

presented with a unique customized environment. However, because of this uniqueness,

how can component providers be con�dent that their components will behave properly?
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This is a problem that can be solved by agent-based components that actively cooper-

ate with other components to realize the user's goals and that express their behavior in

terms of their intentions and commitments.

2.2 Agent-Based Software

Programming based on teams of agents will build on results generated by a large num-

ber of researchers. In particular, efforts under the DARPA Intelligent Integration of

Information program for developing mediators, wrappers, and agent communications

form one of the foundations for our work. We extend the efforts into a complete pro-

gramming paradigm with a formal semantics. Our extensions and formal semantics are

based on the work on agent-oriented programming by [41], [53], and [21].

A wide variety of software programs have been developed recently that are charac-

terized as software agents [17]. One category of such agents focuses on the interaction

between a user and a computing environment. A second category of agent-based soft-

ware is focused on the interaction among computing agents. The basic issues addressed

concern interoperability among geographically distributed agents executing on hetero-

geneous platforms. There are two different approaches for communication among the

agents. The procedural scripting approach causes execution of a remote task by sending

a procedural script for interpreted execution at the remote site. Examples of this ap-

proach are Telescript and Tcl [20]. The declarative approach takes the view that only a

declarative description of the task should be sent to the remote site. An example of this

approach is ACL [11].

What we are proposing differs from current work in software agents in that

� We are not researching new agent capabilities per se

� We are not developing an agent-based system for some new application domain

� We are investigating how agents can be the fundamental building blocks for the

construction of general-purpose software systems, with the anticipated bene�ts of

robustness and reuse

� We are characterizing agents in terms of mental abstractions, and multiple agents

in terms of their interactions, as follows.

Mental abstractions for agents are beliefs, knowledge, desires, goals, and intentions,

whereas multiagent abstractions are

� Social: about collections of agents

� Organizational: about teams and groups

� Ethical: about right and wrong actions

� Legal: about contracts and compliance

These abstractions matter because modern applications go beyond traditional meta-

phors and models in terms of their dynamism, openness, and trustworthiness. They

involve virtual enterprises and electronic commerce, such as in manufacturing supply

chains and autonomous logistics, community-ware and social interfaces, and problem

solving by collaborative groups. The architecture of future information systems will be

agent-oriented, as shown in Figure 4.
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Fig. 4. Architecture for an agent-oriented information system, indicating collaborations among

users, applications, and resources

Techniques for creating and maintaining societies of autonomous active objects

(agents) will be useful not only for large open information environments, but also for

large open physical environments. For example, new ef�ciencies in logistics could re-

sult from considering each supply item being deployed to be intelligent (implemented

via a �smart card�) with a local goal to reach a destination and an ability to take advan-

tage of a global distribution system.

Such information environments are too complex to be centrally developed or con-

trolled. The only alternative is for intelligence to be embedded at many places to provide

distributed management. Each locus of intelligence is an autonomous agent that must

be long-lived (to execute unattended for long periods), adaptive (to explore and learn

about its environment), and social (to interact with others to leverage knowledge and

capabilities, so as to achieve individual as well as collective goals). Composed as they

are of active social entities, multiagent systems are ideally suited to the challenges of

software development described above. Teams, with different members playing speci�c

roles and cooperating to achieve some higher end, emphasize the social and organiza-

tional aspects of multiagent systems.
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2.3 System Redundancy and Adaptation

In some circumstances, robustness in the presence of errors is governed by redundancy.

That is, if each software module is deemed to be behaving either correctly or incor-

rectly, then two modules with the same intended functionality are suf�cient to detect an

error in one of them, and three modules are suf�cient to correct the incorrect behavior.

Fundamentally, the amount of redundancy required is well speci�ed by information and

coding theory.

HP Labs has built a massively parallel computer with 220,000 known defects, but it

still yields correct results [8]. As long as there is suf�cient communication bandwidth

to �nd and use healthy resources, it can tolerate the defects. Allowing so many defects

enables the computer to be built very cheaply.

Similarly, a National Research Council committee last year, in addressing the prob-

lem of software security, published a report called Trust in Cyberspace, which advo-

cated the �Theory of Insecurity.� The theory suggests that acceptably secure systems

can be built out of components that have known vulnerabilities and security holes [25].

When software modules exhibit more complex behavior, then deeper reasoning is

needed to determine whether or not the behavior is correct. This requires agents to

communicate their intentions and commitments. They can then be monitored to deter-

mine if they have acted according to their intentions and have kept their commitments.

Activating a group of agents then becomes a type of nondeterministic programming.

Self-adaptive software [29] evaluates its own behavior and changes the behavior

when the evaluation indicates that it is not accomplishing what the software is intended

to do, or when better functionality or performance is possible. This implies that the soft-

ware has alternative ways of accomplishing its purpose, along with enough knowledge

of its construction and awareness of its current operation to enable effective changes to

be made at runtime. Self-adaptive software requires components to maintain models of

themselves and the other components with which they might interact [23]. In a control-

system metaphor, runtime software is treated like a factory, with inputs and outputs and

a monitoring and control facility that manages the factory to improve its performance

[27].

Intentional programming attempts to coordinate the cooperation of independently

developed abstraction objects, termed intentions. Intentions are not executed at runtime,

but are called at programming time [42].

2.4 Agent Capabilities

Figure 4 illustrates how agents might represent, i.e., act on behalf of, various kinds of

passive or non-agent like components and entities in an environment, and how they

might interact to provide next-generation services to users and applications. Success in

this requires that

� Agents stay aware of their own roles, capabilities, and weaknesses by maintaining

a model of themselves

� Agents stay aware of their team by maintaining models of its members and their

roles
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� Agents maintain models of other teams in which they might play a role
� Agents learn from interactions about the goals, capabilities, and intentions of other

agents
� Agents rely on commitments from other agents, andmaintain commitments to other

agents.

2.5 Ontologies: Modeling Objects, Resources, and Agents

A key to enabling agents to interact productively is for them to construct and maintain

models of each other, as well as the passive components in their environment. Unfortu-

nately, the agents' models will be mutually incompatible in syntax and semantics, not

only due to the different things being modeled, but also due to mismatches in underly-

ing hardware and operating systems, in data structures, and in usage. In attempting to

model some portion of the real world, information models necessarily introduce sim-

pli�cations that result in semantic incompatibilities.

Ontologies appear to be well suited for reconciling heterogeneous semantics. We

have been developing mediating mechanisms based on domain-speci�c ontologies to

yield the appearance and effect of semantic homogeneity among agents at the knowl-

edge level [34]. However, if there are n entities in the environment, then each would

need a model of each of the other entities, resulting in n(n � 1)=2 models that must

be maintained. This is infeasible for large domains. We solve this via two means. First,

agents maintain and advertise models of themselves, resulting in a total of n models.

Second, we consider the source of the models. How should one agent represent an-

other, and how should it acquire the information it needs to construct a model in that

representation?

This has, we believe, a simple and elegant answer: the agent should presume that

unknown agents are like itself, and it should choose to represent them as it does itself.

Thus, as an agent learns more about other agents, it only has to encode any differences

that it discovers. The resultant representation can be concise and ef�cient, and has the

following advantages:

� An agent has a head start in constructing a model for a just-encountered agent.
� An agent has to manage only one kind of model and one kind of representation.
� The same inferencemechanisms it uses to reason about its own behavior can reason

about the behaviors of other agents; an agent trying to predict what another will do

has only to imagine what it itself would do in a similar situation.
� As information about other agents is acquired through observations and interac-

tions, models of them can be updated, and will diverge from the default.

We portray an agent as a rational decision-maker that perceives and interacts with

its environment. Agents are rational in the context of all other agents, because they are

aware of the other agents' constraints, preferences, intentions, and commitments and

act accordingly.

3 Semantics

If agents are constructed modularly, the challenge is in specifying and generating the

right interactions. We term our approach interaction-oriented programming (IOP), and
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include in it high-level abstractions and techniques that capture the structure of the

desired interactions. We identify three layers of IOP, from lower to upper:

� Coordination, which enables the agents to operate in a shared environment

� Commitment, which re�ects the agents' obligations to one another, capturing their

social structure and the norms governing their behavior

� Collaboration, which supports reaching agreement, forming andmaintaining teams,

and performing complex joint activities.

Informal concepts, such as competition, often have variants that may be classi�ed

into different layers. For example, bidding in an auction requires no more than coordi-

nation, whereas commerce involves commitments, and negotiation involves protocols

for collaboration.

Pieces of the above layers have been studied in distributed computing, databases,

and distributed arti�cial intelligence (DAI), but usually not from a programming per-

spective. The distributed computing and database work focuses on narrower problems

of synchronization, and eschews high-level concepts such as social commitments. Thus

it is less �exible, but more robust, than the DAI work. Our contribution will be in en-

hancing and synthesizing ideas into a framework that is rigorous yet �exible.

4 Preliminary Results and Discussion

In preliminary experiments, we have constructed a large group of agents, each imple-

mented as a concurrently executing Java thread and interacting through a base class

environment. The agents each have an understanding of what a circle is, what it means

to be part of a circle, where the nearest agents are located, and an estimate of how close

the group is to being in a circle. The agents have the ability to reason about where they

should be on a circle and the direction they should move to get there. They also have the

ability to help move nearby agents that do not seem to be located or moving properly.

Into this environment, we have introduced a few agents that do not have the ability to

move properly or are stationary. The group overcomes this and produces an acceptable

circle. We have anecdotal evidence, via one comparison, that such an implementation

can be constructed more rapidly and robustly than a conventional object-oriented im-

plementation in C++.

The Team-Oriented Paradigm

We propose an open architecture consisting of multiple, redundant, agent-based com-

ponents interacting via a veri�ed kernel. To program and activate a team will require

a resolution of who (role) will do what (subtask), when (coordination), how (capabili-

ties), where (resources or location), and why (team plan and external requirements). In

addition, there are the aggregate matters of how many agents per role and how much

resources are needed. The main steps are agent creation (compilation), team con�gura-

tion (linkage), and team activation (execution).

The abovematters presuppose an agent factory with rich protocols for discovery and

software con�guration that inherently accommodate �exibility through negotiation. In
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a general setting, the agents could join and activate teams with minimal programmer

intervention. Their negotiated commitments to one another would lead to coordinated

and coherent action by the entire team even as the membership of the team evolves and

some members behave imperfectly.

We believe that implementing software as a large number of intelligent, but not

perfect agents will be successful. Our approach imposes requirements on the structure

and behavior of the agents, and facilitates a formal semantics. We will supply the meta-

model, architecture, and formal semantics to realize this approach. Prototypes are being

developed using an iterative process called User-Centered Software Engineering.

5 Conclusion

We have proposed and begun investigation of a new software development paradigm�a

cooperative paradigm�based on interacting agents, active objects, and active wrappers

of legacy components. The resultant methodology and language, interaction-oriented

programming, represent a fundamental extension of the earlier paradigms, with greater

expressive power, different conceptual foundations, such as the beliefs held by the com-

ponents, and new modeling techniques.

Techniques for creating and maintaining societies of autonomous active objects

(agents) will be useful not only for large open information environments, but also for

large open physical environments. For example, such techniques would yield new ef�-

ciencies in logistics: by considering each item of material to be an intelligent entity re-

siding on a �smart card� whose goal is to reach a destination, a distribution system could

manage more complicated schedules and surmount unforeseen dif�culties. Languages

are required for creating and maintaining such environments�an interaction-oriented

programming language satis�es this requirement.

Just as today almost anyone can create a web page and contribute information to

the Web, so the proposed paradigm will enable anyone to create and contribute cus-

tomized components to software applications. We are in the midst of a trend toward

disintermediation�the direct association between users and their software�that en-

ables people to be responsible for their own computing, often without formal training

or the support of professional intermediaries. This is healthy, but an infrastructure such

as we propose is needed that can

� Analyze component interoperability and then cope with incompatibility

� Support the dynamic recon�guration of loosely confederated processes and agents

� Monitor and manage persistent autonomous processes (extending the notion of dae-

mons).

It is claimed that the major impediment to the realization of component-based de-

velopment is quality of the components [32]. The proposed paradigm mitigates this

through massive redundancy, leading to increased robustness. (A system that is stuck

and making no progress can try one of its less popular alternatives.)
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Abstract. In this paper, I will discuss the conceptual foundation of agent-
oriented software development by relating the fundamental elements of the agent-
oriented view to those of other, well established programming paradigms, espe-
cially the object-oriented approach. Furthermore, I will motivate the concept of
autonomy as the basic property of the agent-oriented school and discuss the de-
velopment history of programming paradigms that lead to this perspective on
software systems. The paper will be concluded by an outlook on how the new
paradigm can change the way we think about software systems.

1 Introduction

Agents and multi-agent systems are currently one of the most interesting research fields
in the computer science community; especially the natural way of capturing the struc-
ture and the behavior of complex systems has stimulated this huge interest. But is this
enough to make agent-oriented software engineering (AOSE) a new software paradigm?
What makes the idea distinctive from other approaches? How does it fit in a more gen-
eral picture of software engineering?

In this paper, I will present my personal viewpoint on agent-oriented software engi-
neering firstly by discussing the interrelationships of AOSE concepts (agent, agent ar-
chitecture, role, etc.) and secondly by relating AOSE to other programming paradigms.
Especially the relation between object-oriented and agent-oriented methods is particu-
larly interesting because they seem to be closely related. In order to clarify their rela-
tionship, I will describe the levels of abstraction that are involved in a certain program-
ming paradigm in general and of object-orientation and agent-orientation in particular.
I will then identify aspects they have in common as well as their main differences. Fur-
thermore, I will point out what could be the major contributions of the agent oriented
paradigm to software engineering and provide an outlook on how the new paradigm can
change the way we think about software systems.

2 Aspects of programming paradigms

The term “programming paradigm” is extremely fuzzy because it is often used to cap-
ture a set of different software-related aspects under a particular catch-phrase. These
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different aspects are often located on different levels of abstraction and their interrela-
tionships are seldom explicitly formulated. In this paper, I will use the triangle shown
in Figure 1 to describe the different levels of abstraction that in my view make up a
programming paradigm. The form a triangle was chosen to express the fact that the
number of concepts (and therewith the complexity) on a particular level of abstraction
increases on higher levels. Furthermore, a layered approach is quite common in com-
puter science theories to clearly separate the concepts on different levels of abstraction.
The main advantage of a layered approach is that no knowledge of lower levels is nec-
essary to understand and to work with higher level concepts because ideally, each level
of abstraction represents a conceptually closed framework. In reality, unfortunately, the
higher level theories are not only much more complex then lower level ones, but they
are often incomplete [22]. Therefore, it is often necessary to combine several higher
level theories to obtain a full coverage of the part of the world that should be modeled.

Note furthermore, that the distinctions between the different levels are not too sharp.
Because of the fact that most programming models are assumed to be essentially equal
in their computational power (Church’s thesis), any programming model can be im-
plemented in terms of any other model. Thus, it is possible to write object-oriented
software in a purely imperative programming language or to implement a deductive
database in an object-oriented framework. In the following sections, I have therefore
tried to produce a break-down of concepts that clearly separates intra-model aspects
and that allows for an inter-model comparison of these concepts. I am well aware that
some concepts can be shifted along the abstraction hierarchy, but I think that the current
assignment to a particular level is adequate.

2.1 Hardware

The first level of abstraction encapsulates the architecture that is implemented in the
computer hardware. Today, most computers still have the von Neumann architecture
that was introduced in the late 1940s [12]. The architecture consists of aprocessorthat
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is subdivided into units for computation and control and amemorystore that holds the
instructions and the data of the program.

This architecture is still common in modern computers although it has been greatly
optimized by using techniques such as pipelining, caching or parallelism to speed up
computation. A recent trend in the hardware community is to turn away from integrated,
large-scale systems and towards networks of normal personal computers that jointly
work on a computationally demanding task. These virtual supercomputers combine the
advantage of lower costs through the use of standard hardware with an extreme scalabil-
ity that allows to add more computational resources whenever this is necessary. In one
vision on the future of the Internet [23], the entire net becomes a virtual supercomputer
that makes individual computational power obsolete.

However, whether sequential, parallel or distributed, from the point of view of a
programming paradigm, all hardware looks the same. There have been attempts to build
hardware architectures that implement a particular programming paradigm directly into
the hardware device, but none of these attempts has been successful. Therefore, we can
safely assume that all programming paradigms share the same ground.

2.2 Theories

On the next higher level of abstraction, however, things are different. Theories are con-
ceptualizations of a particular computational model that abstracts away from the char-
acteristics of the hardware. The first theories were aimed at capturing the in-principle
capability of a computational device in order to allow for general statements about what
can be automatically computed and what cannot [41]. Turing’s theory, for example, is
a radical mathematical conceptualization of the von Neumann architecture that enables
us to formally analyze all possible programs that can be executed on such an archi-
tecture. Other computational theories are intended as tools to help the programmer to
express the ideas of what a program is supposed to do more naturally. An early compu-
tational theory that was meant as the foundation of a “natural” way of programming is
declarative programming [17] but it has been demonstrated by empirical investigations
in cognitive psychology that this claim does not necessarily hold true [32].

Let’s start the comparison of the object-oriented and agent-oriented issues with the
entities that are handled on this level of abstraction. In the object-oriented world, these
entities are theobjects. An object can be anything ranging from a concrete entity from
the real world to a conceptual entity that only exists in the designers head. Each ob-
ject within the system is associated with a particularclassthat determines the objects
basic properties. Classes can be linked with each other in several ways. Probably the
best known relation between two classes isinheritancethat models a conceptual ex-
tension of a common base specification. During their lifetime, objects communicate by
sendingmessagesto each other. These messages can be used to request services from
the receiving object such as to provide internal information or to change the current
state. Although there are several additional concepts in the object-oriented paradigm
I will restrict myself to this brief introduction and refer the reader unfamiliar with
object-oriented concepts to the available literature, eg. [4]. In summary, the collection
of object-oriented concepts is clear and manageable in size and does not vary greatly in
different object-oriented approaches.
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In the agent-oriented universe, on the other hand, we are faced with the first serious
problem as there is no single agreed definition of the entities that are dealt with. The
existing agent theoriesare more or less built upon one out of two widely accepted
notions of agency [44]. In thestrong notionof agency, an agent is modeled in terms
of mentalistic notions such as beliefs, desires and intentions. Furthermore, the strong
notion requires that these mental concepts have an explicit representation within the
implementation of the agent. Thus, this notion forces awhite-boxon the agent. The
weak notionof agency, on the other hand, requires only ablack-boxview on the agent
in that it defines an agent only in terms of its observable properties. According to this
definition, an agent is anything that exhibits autonomy, reactivity, pro-activity, social
ability [44].

In my opinion, these two notions of agency are both too strict. I would argue for
a more pragmatic definition of agency that allows the designer to decide what should
be an agent regardless of a particular implementation or a minimal degree of external
properties. I call this thevery weak notionof agency. To explain why this absence of
formal aspects still makes sense, I have to fall back upon a famous article from the early
days of Artificial Intelligence.

In [22], the author argues that it is useful to ascribe mental qualities such as beliefs,
goals, desires, wishes etc. to machines (or computer programs) whenever it helps us to
understand the structure of a machine or a program or to explain or predict the behavior
of the machine or the program. McCarthy does not impose any constraints such as a
minimal required complexity onto the entities that we want to ascribe mental categories
or onto the mental categories that we would like to use. In his view, ascribing mental
qualities is a means of understanding and of communication between humans, ie. it is a
purely conceptual tool that serves the purpose of expressing existing knowledge about
a particular program or its current state.

“All the [. . . ] reasons for ascribing belief’s are epistemological; i.e. ascrib-
ing beliefs is needed to adapt to limitations on our ability to acquire knowledge,
use it for prediction, and establish generalizations in terms of the elementary
structure of the program. Perhaps this is the general reason for ascribing higher
levels of organization to systems.”

To illustrate why this point of view is reasonable, McCarthy uses the example of a
program that is given in source code form. It is possible to completely determine the
programs behavior by simulating the given code, ie. no mental categories are necessary
to describe this behavior. Why would we still want to use mental categories to talk and
reason about the program? In the original paper, McCarthy discusses several reasons
for this. In the following list, I have selected those reasons that seem to be most relevant
to me:

1. The programs state at a particular point in time is usually not directly observable.
Therefore, the observable information is better expressed in mental categories.

2. A complete simulation may be too slow, but a prediction about the behavior on the
basis of the ascribed mental qualities may be feasible.

3. Ascribing mental qualities can lead to more general hypothesis about the programs
behavior then a finite number of simulations.
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4. The mental categories (eg. goals) that are ascribed are likely to correspond to the
programmers intentions when designing the program. Thus, the program can be
understood and changed more easily.

5. The structure of the program is more easily accessible then in the source code form.

Especially the fourth point in the above enumeration is extremely important for
AOSE because the task of understanding existing software becomes increasingly impor-
tant in the software industry and is likely to outrange the development of new software
[1]. Thus, if it becomes easier to access the original developers idea (that is eventually
manifested in the design) it becomes easier to understand the design and this leads to
higher cost efficiency in software maintenance.

A more general conclusion from McCarthy’s approach is the idea thatanything can
be an agent. This view has been discussed from controversial points of view [44] and
it has been argued that it does not buy us anything whenever the system is so simple
that it can be perfectly understood. I do not agree with this. In my view, the conceptual
integrity that is achieved by viewing every intentional entity – be it a simple as it may
– in the system as an agent leads to a much clearer system design and it circumvents
the problem to decide whether a particular entity is an agent or not. In my personal
experience, this problem can be quite annoying during the design phase whenever two
software designers have different views.

In the above paragraphs, I have identified the basic structural elements of object-
orientation and agent-orientation, respectively. Now I will outline some of the basic
concepts of describing and arranging these elements and point out some fundamental
similarities that can be identified.

As I have already said above, the basic descriptional element is object-oriented pro-
gramming is the class. A class definition specifies the class variables of an object and
the methods the object accepts. Classes can be linked with each other via several forms:
one class inherit from another class such that the new class is an extension of the ex-
isting class, instances of two classes can collaborate with each other by exchanging
messages, and finally they can have a structural connection in that one instance of a
class contains an instance of the class.

These concepts correspond to the agent-oriented world by replacing class withrole,
state variable withbelief/knowledgeand method withmessage. Thus a role definition
describes the agent’s capabilities, the data that is needed to produce the desired results
and the requests that trigger a particular service. Besides this fundamental relation, there
are many other conceptual similarities between object-orientation and agent-orientation
that can be mapped onto each other. Due to the limited space, however, these are briefly
summarized in Table 1.

Turning away from the conceptual issues and similarities of the two programming
approaches, we will now come to more technical aspects of the runtime environment
and discuss the general structure for object-oriented and agent-oriented systems, re-
spectively.

2.3 Runtime System

The runtime system of a particular programming paradigm provides the environment
for the program interpretation and these environments can be radically different. In
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OOP AOP
Structural Elements

abstract class generic role
class domain specific role
class variables knowledge, belief
methods capabilities

Relations
collaboration (uses ) negotiation
composition (has ) holonic agents
inheritance (is ) role multiplicity
instantiation domain-specific role + individual

knowledge
polymorphism service matchmaking

Table 1.Mapping OOP to AOP

the more simple forms, they are restricted to administrative tasks such as managing
the heap or they provide slightly more elaborate services such as garbage collection.
However, there also exist very complex runtime environment that provide complete
reasoning engines for logic programming [17] that are for example used in declarative
programming languages such as Prolog [5].

Objects and agents and the various relationships that exist between them within
their respective programming model are conceptual abstractions that require an imple-
mentation such that they can be used by higher levels of abstraction. In the follow-
ing paragraphs, I will divide the implementation of the theoretical concepts into the
implementation of the entities themselves and an implementation of a meta-level that
manipulates the basic entities.

In an object-oriented runtime system, the objects are statically represented by the
object architecture. This architecture is usually quite simple as it only contains the
current state of the object and the relation to the objects class (which determines the
operations that can be performed on the object). An object is usually represented as
arbitrary collection of data elements with associated functions and the granularity of
objects is potentially not limited. However, efficiency issues dictate that not every entity
is modeled as an object and so in reality this conceptual benefit is slightly weakened.
The object management systemis responsible for representing the relations such as
inheritance between the defined classes and object manipulation such as creating or
destroying objects. Furthermore, the object management system is also responsible for
dynamic aspects such as method selection of polymorphous objects, exception handling
or garbage collection.

In an agent-oriented runtime system, things are distinctly more complicated al-
though similar in their general structure. The basic entities are the agents that are imple-
mented by theiragent architecture. Agent architectures are often built upon a particular
theory such as BDI [35] and establish the link between the abstract concepts “agent”
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and “role” in that they provide the runtime environment for the role descriptions that
make up the agent. Thus, we have the fundamental relation [21]

agent = roles + architecture

However, agent architectures are far more complex then the object architecture, es-
pecially because of the dynamic aspects that must be dealt with. Because of the richness
of the agent-oriented world, there exists a large number of different agent architectures
[27, 28, 15]. Due to the vast number of approaches, it is impossible to identifythebest
or most general architecture. However, the smallest common denominator seems to be
the basicperceive – reason – actcycle that is oriented at the minimal agent model of
[36]: in each iteration, the agent perceives the state of its environment, integrates the
perception in its knowledge base that is used to derive the next action which is then
executed. This generic cycle is a useful abstraction as it provides a black-box view on
the agent architecture and encapsulates specific aspects.

The task of theagent management systemas the meta-level of an agent based run-
time environment is to provide a “life-space” for the agents, ie. a collection of mech-
anisms that enables the agents to get in contact with each other. To enable agents of
different designers to interact with each other, it is necessary to standardize the basic
services that are provided by agent management system. One such standard is defined
in [10].

2.4 Programming Language

On this level of abstraction, the syntactical framework for the manipulation of the en-
tities on the runtime level is defined. The programs that are written in a particular pro-
gramming language are either directly interpreted by the runtime system or they are
compiled into an intermediate format that is understood by the runtime system or di-
rectly to assembler code.

The syntactical constructs that are provided by the programming language should
allow the programmer to use the underlying semantic concepts efficiently and to express
the intended functionality of the program elegantly. For example, it is generally possible
to implement a particular conceptual model with any general purpose language, e.g. it
is possible to write object-oriented programs in C, but in general, it is much easier
and more comfortable for the programmer if the terms of the conceptual framework
can be used directly. Even an integration of several conceptual models into a single
high level programming language can be problematic as is often difficult to find a good
combination of concepts that is not overwhelming for the average user and then to find
a concise syntactical representation for these different concepts.

I think that object-orientation as well as agent-orientation are such general concepts
that can be attached to almost any other programming language. In the case of object
orientation, this approached work for languages such C, leading to C++ [38], Cobol
(ObjectCobol [9]), perl [42] and numerous other languages. But not only imperative
languages have been enhanced with objects. The Mozart programming system [34], for
example, provides a very elegant combination of constraint-logic programming with
object-oriented concepts.
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In the context of agent-oriented software engineering, these trends are not so clear
until now. Currently, there is no – at least to my knowledge – widely accepted agent-
oriented programming language that goes beyond the experimental state. However,
some approaches are designed as an extension of established languages, eg. JAM
Agents [14] that combine agent-oriented concepts with Java [39].

2.5 Design Language

Design languages are further abstractions from a particular programming language that
aim at the conceptual modeling of a system at a more coarse grained level. Design
languages often use graphical notations that make it easier fro the designer to access
the overall system structure. Probably the currently best known design language is the
Unified Modeling Language (UML)[3] that tries to integrate several, until then sepa-
rated design notations, under a common hat. The UML provides a variety of structural
elements with well defined semantics that can be flexibly combined into diagrams that
capture different aspects of a software system. The core UML language can thus be used
to describe a software system from the requirements specification to the final design.
An example for using the UML within the context of agent-based systems is discussed
in [7]. Due to the general nature of the core UML, however, it is not always suited for
all problem areas, and therefore, extensions that cover special aspect have already been
proposed [11]. One way is to extend the UML by providing new structural elements and
diagrams that enhance the expressive power of the base language. This way is favored
by the OMG/FIPA in the development of AGENTUML [31] which proposes an exten-
sion of the UML with respect to agent-oriented concepts. As part of the AGENTUML
in the FIPA standard [2], [30] suggests an extension of the UML by a completely new
diagram type calledprotocol diagrams. These diagrams combine elements of UML in-
teraction diagrams and state diagrams to model the roles that can be played by an agent
in the course of interacting with other agents. The new diagram type allows for the
specification of multiple threads within an interaction protocol and supports protocol
nesting and protocol templates based on generic protocol descriptions.

In a more general sense, however, design languages should not necessarily be con-
straint to modeling aspects of the system. In my personal view, I would count general
software architecture frameworks or frameworks for a particular application area to de-
sign languages as well. The reason for this view is that these frameworks provide their
own set of structural abstractions that represent a “language” on this particular level of
abstraction.

In the object-oriented community, examples for such frameworks include Java
Beans [40] as a means to provide off-the-shelf components together with flexible in-
terconnection mechanisms between the basic structural elements, or software develop-
ment environments such as Visual C++ [25] that focus on a support for the development
of graphical user interfaces. In the latter case, the structural elements of the design lan-
guage are graphical elements that are combined according to a given grammar that
regulates how different elements can be put together.

In the agent-based world – although a relatively new area –, a large number of
different frameworks already exists. This may be due to the fact, that the increasing
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guage

Structured Pro-
gramming

Object-Oriented
Programming

Agent-Oriented
Programming

Structural Unit Program Subroutine Object Agent
Relation to Previ-
ous level

Bounded unit of
Program

Subroutine
+ persistent local
state

Object
+ indepen-
dent thread
of execution
+ Initiative

Table 2.Historic development of programming paradigms [33]

complexity can only be dealt with by using adequate tool support. Examples for agent-
based design languages range from source-level frameworks such as SIF [37] up to
complex and powerful tools such as the ZEUS toolkit [29] from British Telecom that
provides drag-and-drop mechanisms for putting together multi-agent applications.

3 A Historic Perspective

In this section, I will discuss a few historic aspects in the development of programming
paradigms that can be helpful in understanding why the agent-oriented approach is a
natural successor to the prior development.

In [33], Table 3 is used to capture the historic development from machine language
to agent-oriented programming. In the early days of programming, a program was thus
seem as a monolithic block without any inherent structure. This view was subsequently
changed in that it was recognized that a program is made up from several smaller struc-
tural units, ie. subroutines. However, the concept of subroutines alone was not powerful
enough as it emphasized the control flow aspect of programming and neglects the data
that is involved. Consequently, the view changed a second time, this time grouping data
and computation together in a single structural unit called an “object”. Currently, we are
faced with the third change of perspective, leading away from merely passive objects
and facing towards active structural units which we call “agents”.

I like the above presentation of the historic development because I think that it cap-
tures the main ideas in a concise form. However, I am not completely satisfied with the
characterization of agents in the above table. While the requirement of an independent
thread of execution sounds very technical, the term “initiative” is to fuzzy to be opera-
tionalized. To draw on the basic ideas of [33] but to develop a more coherent structure,
I suggest the three-step characterization shown in Figure 2.

In the first step, programs are seen as a collection offunctionsthat establish a well-
defined goal. These functions can be described as an imperative sequence of statements
(imperative programming), as a collection of mathematical expressions that are linked
together (functional programming) or as a set of goals without imposing a particular
way of achieving the goal onto the interpreter (declarative programming).

In the next development step, a program is interpreted in terms of thedata that is
manipulated and thefunctionsthat operate on that data. This leads to structured pro-
gramming where semantically related aspects of the program are spatially related. An

53Issues in Agent-Oriented Software Engineering



objects

agents
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functions data

Fig. 2. Historic development

even stronger and explicit relation between data and functions is introduced by abstract
data types, eventually leading to object-oriented programming.

In the final step of the characterization, the objects are augmented withresources
such as computation time, that can be freely used. This freedom in the (internal) re-
source allocation process lead to the concept that I find most fundamental for agent-
oriented programming:autonomy. Although the weak notion of agency has identified
autonomy as a central concept of the agent-oriented viewpoint, it was only credited as
one among others. I would argue, on the other hand, that autonomy is more fundamen-
tal then the other aspects of the the weak notion and that it is even a prerequisite for
the others. For example, pro-activeness can only be achieved when the agent is free to
decide when to become active; the same argument holds for reactivity.

The idea of agents as autonomous agents is so striking and revolutionary because it
leads to a new way of thinking about software systems. Such a system is no longer a
collection of passive objects. Rather, these objects have a “life of their own”, ie. they are
perceived and modeled by the designer as active entities. This view on complex systems
is completely different from traditional approaches in that it explicitly accepts the fact
the system designer is not responsible for specifying the systems dynamics down to the
least bit. Instead, the designer sets out the initial state and specifies the initial goals of
the autonomous agents and then the system takes over. In such a system, there is no
such thing as the “central scrutinizer” [46] that controls everything. Rather, the ongoing
interactions determine the overall system behavior [13].

Another major advantage of the agent-oriented view is that it supports the principle
of locality even better then the object-oriented view does. In object-oriented systems,
the control-flow specification is spread all over the entire program code. The agent-
oriented view introduces a further tool for conceptual grouping that comes with the
agents well defined bounds [19]. All elements that make up the control-flow of a par-
ticular agent are grouped under the common concept, making it easier to identify larger
units of the program that belong together semantically.
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4 The bottom line

After the sobering remarks about the basic similarities of the agent- and object-oriented
approaches one may be tempted to conclude that agent-orientation are just the em-
peror’s new clothes. But that is not what I was trying to say. Even if the technical
contributions or agent-oriented software engineering are not really revolutionary the
conceptual contribution is nonetheless huge. Agent-oriented software engineering pro-
vides an epistemological framework for effective communication and reasoning about
complex software system on the basis of mental qualities. It provides a consistent new
set of terms and relations that adequately capture complex systems and that support
easier and more natural development of these systems.

As an example for the importance of a clear terminological framework, consider
abstract data types (ADTs) and objects. It is argued in [43], that objects are essentially
the same thing then ADTs that were introduced years earlier. But: why do programmers
prefer objects over ADTs? I think because the terminological framework provided by
object-oriented approaches allows the programmer a more natural way of modeling
because it allows for thinking in terms of the real world that should be modeled by a
software system. Furthermore, I think that it will be a major reason for the success of the
agent-oriented view that programmers already use some sort of mentalistic notion to de-
velop their object-oriented systems that is subsequently translated into object-oriented
terms. This additional transformation can be dropped as soon as the adequate tools for
expressing the ideas directly in the already used terminology become available.

As a second point that I have explained above, I think that adding autonomy as an
accepted property of formerly passive objects is the main contribution of the agent-
oriented view. It leads to a completely different modeling approach that stimulates a
system design built upon the desirable properties [6] of loose coupling between system
components with a high cohesion of these components.

I shall now return to the initial question of the paper that was whether agent-oriented
software engineering is really a new programming paradigm or not. To answer this
question, consider the following quote from the Webster On-line Dictionary [24]

Main Entry: par�a�digm
Pronunciation:’par-&-"dIm also-"dim
Function:noun
Etymology: Late Latinparadigma, from Greekparadeigma, fromparadeikny-
nai to show side by side
Date: 15th century
1 : example, pattern; especially: an outstandingly clear or typical example or
archetype
2 : an example of a conjugation or declension showing a word in all its
inflectional forms
3 : a philosophical and theoretical framework of a scientific school or dis-
cipline within which theories, laws, and generalizations and the experiments
performed in support of them are formulated

According to this definition, the answer to the above question is clearly “yes” be-
cause agent-oriented software engineering provides us with the required new frame-
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work, built upon the basic property of autonomy, that allows for the modeling and
understanding of agent-based applications. Furthermore, I think that the agent-oriented
view is a necessary prerequisite for accepting artificial intelligence at all because I think
that we must get used to ascribing basic qualities such as goal, beliefs, desires before
we can ascribe “intelligence” to a machine.

5 Where next?

It must be the goal for the agent community to broaden the acceptance of the new
paradigm among the people who really develop software, ie. software engineers. But
just as it was the case with object-oriented technology, I do not believe that this ac-
ceptance will develop quickly. Object-oriented technology was around for about 10-15
years before it became a widely accepted and naturally used software engineering dis-
cipline. So the question one may ask in this respect is why it takes so long for a new
paradigm to become state of the art? An interesting answer to this question is provided
in Kuhn’s theory about theStructure of Scientific Revolutions[18]. According to Kuhn’s
theory, scientific development is not a continuous flow, but rather a sequence of disjoint
revolutions. Every such a revolution is preceded by a phase of normal scientific activi-
ties in which the researches use the current state of the art (the current paradigm) as the
general background of their daily work and the research questions are draw from yet
unsolved problems of the current paradigm and can in principle be solved within the
existing framework. From time to time, however, a question is raised or a phenomenon
is observed that cannot be answered or explained within the current paradigm. These
anomalies require a radical change of perspective, ie. a new general research paradigm
that can deal with the newly observed phenomena. This is then called a revolution. Ide-
ally, the new paradigm should also capture the past experiences although this is not
always possible. As an example for this sort of scientific development, consider New-
ton’s theory on mechanics. Newton’s mechanics was the research framework for several
hundred years until several observations on the atomic level could not be explained in
Newton’s theory. This lead to the development of quantum mechanics that were able
explain the observations on the atomic level.

The major point in Kuhn’s theory is, that the new research paradigm is not intro-
duced into the research by established researchers that “convert” to the new paradigm.
Rather, it is introduced by the upcoming generation of young researchers that grow up in
the spirit of the new paradigm and that they naturally accept as the general framework.
Scientific history is full of examples for this process. The above mentioned theory of
quantum mechanics is such an examples, as is Darwin’s theory on the origin of species
[8]. On a much more specific level, this observation is also true for object-oriented
software development. While some established researches neglected the novelty in the
concepts [43], it was readily accepted by the younger generation and it is now a widely
accepted programming paradigm.

In the near future of agent-oriented software engineering, however, it is necessary
to make the main contributions accessible to the people that should use it. Therefore,
we need conceptual frameworks to such as described in [16, 20, 26, 45] that support the
development of agent-oriented applications.
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Abstract. It has previously been claimed that agent technologies facilitate soft-
ware development by virtue of their high-level abstractions for interactions. We
address a more specific characterization and utility. We believe that it is important
to distinguish agent technologies from other software technologies by virtue of a
set of unique software characteristics. This is in contrast to much in the literature
that concentrates on high-level characteristics that could be implemented with a
variety of software techniques.
Agent-based software engineering (ABSE), for at least an important class of
agents and applications, can be characterized by both model and inner/outer lan-
guage components. Our experience in developing applications based on long-
term asynchronous exchange of agent messages, similar to typical email usage,
leads us to believe these unique characteristics facilitate useful software devel-
opment practices. The utility derives from a stratification of change among the
components, ease of collaborative change and debugging even during runtime
due to asynchronous text parsing-based message exchange, and reuse of the outer
language as well as generic agents as a programming environment.1

1 Agent Development Characteristics

Jennings and Wooldridge have describedAgent-Oriented Software Engineering
(AOSE)[19] [7]. AOSE effectiveness claims are based upon three strategies for ad-
dressing complex systems:decomposition, abstraction, andorganizationand that the
“agent-oriented mindset” gives one an advantage in using these strategies. That agents
have objectives gives one a clear way to decompose the problem into agents. That agent
systems work largely byemergent behaviorand handle errors gracefully reduces the
need for detailed specifications, since not all interactions need be specified in advance,
and allows more abstraction to be used in system building. And finally, agent systems
are naturally hierarchical organizations themselves. Indeed, it is important to note that
agent identity is a fundamental component of all agent languages and methodologies
for interactions.

We agree with these points. In particular, the idea of engineering a system so that the
correct emergent behavior results is the most critical idea in agent software engineering.
We further agree with the notions introduced by Huhns[5] that one aspect of emergent

1 A shorter version of this paper first appeared inProc. PAAM 2000, Manchester, April, 2000.

P. Ciancarini and M.J. Wooldridge (Eds.): AOSE 2000, LNCS 1957, pp. 59−75, 2001.
 Springer-Verlag Berlin Heidelberg 2001



behavior is having software modules being able to model themselves and other mod-
ules, which leads to modules that are able to attempt different methods of accomplishing
a task based upon runtime data and these models, which in turn leads to flexibility and
robustness without the necessity of the programmer having correctly considering every
possibility. The fundamental idea here is that the programmer focuses on the types of
interactions possible without specifying all possibilities in advance and one technique
for doing this is modeling interaction behaviors. These notions are important and fun-
damental. This paper is also important because it points out that software engineering
seems to have reached a plateau of results and has been stuck there for some time. Thus
the agents approach is potentially very important.

However, we find the AOSE explanations lacking in the detail that would allow a
software engineer to decide easily whether an AOSE approach was even being used or
not. We describeAgent-Based Software Engineering(ABSE) here as a refinement of
some aspects of AOSE, based upon our practical experience in agent building. We do
not, though, attempt to describe how to practice ABSE. Our goal is rather show that
ABSE could be distinguished objectively from other software techniques, which has
not previously been done.

This is a topic that is frequently addressed with respect to languages. In fact, in
the abstract of a recent paper on agent languages, M. Wooldridge said his intent was
to develop “a semantics where conformance (or otherwise) to the semantics could be
determined by the independent observer” [20]. Whether something is an agent or not,
and whether a software engineering technology is agent-based or not, should also be
verifiable by independent observers.

Further, we attempt to persuade the user that ABSE could be useful in practice and
why, apart from the general potential of emergent behavior. We emphasize some partic-
ular aspects of agent models and languages that distinguish agent system development
from other software technologies and make it useful. Our intent is to help bridge the
gap between agent technology and software engineering.

1.1 Semantics-based Agenthood

Describing agent development requires distinguishing agents from other kinds of soft-
ware. Unfortunately, definitions of agents most often differentiate the technology from
other software technologies by anthromophising agents: ascribing human cognitive
traits such as environmental awareness, autonomy, and intelligence. The AOSE view
has its foundations in Yoav Shoham’s “Agent-Oriented Programming (AOP)”[14] in
which it is advocated that agents be directly programmed in terms of the mentalistic,
intentional notions of agent theories. Similarly, Rao and Georgeff developed the “be-
liefs”, “desires”, and “intensions” (BDI)[13] theory of agenthood and developed both
formalisms and programming technologies based on them. We call this asemanticview
because it usually requires ascribing some meaning to the operation of each agent.

And while this early work was formal with distinct software technologies, it is clear
that the difficult objectives of creating a programming environment were not completely
reached. The programming languages and compilers generated were not generally use-
ful. It has been critiqued as unhelpful by people attempting to use the technology[10].
But more important, this formal work has very limited scope in agent building, much as
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formal software methods in general have. Since useful languages and compilers were
not forthcoming, proponents of agent technologies spoke more of the general charac-
teristics of agents and how that influenced software practices.

These informal descriptions of agents as “autonomous” and “proactive” are useful.
Courses on agents, such as “Intelligent Agents” [3], cover much important technical
material. For instance, if one intends that agents follow goals without a lot of specific
instructions, then one has to turn to the most sophisticated learning, planning, non-
monotonic reasoning, and distributed constraint satisfaction techniques that have been
developed by the Artificial Intelligence community. This is in fact the most impor-
tant aspect of agentsper se: that they perform such sophisticated reasoning, especially
in collaboration with each other so that the desired behavior is emergent rather than
specifically programmed.

But the less formal AOSE recent work does not describe mentalistic, intentional
notions of agenthood in a way that would permit an objective observer to distinguish
agents from other software technologies, at least not without a lot of persuasive discus-
sion in each case. Shoham’s definition of an agent as “an entity whose state is viewed
as consisting of mental components such as beliefs, capabilities, choices, and commit-
ments”, and the similar BDI descriptions, are of little help in objectively defining agents
apart from their specific formalisms. And it does not help to focus on one narrow theory
of agents, such as BDI, as this tends not to generalize to a software engineering practice
or methodology.

The informal interpretation of mentalistic agent theories is not sufficient to distin-
guish agent technology from other software technologies, much less provide practical
specific techniques for agent building that would constitutesoftware engineering. It is
at least arguable that, say, object-oriented programming, could be used to implement
non-monotonic reasoning, for instance, as well as any other. More to the point, how
would one know if one is using agent technology as a software technique? The distin-
guishing factor cannot be just that the program can be interpreted as exhibiting a kind
of autonomy using various sophisticated algorithms. This view of agents says nothing
about programming practice, much less software engineering.

However, consider the use of AI techniques in building agents. At one time, “what
is AI?” was an oft-asked question. The answer eventually turned out to be that AI was
the use of AI techniques. This was a seemingly circular definition but it came to be
accepted because they was a definite set of techniques that was developed by researchers
and departments explicitly identified as “AI”. The same idea can be used in the case of
agents. It may be that emergent behavior system design is in its infancy, but based on
experience, we can identify several general but distinguishing characteristics of agent
software technology.

1.2 Agent Theory Modeling

The BDI theory is portrayed primarily in AOSE as a means of guiding agent software
development. But BDI is only one type of agent semantics and to consider only it misses
the abstraction of imposing anyagent theoryduring development. This is especially
important when one is converting legacy code into an agent capable of working with
other agents to carry out a distributed computation. What one does in this case is to
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interpret the workings of the legacy code as an instance of a BDI theory that is then
used as the common model upon which agent interactions are based, and which is thus
the basis for the integration of the software components.

The Agent-Objection-Relationship model of [17] (similar to other work reported in
this volume) is a clear example of an agent model, based more on entity-relationship
models than on BDI, used for application-building. In our set of engineering applica-
tions, theProcessLinkframework used theReduxtheory of design to characterize the
acts of the engineering agents[12]. The Redux theory is quite different from the BDI
theory and not at all anthromorphic. However, both are used in modeling: translation
from legacy code into agent interactions.

The case is not that different with agents that are built “from scratch” rather than
being legacy code conversions. One has a computation in mind and is then is careful to
code it so that it ultimately conforms to the agent theory, whether it be BDI or Redux.
Another example is Tate’s O-Plan[16], which is similar to Redux in many respects,
which was used in agents with the “Act” formalism[9].

Agent Theory

Application

Interpretation

Agent
Model

Fig. 1. Agent-based Modeling

As illustrated in Figure 1, the common characteristic of agent-based systems is
that some agent theory is interpreted for some application to produce an agent model
used for application development. This modeling is characteristic of many, if not all,
agent systems, such as WARREN[1] (information ontology imposed on a BDI model),
TIE-97[18] (O-Plan and Act), ProcessLink (Redux), and others. All of the ones refer-
enced here are based on some version of hierarchical planning formalisms. For example,
WARREN presumes a formal model in which goals are planed, actions to achieve them
are scheduled, and execution of the actions is monitored. The links between goals and
actions are further formalized, complete with constraints on action scheduling that fur-
ther guides the development of the agents. The O-Plan and Act formalisms are even
more detailed. Redux falls somewhere in between in complexity.

Thus, in both legacy code conversion and the pure agent development, for at least a
very important class of agents,agent construction is partially characterized by a mod-
eling based on a common agent theory.

1.3 Syntax-based Development

Jenning’s ABSE paper[6], based largely upon [7], is also largely lacking in the detail
necessary for objective determination of agent-based software engineering, with one
important exception. Jennings, as have many others, notes that agents “have their own
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persistent thread of control” and notes later that this enables agents to select their actions
based on “the agent’s actual state of affairs”. In comparison to remote procedure calls
and the similar message passing of object-oriented programming, this is an important
distinction, though it is frequently obscured with talk of “self-awareness”.

Agents maintain state. This means that they can potentially model themselves and
others, as Huhns points out. But the more important point, computationally, is that the
response to a query or function call may be based not just on the state conveyed by the
caller, but also based upon other information maintained by the agent from dynamic
information sources. However, while this may distinguish agent technology from an
important class of remote procedure calls, it does not distinguish it from, say, database
queries against a database server with its own active thread of control. More important,
it is difficult to objectively determine the state of “state”. Something more is required.

While Shoham, Jennings, Wooldridge, and many others take the anthropomorphic
semantic view of agents, this contrasts directly with the view of Genesereth and Ketch-
pel in which the distinguishing characteristic is the use of an Agent Communications
Language (ACL)[4]. This alternative view issyntacticin that it only requires one to
know something about the form of the communication among the software modules
that are agent candidates. We have previously elaborated on this syntactic view by giv-
ing an operational definition for at least one type of agent:typed-message agents[11].

Our contribution was to add that if the computation could be performed just as well
by a client-server architecture and protocol, then there is no need to call the software
components “agents”. Therequirement for a peer-to-peer protocolis really a thesis
that this objective indicator corresponds to the otherwise subjectively determined au-
tonomous nature of agents, which maintain their own thread of control and state. This
syntactic protocol and behavioral view requires no subjective interpretation in order to
decide agenthood. And it clearly distinguishes agents not only from remote procedure
calls, but also from databases that do not volunteer information and work with client-
server protocols. Admittedly, one must additionally be able to evaluate whether the
distributed computation being performed by the agents is better in one case or another,
but we argue that without this degree of evaluation, one can say little about the efficacy
of either agents or software engineering methods.

This distinction between a syntactic approach to agent definition, which permits an
objective distinction between agent software and other kinds, and the semantic approach
of ascribing mentalistic characteristics to some software models, is often conflated. For
instance, in[17], it is asserted that one difference between the objects in Object-Oriented
Programming and agents is that agents “can perceive events, perform actions, commu-
nicate, or make commitments. Objects are passive entities with no such capacities.”
Not only is this a claim that depends upon a subjective interpretation, the paper goes
on immediately to point out that the distinction between ordinary object messages is
that agent messages are typed. That is, the only objective difference between the two
systems is that agent messages are typed, which is exactly the syntactic difference.

In addition to agent models, the language component of agent software plays an
important role in development of agent-based systems. Typed-message agents commu-
nicate with inner and outer languages that characterizes most Agent Communication
Languages (ACLs) today. So, after model translation, the other main ABSE task, for
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typed-message agents, is the development of the syntax for the outer and inner lan-
guages. In theory, this part of the development could require relatively little work. One
could use one of the existing outer language ACL standards, like KQML or FIPA ACL,
and then use KIF as the inner language, as KIF has all of the expressive power ever
likely to be required by any agent application.

This scenario is of course naive. The various ACLs have not converged on a single
all-purpose set of performatives and syntax after several years of use. In fact, the long
experience of KQML applications and the constant invention of new performatives sug-
gests that trying to define a single set of performatives that everyone will use is either
futile or fascist. Similarly, the very expressiveness of KIF makes it sufficiently difficult
to use that simpler inner languages are often developed for particular applications.

However, one only needs universal syntax if one really expects a universe of univer-
sal agents independently developed with different tools to speak the same language. But
this (perhaps overly) ambitious goal is not necessary for agents to be a valuable soft-
ware tool. And it is also likely that the more universal standards will be the exchange
of HTML and XML documents via email and similar standard protocols more prosaic
than multi-agent systems that typically are constructed to support some distributed but
bounded complex computation. This does not mean that agent languages are not a use-
ful methodology. And their ubiquitous use means thatagent technology is characterized
by an ACL and inner language.

2 ABSE Characteristics and Utility

Previously we have discussed some characteristics of at least a large class of agent
systems: that they are based on agent theories, an ACL, and an agent inner language.
We also require that the result be an agent system in the sense of requiring a peer-to-
peer protocol. These are characteristics that can be objectively determined. We now
describe how those characteristics map to characteristics of software engineering for
agent systems.

2.1 Using Models for Control

Formalisms for agent control are obviously useful for the development of emergent
behavior systems. The Distributed Artificial Intelligence community has been working
on such formalisms for a number of years and the problems are far from resolved. This
remains a research topic, characterized by Shoham’s current economics and decision
theoretic work[15]. This is indeed the crucial research topic, but since it is still research,
it is difficult to make a claim that such control formalisms are characteristic of agent
software development in general.

But we can claim that the formalisms in use today reduce the complexity of the
agent interactions in some respect, and thus facilitate the engineering of emergent be-
havior, in addition to providing a guide for system development. If we look at the for-
mal information ontology and architecture used for WARREN and other multi-agent
systems, the planning and scheduling functions clearly organize the behaviors of the
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various information agents. Indeed, the agents can also monitor their own behavior and
decide to clone themselves to offload work.

Another example is Redux. Given a constraint violation, Redux can advise, upon
request, the logically consistent solutions to the problem. Further, Redux monitors the
state of problem solving. If an agent attempts to make a move in the solution space that
will cause a repetition of a cycle of moves by other agents, Redux will reply with a
“SORRY” message and refuse the change in order to prevent thrashing of distributed
design decisions. Moreover, Redux will tell designers when changes by other designers
affect previously made decisions, even advising them to reconsider previously discarded
choices.

This is not to say that these control functions could not be done with some other pro-
gramming environment. ButABSE is characterized by the commitment to some formal
agent theory that reduces the complexity of anticipating the interactions of the agents
for the programmer.

2.2 Using Models and Languages as Guidelines

Modeling provides a template for agent development. It defines that kinds of conver-
sations the agent could possibly have and thus what functions the programmer should
provide. It is especially important for the transformation of legacy systems into agents.
While this task necessarily requires a lot of intelligence on the part of the programmer,
a model does provide a guide for the programmer.

For example, in Redux, a “decision” in a design problem consists of a “goal” and
a result that is some non-empty conjunction of “subgoals” and “assignments”. It is
fairly easy for the programmer familiar with the Redux model to recognize what in the
legacy code constitutes a decision being made. For instance, in a program for defining
an electrical cable configuration given the parts and electrical requirements, the goal is
the text or data specifying these and the result is a set of assignments of connections.
The programmer adds software to the legacy system that can shape this data into a
well-formed message to be sent to the other agents in the computation. This will occur
automatically (subject to optional input from the engineer solicited at runtime) every
time a new configuration is generated by the engineer.

This modeling adds an important dimension to especially the AOSE decomposition
and abstraction strategies. One does not have merely the agent top-level objective (noted
in AOSE) as a guide in agent building: one has a more elaborate model in each case that
guides development of the interaction of the agents in the system.This commitment to a
common formal theory to guide development is a distinguishing characteristic of ABSE.

The ACL also provides a cognitive guide for the programmer in anticipating the
kindsof interactions among the agents. Some of the research in this is designed to im-
plement strong conversational models, such as [2]. But apart from such conversational
models, the profusion of dialects of ACLs and inner languages is confirming evidence
that the simpleconcept of outer and inner languages is not only characteristic of ABSE
but also useful. For example, many developers notice immediately that they could just
use the KQML performatives “ASK” and “TELL” together with whatever inner lan-
guage they choose to develop for their application. But it is usually the case, as with
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the ProcessLink (Electronic Project Language) (EPL)2, that one uses some of the other
standard ACL performatives and adds new ones.

However, the inner language is typically much more application-dependent and not
as useful a guide to the developer as is the more application-independent ACL.An ex-
ample of a simple inner language occurs in WARREN. Here is an instance of a query
on IBM earnings from the Dow Jones news:
(monitor
:SENDER barney
:RECEIVER news-agent
:LANGUAGE simple-query
:ONOTOLOGY news
:REPLY-WITH ibm-query-2
:NOTIFICATION-DEADLINE (30 minutes)
:CONTENT (query news
:CLAUSES
(= $newsgroups ‘‘dow-jones.indust.earnings-projections’’)
(= subject ‘‘IBM’’)
:OUTPUT :ALL) )

Notice that the ACL performative “monitor” is a type of well-defined interaction
among various agents in the distributed application. It defines a whole class of ac-
tions that can occur among the agents. The inner language ( “:content”) refers to more
specific types of functions and data. The “monitor” accepts, as content, the keywords
“query”, “news” “clauses”, and “output”. Further, “clauses” takes a particular set of
feature/variable value assignments. The performative “monitor” is independent of the
particular queries being made.The commitment to some ACL in defining possible inter-
actions and an inner language where domain-specific functions and data are specified
is characteristic of ABSE.

Figure 2 illustrates the basic three ingredients in agent construction, ignoring, for
now the communications software. The agent theory is used to model the application.
The theory is used to model the specific operations of the application. The ACL guides
the formation of the basic agent interactions, and the inner language reflects the basic
data exchange and functions. These elements help guide the system developer and also
provide a measure of indirect control over the subsequent behavior of the agents.

The fact that one can apply a common theory to several components of an applica-
tion, as well as at least an ACL, means that ABSE is also a way of integrating legacy
applications. Not only can one “wrap” legacy code so that it corresponds to some pro-
gramming methodology, such as objects, but the wrapping code further should also
correspond to some common theory, which provides an extra “glue” for the integration.
In our example systems, for instance, TIE97-1 agents included several agents devel-
oped at different sites in different countries. Redux has been used to integrate various
engineering software in multiple disciplines. WARREN integrates agents working in
multiple domains with different expertise and data sources.

2 http://www-cdr.stanford.edu/ProcessLink/protocol/EPL-syntax.html
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2.3 Stratifying Rates of Change

The common model, ACL, and inner language are also useful because they allow the
developer to stratify the change inherent in the development and maintenance of soft-
ware systems. If one has designed the agent system well, then the model translation
should be changed rarely if at at all, since this is the most difficult and fundamental
change.

The set of performatives that comprise the ACL may change more often than the
model translation and are, in an agent system, easier to change. Modifying an exist-
ing performative, or adding a new one, means changing the parsing of the syntax and
possibly calling new functions. A well-designed set of performatives, for the class of
applications, will change infrequently.

The inner language provides a more domain-task oriented language in which most
of the development and maintenance change for a given application can occur.

As illustrated by Figure 3, changes in the translation into the agent model are fun-
damental. The degree of difficulty in managing such change in the agent system can
be severe. However, typically, if the modeling has been done in an intelligent fashion,
these changes are rare.

Since the ACL determines the kinds of interactions that can occur, changes in the
ACL may be major, especially if a new performative is introduced. A well-designed
ACL will introduce such change infrequently, though inevitably. The inner language
provides a layer where change is more frequent but can be handled with less difficulty,
realizing no change is trivial in any programming endeavor. In the last two cases, change
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is largely communicated by changing the syntax of the languages - either in keywords,
values allowed, or more complex changes.

ABSE is thus largely based on the syntax of the ACL and inner language. This
means, unlike most other types of software, that message parsing is an intensive run-
time computation. Apart from performance, this has a significant impact on distributed
development.

Our own development methodology for ProcessLink reflects this. Each of the mem-
bers of the development team “owns” and agent and may decide independently to
change its functionality. However, the interface to each agent is defined by the set of
messages it sends and receives and is documented on the web, which messages col-
lectively describe the ProcessLink EPL. This means that the syntax of the ACL or the
inner language is changed. Changes to the ACL are usually discussed beforehand in the
group as these constitute part of the “jointly-owned” language. Changes to the inner-
language are done first and the other team members notified of the change by email,
with instructions to see the new web documentation.

2.4 Message-based Collaborative Change and Debugging

Debugging tools for agent systems are generally lacking with a few exceptions. On
the other hand, the message-based nature of ABSE naturally provides some debugging
functions. This is especially true for applications such as ours that is characterized by
asynchronous message exchange among the software agents in which the response time
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may range from one second to over a day because the software agents depend heavily
upon human response time and analysis. This is in contrast to agent applications in
which the agents interact in real time without human intervention. The debugging char-
acteristics described below may not be as useful in such applications.

There are three main aspects of agent messages that facilitate ABSE:

– Programming collaboration can occur at a common language level without requir-
ing a common programming language.

– Application-level error messages are not generated by the programming language
compilers (though this of course also occurs) but by the agents and their parsers,
which provide useful information and quick fixes.

– With a store-and-forward message routing mechanism, message-based interactions
provide new methods for debugging.

In ABSE, the programming of individual agents is well-separated from the collab-
orative programming. Individual agents may be written in the conventional program-
ming language of choice - anything from Java to Smalltalk to Lisp. The collaborative
programming is not done in any conventional programming language but rather in the
shared ACL and inner language inherited and then refined during development using
parsers. This means that there are no compiler constraints or messages of any sort gen-
erated by the system except for parser and network software failures, which are not at
the level of the shared collaboration.At the collaborative level, all messages are deter-
mined by the programmers,including error messages.

If another team member does not change their parser to reflect the new syntax, if
required, than an important feature of the language-based nature of ABSE is called
into play. The parser of the agent receiving the new message will reject the message as
being syntactically incorrect. It will return a standard “ERROR” message that includes
the string that was not understood. For instance, one can type almost any string and send
it to Redux and receive an error message with no code breakage. If one simply types a
message with the performative “strange”, one receives in reply an “ERROR” message
with the text, in the inner language, “Performative ‘strange’ was unknown to Redux.”
Or the particular field in the inner language may be wrong: “ERROR RdxType was -
*strange*” or even a particular syntax element was wrong: “ERROR in content parsing:
content did not end with &. Last value parsed was ‘weird’.” Or “ERROR in content
parsing: no match on any keyword for token ‘badsyntax’.” These last two illustrate how
easy it is to get helpful information almost for free from the parser. It is also easy to
have the agents note whether it was an ACL or inner language problem and include
other helpful information. The agents do not break and the developers have a clear idea
at runtime of the problem.

Some syntactic errors may also be treated the same way as are requests that cannot
be fulfilled. Given a message that requires a response or an action, an agent may reply
with a “SORRY” message indicating that for some reason, which may be given, the
agent cannot properly process the message. This may be because of task data values, the
state of problem solving, or even an unrecognized performative. For example, Redux
may tell a designer, in the text part of the inner language, that the request to make
a particular design decision cannot be fulfilled: “ Sorry, this decision is inadmissible.
Cause: the fact (IOU-2 is unavailable) is believed.” A set of other examples follows:

69Agent-Based Software Engineering



– SORRY: Process-Controller cannot achieve goal of “schedule-meeting”
Constraint-Manager reports “over-constrained”

– SORRY: Ticket-Agent does not understand query “best cost”
– SORRY: You do not have authority to reject decision Use-DOU.

Only Optical-Designer can make that change.

Again, the agents do not break, the developers are provided with valuable informa-
tion at runtime, and the agents can be easily modified to include as much information
as desired in such problem messages.

There are many other examples of the ways in which agent messages are valuable
for debugging and which use the standard ERROR and SORRY messages. Obviously,
because these problem messages are part of the agent software, developers are free
to include as much information as may be desired. Because the messages are parsed,
providing such information is facilitated.

Agent messages also have other attributes that contribute to debugging. For instance,
agents may be programmed to decide not to process a message because the the sender
does not have the right authority. For example, Redux may tell a designer, in the text part
of the inner language, “ Sorry, but you do not have the authority to reject this decision.”.

This is easy to determine since “SENDER” is a standard part of ACL syntax. Simi-
larly, if there is a problem in even finding the correct name of the agent to be contacted,
it is a simple matter to interpret the SORRY or ERROR messages from the agent name-
server, request a list of all valid agents, and then use that information to find the right
agent. These sorts of actions are quite typical of agent development, apart from any
notions of automatic agent message routing based on content. The point here is that it
is very easy to produce agents that degrade gracefully and provide as much information
as desirable for development.

The message-based characteristic of agents can also help with debugging if a store-
and-forward infrastructure, like that of the JATLite agent message router[8], is used. If
a particular agent is having difficulty processing a sequence or set of messages from
other agents, those other agents can be taken off-line and the set of messages replayed
until the behavior of the agent is correct. We have found this capability to be very useful
for debugging and it is dependent upon the unique message-passing nature of agents.

The message-based nature also facilitates runtime error correction. The engineer-
ing applications addressed by ProcessLink are long-lived and agent software may die
or move during the project, which is characterized by asynchronous communications
about design changes over a period of weeks. Errors in message processing are handled
the same way as other agent errors or changes. The offending message is rejected by the
agent with a “SORRY” or “ERROR” message that typically results in a message being
sent to the developer of the sending agent.

At this point, the developers can decide whether the problem is in the sending agent,
the receiver, or perhaps another. Now a change is made. If this should result in a dif-
ferent message being sent, the receiving agent simply deletes the last message from
the message queue, maintained by the JATLite router, and awaits a new message. If
the change is in the way the receiving agent should process the original message, it
simply reconnects to the router using the new code and re-processes the original mes-
sage, which has not been deleted. The computation then proceeds. There is no great
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difference between correcting an error during development and during the application
execution.

There is another important debugging benefit that can be derived from the asyn-
chronous feature of agent messages if a JATLite-like store-and-forward router is used.
Figure 4 illustrates the store-and-forward mechanism of the JATLite Agent Message
Router (AMR). All messages go through the AMR and are then sent to the designated
recipient. The messages are stored until the recipient signals they should be deleted.
Since all messages go through a central point, one can use this characteristic for debug-
ging.
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Fig. 5. Single-Stepping Message Delivery

One can build an administrative “agent”, as illustrated in Figure 5, that displays
the sending and receiving of messages among the agents. Further, since this agent is
really a GUI applet tied to the router, one can use it to order the router to “single-
step” message transfer and inspect the messages under a variety of conditions, based on
regular expression matching on the ACL fields. This kind of debugging is important for
system development but is only possible with a store-and-forward router.
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2.5 Programming Environment

Since the models themselves are, or should be, general and ubiquitously applicable for
many problems, they become a reusable basis for development. A well-designed system
also identifies those ACL performatives that can be used largely unchanged not only for
the life of a particular application but also for some large class of applications. This
set of reusable agents and language components provides a high-level programming
toolkit.

There is a well-known set of such performatives that occur and re-occur in different
ACLs such as KQML and FIPA, such as “ASK”, “TELL”, “SORRY”, “ERROR” and
“REPLY”. There are others that have yet to become standard. One we have discovered
is the ProcessLink performative “TRACE”. This performative, similar to the WARREN
performative “monitor”, is a request from one agent to another to track the status of an
object: changes in values of particular properties or any at all. This is particularly useful
for easily interfacing agents. Here is the (partial) BNF for the legal inner language
component of this particular
performative::content := ‘‘(’’

RdxType ‘‘|’’ <string > ‘‘&’’
TargetName ‘‘|’’ <string > ‘‘&’’
(AgentToNotify ‘‘|’’ <string >‘‘&’’)

where “RdxType” can be one of several types of objects in the Redux ontology. Other
agents can respond with information about objects in their own ontology.

As an example in our application, the Redux agent tracks the validity of “con-
straints” while the Constraint Manager performs constraint satisfaction on those same
constraints. Therefore, Redux should tell the Constraint Manager each time the valid-
ity of a constraint changes, among other things. Redux could be hard-coded to do so,
requiring not only a check to see if there was an agent named “Constraint Manager” in
the application, but also requiring that there be only one such Constraint Manager with
the special name.

By using “TRACE”, more than one Constraint Manager can dynamically make a
request to Redux to track constraints, with no special hard coding other than the general
ability to do the tracking. The Redux agent simply notes the name of the requesting
agent and adds the request to the list of things to track. Notifications are then sent
to the requesting agent as the object properties change with subsequent messages and
computations. Adding a new agent means only that the new agent should send Redux a
“TRACE” request. Integration does not require rewriting any Redux code. Notice also
that both the characteristics of using an ACL and of agents having names make this
capability possible.

The other characteristic of multi-agent systems that makes this kind of integration
work is that the agents themselves are reusable. The Redux and Constraint Manger
agents are two examples of generic agents that provide general functions useful for a
large class of engineering applications. Thus a “library” of reusable agents is acquired.
WARREN provides another good example of highly reusable generic agents for a large
class of applications. However, unlike, say FORTRAN subroutines, the functionality of
these software components is quite complex and they can volunteer messages to other
software components and users unexpectedly.
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3 Summary

We have presented a set of characteristics that may be used to objectively differentiate
ABSE from other software technologies. One objection might be that the determination
of whether a theory or a language is an “agent” theory or language is not objective. We
appeal to the previous definition of AI. Agent theories and languages are those that are
explicitly defined to be such by their developers. But we can do even better for agent
languages: we can specify that they consist of a typed outer language (with specific
characteristics such as explicit representations of the the sender and receiver and errors)
and an inner content language, and that the communication protocol be peer-to-peer as
previously discussed.

We have not done the differentiation with respect to other software technologies
explicitly. We realize that ABSE can be compared to object-oriented programming, for
instance, in which messages are also passed via the Internet to distributed code com-
ponents. Beyond saying that agent messages have the characteristics described that dis-
tinguish them from remote procedure calls, which object messages resemble, we leave
the detailed comparison of characteristics to experts in all of the other various software
engineering technologies. Our goal was only to make such a comparison possible by
providing agent software technology characteristics that can be objectively determined.
Coverage is outside the scope and expertise of this paper.

We do note that a software technology is defined and differentiated by its commit-
ments. ABSE is characterized byagent theory modeling, an ACL, and an inner lan-
guage. It is defined further by the features of those languages, including the reusable
but changeable ACL and the fact that these are text messages handled by agent parsers,
as well as requiring a peer-to-peer protocol. Parsing is indeed critical to the utility of
using these languages, as described above.

An ACL also has a kernel of reusable performatives, such as “ASK” and “TELL”
together with a standard syntax and fields, such as “SENDER”, “RECEIVER”, and
“ONTOLOGY” that reflect particular commitments, such as always declaring the iden-
tity of the sender and committing to a conversational mode of interaction that allows any
agent to refuse processing of any message and providing for “ERROR” and “SORRY”
messages. The import of the latter is that, unlike most software development systems
where such errors are incorporated into a lower level of the infrastructure, these mes-
sages are generated by the software agents and provide very useful information for
system development.

Certainly any programming language and methodology could be used to develop
a system with these same commitments, perhaps easily. For instance, one could use
the notion of object-oriented programming in combination with agent modeling and
language parsing. But if the commitments above are part of the methodology, then we
have ABSE.

We have speculated here about the utility of ABSE based upon our experience. We
find the useful features of the ABSE characteristics to be:

– use of agent modeling to reduce the complexity of managing the emergent collec-
tive behavior of the agents.

– programming guidelines provided by the agent models and the ACL,
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– stratification of change into model translation, the ACL, and the inner language,
– programming collaboration based upon asynchronous text message parsing, includ-

ing error messages, and
– programming tools based upon reusable agents and language components.

Model translation provides both a guide to the developer and an anchor for that part
of the software that should change the least. The use of parsed languages for interac-
tion provides for late runtime evaluation of the software that changes the most. Error
messages are particularly useful in this regard. And the use of asynchronous messages,
together with this parsing, provides for a new mode of collaborative development.

ABSE is probably also a prototyping technique. Once an agent system is working,
probably the system would be more efficient if it were compiled into a standard pro-
gramming language such as one of the object-oriented languages. The agents become
objects that pass methods to one another, with no need for an ACL or inner language, or
any of the standard syntax and fields, or the required parsers. Parsing is an interpretative
computation and once the languages and agent interactions are fixed, there is no reason
why these should not be converted into code. Indeed, ABSE is waiting for a production
compiler as envisioned by Shoham in the early 90’s.
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Abstract. Multi-Agent Systems (MAS) introduce a unique software architecture
style. MAS developed to date have several common architectural characteristics,
even though differences in their design and implementation result in variations
in their strengths and weaknesses. In this paper we study software-architectural
properties of MAS to support the assessment of their suitability to the solution
of computational problems. We present three MAS case-studies to demonstrate
architectural properties and their effect on system functionality.

1 Introduction

Multi-Agent Systems (MAS), combining Distributed Artificial Intelligence (DAI) and
software engineering, suggest solutions to highly distributed problems in dynamically
changing and uncertain, open computational domains. It is increasingly understood that
MAS have an important role as a software engineering approach, as suggested by the
papers in this volume. Researchers in the field have developed agent-oriented method-
ologies that allow for agent and MAS specification and verification (e.g., [21]), design
and analysis (e.g., [12]), and re-use (e.g., [2]). Although agents are already seen as a
software engineering paradigm [8], the merit ofmulti-agent systemsas a software ar-
chitecture style [15] was only partly studied. In this paper we do not attempt to propose
a new methodology or architecture. Instead, we examine architectural characteristics of
multi-agent systems (and not the internal architecture of single agents) via a compari-
son between existing MAS architectures. We review commonalities and differences in
the design and implementation of the MAS and the resulting strengths and weaknesses.
MAS design research usually addresses issues such as the development of MAS, either
from scratch, using agent specification and verification methodologies, or by re-use of
existing MAS, to solve a given problem (e.g., in [7]). We examine MAS mainly with
respect to their software architecture attributes such as robustness, flexibility and adapt-
ability, code re-usability, etc. It is necessary to study the relation between the architec-
ture of a MAS and its functionality to provide information upon which one may decide
both whether a MAS may be an appropriate computational solution to given a problem,
and if so, what type of MAS provides the most appropriate solution for this problem.

From a Software Architecture (SA) viewpoint, MAS are systems comprised from
components, called agents. The agents are usually autonomous, where autonomy refers
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to a component not depending on the properties or the states of other components for
its functionality. The components of the multi-component system are able to interact,
usually by passing messages in a pre-defined high-level protocol (agent communica-
tion language, e.g., KQML [3]). In contrast to distributed object architectures (CORBA
[13]), it is commonly assumed that no direct function call or implicit event invocation
between the (component) agents are allowed. In particular, the autonomy of an agent
a means thata has the sole control over the activation of its service and may refuse to
provide it, or ask for a (monetary) compensation.

Solution design for computational problems is based on problem analysis, in an at-
tempt to recognize typical patterns. These are compared to similar patterns of known
SAs. Applying an appropriate SA will reduce the development time and increase the ef-
ficiency and adequacy of the solution. Due to their unique suitability to several classes
of computational problems, it is important to characterize MAS as an SA style and to
study their architectural properties. This may provide a family of solutions for highly
distributed problems in open, heterogeneous, dynamic and information-rich environ-
ments. In this paper we make a first step in this direction.

1.1 Introduction to Software Architecture

The design and specification of overall system structure becomes dominant in software
systems development as their size and complexity increase. Software architecture, a
discipline within software engineering, discusses such issues. At the abstract level, SA
involves the description of components from which systems are comprised, the inter-
action among these components and the patterns according to which the components
are combined to form the whole system. At the practical level, SA refers to the de-
sign and specification of issues such as component decomposition and organization,
communication protocols, control and data flow and structure, synchronization, etc. To
differentiate between architectural styles, SA usually employs a common framework.
The framework we adopt is based on treating a system as a collection of components
and a set of interactions between these components. The framework determines what
the components that construct instances of the architecture style are and constraints on
the ways of combining them, e.g., constraints on the topology of the system. Once the
framework is used to describe styles and systems, one can have a better understanding
of the underlying computational model. This can be used to sort out the essentials of
the style. It also supports comparison between styles and between systems within the
style, thus evaluating advantages and drawbacks of the style.

1.2 MAS Terminology

MAS lack agreed upon terminology for describing systems, components and the rela-
tionships between them. We define several terms to be used in this paper.

– Agent architecture:describes the modules from which a single agent is comprised,
the relationships between, and the interactions among these modules. For example,
agents (in the context of MAS) usually have a communication module to enhance
communication with users and other agents [16]. Some types of agents also have
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a planning module. Commonly, incoming messages arriving at the communication
module affect the planning module by some connection (and with some restric-
tions), and the planning module may create outgoing messages to be handled by
the communication module.

– Multi-agent organization:describes the way in which multiple agents are orga-
nized to form a MAS. Relationships and interactions among the agents and specific
roles of agents within the organization are the focus of multi-agent organization.
The agent architecture is not part of the multi-agent organization (although inter-
relations between the two are common). For instance, agents may be organized in a
fixed hierarchy, where the inter-relations are pre-defined, thus reducing the need to
locate others and reason about them and the amount of communication necessary
for system functioning.

– Multi-agent infrastructure:describes the agent architecture and the multi-agent or-
ganization, and possibly the dependencies between the two (when present), thus
providing an infrastructure that enables constructing domain-specific MAS. The
infrastructure may (and usually does) include services that enhance MAS activity
and organization. Examples are agent naming service (ANS), agent location service
(e.g. directory service), etc.

– Multi-agent infrastructure services:include services that are provided with the
MAS infrastructure to support a variety of system needs. The following services
may be found (or are desired) in MAS:
� System design and development tools (e.g., agent editor, syntax checkers, sys-

tem correctness verification tools).
� System (dynamic) organizational activity enhancement such as agent location

and coordination mechanisms (e.g., middle agents).
� Tools for increasing system efficiency in resource utilization (e.g., mobility

enhancement).
� Agent and MAS activation, interfacing and testing tools.
� Securing transactions of information, code and goods (via, e.g., security proto-

cols).

The terms above will be used and elaborated upon in the following sections.

2 MAS Architectural Attributes

Using the terms above, we present and evaluate architectural properties of MAS. This
presentation should allow for comparison between, and assessment of, different MAS
infrastructures. Based on the attributes presented here we later present three MAS case
studies, where we describe and analyze these MAS.

2.1 Agent Internal Architecture

In the last decade, a large number of agent architectures were introduced by both re-
searchers and developers. When referring to agent architectures in the context of multi-
agent systems, this number drops dramatically. In this work we discuss agent architec-
tures only in the context of MAS. The types of agents that can be incorporated into
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MAS include components that allow them for interaction with other agents and users
(e.g., a communication component). However, regardless of their internal architecture,
agents should be able to perform tasks or provide services. Ideally, one would prefer
all the details of an agent’s architecture to be hidden from other agents and users. This
would allow entities with which the agent interacts to assume some capability of the
agent and some interaction protocols, but will prevent the need that they know what
methods and components are employed by the agent to perform its tasks. To date, this
is only partly achieved, as research on MAS interoperation suggests [5].

2.2 Multi-Agent Organization

Broadly speaking, MAS are organized in one of the following ways: hierarchy, flat
organization (sometimes referred to as democracy), subsumption, and a modular orga-
nization. Hybrids of these and dynamic changes from one organization style to another
are also possible, though not very common in implemented MAS (probably due to the
complexity of implementing dynamic re-organization). We summarize below the prop-
erties of these MAS organizational models.

Hierarchical MAS (e.g., federated MAS) are organized such that agents can only
communicate subject to the hierarchical structure. The advantages of this restriction is
that there is no need for a mechanism for agent location. In addition, the hierarchical
structure significantly reduces communication in the system. Disadvantageous is the
strict structure, which prohibits dynamic re-organization to best fit the needs of specific
tasks. Also, hierarchy usually implies that the lower levels depend on the higher levels,
and higher level may even be in partial or full control of the lower levels. This may
be in contrast to a requirement for agent autonomy and self-interest. A hierarchical
organization may also imply a somewhat centralized control. This is undesirable in
systems which are comprised from components that belong to different organizations,
and possibly geographically distributed.

Flat Organization of a MAS implies that each agent can directly contact any other
agent. No fixed structure is applied on the system, however agents may dynamically
form structures to perform specific tasks. In addition, no control of one agent by an-
other is assumed. Such an organization requires either a closed system, so that each
agent knows about all others ahead of time, or (when the system is open) an agent lo-
cation mechanism must be provided as part of the infrastructure. A flat organization
is advantageous since it fully supports autonomy and self-interest of agents as well as
distribution and openness of MAS. It also allows for dynamic adjustments of the MAS
organization to changes in tasks and environment. These openness and dynamism, how-
ever, result in communication overheads, the need for agent location mechanisms as
well as mechanisms for dynamic MAS re-organization. The amount of reasoning (and
computation) an agent performs with regards to other agents increases significantly in
a flat organization.
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Subsumption refers to MAS where some agents are components of other agents. These
agents are subsumed by the container agents, which in turn may be components of
larger container agents. The subsumption model is somewhat similar to the hierarchical
model, however it takes it to the extreme by requiring that the subsumed agents com-
pletely surrender to the control of the container agent. From a software architectural
viewpoint, such architecture resembles an inclusion of objects within a larger object,
except for the (important) difference in the control methods. While objects are usually
controlled and activated by (possibly remote) procedure call or event invocation, agents
are activated by high-level communication. The strict control relationships in the sub-
sumption organization results in efficient tasks execution and low communication over-
head, however restricts the system to address a well defined set of tasks, with virtually
no flexibility and adaptability. It is also not simple to modify a subsumption MAS (e.g.,
add a new component) in the face of long-term changes in tasks and environment of the
system.

Modular MAS organization referes to MAS which are comprised from several mod-
ules, where each is virtually a stand-alone MAS. Typically, the partition of the system
into modules is done along dimensions such as geographical vicinity or a need for
intense interaction among agents and services within the same module. Often, the sys-
tem is comprised of such parts as a result of its development process, during which
new modules were gradually added to an already existing system. Modularity increases
efficiency of task execution and reduces communication overhead. Also, within each
module high flexibility, similar to flat organization flexibility, is usually enabled. On the
other hand, re-organization across modules is rather complex, thus flexibility is limited.
In addition, the given modularity implies constraints on inter-module communication.

Other properties play a role in MAS architecture and affect their performance.
Among them are communication structures and protocols, degree of system openness,
level of flexibility, infrastructure services, system robustness and code reusability. These
are discussed below.

Communication Multiple MAS use a specially designed communication protocol, that
best fits their agent architecture, MAS organization and the typical tasks of these sys-
tems. The advantage of such protocols is in their efficiency. Such systems, however,
cannot converse with agents which do not support that specialized communication in-
frastructure. To avoid such limitations, several MAS support generic communication
protocols such as KQML and FIPA-ACL and provide generic communication modules
(e.g., in RETSINA [18] and D’Agents [6]).

Distributed computational systems implement several standard communication pro-
tocols. Three main attributes of such protocols are relevant to MAS:

1. Symmetry: In several MAS, client/server protocols are used for communication.
Since these protocols are well supported by operating systems and programming
languages, such implementations are simple and efficient. Their drawback is in the
implied asymmetry between the communicating entities: one is in control of the
communication whereas the other party can only respond upon request. In open
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MAS with a flat organization asymmetry is inappropriate, and symmetric means
of communication are implemented. This, however, increases protocol complexity
and may slow down communication.

2. Message recipients:Messages in a network may be sent to a single addressee,
to multiple ones (multicast) and to all (broadcast). In an open system, broadcast
is impractical, since an agent does not know all of the other agents. Therefore,
open MAS usually implement peer-to-peer or multi-cast communication. In closed
MAS, however, broadcast is commonly used. The advantage of it is in the simplicity
of the protocol. The disadvantage is that all agents receive the message, even when
irrelevant for them, thus increasing network congestion.

3. Connection type:Connection-oriented and connectionless communication are both
implemented in MAS. The advantages and drawbacks of these are not unique
to MAS, though, and can be found in standard networks’ text books (e.g., [19]).
Typically, MAS implement connection-oriented communication, however in some
cases connectionless protocols are supported as well. Connection-oriented commu-
nication is preferred when dependent tasks are performed concurrently by multiple
agents, and coordination is necessary during execution. In such situations connec-
tionless communication may prohibit coordination and proper task performance.
In MAS where task execution is loosely coordinated and where concurrency is of
minor importance, connectionless communication is sufficient.

System OpennessThe openness of a MAS refers to the ability of introducing addi-
tional agents into the system in excess to the agents that comprise it initially. In its
basic level, MAS openness refers to the OSI definition of system openness. However in
MAS, additional properties are considered. We categorize MAS opennes as follows:

1. Dynamic openness:MAS that allow agents to leave or enter the system dynami-
cally, during run time, without explicit global notification, are the most open ones.
The advantage of such openness is in the ability of the system to dynamically ad-
just itself to changes in the environment, tasks, and availability of capabilities and
resources. This type of dynamism is important for MAS that are deployed in en-
vironments with high levels of uncertainty and changes. A major disadvantage of
this extreme openness is the required additional services and computation. When
agents can unpredictably appear and disappear, a robust agent location mechanism
is a must. Also, agents must be provided with methods to alternate their tasks execu-
tion and planning, since availability of necessary capabilities and resources varies.

2. Static openness:Less dynamic, yet considered open, is the case where agents can
be added to the system without re-starting it, but either all of the agents are noti-
fied on such an addition, or they all hold in advance a list of prospective additional
agents. This type of openness eliminates the need for an agent location mechanism,
and reduces the complexity of contingent execution and planning computation (al-
though these are not eliminated). On the other hand, the flexibility of the system
and its ability to adjust itself to dynamic changes is restricted. Such openness better
fits cases of gradual and predictable changes.

3. Off-line opennessThe most restricted type of openness allows addition of new
agents only off-line, by halting the system, adding agents, updating some connec-
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tion information, and re-starting the system. This allows for changes in the system
over time, though non-dynamic ones. However, excess infrastructure services and
additional computation to handle dynamic changes are not necessary. Hence, such
systems will perform more efficiently in cases of well defined, predictable problem
domains.

The categories of MAS openness presented above can be shifted towards one another,
thus gaining some advantages and compromising on others.

Infrastructure Services Infrastructure services are, in some MAS, inseparable from
the system, whereas in others they are optional or unnecessary. We present some of
these services:

1. An open MAS needs an Agent Naming Service (ANS), so that no two agents will
have identical names, and the consequent confusion be avoided. Close or slightly
open systems, where all of the agents (or the possible ones—in the latter systems)
are known in advance do not need an ANS.

2. Open MAS require an agent location service (e.g., brokering or matchmaking).
When the existence and availability of agents are not common knowledge, this ser-
vice is a pre-condition to the ability of a MAS to perform its tasks. A centralized
agent location service is simpler to implement and maintain, however more vul-
nerable and creates a single point of failure. Distributed location mechanisms (e.g.,
[9]) are much more complicated to design, implement and maintain, and increase
communication and computation overheads, however provide a reliable, robust ser-
vice.

3. An optional service useful in open MAS is a security service. In an open MAS,
an agent may be uncertain with regards to the true identity and the trustworthi-
ness of other agents. Security mechanisms (e.g., [11])can reduce the risks that
stem from this uncertainty. These, however, increase computation (e.g., for encryp-
tion/decryption) and communication overheads, and may create bottlenecks at third
parties’ (e.g., certification authorities).

4. In MAS that allow for agent mobility (e.g. D’Agents [6]), an infrastructure service
that supports mobility may be required. Commonly, this is provided via mobility
servers, sometimes called agent docks. These run on machines where mobile agents
arrive and provide interface and access to resources on these machines. Mobility
servers increase computation overheads and pose security problems, however they
provide an essential service in case that mobility is necessary.

System RobustnessMAS allow for distribution of execution, which in turn allows for
increase in system performance. In addition, failure of one agent does not necessarily
imply a failure of the whole system. MAS robustness is further increased by replicated
capabilities, enabled by multiple agents with similar capabilities. In such cases, when
an agent that has some capability becomes un-available, another agent with a similar
capability may be approached. Replicated capabilities are more natural (and useful) in
open MAS, however can support robustness in close MAS as well. The disadvantage of
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this replication is in the resulting redundancy. The robustness of a MAS depends also on
the type of services it uses and the way in which these are implemented, as mentioned
above.

Code Reusability While some MAS are desinged as a domain specific solution, many
others are more generic. They usually provide ready to use template agents, or at least
components from which agents can be constructed, e.g., communication and reasoning
modules. Using such components allows for easier development of new MAS, re-using
existing code. However, this re-use introduces some code redundancy, since each agent
replicates the generic parts of all agents. In a specially-designed system this redundancy
can be avoided.

Although the properties discussed above are each not unique to MAS, combining
them in a single system is unique to MAS. This results in the adequacy of MAS for solv-
ing problems where information, location and control are highly distributed, heteroge-
neous autonomous (self-controlled) components comprise the system, the environment
is open and dynamically changing, and uncertainty is present. Note that if only a few
of these problem domain characteristics are present, it may be advisable to consider
other architectures as solutions. Given the limited development tools for MAS, the high
complexity of such systems and the amount of code replication in them may result in
excessive, unnecessary efforts in the development phase as well as inefficient solution
and poor system performance.

3 MAS Case Studies

To illustrate the properties discussed above, we present present three case studies. More
case studies, with more details on each, can be found in [17].

3.1 OAA and Federated MAS

The Open Agent Architecture (OAA) [10] is a multi-agent infrastructure designed and
implemented based on the concepts of federated MAS. OAA provides a system in-
frastructure, an agent communication language (ACL), and a set of constructs from
which agents can be built. An OAA MAS consists of afacilitator and multiple agents
connected to it in a client/server fashion. By convention, these agents are categorized
as user-interface agents, application agents, and meta-agents. The facilitator is a spe-
cialized server agent in charge of coordinating agent communication and cooperative
problem solving. It also provides a global data store. OAA agents communicate using
an ACL which is more expressive than KQML, though unique to OAA. All communi-
cations are done via the facilitator. The latter combines and decomposes messages and
requests, directs them to the appropriate service provider agents, receivess and sends
results to requesters. OAA exhibits a single layer hierarchical organization, however
allows, conceptually, for multiple facilitators, among which a flat organization exists.
OAA provides a library of agent components including tools for wrapping legacy sys-
tems to support MAS development and code re-use.
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Fig. 1. The federated multi-agent organization.

As introduced in [4], the federated system organization consists of agents and fa-
cilitators as a means for achieving agent inter-operation. Facilitators and agents are
organized into federations as illustrated in Figure 1. Agents do not communicate di-
rectly but via a local facilitator, and their messages are not addressed to a specific agent
(as implemented in OAA). Facilitators direct messages to the most appropriate agents
and communicate with one another. Within a federation (a group of agents facilitated
by a single facilitator), an agent surrenders some of its autonomy to the facilitator. The
number of facilitators is not bound, they may be running on multiple machines with
an arbitrary network topology. In the federated organization, agents can dynamically
connect and disconnect from a facilitator. Upon connection to a facilitator, an agent
provides a specification of its capabilities and needs.

The federated organization facilitates application inter-operability. It also enhences
system openness, allowing for dynamic agent connection and disconnection. Feder-
ated MAS allow, in concept, the inclusion of agents of heterogeneous architectures in a
single system. This requires, however, rather sophisticated facilitators. The main draw-
backs of federated MAS is the need to surrender agent autonomy, which may violate
privacy and self-interest of agents, and the need to provide sufficiently sophisticated
(and unbiased) facilitators.

3.2 RETSINA Multi-Agent Infrastructure

RETSINA (Reusable Task Structure based Intelligent Network Agents) [18] is a multi-
agent infrastructure that includes a distributed MAS organization, protocols for inter-
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agent interaction and collaboration, and a reusable set of software components for con-
structing agents. It categorizes (only by convention) three types of agents (see Fig-
ure 2).Interface agentsinteract with users,Task agentssupport task performance and
problem solving andInformation agentsprovide access to information sources. A sub-
category of information agents are middle agents, which handle information regarding
other agents. Agents in RETSINA receive tasks, perform them or delegate them, pos-
sibly after decomposition, to other agents. Tasks that cannot be executed by a single
agent are performed by teams that form dynamically, on demand.

Agents in RETSINA organize themselves to avoid processing bottlenecks and to
address dynamic changes in information, tasks, number of agents and their capabilities.
The agents are distributed over the Internet and run across different machines, commu-
nicating using KQML (though replacement to other languages is supported). Commu-
nication among agents is performed in a peer-to-peer fashion, supporting symmetry. In
open MAS, agents must be able to locate one another. Distribution over the Internet
and dynamic agent appearance and disappearance preclude broadcast communication
solutions. In RETSINA this problem is solved by introducing matchmaking agents [1].
The process of matchmaking allows an agentA with some tasks, to learn the contact
information and capabilities of another agent,B, who may be able to execute part of
A’s tasks via a matchmaker which is an agent that maintains the contact information
of other agents. Agents that join the system advertise themselves and their capabilities
to a matchmaker, and when they leave the agent society, they un-advertise. In search
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of other agents, agents approach a matchmaker and ask for names of relevant agents.
After having acquired the information about other agents they can directly contact these
agents and initiate cooperation as needed. To relax the problem of unavailable or over-
whelmed single matchmaker, RETSINA provides a protocol for information coherence
among multiple matchmaker agents [9]. By these means RETSINA supports dynamics
openness. It also provides infrastructure services: an ANS and an agent editor. Alto-
gether RETSINA exhibits a flat, dynamic system organization.

As part of the infrastructure, RETSINA provides an agent architecture which is
based on a multi-module, multi-thread design. The modularity of the RETSINA agent
architecture and having no direct interfaces between its functional modules results in
code re-usability (e.g., the RETSINA communicator is used for multiple types of agents
as well as non-agent applications that need to converse with agents). In addition, func-
tional components can be easily replaced in a plug-in fashion.

To summarize, the RETSINA infrastructure supports flexible, dynamic organization
(based on a flat organization) in an open environment. It also supports code re-usability
and robustness and agent asynchrony. However, it introduces some code redundancy.
This is an inevitable result of its adaptability to dynamic changes in tasks, agents and
the working environment, which require duplicate expertise as well as multiple middle
agents. The dynamic organization of RETSINA results in computation and communi-
cation overheads as well as additional code for the formation of teams on demand. Less
flexible system organizations avoid this overhead (however they are less adaptable to
changes).

3.3 The ADEPT Infrastructure

ADEPT (Advanced Decision Environment for Process Tasks) [14] is a multi-agent in-
frastructure, developed for the management of business processes. In ADEPT, the MAS
is comprised of agencies, where each agency may either be a single agent or, recursively,
a collection of several agencies (i.e., a subsumption organization). Communication and
cooperative task execution are performed either within an agency, among its members,
or between agencies, however not directly between members of an agency and agents or
agencies outside this agency. Each agency is represented by a single responsible agent.
This means that the ADEPT architecture can support hierarchical and flat organizational
structure as well as a combination of these, however a specific organization style must
be decided upon in advance and cannot be modified dynamically.

In the ADEPT system each agent provides a service. A service corresponds to either
an atomic task or a composition of other services (which are provided by other agents).
For each request for a service an agent decides whether to use the capabilities and
resources of its own agency or to request services from other agents.

The ADEPT system organization is depicted in Figure 3. Agents and agencies can
only communicate and (directly) cooperate with agents and agencies within their encap-
sulating agency. For example, agencies 5-8, which are sub-agencies of agency 4, cannot
communicate with agencies 1-3. They can only use the responsible agent 4 to contact
entities external to agency 4 (however they are not assumed to know these entities). In
ADEPT, communication requires that agents, agencies and tasks, which are all objects,
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register themselves with an Object Request Broker (ORB) as defined in the specifica-
tions of CORBA [13]. For this DAIS, a commercial implementation of the CORBA
specification, is used. DAIS distributes messages between registered objects. The ORB
receives requests from agents or tasks and sends a message to another agent or task.
The broker is responsible for locating the object referred to by a requester and deliv-
ering the requester’s message to this object. DAIS supports registration, de-registration
and message delivery via its ORB.

The ADEPT multi-agent infrastructure utilizes a well-known agent internal archi-
tecture, the ARCHON [20] agent architecture, with some modifications. The internal ar-
chitecture of an ADEPT agent is comprised of several modules. Its modularity supports
re-use, however some dependencies on the ARCHON architecture limit generality of
the ADEPT modules. Nevertheless, ADEPT provides a more flexible organization than
ARCHON does. It supports subsumption, hierarchical, flat and combined organizations.
Yet, dynamic changes of the organization are not supported. An interesting property of
the ADEPT infrastructure is of tasks being autonomous entities. This contributes to the
mobility of tasks among agents and agencies, thus may increase the efficiency of task
re-distribution. Issues of openness are not explicitly discussed in ADEPT, however it
seems to allow for some, yet not dynamic, openness.

To summarize the above case studies, we compare the main architectural properties
of OAA, RETSINA and ADEPT in Table 1.
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Attribute OAA RETSINA ADEPT
Organization Hierarchy Flat Various
Control Semi-centralizedDistributed Partly distributed
Communication Client/server Symmetric via the ORB
Commu. languageOAA specific KQML, replaceableFlexible
Openness Partly dynamic Fully dynamic Partly dynamic
Services Agent location ANS, Location Specification & verification
Re-use OAA specific Generic Generic (requires CORBA)

Table 1.OAA/RETSINA/ADEPT architectural comparison.

4 Conclusion

In this research we make a first step in the direction of analyzing multi-agent systems
as asoftware architecture style. Pursuing this direction shall make MAS more acces-
sible to system designers and provide them with means for analyzing computational
problems and considering MAS as one of the prospective solutions to these problems.
As we have shown, MAS are a unique software architecture, distinguishable from other
architectures, which provides solutions to a specific family of computational problems.
Yet, further investigation of the properties of these systems is still necessary. Among
others issues, efficiency properties of MAS, and in particular a rigorous comparison
between MAS and other software architecture styles, were scarcely examined. Such
additional research should allow for more adequate match between MAS and the prob-
lems they solve. In addition, it is necessary to be able to compare between different
MAS and the solutions they provide to a given problem.

For multi-agent systems to succeed as a software architecture style, design method-
ologies, development tools, programming languages and evaluation criteria should be-
come an inseparable part of this paradigm. In the last few years a significant research
effort was aimed at these issues. In our work, we merely address design issues and eval-
uation criteria. Even here, we leave many open questions and a large amount of work
for future research.
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Abstract. In the past, research on agent-oriented software engineering had been
widely lacking touch with the world of industrial software development.
Recently, a cooperation has been established between the Foundation of
Intelligent Physical Agents (FIPA) and the Object Management Group (OMG)
aiming to increase acceptance of agent technology in industry by relating to de
facto standards (object-oriented software development) and supporting the
development environment throughout the full system lifecycle. As a first result
of this cooperation, we proposed AGENT UML [1; 20], an extension of the
Unified Modeling language (UML), a de facto standard for object-oriented
analysis and design. In this paper, we describe the heart of AGENT UML, i.e.,
mechanisms to model protocols for multiagent interaction. Particular UML
extensions described in this paper include protocol diagrams, agent roles,
multithreaded lifelines, extended UML message semantics, nested and
interleaved protocols, and protocol templates.

1 Introduction

For the past decade, research on agent-oriented software engineering had suffered
from a lack of touch with the world of industrial software development. Recently, it
has been recognized that the use of software agents is unlikely likely to gain wide
acceptance in industry unless it relates to de facto standards (object-oriented software
development) and supports the development environment throughout the full system
lifecycle.

Successfully bringing agent technology to market requires techniques that reduce
the perceived risk inherent in any new technology, by presenting the new technology
as an incremental extension of known and trusted methods, and by providing explicit
engineering tools to support proven methods of technology deployment.

Applied to agents, these insights imply an approach that:

P. Ciancarini and M.J. Wooldridge (Eds.): AOSE 2000, LNCS 1957, pp. 91−103, 2001.
 Springer-Verlag Berlin Heidelberg 2001



• introduces agents as an extension of active objects: an agent is an object that can
say "go" (flexible autonomy as the ability to initiate action without external
invocation) and  "no" (flexible autonomy as the ability to refuse or modify an
external request)1;

• promotes the use of standard representations for methods and tools to support the
analysis, specification, and design of agent software.

The former aspect of our approach leads us to focus on fairly fine-grained agents.
More sophisticated capabilities can also be added where needed, such as mobility,
mechanisms for representing and reasoning about knowledge, and explicit modeling of
other agents.  Such capabilities are extensions to our basic agents—we do not consider
them diagnostic of agenthood.

To achieve the latter, three important characteristics of industrial software
development should be addressed:

1. The scope of industrial software projects is much larger than typical academic
research efforts, involving many more people across a longer period of time. Thus,
communication is essential;

2. The skills of developers are focused more on development methodology than on
tracking the latest agent techniques. Thus, codifying best practice is essential;

3. Industrial projects have clear success criteria. Thus, traceability between initial
requirements and the final deliverable is essential.

The Unified Modeling Language (UML) is gaining wide acceptance for the
representation of engineering artifacts in object-oriented software. Our view of agents
as the next step beyond objects leads us to explore extensions to UML and idioms
within UML to accommodate the distinctive requirements of agents. To pursue this
objective, recently a cooperation has been established between the Foundation of
Intelligent Physical Agents (FIPA) [7] and the Object Management Group (OMG). As
a first result of this cooperation, we analyzed the requirements for such an endeavor
and proposed the framework of AGENT UML [1].

In this paper, we describe a core part within AGENT UML, i.e., mechanisms to
model protocols for multiagent interaction. This is achieved by introducing a new
class of diagrams into UML: protocol diagrams. Protocol diagrams extend UML state
and sequence diagrams in various ways. Particular extensions in this context include
agent roles, multithreaded lifelines, extended message semantics, parameterized
nested protocols, and protocol templates.

The model described in this paper has been proposed and accepted for inclusion
into the upcoming FIPA'99 standard. It was invited to be submitted as a response to a
Request for Information (RFI) issued by the OMG Analysis and Design Task Force
for the next release of UML (v2.0).

The paper is structured as follows: In Section 2, we survey approaches to software
specification, including UML. Section 3 specifies the extension of UML by multiagent
interaction protocols. Section 4  discusses further details of the extensions. Section 5

                                                          
1 See [12], [16] for more comprehensive definitions of agents.
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attempts a preliminary evaluation of the concepts, summarizes the results of the paper
and discusses future research topics.

2 Software Specification Techniques

AGENT UML is an attempt to bring together research on agent-based software
methodologies and emerging standards for object-oriented software development.

2.1 Methodologies for agent -based software development

There is a considerable interest in the agent R&D community in methods and tools for
analyzing and designing complex agent-based software systems, including various
approaches to formal specification (see [11] for a survey). Since 1996, agent-based
software engineering has been a focus of the ATAL workshop series and was the main
topic for MAAMAW’99 [9].

Various researchers have reported on methodologies for agent design, touching on
representational mechanisms as they support the methodology. Our own report at [22]
emphasizes methodology, as does Kinny's work on modeling techniques for BDI
agents [14; 15]. The close parallel that we observe between design mechanisms for
agents and for objects is shared by a number of authors, for example, [4; 6].

The GAIA methodology [25] includes specific recommendations for notation in
support of the high-level summary of a protocol as an atomic unit, a notation that is
reflected in our recommendations. The extensive program underway at the Free
University of Amsterdam on compositional methodologies for requirements [10],
design [3], and verification [13] uses graphical representations with similarities to
UML collaboration diagrams, as well as linear (formulaic) notations better suited to
alignment with the UML meta-model than with the graphical mechanisms that are our
focus.

Our discussion of the compositionality of protocols is anticipated in the work of
Burmeister et al. [5]. Dooley graphs [21] facilitate the identification of the character
that results from an agent playing a specific role (as distinct from the same agent
playing a different role).

The wide range of activity in this area is a sign of the increasing impact of agent-
based systems, since the demand for methodologies and artifacts reflects the growing
commercial importance of agent technology. Our objective is not to compete with any
of these efforts, but rather to extend and apply a widely accepted modeling and
representational formalism (UML) in a way that harnesses their insights and makes it
useful in communicating across a wide range of research groups and development
methodologies.
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2.2 UML

The Unified Modeling Language (UML) [17] unifies and formalizes the methods of
many object-oriented approaches, including Booch, Rumbaugh (OMT), Jacobson, and
Odell.  It supports the following kinds of models:

• use cases: the specification of actions that a system or class can perform by
interacting with outside actors. They are commonly used to describe how a
customer communicates with a software product.

• static models: describe the static semantics of data and messages in a conceptual
and implementational way (e.g., class and package diagrams).

• dynamic models: include interaction diagrams (i.e., sequence and collaboration
diagrams), state charts, and activity diagrams.

• implementation models: describe the component distribution on different platforms
(e.g., component models and deployment diagrams).

• object constraint language (OCL): a simple formal language to express more
semantics within an UML specification. It can be used to define constraints on the
model, invariant, pre- and post-conditions of operations and navigation paths within
an object net.

In this paper, we propose agent-based extensions to three following UML
representations: packages, templates, and sequence diagrams. This results in a new
diagram type, called protocol diagram, which we developed within FIPA 1999, and
which will be considered for inclusion into UML version 2.0 by OMG. The UML
model semantics are represented by a meta-model the structure of which is also
formally defined by OCL syntax.  Extensions to this meta-model and its constraint
language are not addressed by this paper.

2.3 A rationale for AGENT UML

In a previous paper, we have argued that UML provides an insufficient basis for
modeling agents and agent-based systems [1], see also [20]. Basically, this is due to
two reasons: Firstly, compared to objects, agents are active because they can take the
initiative and have control over whether and how they process external requests.
Secondly, agents do not only act in isolation but in cooperation or coordination with
other agents. Multiagent systems are social communities of interdependent members
that act individually.

To employ agent-based programming, a specification technique must support the
whole software engineering process—from planning, through analysis and design, and
finally to system construction, transition, and maintenance.

A proposal for a full life-cycle specification of agent-based system development is
beyond the scope for this paper. Both FIPA and the OMG Agent Work Group are
exploring and recommending extensions to UML [1; 18]. In this paper, we will focus
on a subset of an agent-based UML extension for the specification of agent interaction
protocols (AIP).
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This subset was chosen because AIPs are complex enough to illustrate the
nontrivial use of  and are used commonly enough to make this subset of AGENT UML
useful to other researchers. AIPs are a specific class of software design patterns in that
they describe problems that occur frequently in multiagent systems and then describe
the core of a reusable solution to that problem [8, p. 2].

The definition of interaction protocols is part of the specification of the dynamical
model of an agent system. In UML, this model is captured by interaction diagrams,
state diagrams and activity diagrams.

• Interaction diagrams, i.e. sequence diagrams and collaboration diagrams are used
to define the behavior of groups of objects. Usually, one interaction diagram
captures the behavior of one use case. These diagrams are mainly used to define
basic interactions between objects at the level of method invocation; they are not
well-suited for describing the types of complex social interaction as they occur in
multiagent systems.

• State diagrams are used to model the behavior of a complete system. They define
all possible states an object can reach and how an object’s state changes depending
on messages sent to the object. They are well suited for defining the behavior of
one single object in different use cases. However, they are not appropriate to
describe the behavior of a group of cooperating objects.

• Activity diagrams are used to define courses of events / actions for several objects
and use cases.  The work reported in this paper does not suggest modifications of
activity diagrams.

3 AGENT UML Interaction Protocols

The definition of an agent interaction protocol (AIP) describes

• a communication pattern, with
• an allowed sequence of messages between agents having different roles,
• constraints on the content of the messages, and

• a semantics that is consistent with the communicative acts (CAs) within a
communication pattern.

Messages must satisfy standardized communicative (speech) acts which define the
type and the content of the messages (e.g. the FIPA agent communication language
(ACL), or KQML). Protocols constrain the parameters of message exchange, e.g.,
their order or types, according to relationships between the agents or the intention of
the communication.

The new diagram type introduced in this paper are Protocol Diagrams. Since
interaction protocols, i.e. the definition of cooperation between software agents, define
the exact behavior of a group of cooperating agents, we combine sequence diagrams
with the notation of state diagrams for the specification of interaction protocols.
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As an introductory example let us consider a surplus ticket market for flights. The
example is taken from the PTA application (see Section 5). The auctioning of such
tickets can be performed using, e.g. the FIPA English-Auction Protocol as shown in
Figure 1. The auctioneer initially proposes a price lower than the expected market
price, and then gradually raises the price. The auctioneer informs all participants that

the auction has started (represented by the
messages inform(start-auction, departure,
arrival) in Figure 1) and announces the
details of the flight. Each time a new price
is announced (represented by cfp(intial-
price) and cfp(new-price)), the auctioneer
waits until a given deadline to see if any
participants signal their willingness to pay
the proposed price (propose) for the ticket.
If a participant does not understand the
ontology or syntax of the cfp it replies a
not-understood communicative act. The
diamond symbol with the ’x’ in it indicates
a decision resulting in zero or more
communications being sent (see Section
4.2)). As soon as one participant indicates
that it will accept the price, the auctioneer
issues a new call for bids (cfp(new-price))
with an incremented price. The auction

continues until no auction participants are prepared to pay the proposed price, at which
point the auction ends. If the last price accepted by a buyer exceeds the auctioneer’s
reservation price, the ticket is sold to that participant for the agreed price (otherwise
the auction fails). The participants are informed about the end of the auction and the
buyer is requested to pay the price for the ticket.

The diagram in Figure 1 provided a basic specification for a English Auction
protocol. In [20] we have shown how such a specification can be gradually refined
until the problem has been specified adequately to develop or generate code. Each
level can express intra-agent or inter-agent activity.

4 Elements of Protocol diagrams

In the last chapter we gave an example how interaction protocols can be specified
using the UML extension. In this chapter we will have a closer look at the different
extensions.

UML-Airlines /
Auctioneer : Seller

AuctionParticipants :
Consumer

cfp(initial-price)

{m ≥ 0} not-
understood(syntax-error)

propose(price,
departure, arrival)

reject-proposal(wrong-price)

1/inform(end-of-auction,
departure, arrival)

{0..1} [ actualprice >=
reserved_price]

2/request(pay-price)

accept-proposal(correct-
price

cfp(new-price)

x

x

inform(start-auction,
departure, arrival)

x

cfp-2

1 n

1 n

1
m

n

1 k

k

1

n

1

1 1

n

start cfp time
+ 1 min

Figure 1. English-Auction protocol for surplus
flight tickets

start cfp time

{m ≥ 0} not-understood
(ontology)

1
x
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4.1 Agent roles

In UML,  role is an instance focused term. In the framework of agent oriented
programming by agent-role a set of agents satisfying distinguished properties,
interfaces, service descriptions or having a distinguished behavior are meant.

UML distinguishes between multiple classification (e.g., a retailer agent acts as a
buyer and a seller agent at the same time), and dynamic classification, where an agent
can change its classification during its existence.

Agents can perform various roles within one interaction protocol. E.g., in an
auction between an airline and potential ticket buyers, the airline has the role of a
seller and the participants have the role of buyers. But at the same time, a buyer in this
auction can act as a seller in another auction. I.e., agents satisfying a distinguished role
can support multiple classification and dynamic classification.

Therefore, the implementation of an agent can satisfy different roles. An agent role
describes two variations, which can apply within a protocol definition. A protocol can
be defined at the level of concrete agent instances or for a set of agents satisfying a
distinguished role and/or class. An agent satisfying a distinguished agent role and class
is called agent of a given agent role and class, respectively. The general form of
describing agent roles in AGENT UML is

instance-1 ... instance-n / role-1 ... role-m : class

denoting a distinguished set of agent instances instance-1,..., instance-n satisfying the
agent roles role-1,..., role-m with n, m  ≥ 0 and class it belongs to. Instances, roles or
class can be omitted, in the case that the instances  are omitted the roles and class are
not underlined. In Fig. 1 the auctioneer is a concrete instance of an agent named UML-
Airlines playing the role of an Auctioneer being of class Seller. The participants of the
auctions are agents of role AuctionParticipants which are familiar with auctions and of
class Consumer.

4.2 Agent Lifelines and Threads of Interaction

The agent lifeline in protocol diagrams defines the time period during which an agent
exists, represented by dotted vertical lines. The lifeline starts when the agent of a
given agent role is created and ends when it is destroyed. For example, a user agent is
created when a user logs on to the system and the user agent is destroyed when the

user logs off. The lifeline may split up into
two or more lifelines to show AND and OR
parallelism and decisions, corresponding to
branches in the message flow. Lifelines may
merge at some subsequent point. In Figure 1
the lifeline splits in order to describe the
different reaction of the agent depending on
the incoming messages, here to handle

Figure 2. Connector types

x

AND XOR OR
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proposals and not-understoods respectively. Figure 2 shows the graphical
representations for  the logical connectors AND, XOR, and OR.

The XOR can abbreviated by interrupting the threads of interaction as shown also
in Figure 3 (right). The thread of interaction, i.e. the processing of incoming messages,
is split up into different threads of interaction, since the behavior of an agent role

depends on the incoming
message. The lifeline of an
agent role is split accordingly
and the thread of interaction
defines the reaction to  different
kinds of received messages.

The thread of interaction
shows the period during which
an agent role is performing
some task as a reaction to an
incoming message. It only
represents the duration of the

action, but not the control relationship between the sender of the message and its
receiver. A thread of interaction is always associated with the lifeline of an agent role.
Supporting concurrent threads of interaction is another recommended extension to
UML .

4.3 Nested and Interleaved Protocols

Because protocols can be codified as recognizable patterns of agent interaction, they
become reusable modules of processing that can be treated as first-class notions.  For
example, Figure 4 depicts two kinds of protocol patterns. The left part  defines a
nested protocol, i.e. a protocol within another protocol, and the right part defines an
interleaved protocol, e.g. if the participant of the auction requests some information
about his/her bank account before bidding. Additionally nested protocols are used for
the definition of repetition of a nested protocol according to guards and constraints.
The semantics of a nested protocol is the semantics of the protocol. If the nested
protocol is marked with some guard then the semantics of the nested protocol is the
semantics of the protocol under the assumption that the guard evaluates to true,
otherwise the semantics is the semantics of an empty protocol, i.e. nothing is
specified.

If the nested protocol is marked with some constraints the nested protocol is
repeated as long as the constraints evaluate to true. In addition to the constraint-

condition used
in UML the
description
n..m, denoting
that the nested
protocol is

request

query

not-understood

x

request

query

not-understood

x

Figure 3. Full and abbreviated notation of XOR
connection

x

buyer-1 seller-1

request-good :
Request

request-pay :
Request

commitment

...

...
[commit]

Auctioneer Buyer

inform(start-auction,
departure, arrival)

Bank

request

inform

...

Figure 4. nested protocol and interleaved protocol
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repeated n up to m times with n ∈Ν, m ∈Ν ∪ { * }, the asterisk denotes arbitrary
times, is used as a constraint condition.

4.4 Extended Semantics of UML Messages

The main purpose of protocols is the definition of communicative patterns, i.e.,
patterns of messages sent from one agent role to another. This is described by various
parameters, such as different cardinalities, depending on some constraints, or using
AND / OR parallelism and decisions.

Sending a communicative act from one agent to another that conveys information
and entails the sender’s expectation that the receiver react according to the semantics
of the communicative act. The specification of the protocol says nothing about how
this reaction is implemented.

An asynchronous message is drawn as  2. It shows the sending of the message
without yielding control. A synchronous message is shown as . It shows the
yielding of the thread of control (wait semantics), i.e. the agent role waits until an
answer message is received and nothing else can be processed. Normally message
arrows are drawn horizontally. This indicates the duration required to send the
message is “atomic”, i.e. it is brief compared to the granularity of the interaction and
that nothing else can “happen” during the message transmission. If the messages
requires some time to arrive, e.g. for mobile communication, during which something
else can occur then the message arrow is shown as . The repetition of a part of a
protocol is represented by an arrow or one of its variations usually marked with some
guards or constraints ending at a thread of interaction which is, according to the time
axis, before or after the actual time point, like the cfp(new-price) in Fig. 1. This
repetition is another extension to UML messages

Each arrow is labeled with a message label3. The message label consists of the
following parts, which can also be found in Fig. 1. The communicative act which is
sent from one agent to another, like cfp(initial-price) with a list of arguments
representing additional information for the characterization of the communicative act.
The cardinality defines that a message is sent from one agent to n agents, like in the
cfp(new-price) case. Constraints and guards, like {m >= 0 } and [actualprice >=
reservedprice] respectively, can be added to define the condition when a message is
sent. In addition to the constraint-condition used in UML the description n..m,
denoting that the message is repeated n up to m times with n ∈Ν, m ∈Ν ∪ { * }, the
asterisk denotes arbitrary times, is used as a constraint condition.

Messages may be sent in parallel or exactly one message out of a set of different
messages should be sent. E.g., in Figure 1, exclusive sending is denoted as for the
reject-proposal and accept-proposal. inform(end-of-auction, departure, arrival) and
request(pay-price) are sent in parallel but inform is sent first (1/inform-2) and the

                                                          
2 Notation of UML v1.3.
3 The message label is a special case of the message label presented in the UML 1.1

specification section 8.9.2.

99Agent UML: A Formalism for Specifying Multiagent Software Systems



request is sent as the second message (2/request). The request is also sent zero or one
time {0..1}, depending on whether the reservation price was reached or not.

4.5 Input and Output Parameters for Nested Protocols

Nested Protocols can be defined either within or outside a protocol diagram where it is
used or outside another protocol diagram. The input parameters of nested protocols are

threads of interaction which are carried on in the nested
protocol and messages which are received from other
protocols.

The output parameters are the threads of interaction
which are started within the nested protocol and are
carried on outside the nested protocol and the messages
which are sent from inside the nested protocol to agent
roles not involved in the actual nested protocol. A
message or thread of interaction ending at an input or
starting at an output parameter of a nested protocol
describes the connection of a whole protocol diagram
with the embedded nested protocol.

The input and output parameters for the threads of interaction of a nested protocol
are shown as in Figure 4 which is drawn over the top line and bottom line of the
nested protocol rectangle, respectively. The input and output message parameters are
shown as  and ,
respectively.

The message arrows can be
marked like usual messages. In
this context the predecessor
denotes the number of the input
/ output parameter. The input /
output thread of interaction can
be marked with natural numbers
to define the exact number of
the parameter.

4.6 Protocol Templates

The purpose of protocol
templates is to create reausable
patterns for useful protocol
instances. E.g., Figure 6 shows
a template for the FIPA-
English-Auction Protocol from
Figure 1. It introduces two new
concepts represented at the top

FIPA-English-Auction-Protocol

Auctioneer Participant

cfp-1

{m ≥ 0} not-understood

propose

reject-proposal

1/inform-2

{0..1} [ actualprice >=
reserved_price]

2/request

accept-proposal

cfp-2

x

x

Auctioneer, Participant,
inform-start-of-auction : inform,

cfp-1 : cfp,
not-understood* : not-understood,

propose* : propose,
 accept-proposal* : accept-proposal,

reject-proposal* : reject-proposal,
cfp-2 : cfp,

request* : request, inform* : inform

inform-start-of-auction

x

cfp-2

1 n

1 n

1 m

n

1 k

k

1

n

1

1 1

n

deadline

Figure 6. A generic AIP expressed as a template

start cfp time

request-good :
Request

request-pay :
Request

commitment

Figure 5. Input/output of
nested protocols
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of the sequence chart.  First, the protocol as a whole is treated as an entity in its own
right. The protocol can be treated as a pattern that can be customized for other
problem domains.  The dashed box at the upper right-hand corner declares this pattern
as a template specification that identifies unbound entities (formal parameters) within
the package which need to be bound by actual parameters when instantiating the
package. A parameterized protocol is not a directly-usable protocol because it has
unbound parameters. Its parameters must be bound to actual values to create a bound
form that is a protocol. Communicative acts in the formal parameter list can be
marked with an asterisk, denoting different kinds of messages which can alternatively

be sent in this context. This template can be
instantiated for a special purpose as shown in
Figure 14. Figure 7 applies the FIPA English
Auction Protocol to a particular scenario
involving a specific auctioneer UML-Airlines
of role Auctioneer and Class Seller and
AuctionParticipants of Class Consumer.
Finally, a specific deadline has been supplied

for a response by the seller.  In UML terminology, the AIP package serves as a
template. A template is a parameterized model element whose parameters are bound at
model time (i.e., when the new customized model is produced).

Wooldridge et al suggest a similar form of definition with their protocol definitions
[25].  Here, they define packaged templates as “a pattern of interaction that has been
formally defined and abstracted away from any particular sequence of execution
steps."  In contrast to their notation, we suggest a graphical approach that more closely
resembles UML, while expressing the same semantics.

5 Evaluation and Conclusion

The artifacts for agent-oriented analysis and design were developed and evaluated in
the German research project MOTIV-PTA (Personal Travel Assistant) [2, 23], aiming
at providing an agent-based infrastructure for travel assistance in Germany (see
www.motiv.de). MOTIV-PTA will run from 1996 to 2000. IT is a large-scale project
involving approx. 10 industrial partners, including Siemens, BMW, IBM,
DaimlerChrysler, debis, Opel, Bosch, and VW. The core of MOTIV-PTA is a
multiagent system to wrap a variety of information services, ranging from multimodal
route planning, traffic control information, parking space allocation, hotel reservation,
ticket booking and purchasing, meeting scheduling, and entertainment.

From the end user's perspective, the goal is to provide a personal travel assistant,
i.e., a software agent that uses information about the users' schedule and preferences in
order to assist them in travel, including preparation as well as on-trip support. This
requires providing ubiquitous access to assistant functions for the user, in the office, at
                                                          
4 This template format is not currently UML-compliant but is a recommendation for future

UML extensions.

FIPA-English-Auction-Protocol <
UML-Airlines / Auctioneer : Seller, AuctionParticipants : Consumer
start cfp time + 1 min
inform(start-auction, departure, arrival),
cfp(initial-price),
not-understood(syntax-error), not-understood(ontology),
propose(pay-price),
reject-proposal(wrong-price), accept-proposal(correct-price),
cfp(increased-price),
inform(end-of-action), request(pay-price, fetch-car)
>

Figure 7. Instantiation of a template
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home, and while on the trip, using PCs, notebooks, information terminals, PDAs, and
mobile phones.

From developing PTA (and other projects with corporate partners within Siemens)
the requirements for artifacts to support the analysis and design became clear, and the
material described in this paper has been developed incrementally, driven by these
requirements. So far no empirical tests have been carried out to evaluate the benefits
of the AGENT UML  framework. However, from our project experience so far, we see
two concrete advantages of these extensions: Firstly, they make it easier for users who
are familiar with object-oriented software development but new to developing agent
systems to understand what multiagent systems are about, and to understand the
principles of looking at a system as a society of agents rather than a distributed
collection of objects. Secondly, our estimate is that the time spent for design can be
reduced by a minor amount, which grows with the number of agent-based projects.
However, we expect that as soon as components are provided to support the
implementation based on AGENT UML  specifications, this will widely enhance the
benefit.

Areas of future research include aspects such as

• description of mobility, planning, learning, scenarios, agent societies, ontologies
and knowledge

• development of patterns and frameworks
• consideration of events
• real-time-constraints
• support for different agent communication languages and content languages

At the moment we plan to extend the presented framework towards inclusion of these
topics. Moreover a project is on the way to refine the specification technique and
generate code from such a specification for different agent platforms, e.g. for the
MECCA system [2], based on a formal semantics of AGENT UML which is currently
being developed.
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Dept. of Computer Science, University of Paderborn
Warburger Str. 100, D-33098 Paderborn

{depke,reiko,jkuester }@uni-paderborn.de

Abstract. The agent paradigm can be seen as an extension of the notion of (ac-
tive) objects by concepts like autonomy, cooperation, and goal-oriented behavior.
Mainstream object-oriented modeling techniques do not account for these agent-
specific aspects. Therefore, dedicated techniques foragent-oriented modelingare
required which are based on the concepts and notations of object-oriented mod-
eling and extend these in order to support agent-specific concepts.
In this paper, an agent-oriented modeling technique is introduced which is based
on UML notation. Graph transformation is used both on the level of modeling in
order to capture agent-specific aspects and as the underlying formal semantics of
the approach.

1 Introduction

As concepts and technologies of agent-based systems become part of more traditional
software, agent-based software development is about to become one aspect of main-
stream software engineering. Today, most software systems are implemented in an
object-oriented programming language like C++ or Java, and the analysis and design
of such systems is based on object-oriented modeling languages like the UML [16].
Thus, in order to incorporate agent concepts into mainstream software development, an
integrated modeling approach for object- and agent-based systems is required.

As modeling concepts, agents and objects have complementary roles: agents act
autonomously, driven by their goals and plans, thereby sensing and reacting to their
environment and cooperating with other agents. Objects encapsulate data structures
and operations and provide services to other objects. In this sense, Jennings, et al.
[15] state that“There is a fundamental mismatch between the concepts used by object-
oriented developers. . . and the agent view.”However, the view of objects as mere ser-
vice providers has its origins in the paradigms of sequential OO programming, and is
no longer adequate when considering concurrent languages like Java. As a modeling
abstraction for concurrent objects, the concept ofactive objecthas been established
[16] which has much similarity with the agent paradigm. What is still missing even in
active objects is the idea of goal-driven behavior orproactivityof agents and the related
concept ofautonomy. Autonomy emphasizes the fact that an agent has control about its
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operations: they are not called from outside like methods but are only invoked by the
agent itself in order to reach a certain goal.

Still, object-oriented modeling languages like the UML provide a good basis for
the modeling of agent-based systems. In fact, a number of authors propose extensions
and adaptions of object-oriented modeling languages for agent-based systems [12, 21,
20]. Most approaches suffer from a problem which is also encountered in OO modeling
languages: the lack of adequate means for describing the semantics of operations, their
pre-conditions and effects on the system’s configuration. In particular, the semantics of
operations is relevant for the modeling of reactive behavior, i.e., for the way how agents
sense and modify their environment.

Building upon the notation of the UML [16], in this paper we present an agent-
oriented modeling technique which employs graph transformation rules1 for specifying
the effect of the agents’ operations. We pay special attention to the modeling of co-
operation and autonomy. Graph transformation rules in requirement specification and
analysis allow us to capture the cooperation among several agents resulting in a joint
activity. In the design phase, graph transformation rules specify the effect of the agents’
local operations. Here, the non-determinism inherent to a rule-based approach provides
a convenient model for the autonomy of agents. As underlying formal framework, typed
graph transformation systems [2] provide a natural integration of structural and dynamic
aspects as well as elaborate concepts for defining the consistency between requirements
specification, analysis, and design (see [4]).

Next, we shall discuss in more detail the relevant properties of agent-based systems
as well as the main concepts of our modeling approach. The following sections 3 to
5 are concerned with the three main phases of software modeling (i.e., requirements
specification, analysis, and design). Section 6 reviews and discusses concepts of roles
in object- and agent-oriented modeling, and Section 7 concludes the paper.

The paper continues previous work on agent-based systems which is documented
in [3, 5, 14].

2 Agent-Oriented Modeling

In this Section, we outline our approach to agent-oriented modeling. First, we discuss
typical aspects of agent-based systems like reactivity, autonomy, proactivity, and coop-
eration, and describe how these aspects are captured in our approach. Then, we survey
the three main phases of system modeling, i.e., requirement specification, analysis, and
design and explain how this general pattern is instantiated in our case.

Although it is difficult to find a general (technical) definition of the termagent,
some important characteristics of agents can be identified which distinguish them from
programsor objects[10]. Reactivityis the capability of an agent to perceive its envi-
ronment and react to changes. This property can be considered as a prerequisite for
purposeful autonomy of agents, and it is already captured within the concept of active
objects. In our approach, agents perceive their environment by matching the left-hand

1 See, e.g., [17, 6, 7] for a recent collection of surveys and [1] for an introductory text.
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sides of their transformation rules against the current state of the system, thus search-
ing for the occurrence of a certain pattern. Then, agents react to an occurrence by the
application of the corresponding rule.

Autonomyis a property of agents that manifests in the nondeterminism of its behav-
ior if the system is observed externally. Different to objects, agents possessautonomous
operationsthat are not automatically triggered by messages but may be invoked by the
agents themselves when a corresponding situation pattern occurs in their environment.
If several autonomous operations are applicable in a particular situation, the decision
which operation to apply is internal to the agent.

Agents areproactivemeaning that their activities are directed towards a goal. In
our approach, this goal-driven behavior is not explicitly modeled. However, there is a
close relationship with the (external) nondeterminism of agents’ behavior because the
decision which operation to apply can be thought of as driven by the internal desire to
reach a given goal.Cooperationamong agents assumes a common goal which may be
negotiated at run-time. In our approach, global graph transformation rules are used in
order to describe the combined effect of negotiations and the resulting joint activities of
a group of agents. The communication required is specified by means of UML sequence
diagrams.

As a simple but typical example of an agent-based system we describe an online
banking application where, in order to enable sophisticated services, customers may be
assisted by apersonal banking agent(PBA) which offers a range of advanced function-
ality. In particular, the PBA manages the payment of bills: When a bill is sent to the
PBA by the merchant of a shop and the payment of this bill is initiated by the customer,
the personal banking agent selects one of the customer’s accounts of which the bill is
to be paid. This selection takes into account the transaction cost of each account which
is considered. Then, the amount specified in the bill is transfered from the selected
account to the destination byaccount agentsresponsible for the individual accounts.
The system just described has properties that are characteristic for an agent-based sys-
tem [10]: The PBA reacts to changes in its environment (like the arrival of a bill) and
it modifies this environment through its actions (by paying it). It acts autonomously on
behalf of the customer by choosing the account the bill is to be paid from. The agent is
goal-oriented in the sense that it aims at minimizing transaction costs by an appropriate
account selection.

We divide the modeling process of agent-based systems in a typical sequence of
activities which is already well known from the modeling of object-oriented systems.
First, the requirements are specified by informal descriptions of the system’s functional-
ity and by scenarios of important interactions. The analysis of this specification results
in a model where the requirements are captured more precisely. Thereafter, in the design
model the behavior that has been described globally in the analysis model is expressed
by the local behavior of objects and agents. Within therequirements specification(Sec-
tion 3) we follow a use case-driven approach. Use cases representing the main external
functions of the system as well as important internal interactions among agents are re-
fined by typical scenarios which are described by means of global graph transformations
and sequence diagrams. Duringanalysis(Section 4) the agents and objects as well as
their messages, attributes, and links, which are identified in the use cases and scenarios,
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are specified in an agent class diagram. The scenarios are analyzed in order to derive
a more complete specification making explicit the different alternatives in the execu-
tion of a use case. The semantics of graph transformations and sequence diagrams thus
shifts from optional to mandatory behavior: If the execution reaches a state satisfying a
pre-condition (specified by the left-hand side of a graph transformation rule) the further
interaction must follow one of the given alternatives.

The design(Section 5) refines the analysis model in such a way that globally de-
scribed behavior is mapped to local specifications of the behavior of agents and objects.
A refined class diagram introduces additional features, in particular, the signatures of
the agents’ autonomous operations. The local execution order of an agent’s operations
is determined by a state diagram associated to each agent class. The effect of these
operations on the state of the system is described by local graph transformation rules.

issue bill

initiate
payment

select account

Customer

Merchant

pay bill

Account
Agent

Bank

Personal
Banking

Agent (PBA)

Minimize
transaction

cost

Fig. 1.Use case diagram for banking example

3 Requirements Specification

At the beginning of a development, customers and developers have to agree on the re-
quirements a software product has to fulfill. These requirements are collected in a con-
tract which has to be readable by the software developers as well as by customers which
are typically not computer scientists. Therefore, a style of specification is appropriate
which explains the functional and architectural requirements by means of informal dia-
grams and examples.

Use case diagramsare designed exactly for this purpose. They provide an abstract
view of the system by identifying the main actors using it and the main functions that
the system provides to them. In the context of agent-based systems, UML use case dia-
grams are extended by a special kind of actor (with square heads) representing agents.
Goal cases (shown as clouds) are used in order to specify the goals of agents (cf. [12]).
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The use case diagram of Figure 1, for example, identifies, besides two kinds of users,
the agentsPBA andAccountAgent. In this way, additional architectural requirements
about the distribution of the system’s functionality over different agents can be ex-
pressed. The use casesselect account andpay bill that these agents participate in are
internal to the system. They would not be shown in a typical UML use case diagram.

The abstract narrative description given by use cases is illustrated by typical ex-
amples, calledscenarios, of how the system behaves when a use case is performed.
In the methodology of this paper, scenarios are specified in two complementary ways.
The overall effect of a use case likeselect account is described by a pair of instance
diagrams as shown in Figure 2 modeling abefore-afterscenario of the use case. In the
following section, this pair of diagrams shall be formally interpreted as an individual
graph transformationrepresenting the state change of objects and agents in the system.

uses

A:PBA

P1: Proposal

initPayment(B)

Acc2 : AccountAgent

Acc1 : AccountAgent

uses

A:PBA

Acc2 : AccountAgent

Acc1 : AccountAgent

uses
uses

by
selected

accepted

Fig. 2.Global graph transformation rule

In order to specify the communication between actors participating in a use case,
UML sequence diagramsare used. The interaction that is necessary to select an account
offering minimal transaction cost would typically be realized by thecontract netpro-
tocol [9, 19] which describes the negotiation between a manager and a set of potential
contractors about the delegation of a task. In terms of our example, a simplified version
of this protocol may be informally described as follows.

ThePersonal Banking Agent solicits proposals from theAccount Agent by is-
suing a call for proposals, which specifies the interest in an account’s transaction costs.
Account Agent receiving the call for proposals are viewed as potential contractors,
and are able to generate proposals to perform the task. Alternatively, account agents
may refuse to propose. Once thePersonal Banking Agent receives back replies from
theAccount Agent, it evaluates the proposals and makes its choice of whichAccount
Agent will perform the task. The agent of the selected proposal will be sent an accep-
tance message, the others will receive a notice of rejection.

A typical scenario for twoAccountAgents is depicted in Figure 3. Other scenarios for
our example would include the possibility that noAccount Agent makes a proposal or
that no proposal is accepted.
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A : PBA Acc2 : AccountAgent

cfp(A, B)

propose(Acc2, P)

propose(Acc1, P)

accept(A, P)

cfp(A, B)

Acc1 : AccountAgent

reject(A, P)

initPayment(B)

Fig. 3.Scenario for the banking example

4 Analysis

In order to serve as a basis for future design decisions, the requirements are analyzed
and refined. Implementation-related issues are still avoided. Similar to object-oriented
analysis, the refined model is structured into (sub)models [18], astructural model, a
dynamic modeland afunctional model.

As structural model, an agent class diagram specifies the types of objects and
agents, their attributes, associations, and messages. Notationally, we build on class di-

PBA

AccountAgent

propose(acca :AccountAgent, 
prop :Proposal)

initPayment(bill:Bill)

cfp(pba :PBA, bill :Bill)
accept(pba :PBA, prop :Proposal)
reject(pba :PBA , prop :Proposal)

Bill

pays
amount : int messages

messages

uses

Account

balance : int

manages
Proposal

cost : int

pay_to

by

for

Fig. 4.Class diagram for banking example

agrams in UML [16] where agent classes are represented as active classes (with bold
borders) that have an extra compartment for messages. In the agent class diagram in
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Figure 4 we have agent classesPBA andAccountAgent and object classesBill, Ac-
count andProposal. Associations connect thePBAs to theBills they have to pay and
AccountAgents to theAccounts they manage. ABill specifies anamount to be paid
and theAccount it is to be paid to. The messages correspond to those in the sequence
diagram in Figure 3. They are modeled in the special message compartment of the agent
class.

The functional modelspecifies the overall effect of a use case on the state of the
system. In Section 3 this has been illustrated by a graph transformation, i.e., a pair of
graphs modeling abefore-afterscenario of the use case. Formally, this scenario can be
seen as an individual test case which has to be demonstrated by the implementation of
the system. However, in order to have a complete view of the use case’s overall effect,
many such graph transformation pairs would be needed. Thus, a mechanism is required
to specify (rather than to enumerate) pairs of graphs. The theory of graph transformation

a: PBA acc: AccountAgent

b: Bill

uses

initPayment(b)

a: PBA acc: AccountAgent

b: Bill

uses

p: Proposal

pays

selected

by accepted

a: PBA acc: AccountAgent

b: Bill

uses

initPayment(b)

a: PBA acc: AccountAgent

b: Bill

uses

pays

Fig. 5.Three rules specifying the possible result of each interaction

suggests a rule-based approach to this problem. Agraph transformation ruleL → R
consists of a pair of graphsL, R such that the unionL ∪ R is defined. (This ensures
that, e.g., edges which appear in bothL andR are connected to the same vertices in
both graphs.) The left-hand sideL represents the preconditions of the rule while the
right-hand sideR describes the postconditions. During analysis, rules are considered as
incomplete specifications of the transformations to be performed, i.e., additional (un-
specified) changes are permitted. This (quite liberal) notion ofgraph transition[8] shall
be strengthened in the design model by the notion ofgraph transformationwhich as-
sumes a complete specification of the changes during a step.

Figure 5 shows three rules specifying the possible effects of the use caseselect
account. Each rule is only concerned with the interaction of onePBA with one of
its AccountAgents during the execution of the contract net protocol. They specify the
three possible results of each binary interaction.

Thedynamic modelcomplements the functional model by focusing on the commu-
nication required to execute a certain protocol. Like in the requirements specification,
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we use sequence diagrams to model the message flow between agents in the system.
However, during analysis, we strengthen the semantics of these diagrams from an exis-
tential to a universal interpretation. This is analogous to the shift from individual trans-
formations to universal transformation rules in the functional model. Thus, a sequence
diagram associated with a graph transformation rule provides a complete specification
of the interactions to be performed when the precondition is met. In Figure 6, the se-

a:PBA acc:AccountAgent

cfp(a, b)

propose(acc, p)

accept(a, p)

a:PBA acc:AccountAgent

cfp(a, b)

propose(acc, p)

reject(a, p)

a:PBA acc:AccountAgent

cfp(a, b)

initPymt(b) initPymt(b)initP.(b)

Fig. 6.Three sequence diagrams corresponding to the three rules in Figure 5

quence diagrams for the banking example are presented. The first diagram models the
case that the proposal of theAccountAgent is accepted by thePBA and the second
one the rejection of the proposal. The third diagram depicts the case that theAccoun-
tAgent does not answer upon a call for proposal. They correspond to the three rules in
Figure 5. A sequence diagram is activated when the precondition of the corresponding
rule is met. For the rules in Figure 5 associated with the sequence diagrams in Figure 6,
the precondition requires that theAccount Agent is connected with thePBA by auses
link, and that the latter is activated by aninitPayment message. Since the precondition
is the same in all three cases, if the condition is met, the interaction between the two
agents may conform to one of the three sequence diagrams.

5 Design

The analysis phase is concerned with developing a model of what the system is sup-
posed to do. The design model elaborates the analysis model concentrating on the ques-
tion how the system will function. As a consequence, the focus of models is shifted from
a global view on the system during analysis to a local view, thus providing the basis
for an implementation. Like in analysis, we distinguish a structural model, a dynamic
model, and a functional model.

In thestructural model, the class diagram of the design phase refines the class di-
agram of the analysis adding, in particular, the signatures of the agent’s autonomous
operations for which an extra compartment is provided. Notice the difference with
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PBA

AccountAgent
getBill(b:Bill, acc:AccAg)
sendCFP(prop:Proposal)
stopCFP(prop:Proposal)
recordProp(prop:Proposal)
rejectProp(prop:Proposal)
acceptProp(prop:Proposal)

answerCFP(b:Bill)
ignoreCFP(b:Bill)
getAccepted(prop:Proposal)
getRejected(prop:Proposal)

Bill

pays

sent

operations

amount : int

messages

Account

balance : int

manages

usesProposal

cost : int

pay_to calculatecost(Bill, Account) : int

for

by

cfp(pba :PBA, bill :Bill)
accept(pba :PBA, prop :Proposal)
reject(pba :PBA , prop :Proposal)

propose(acca :AccountAgent, 
prop :Proposal)

initPayment(bill:Bill)

operations

messages

selected

Fig. 7.Agent class diagram

methods as specified in the method compartment of objects: agent’s operations areau-
tonomous, that is, they are never called by another object or agent but only executed un-
der control of the agent itself (cf. Section 2). As a consequence, we distinguish agent’s
messages and operations while in the case of objects, both notions are integrated in the
notion of a method.

By a state diagram for each agent class, thedynamic modelspecifies the ordering of
operations an agent of this class may perform. As agents do not automatically react to
events of their environment but decide autonomously when and how to react, transitions
are not labeled with an event and an action but only with the name of the operation.
This usage of statecharts is semantically different from traditional approaches [11]. The
notion of a protocol state machine [16] comes closest to our understanding. Consider,
as an example, the statechart for theAccountAgent. From the first state, this agent may
either proceed to theproposedstate by answering a call for proposal or it may decide
not to propose and proceed to the final state. The agent decides what to do based on an
internal strategy that is not part of the model.

In the functional model, the operations declared in the structural model are speci-
fied by graph transformation rules. Whereas the dynamic model is concerned with the
order of operations, the functional model shows how operations change the state of the
system. As agent’s operations may only affect that part of the state which can be ac-
cessed locally, we require that all objects in the left-hand side of a rule are reachable
via a path originating at theself agent. For example, in Figure 9 the operationsgetBill
andsendCFP of thePBA are specified. The first operation triggers the agent to issue
requests for proposals for a given bill. If aPBA has not yet sent a call to a particular
AccountAgent (expressed by the negative context condition for thesent link) thePBA
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a.recordProp(p)

a.acceptProp(p)

a.sendCFP(b, acc)

a.rejectProp(p)

acc.answerCFP(b)

acc.getRejected(p)

a.stopCFP(p)

acc.getAccepted(p)

acc.ignoreCFP(b)

a.getBill(b)

Fig. 8.Statecharts for agentsPBAandAccountAgent

b : Bill

a : PBA

pays

a : PBA

b : Bill

initPayment(b)

b : Bill

a : PBA
acc : AccountAgent

pays

acc : AccountAgent
a : PBA

uses

sent

cfp(a, b)

uses

b : Bill
sent

pays

Fig. 9.Graph transformation rulesgetBill andsendCFP
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may use the second rule for issuing the call. On reception of a call for proposal mes-

a : PBA acc : AccountAgent
cfp(a, b) propose(acc, p)a : PBA acc : AccountAgent

acnt: Account
b : Bill

acnt: Account
b : Bill

cost = calculatecost(b, acnt)

p : Proposal

pays pays
manages manages

by

for

Fig. 10.Graph transformation ruleanswerCFP

sage, anAccountAgent may decide to send aProposal specifying the costs for the
required transaction as described by the ruleanswerCFP in Figure 10. The alternative
rule for ignoreProp is not shown. It has the same pre-condition and the only effect of
removing thecfp message. Receiving a proposal, thePBA may either reject it if it

a : PBA

propose(acc, p)

acc : AccountAgent a : PBA

selected

acc : AccountAgent

sent

p : Proposal p : Proposal

by by

Fig. 11.Graph transformation rulestopCFP

has bigger cost than the best proposal received so far or it may record this proposal as
its current favorite. The first proposal is recorded when the agent stops sending calls.
The operationsstopCFP andrecordProp are specified in Figure 11 and 12. The rule
for rejectProp is not shown. When thePBA decides to have received enough propos-
als, it sends the current best anaccept message. Upon reception of this message, the
AccountAgent records its proposal as accepted. When rejected, the agent deletes its
proposal.

6 Roles in Agent-Oriented Modeling

The concept of roles is well-established in object-oriented modeling [13]. During its
life-time, an object may play one or several roles encapsulating a certain functionality
which may change dynamically when the object evolves. The operations and attributes
required to play a role are represented by a role type. The existence of an object’s role
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a : PBA
propose(acc, p)

acc : AccountAgent

selected

a : PBA
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:AccountAgent
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p : Proposal

cost = c‘
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sent
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by

by

by
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for

for

for

cost = c

p : Proposal
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b : Bill
sent

Fig. 12.Graph transformation rulerecordProp

a : PBA acc : AccountAgent

selected

a : PBA acc : AccountAgent

accept(a, p)

p : Proposal
by p : Proposal

by

b : Bill

pays

b : Bill

pays

selected

for
for

Fig. 13.Graph transformation ruleacceptProp
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depends on that of the object itself. Roles restrict the visibility of an object or agent if
associations to other objects or agents only exist via attached roles.

In agent-oriented modeling, agent roles are used for capturing goals, tasks, or func-
tions exhibited by the agent. According to Wooldridge et al. [21], a role has associated
to it responsibilities, permissions, activities, and protocols which are defined by specific
role schemata. Responsibilities comprise lifeness conditions like the execution of a pre-
scribed sequence of protocols. In this way the interaction of roles is specified. Wood
et al. [20] introduce a Multi-agent Systems Engineering (MaSE) methodology where
roles are introduced as more fine-grained building blocks of agent classes which cap-
ture agent goals during the design phase. A role serves as an abstract description for the
functions it is responsible to fulfill in order to reach an assigned goal.

Both object and agent roles restrict the behavior and state of an entity to the part
which is necessary to reach a goal, to fulfill a single task, or to participate in a specific
interaction. Next, we sketch in which way roles would be integrated in our methodol-
ogy. In the requirements specification, an actor’s interactions are determined by the use
cases it is participating in. Each interactions defines a role of the actor, encapsulating
the agent’s behavior during the corresponding use case. The personal banking agent, for
example, assumes the role of anaccount selectorwhen interacting with the select ac-
count use case in Figure 1. Relative to this use case, theaccount agenttakes the role of
a possible contractor for the selection of an account. Another role of the account agent
is that of abill payer transferring money to another account. When global graph trans-
formation rules and sequence diagrams are used to describe the functional behavior of
use cases, each occurrence of an agent in a rule or a diagram corresponds to a different
role.

Thus, in the early stage of development, roles simplify the transition from require-
ment specification to analysis. In fact, the classes in the analysis model can be derived
by integratingrole classesthat encapsulate the state and behavior necessary to partic-
ipate in the interactions associated with the use cases. Role classes can be instantiated
like object or agent classes, but their instances do only exist in connection with an agent
or object. That means, a role instance automatically disappears together with the object,
agent or role it depends on. Thus, from a structural point of view, thisrole-of relation-
shipis similar to a composition in UML. Considering the behavior of roles, it resembles
inheritance because roles can access their parent’s features as if they were their own.

Roles also make more systematic the transition from analysis to design because each
role contributes only to one global interaction. Thus, interactions can be realized one by
one. In a second step, the behavior of the corresponding roles can be coordinated yield-
ing the behavior of the entire class. In this way the complexity of the total behavior of
a class participating in many different interactions can be structured, e.g., by attaching
statecharts to the individual roles and synchronizing theses statecharts afterwards.

In order to make this concept of roles more useful it has to be integrated syntactically
and semantically in a formal agent model like the one presented in [4].
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7 Conclusion

In this paper, we have presented an approach to agent-oriented modeling based on UML
notation and concepts of typed graph transformation systems [2]. Extending the no-
tion of active object from object-oriented modeling, specific support is provided for
characteristic aspects of agent-based systems like autonomy, goal-driven behavior, and
cooperation of agents.

The theory of graph transformation also provides the mathematical background for
the formalization of the approach. In [4], for example,graph processes[2] and con-
cepts of views of graph transformation systems [8] are used in order to formalize the
consistency between requirement specification, analysis and design in agent-oriented
modeling.
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Abstract.   Gaining wide acceptance for the use of agents in industry
requires both relating it to the nearest antecedent technology (object-
oriented software development) and using artifacts to support the
development environment throughout the full system lifecycle. We
address both of these requirements using AUML, the Agent UML
(Unified Modeling Language)—a set of UML idioms and extensions. This
paper illustrates the approach by presenting a three-layer AUML
representation for agent interaction protocols:  templates and packages to
represent the protocol as a whole; sequence and collaboration diagrams to
capture inter-agent dynamics; and activity diagrams and state charts to
capture both intra-agent and inter-agent dynamics.

1 Introduction

Successful industrial deployment of agent technology requires techniques that reduce
the risk inherent in any new technology. Two ways that reduce risk in the eyes of
potential adopters are:

• to present the new technology as an incremental extension of known and trusted
methods, and

• to provide explicit engineering tools that support industry-accepted methods of
technology deployment.

We apply both of these risk-reduction insights to agents.

To leverage the acceptance of existing technology, we present agents as an
extension of active objects, exhibiting both dynamic autonomy (the ability to initiate
action without external invocation) and deterministic autonomy (the ability to refuse
or modify an external request). Thus, our basic definition of an agent is “an object
that can say ‘go’ (dynamic autonomy) and ‘no’ (deterministic autonomy).” This
approach leads us to focus on fairly fine-grained agents. More sophisticated
capabilities can also be added, such as mobility, BDI mechanisms, and explicit
modeling of other agents. Such capabilities are extensions to our basic agents, that is,
they can be applied where needed, but are not diagnostic of agenthood.

P. Ciancarini and M.J. Wooldridge (Eds.): AOSE 2000, LNCS 1957, pp. 121−140, 2001.
 Springer-Verlag Berlin Heidelberg 2001



Accepted methods of industrial software development depend on standard
representations for artifacts to support the analysis, specification, and design of agent
software. Three characteristics of industrial software development require the
disciplined development of artifacts throughout the software lifecycle. The scope of
industrial software projects is much larger than typical academic research efforts,
involving many more people across a longer period of time, and artifacts facilitate
communication. The skills of developers are focused more on development
methodology than on tracking the latest agent techniques, and artifacts can help
codify best practice. The success criteria for industrial projects require traceability
between initial requirements and the final deliverable—a task that artifacts directly
support.

The Unified Modeling Language (UML) is gaining wide acceptance for the
representation of engineering artifacts in object-oriented software. Our view of
agents as the next step beyond objects leads us to explore extensions to UML and
idioms within UML to accommodate the distinctive requirements of agents. The
result is Agent UML (AUML). This paper reports on one such area of
extension—the representation of agent protocols.

Section 2 provides background information on agent design methods in general,
on UML, and on the need for AUML. Section 3 introduces a layered approach to
representing agent protocols in AUML. Templates and packages provide a high-level
summary (Section 4), sequence diagrams and collaboration diagrams furnish
alternative views of the interactions among agents (Section 5), and state diagrams
and activity diagrams detail the internal behavior of individual agents in executing
protocols (Section 6). Section 7 summarizes our contribution.

2 Background

Agent UML (AUML) synthesizes a growing concern for agent-based software
methodologies with the increasing acceptance of UML for object-oriented software
development.

2.1 Agent Software Methodologies

The agent R&D community is increasingly interested in design methods and
representational tools to support the associated artifacts (see [12] for a helpful
survey). Multi-Agent System Engineering was the focus of a session at ATAL’97 [5,
10, 13, 17, 19, 23, 25, 26] and the entire MAAMAW’99 [9].

A number of groups have reported on methodologies for agent design, touching
on representational mechanisms as they support the methodology. Our own report
[23] emphasizes methodology, as does the work by Kinny and colleagues [15, 16] on
modeling techniques for BDI agents. The close parallel that we observe between
design mechanisms for agents and for objects is shared by a number of authors, for
example [5, 6].

The GAIA methodology [28] includes specific recommendations for notation
that supports the high-level summary of a protocol as an atomic unit, a notation that
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is reflected in our recommendations. The extensive program underway at the Free
University of Amsterdam on compositional methodologies for requirements [11],
design [4], and verification [14] uses graphical representations with strong links to
UML’s collaboration diagrams, as well as linear (formulaic) notations better suited
to alignment with UML’s metamodel than with the graphical mechanisms that are
our focus. Our discussion of the compositionality of protocols is anticipated in the
work of Burmeister et al. [7], though our notation differs widely from hers. Dooley
graphs facilitate the identification of the “character” that results from an agent
playing a specific role (as distinct from the same agent playing a different role) [21,
27]. We capture this distinction by leveraging UML’s existing name/role:class
syntax in conjunction with collaboration diagrams.

This wide-ranging activity is a healthy sign that agent-based systems are having
an increasing impact, since the demand for methodologies and artifacts reflects the
growing commercial importance of our technology. Our objective is not to compete
with any of these efforts, but rather to extend and apply a widely accepted modeling
and representational formalism (UML)—one that harnesses insights and makes them
useful for communicating across a wide range of research groups and development
methodologies.

2.2 UML

During the seventies, structured programming was the dominant approach to
software development. Along with it, software engineering technologies were
developed in order to ease and formalize the system development lifecycle: from
planning, through analysis and design, and finally to system construction, transition,
and maintenance. In the eighties, object-oriented (OO) languages experienced a rise
in popularity, bringing with it new concepts such as data encapsulation, inheritance,
messaging, and polymorphism. By the end of the eighties and beginning of the
nineties, a jungle of modeling approaches grew to support the OO marketplace. To
make sense of and unify these various approaches, an Analysis and Design Task
Force was established on 29 June 1995 within the OMG. By November 1997, a de
jure standard was adopted by the OMG members called the Unified Modeling
Language (UML).

The UML unifies and formalizes the methods of many approaches to the object-
oriented software lifecycle, including Booch, Rumbaugh (OMT), Jacobson, and
Odell [18]. It supports the following kinds of models:
• static models- such as class and package diagrams describe the static semantics
of data and messages. Within system development, class diagrams are used in
two different ways, for two different purposes. First, they can model a problem
domain conceptually. Since they are conceptual in nature, they can be presented
to the customers. Second, class diagrams can model the implementation of
classes—guiding the developers. At a general level, the term class refers to the
encapsulated unit. The conceptual level models types and their associations; the
implementation level models implementation classes.  While both can be more
generally thought of as classes, their usage as concepts and implementation
notions is important both in purpose and semantics. Package diagrams group
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classes in conceptual packages for presentation and consideration. (Physical
aggregations of classes are called components which are in the implementation
model family, mentioned below.)

•  dynamic models- including interaction diagrams (i.e., sequence and
collaboration diagrams), state charts, and activity diagrams.

•  use cases- the specification of actions that a system or class can perform by
interacting with outside actors.

•  implementation models- such as component models and deployment diagrams
describing the component distribution on different platforms.

• object constraint language (OCL)- is a simple formal language to express more
semantics within an UML specification. It can be used to define constraints on
the model, invariant, pre- and post-conditions of operations and navigation paths
within an object net.

In this paper, we are suggesting agent-based extensions to the following UML
representations: packages, templates, sequence diagrams, collaboration diagrams,
activity diagrams, and statecharts. The UML model semantics are represented by a
metamodel whose structure is also formally defined by OCL syntax. OCL and the
metamodel offer resources to capture the kinds of logical specifications anticipated
in (for example) [4, 11, 14, 15, 16, 28], but space does not permit exploring this use
of UML in this paper.

2.3 AUML

Compared to the traditional approach to objects, agents are autonomous and
interactive. Based on internal states, their activities include goals and conditions that
guide the execution of defined tasks. While objects need outside control to execute
their methods, agents know the conditions and intended effects of their actions and
hence take responsibility for their needs. Furthermore, agents act both alone and with
other agents. Multiagent systems can often resemble a social community of
interdependent members that act individually.

However, no formalism yet exists to sufficiently specify agent-based system
development. To employ agent-based programming, a specification technique must
support the whole software engineering process—from planning, through analysis
and design, and finally to system construction, transition, and maintenance.

A proposal for a full life-cycle specification of agent-based system development
is beyond the scope of this paper. Both FIPA and the OMG Agent Work Group are
exploring uses of and recommending extensions to UML [1, 20]. Depke et al [29]
discuss graph transformation and roles in an agent-baseed UML. We are working on
a comprehensive scheme for AUML [22]. In this paper, we indicate how UML can
be used to express agent interaction protocols (AIP), as well as express where
extensions to the standard UML (AUML) AIPs might be appropriate.

This subset was chosen because interaction protocols are complex enough to
illustrate the nontrivial use of AUML and are used commonly enough to make this
subset of AUML useful to other researchers. Agent interaction protocols are a good
example of software patterns which are ideas found useful in one practical context

124 J.J. Odell, H.V.D. Parunak, and B. Bauer



and probably useful in others. A specification of an AIP provides an example or
analogy that we might use to solve problems in system analysis and design.

We want to suggest a specification technique for AIPs with both formal and
intuitive semantics and a user-friendly graphical notation. The semantics allows a
precise definition that is also usable in the software-engineering process. The
graphical notation provides a common language for AIP communication—
particularly with people not familiar with the agent approach.

Before proceeding, we need to establish a working definition. An agent interaction
protocol (AIP) describes a communication pattern as an allowed sequence of
messages between agents and the constraints on the content of those messages.

contract 
initiation

call-for-proposal

FIPA Contract Net Protocol

Initiator Participant

refuse

not-understood

propose

accept-proposal

reject-proposal

inform

cancel

deadline

x

x

Initiator, Participant
Deadline

call-for-proposal, refuse*, 
not-understood*, propose, 

reject-proposal*, accept-proposal*, 
cancel*, inform*

Fig. 1.  A generic AIP expressed as a template package.

3 A Layered Approach to Protocols

Figure 1 depicts a protocol expressed as a UML sequence diagram for the contract
net protocol. When invoked, an Initiator agent sends a call-for-proposal to an agent
that is willing to participate in providing a proposal. The Participant agent can then
choose to respond to the Initiator before a given deadline by: refusing to provide a
proposal, submitting a proposal, or indicating that it did not understand. (The
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diamond symbol indicates a decision that can result in zero or more communications
being sent—depending on the conditions it contains; the “x” in the decision diamond
indicates an exclusive or decision.) If a proposal is offered, the Initiator has a choice
of either accepting or rejecting the proposal. When the Participant receives a
proposal acceptance, it will inform the Initiator about the proposal’s execution.
Additionally, the Initiator can cancel the execution of the proposal at any time.

This figure also expresses two more concepts represented at the top of the
sequence chart.  First, the protocol as a whole is treated as an entity in its own right.
The tabbed folder notation at the upper left indicates that the protocol is a package, a
conceptual aggregation of interaction sequences. Second, the packaged protocol can
be treated as a pattern that can be customized for analogous problem domains. The
dashed box at the upper right-hand corner expresses this pattern as a template
specification that identifies unbound entities within the package which need to be
bound when the package template is being instantiated.

The original sequence diagram in Fig. 1 provides a basic specification for a
contract net protocol. More processing detail is often required. For example, an
Initiator agent requests a call for proposal (CFP) from a Participant agent.
However, the diagram stipulates neither the procedure used by the Initiator to
produce the CFP request, nor the procedure employed by the Participant to respond
to the CFP. Yet, such details are important for developing detailed agent-based
system specifications.

Figure 2 illustrates how leveling can express more detail for any interaction
process. For example, the process that generated the communication act CA-1 could
be complex enough to specify its processing in more detail using an activity diagram.
The agent receiving CA-1 has a process that prepares a response. In this example, the
process being specified is depicted using a sequence diagram, though any modeling
language could be chosen to further specify an agent’s underlying process. In UML,
the choice is an interaction diagram, an activity diagram, or a statechart.

Role-1 Role-2

••• •••

CA-1

CA-2

CA-3

CA-4

Role-3
x

y

g z

Role-2

Fig. 2.  Interaction protocols can be specified in more detail (i.e., leveled) using a combination
of diagrams.
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Finally, leveling can continue “down” until the problem has been specified
adequately to develop or generate code. So in Fig. 2, the interaction protocol at the
top of the diagram has a level of detail below, which in turn has another level of
detail. Each level can express intra-agent or inter-agent activity.

In summary, these two examples illustrate several features of our approach:

• The protocol as a whole is an entity. This top level is discussed further in Section
4.

•  The sequence diagram itself describes the inter-agent transactions needed to
implement the protocol. Section 5 further discusses this notation and an
alternative (the collaboration diagram).

In addition to inter-agent transactions, complete specification of a protocol requires
discussion of intra-agent activity and is supported by UML’s activity diagrams and
statecharts (discussed in Section 6).

4 Level 1: Representing the Overall Protocol

Patterns are ideas that have been found useful in one practical context and can
probably be useful in others. As such, they give us examples or analogies that we
might use as solutions to problems in system analysis and design. Agent interaction
protocols, then, provide us with reusable solutions that can be applied to various
kinds of message sequencing we encounter between agents. There are two UML
techniques that best express protocol solutions for reuse: packages and templates.

call-for-proposal

Purchasing

Supplying

Broker Retailer Wholesaler

request

inform

propose

•••

Fig. 3.  Using packages to express nested protocols.

4.1 Packages

Since interaction protocols are patterns, they can be treated as reusable aggregates of
processing. UML describes two ways of expressing aggregation for OO structure and
behavior: components and packages. Components are physical aggregations that
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compose classes for implementation purposes. Packages aggregate modeling
elements into conceptual wholes. Here, classes can be conceptually grouped for any
arbitrary purpose, such as a subsystem grouping of classes. Since AIPs can be
viewed in conceptual terms, the package notation of a tabbed folder was employed in
Fig. 1.

Because protocols can be codified as recognizable patterns of agent interaction,
they become reusable modules of processing that can be treated as first-class notions.
For example, Fig. 3 depicts two packages. The Purchasing package expresses a
simple protocol between a Broker and a Retailer. Here, the Broker sends a call for
proposal to a Retailer and the Retailer responds with a proposal. For certain
products, the Retailer might also place a request with a Wholesaler regarding
availability and cost. Based on the return information, the Retailer can provide a
more accurate proposal. All of this could have been put into a single Purchasing
protocol package. However, many businesses or departments may not need the
additional protocol involving the Wholesaler. Therefore, two packages can be
defined: one for Purchasing and one for Supplying. When a particular scenario
requires the Wholesaler protocol, it can be nested as a separate and distinct package.
However, when a Purchasing scenario does not require it, the package is more
parsimonious.

Burmeister et al. suggest a similar construct when they describe their complex
cooperation protocols [7]. Their three primitive protocols—offering, requesting, and
proposing—“are general enough to be used in a large number of interaction
situations.” Their approach “allows for the construction of (more complex)
application or task protocols.” In addition to their three primitive protocols, we
advocate a pragmatic approach where the analyst may extend Burmeister’s general
set to include any protocols that might be reused for a nested specification—using
AUML.

4.2 Templates

Figure 1 illustrates a common kind of behavior that can serve as a solution in
analogous problem domains. In Fig. 3, the Supplying behavior is reused exactly as
defined by the Supplying package. However, to be truly a pattern—instead of just a
reusable component—package customization must be supported. For example, Fig. 4
applies the FIPA Contract Net Protocol to a particular scenario involving buyers and
sellers. Notice that the Initiator and Participant agents have become Buyer and
Seller agents, and the call-for-proposal has become the seller-rfp. Also in this
scenario are two forms of refusal by the Seller: Refuse-1 and Refuse-2. Lastly, an
actual deadline has been supplied for a response by the seller.
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seller-rfp

Buyer Seller

refuse-1

not-understood

propose

accept-proposal

reject-proposal

inform

cancel

deadline:
8/8/99 at

12:00 hours
x

x

xrefuse-2

Fig. 4.  Applying the template in Fig. 1 to a particular scenario involving buyers and sellers.

In UML argot, the AIP package serves as a template. A template is a
parameterized model element whose parameters are bound at model time (i.e., when
the new customized model is produced). In Fig. 1, the dotted box in the upper right
indicates that the package is a template. The unbound parameters in the box are
divided by horizontal lines into three categories: role parameters, constraints, and
communication acts. Figure 5 illustrates how the new package in Fig. 4 is produced
using the template definition in Fig. 1.1  Wooldridge et al. suggest a similar form of
definition with their protocol definitions [28]. In their packaged templates “a pattern
of interaction . . . has been formally defined and abstracted away from any particular
sequence of execution steps. Viewing interactions in this way means that attention is
focussed on the essential nature and purpose of interaction rather than the precise
ordering of particular message exchanges.” Instead of the notation illustrated by
Wooldridge et al., our graphical approach more closely resembles UML, while
expressing the same semantics.

                                                                   
1 This template format is not currently UML compliant, but is recommended for future UML
extensions.
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Buyer, Seller

FIPA Contract Net Protocol

8/8/99 at 12:00 

seller-rfp, refuse-1, refuse-2, not-understood, propose,
reject-proposal, accept-proposal, cancel, inform

Fig. 5.  Producing a new package using the Fig. 1 template; Fig. 4 is the resulting model.

5 Level 2: Representing Interactions among agents

UML’s dynamic models are useful for expressing interactions among agents.
Interaction diagrams capture the structural  patterns of interactions among objects.
Sequence diagrams are one member of this family; collaboration diagrams are
another. The two diagrams contain the same information. The graphical layout of the
sequence diagram emphasizes the chronological sequence of communications, while
that of the collaboration diagram emphasizes the associations among agents. Activity
diagrams and statecharts capture the flow of processing in the agent community.

5.1 Sequence Diagrams

A brief description of sequence diagrams using the example in Fig. 1 appeared
above. (For a more detailed discussion of sequence diagrams, see Rumbaugh [24]
and Booch [3].) In this section, we discuss some possible extensions to UML that
can also model agent-based interaction protocols.

Figure 6 depicts some basic elements for agent communication. The rectangle
can express individual agents or sets (i.e., roles or classes) of agents. For example, an
individual agent could be labeled Bob/Customer. Here Bob is an instance of agent
playing the role of Customer. Bob could also play the role of Supplier, Employee,
and Pet Owner . To indicate that Bob is a Person—independent of any role he
plays—Bob could be expressed as Bob:Person. The basic format for the box label
is agent-name/role:class. Therefore, we could express all the various situations for
Bob, such as Bob/Customer:Person and Bob/Employee:Person.  (Note that
when an individual agent is specifed, the label is underlined, e.g.,
Bob/Customer:Person. See Fig. 9.)

The rectangular box can also indicate a general set of agents playing a specific
role. Here, just the word Customer or Supplier would appear. To specify that the
role is to be played by a specific class of agent, the class name would be appended
(e.g., Employee:Person,  Supplier:Party). In other words, the agent-
name/role:class syntax is used without specifying an individual agent-name.
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Agent-1/Role:Class

CA-1

Agent-2/Role:Class

CA-2

Fig. 6.  Basic format for agent communication.

The agent-name/role:class syntax is already part of UML (except that the UML
syntax indicates an object name instead of an agent name). Figure 6 extends UML by
labeling the arrowed line with an agent communication act (CA), instead of an OO-
style message.

•••

CA-n

CA-2

CA-1

•••

CA-n

CA-2

CA-1

•••

CA-n

CA-2

CA-1

x

(a) (b) (c)

Fig. 7.  Some recommended extensions that support concurrent threads of interaction.

Another recommended extension to UML supports concurrent threads of
interaction. While UML does support asynchronous messages, multiple concurrent
threads are directly expressed.2 Figure 7 depicts three ways of expressing multiple
threads. Figure 7(a) indicates that all threads CA-1 to CA-n are sent concurrently.
Figure 7(b) includes a decision box indicating that a decision box will decide which
CAs (zero or more) will be sent. If more than one CA is sent, the communication is
concurrent. In short, it indicates an inclusive or. Fig. 7(c) indicates an exclusive or,
so that exactly one CA will be sent. Figure 7(a) indicates an and communication.

Figure 8 illustrates one way of using the concurrent threads of interaction
depicted in Fig. 7. Figures 8(a) and (b) portray two ways of expressing concurrent
threads sent from agent-1 to agent-2. The multiple vertical, or activation, bars
indicate that the receiving agent is processing the various communication threads
concurrently. Figure 8(a) displays parallel activation bars and Fig. 8(b) activation
bars that appear on top of each other. A few things should be noted about these two
variations:

•  The semantic meaning is equivalent; the choice is based on ease and clarity of
visual appearance.

                                                                   
2 As OO implementations become more advanced, such an extension would be considered
useful in any case.
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• Each activation bar can indicate either that the agent is using a different role or
that it is merely employing a different processing thread to support the
communication act. If the agent is using a different role, the activation bar can be
annotated appropriately. For example in Figs. 8(a) and (b), CA-n is handled by
the agent under its role-1 processing.

CA-1

Agent 

or[role-1]

[role-1]

Agent Agent Agent 

CA-2

CA-3

CA-1

CA-2

CA-3

(a) (b)

Agent Agent Agent Agent 

or

CA-1

CA-2

CA-3

CA-1

CA-2

CA-3

(c) (d)

Agent Agent Agent Agent 

or

CA-1

CA-2

CA-3

CA-1

CA-2

CA-3

x x

x

(e) (f)

Fig. 8.  Multiple techniques to express concurrent communication with an agent playing
multiple roles or responding to different CAs.

These figures indicate that a single agent is concurrently processing the multiple
CAs. However, the concurrent CAs could each have been sent to a different agent,
e.g.,  CA-1 to agent-2, CA-2 to agent-3, and so on.  Such protocol behavior is
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already supported by UML; the notation in Fig. 7, on the other hand, is a
recommended extension to UML.

(For more detailed treatment of these extensions to the UML sequence diagram
for protocols, see [1, 2].)

12: assert +
      request
14: 

6: 

2: question

3: 

4: 

10: refuse

5: propose
7: commit

  8: commit
11: ship

9: assert

13: ship

1.1:  request

<<role change>>

1.2:  request

1.3:  request

<<role change>>

<<role change>>

C /
Contractor2

C /
Contractor1

B /
Contractor

A 
Customer

B /
Competitor
Analyzer

C /
Competitor

D /
Contractor

D /
Debtor

A /
Negotiator

Fig. 9.  An example of a collaboration diagram depicting an interaction among agents playing
multiple roles.

5.2 Collaboration Diagrams

Figure 9 is an example of a collaboration diagram and depicts a pattern of interaction
among agents. One of the primary distinctions of the collaboration diagram is that
the agents (the rectangles) can be placed anywhere on the diagram; whereas in a
sequence diagram, the agents are placed in a horizontal row at the diagram’s top. The
sequence of interactions are numbered on the association lines in a collaboration
diagram; whereas on the interaction diagram, a timed sequence of interaction is
basically read from the top down. If the two interaction diagrams are so similar, why
have both? The answer lies primarily on the person and interaction protocol being
described—for that person, one diagram type might provide a clearer, more
understandable representation over another. Semantically, they are almost
equivalent; graphically they are similar. For example, Fig. 10 expresses basically the
same underlying meaning as Fig. 9 using the sequence diagram. Experience has
demonstrated that agent-based modelers can find both types of diagrams useful.

Dooley Graphs [21] are isomorphic to collaboration diagrams. The critical
distinction is that a single agent can appear as multiple nodes in a Dooley Graph. The
ICMAS paper calls these nodes characters. The intuition in the terminology is that a
character is a specific agent playing a specific role. The role is an abstraction over
several characters with similar patterns of interaction. Inversely, each node is an
agent in a specific role, where "role" is here defined fairly narrowly (not just
purchaser, for example, but purchaser under a renegotiated contract in contrast with
the same purchaser's role in the original contract).
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assert + request

pay

request

question
inform

refuse

refuse

propose

commit

commit

assert

ship

ship

<<role change>>

<<role change>>

<<role change>>

C /
Contractor1

C /
Contractor2

C /
Competitor

D /
Contractor

D /
Debtor

A /
Negotiator

B /
Contractor

A /
Customer

B /
Competitor
Analyzer

request

Fig. 10.  A sequence diagram version of Fig. 9.

Given our notation for an agent playing a role and having a precise enough
definition of roles, we could construct a collaboration diagram that has the same
semantic content as a Dooley Graph.

5.3 Activity diagrams

Agent interaction protocols can sometimes require specifications with very clear
processing-thread semantics. The activity diagram expresses operations and the
events that trigger them. (For a more detailed treatment, see Odell’s description of
activity diagrams in [18].) The example in Fig. 11 depicts an order processing
protocol among several agents. Here, a Customer agent places an order. This
process results in an Order placed  event that triggers the Broker to place the order,
which is then accepted by an Electronic Commerce Network (ECN) agent. The ECN
can only associate an order with a quote when both the order and the market maker’s
quote has been accepted. Once this occurs, the Market Maker and the Broker are
concurrently notified that the trade has been competed. The activity diagram differs
from interaction diagrams because it provides an explicit thread of control. This is
particularly useful for complex interaction protocols that involve concurrent
processing.

Activity diagrams are similar in nature to colored Petri nets in several ways.
First, activity diagrams provide a graphical representation that makes it possible to
visualize processes simply, thereby facilitating the design and communication of
behavioral models. Second, activity diagrams can represent concurrent,
asynchronous processing. Lastly, they can express simultaneous communications
with several correspondents. The primary difference between the two approaches is
that activity diagrams are formally based on the extended state-machine model
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defined by UML [24]. Ferber’s BRIC formalism [8] extends Petri nets for agents-
based systems; this paper extends UML activity diagrams for the same purpose.

Customer Broker Market MakerECN

Place
Order

Process
Order

Create
QuoteAccept

Quote
Accept
Order

Match
Order and 
Quote

Close
OrderSettle

Order

Update
Quote

Fig. 11.  An activity diagram that depicts a stock sale protocol among several agents.

5.4 Statecharts

Another process-related UML diagram is the statechart. A statechart is a graph that
represents a state machine. States are represented as round-cornered rectangles,
while transitions are generally rendered by directed arcs that interconnect the states.
Figure 12 depicts an example of a statechart that governs an Order protocol. Here, if
a given Order is in a Requested  state, a supplier agent may commit to the
Requested negotiation—resulting in a transition to a Committed negotiation state.
Furthermore, this diagram indicates that an agent’s commit action may occur only if
the Order is in a Requested state. The Requested state has two other possible
actions besides the commit:  the supplier may refuse and the consumer may back
out. Notice that the supplier may refuse with the order in either the Proposed or the
Requested states.

The statechart is not commonly used to express interaction protocol because it is a
state-centric view, rather than an agent- or process-centered view. The agent-centric
view portrayed by interaction diagrams emphasizes the agent first and the interaction
second. The process-centric view emphasizes the process flow (by agent) first and
the resulting state change (i.e., event) second. The state-centric view emphasizes the
permissible states more prominently than the transition agent processing. The
primary strength of the statechart in agent interaction protocols is as a constraint
mechanism for the protocol. The statechart and its states are typically not
implemented directly as agents. However, an Order agent could embody the state-
transition constraints, thereby ensuring that the overall interaction protocol contraints
are met. Alternatively, the constraints could be embodied in the Supplier and
Customer roles played by the agents involved in the order process.
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A: request

B: 
B: ship

A: assert 

B: commit

A: assert 

B. renege

B: refuse
A: assert 

B: refuse

Open

Proposed Requested Committed

A: pay

A: assert 

Closed

Paid

Rejected

Aborted

Reneged

Shipped

Fig. 12.  A statechart indicating the valid states and transitions governing an Order protocol.

6 Level 3: Representing Internal Agent Processing

At the lowest level, specification of an agent protocol requires spelling out the
detailed processing that takes place within an agent in order to implement the
protocol. In a holarchic model, higher-level agents (holons) consist of aggregations
of lower-level agents. The internal behavior of a holon can thus be described using
any of the Level 2 representations recursively. In addition, state charts and activity
diagrams can also specify the internal processing of agents that are not aggregates, as
illustrated in this section.

completed

(Payment)(Invoice) 

Order
Accepted

Order
placed

Order
Close

Order
accepted

Order
assembled

Order
Ship

Order
shipped

Order

Payment
accepted

Order
Assembled

Customer

Place order

Completed  

Order Processor Invoice Sender Payment Receiver

Invoice request

Received payment

Invoice

Prepare
/send

Payment
Process

Fig. 13.  An activity diagram that specifies order processing behavior for an Order agent.
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6.1 Activity Diagrams

Figure 13 depicts the detailed processing that takes place within an Order
Processor agent. Here, a sequence diagram indicated that the agent's process is
triggered by a Place Order  CA and ends with an order completed  event. The
internal processing by the Order Processor  is expressed as an activity diagram,
where the Order Processor  accepts, assembles, ships, and closes the order. The
dotted operation boxes represent interfaces to processes carried out by external
agents—as also illustrated in the sequence diagram. For example, the diagram
indicates that when the order has been assembled, both Assemble Order  and
Prepare/send Invoice  actions are triggered concurrently. Furthermore, when both
the payment has been accepted and the order has been shipped, the Close Order
process can only then be invoked.

6.2 Statecharts

The internal processing of a single agent can also be expressed as statecharts. Figure 14
depicts the internal states and transitions for Order Processor, Invoice Sender, and
Payment Receiver agents. As with the activity diagram above, these agents interface with
each other—as indicated by the dashed lines. This intra-agent use of UML statecharts supports
Singh’s notion of agent skeletons [27].

Null

Accepted 

Assembled 

Order placed 
Accept  Order

Order cancelled 
Close Order 

Shipped 

[Order shipped & Order]
Close Order

Order Accepted
Assemble Order

Order assembled
Ship Order 

to
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Issuer

statechart

Closed 

from
Payment 
Receiver

statechart

Order cancelled 
Close Order 

Order
Processor

(a)

 Null

 Transmitted 

Paid 

Order assembled 
Prepare/send Invoice 

Customer pays   
Mark invoice paid 

 30 days after due date
Mark invoice overdue

from
Order 

Processor
statechart

Overdue 

 Null

 Received

Accepted

Payment made
Receive Payment

Unacceptable   
Payment received

 Rejected

Acceptable 
Payment received

to
Order 

Processor
statechart

Payment
Receiver

Reject Payment

Accept  Payment

Invoice Issuer

Customer pays 
Mark invoice paid 

(b) (c)

Figure 14. Statechart that specifies order processing behavior for the three agents.
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7 Conclusion

UML provides tools for specifying agent interaction protocols at multiple levels:

• specifying a protocol as a whole, as in [28];
•  expressing the interaction pattern among agents within a protocol, as in [1, 8,
21]; and

• the internal behavior of an agent, as in [27].
Some of these tools can be applied directly to agent-based systems by adopting
simple idioms and conventions. In other cases, we suggest several straightforward
UML extensions that support the additional functionality that agents offer over the
current UML version 1.4. Many of these proposed extensions are already being
considered by the OO community as useful extensions to OO development on UML
version 2.0. Furthermore, many of the AUML notions presented here were
developed and applied within the MoTiV-PTA projects [http://www.motiv.de/], an
agent-based realization of a personal travel assistant, supported by the German
Ministry of Technology.

Agent researchers can be gratified at the increasing attention that industrial and
business users are paying to their results. The transfer of these results to practical
application will be more rapid and accurate if the research community can
communicate its insights in forms consistent with modern industrial software
practice. AUML builds on the acknowledged success of UML in supporting
industrial-strength software engineering. The idioms and extensions proposed here
for AIP’s—as well as others that we are developing—are a contribution to this
objective.
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Abstract. This paper describes a methodology that is being developed for
designing and building agent-based systems for the domain of production
control. In particular, this paper deals with the steps that are involved in
identifying the agents and in specifying their responsibilities. The methodology
aims to be useable by engineers who have a background in production control
but who have no prior experience in agent technology. For this reason, the
methodology needs to be very prescriptive with respect to the agent-related
aspects of the design.

1 Introduction

Software agents are on the verge of becoming a key control technology for large-
series production control systems. With ever shorter product life-cycles, decreasing
product launch times, and increasing product variety, manufacturing processes must
provide more product flexibility and higher volume scalability while maintaining high
product quality and low manufacturing costs. Agent technology is well suited to
addressing the control aspects of these new manufacturing requirements [2]. As
autonomous decision-makers, agents are able to dynamically react to unforeseen
events, exploit different capabilities of components, and adapt flexibly to changes in
their environment. The ability of agents to adapt their behaviour at run-time reduces
the need for the designer to foresee all possible scenarios and changes that the system
will encounter: agents automatically adapt to changing products or varying volumes.

After more than a decade of research, the potential of agent technology has been
demonstrated in the context of large-series production. The DaimlerChrysler
prototype for manufacturing cylinder heads is controlled by a completely
decentralised agent-based system, which provides unprecedented flexibility and
scalability [3]. The system has been installed as a bypass to an existing transfer line
and was evaluated through exhaustive performance tests. The performance tests, as
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well as the on-going operation of the prototype, proved the industrial feasibility and
underlined the competitive advantage of agent-based control. The technology is now
ready to be exploited in industrial production.

The widespread use of agent-based control, however, will require software
engineering methods and tools that support the development of industrial-strength
control systems. Although we have some experience in the application of agent
technology to cylinder head production, the application of agent technology to
different production processes (such as engine assembly or car painting) will still
require a major engineering effort. Such an engineering effort has to move agents out
of the laboratory and into the planning teams designing manufacturing systems.
Planning engineers, however, usually have no degree in agent technology or artificial
intelligence. Therefore to make the technology accessible to them, agent-based
control must provide a methodology that includes all the agent-related design
rationales necessary to apply an agent-based approach to a manufacturing system.
These design rationales tell a software engineer with no prior experience in agent
development how to make agent-related design decisions. To this end, many software
design methodologies have been developed, including object-oriented and even agent-
oriented approaches (see [6,9] for an overview). But none of these methodologies is
applicable to the design of agent-based production control systems; they either
provide analysis models that are inappropriate for production control or else they lack
comprehensive design rationales.

The aim of our research work is therefore to extend the state-of-the-art by
proposing a methodology for the design of agent-based production control systems
that can be successfully applied by an engineer with no prior experience in agent
technology. To this end, the methodology should provide: (i) a model of the decision
making necessary in production control in order to enable the designer to directly
move from the domain to the agent-oriented design aspects; and (ii) a set of criteria
for the design of the agent-related aspects which guide the designer with no prior
agent-related experience. In this paper, we take the first significant step towards this
goal by proposing a design method for identifying the agents of a production control
system. The identification of agents is central to the methodology. It allows the
designer to move from pure domain concepts (such as production processes), to
agent-oriented concepts (such as agents and decision responsibilities). In addition, the
identification of agents provides the basis for all other subsequent design steps, such
as interaction design or agent programming.

The presentation of the design method for agent identification is organised as
follows. The remainder of this section introduces the notion of a methodology and the
basic concepts of production control. Section 2 briefly discusses why existing
methodologies are not sufficient for the design of agent-oriented production control
systems. Section 3 then gives an overview of the design method proposed, and
sections 4 and 5, respectively, describe the analysis and design steps of the method.
Section 6, finally, draws some conclusions.
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1.1 What is a methodology?

A methodology is a recipe that enables an engineer to find a solution to a specified set
of problems. It should be sufficiently precise to enable any engineer with a standard
education to successfully apply the recipe to a suitable problem, while at the same
time it should leave enough room for creativity. A methodology always consists of the
following components [8].

• A definition of the problem space to which the methodology is applicable.
• A set of models that represent different aspects of the problem domain or the

solution at different stages.
• A set of methods that transform instances of one model into another model.
• A set of procedural guidelines that define an order for the systematic application of

the methodological steps.

The application of a methodology starts with a problem statement and ends with a
solution to the problem. Methods and guidelines tell the designer how to go from the
problem statement to the solution. An agent-oriented design methodology for
production control is consequently a methodology that explains how to go from a
specification of a production control problem to an agent-oriented design of a control
system. However, for such a methodology to be widely used, the methodology must
provide all necessary methods and guidelines such that an engineer with only minimal
training and experience in agent development is able to successfully derive an agent-
oriented design. This is achieved if the concepts of the methodology are  intuitively
related to the relevant concepts of the problem domain and if the methodology
includes all the (agent-related) rationales necessary to derive the agent-oriented
design. In terms of the above definition of a methodology, this translates into the
following requirements.

Model appropriateness. The models of a methodology should be easily related to the
relevant concepts of the problem domain. The initial model should be based on
domain concepts and any new concepts should be put into relation to concepts
already introduced. This applies in particular to the introduction of agent-oriented
concepts.

Method prescriptiveness. The methods of the methodology should be prescriptive in
the sense that they define each step the designer has to go through, and for each
step clearly identify what the task of the designer is and – at least for any agent-
oriented aspect – explain how the task should be performed. The methods must
therefore clearly distinguish between domain and agent-oriented design reasoning.

As will be discussed in subsequent sections, the method for agent identification
presented in this paper fulfils the above requirements and can therefore be seen as a
first step towards an industrially relevant methodology for production control.

1.2 Production control

Production systems for discrete manufacturing usually consist of processing
components, such as machining or assembly stations, which are connected by a
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transportation system consisting of conveyor belts and switches (see Figure 1).
During the operation of the production system, work pieces associated with specific
jobs are fed into the production system, transported to the next station, processed by
the station, moved to the next station, processed again and so on until the work pieces
are finished and leave the system.

machining steps assembly steps

entrance exit

switch conveyor beltmachine

Fig. 1. Example production system.

For such a production system, the task of the control system is to assign jobs to
stations (resource allocation) and to manage the material flow (transportation
allocation). To date, the pre-dominant approaches to performing these tasks in
practice have been to create a schedule beforehand, which is then simply executed at
run-time by the local controllers of the production components. This approach works
well if actions are executed as planned, but fails completely otherwise. In case of a
disturbance, a controller is unable to execute its actions or has to postpone them.
Since production operations are optimised in order to maximise productivity and
minimise costs, resource capacities are fully utilised and buffer sizes are reduced to a
minimum. As a consequence, any deviation from the schedule quickly affects
neighbouring units resulting in a cascading effect of the disturbance. Since the
schedule-driven control does not support re-scheduling, the impact of a disturbance
on production cannot be constrained. As every real production system is regularly
affected by disturbances, production operations soon deviate from the production
schedule. It is even "proverbial among shop foremen that the schedules produced by
the front office are out of date the moment they hit the floor" [19, p. 303].

To overcome this limitation of the current approach, it is necessary to interleave
scheduling and execution, i.e., to enable the local controllers to autonomously
perform the resource and transportation allocation. With more autonomy, the local
controller is able to choose the right action in its current situation. As before, the
controller is triggered by a sensor signal indicating that an action is required. But in
contrast to the schedule-driven approach, the controller now has to first choose an
appropriate action. To achieve this, the controller must first determine the set of
possible actions that can be performed in this situation (referred to as the decision
space). The controller then collects all decision-relevant information (the decision
input), and finally chooses an action according to a decision rule that evaluates the
different alternatives with respect to their goal achievement (see Figure 2). During
this decision process, the controller may interact with other controllers if necessary.
Once the decision has been made, the controller can initiate the action and monitor the
execution just as in the schedule-driven approach.
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control decision
(decision space)

 sense trigger

decision input

decision rule

production process

initiate action

interaction

Fig. 2. Abstract model of control decisions.

This abstract model of a control decision is an obvious starting point of any design
methodology for production control, since it describes the basic task of the controller
and how it interfaces with the production process.

2 Related Work

With the shift from laboratory to industrial applications, it has become increasingly
apparent that existing methodologies, such as purely object-oriented approaches, are
insufficient to capture the key features of agent-based systems [1,14]. This experience
has led to the development of distinctively agent-oriented design methodologies over
the last few years. Most agent-oriented methodologies have been extensions of
existing methodologies, in particular knowledge-oriented and object-oriented
approaches. Only recently have methodologies based on purely agent-oriented
concepts been proposed.

The knowledge-oriented methodologies proposed for designing agent-based
systems are extensions of the knowledge-engineering methodology CommonKADS
[22], to which agent-oriented concepts are added. The CoMoMAS methodology [7]
extends CommonKADS by adding a social analysis model, identifying social
competencies of agents in terms of goals, intentions, and roles; and a co-operative
analysis model, modeling co-operation and conflict resolution methods. MAS-
CommonKADS [10] also extends CommonKADS by adding an agent, a co-
ordination, and an organisation model. Because of the underlying knowledge-
engineering approach, however, both methodologies view an agent system as a
problem solving system decomposing the system task into subtasks. In this way they
identify agents on the basis of task hierarchies and knowledge requirements. This
model is inappropriate for the decision-centric view of production control.

Several agent-oriented approaches have been inspired by object-oriented
approaches, such as OMT [21] and OOSE [11]. The methodology of Kendall,
Malkoun and Jiang [12] for manufacturing applications, for instance, creates first an
object-oriented and a manufacturing model of the system to be designed, and then
identifies agents in these two models. However, even though Kendall et al. view an
agent as an autonomous decision maker, their methodology identifies agents (in both
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models) on the basis of their activeness, that is, whether a component pro-actively
performs or initiates an operation. Activeness, though, is also a property of conveyor
belts or lifts, which actively move work pieces, but which do not decide whether or
not to act. The activeness criterion can therefore identify as agents some entities that
are not autonomous decision makers. This critique also applies to the methodology of
Burmeister [1], which solely relies on object-oriented techniques to identify agents.

The limitations of methodologies that are based on concepts from other fields have
led to the development of methodologies that are purely (or mostly) based on agent-
oriented concepts. The dominant agent-oriented concept used is that of a role. Kendall
[13] defines a role as an abstraction of agent behaviour modelled in terms of
responsibilities, possible collaborators, required expertise, and co-operation
mechanisms used. The most important advantage of the concept of a role is that it can
be freely assign and reassigned to agents, as long as the agent assigned to the role
fulfils the role’s requirements. Role-based methodologies, e.g., [5,14,15,17,18,23], use
this abstraction to create a model of system behaviour, and then identify agents by
mapping the roles to agent instances. The Gaia methodology [23], for instance,
aggregates roles into agent types and instantiates as many agents as necessary in a
given scenario.

Most role-based methodologies, however, require that the designer is able to
directly identify the roles in an application. However, this is not possible in
production control. A requirements specification of a production control system
consists only of a description of the physical components of a production system and
the production goals to be achieved. The specification of the physical components, in
turn, only describes a sensor and actuator interface to each component. To identify
roles in a specific production application, it is therefore necessary to derive an
understanding of the required control process first. None of the methodologies,
however, explain how the decision making should be modelled or combined to form
roles. For production control, it is therefore necessary to extend these methodologies
by a preceding analysis step that derives roles from the production control problem.

Parunak, Sauter, and Clark [20] take a different approach to building multi-agent
systems. They view a multi-agent system as consisting of many simple, interacting
agents which exhibit social coherence. In their methodology, Parunak et al. base the
identification of agents on a linguistic case analysis of the problem description. As
with the criterion of activeness, a linguistic case analysis may identify agents that
have no decisions to make, such as conveyor belts or lifts. Even the level of
abstraction is pre-determined by the system description. If the description speaks of
spindle, machining space, positioning and tools to describe the processing of work
pieces, a machine agent cannot be identified, even though such a level of abstraction
is more appropriate in many cases. Parunak et al. try to reduce the risk of identifying
inappropriate agents by providing a set of pre-defined agent types, such as unit,
resource, manager, part, customer and supplier agents. However, it is not clear
whether this pre-defined set is appropriate for all manufacturing applications or which
subtypes should be identified in one category. An agent-based production control
system will certainly have resource agents, but the pre-defined set of agent types does
not prescribe how the different resources should be assigned to agents. Finally,
Parunak et al. discuss principles for validating candidate agents that are useful and
relevant. Such principles include identifying things not functions, identifying small
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agents, and determining where there is decentralisation. Given our experience in this
area, however, these principles are not sufficiently prescriptive to guide a designer in
identifying agents.

To summarise, there is currently no methodology for the design of an agent-based
production control system that satisfies the requirements stated in section 1.1. First of
all, most methodologies provide analysis models unsuitable for representing the
problem domain, i.e., to model the decision making necessary to control a production
process. Second, nearly all methodologies provide criteria for agent identification that
lead to an inappropriate set of agents for production control. It is therefore necessary
to extend existing design methodologies by developing a design method that captures
decision-making in its models and provides a comprehensive list of criteria for
identifying agents. Such a design method could be used, for example, to identify
(decision-based) roles of a production control application as required by the role-
based methodologies.

3 Overview of the Design Method

The design method proposed in this paper identifies the agents necessary to control a
given production process. The design method consists of two main steps: an analysis
step and an identification step. The analysis step creates a decision-based model of the
control task that contains all the decisions necessary to control the production process.
On the basis of this model, the identification step assesses the suitability of an agent-
based approach and identifies the agents of the system. The result of the method is a
list of agents and their associated decision responsibilities.

This section gives an overview of the design method. It specifies the design input,
as well as the design output, and outlines the two main steps of the method. The
subsequent sections then present each step of the method. This section also defines a
simple production system, which will be used to illustrate the design method.

3.1 Design input

The input to the design method is a requirements specification of the production
control problem. It must consist of two parts:

1. A specification of the (physical) production system to be controlled.
2. A specification of the production operation conditions and production goals.

The first part specifies the (mechanical) components of the production system and
their arrangement on the factory floor. Furthermore, the specification defines for each
component its physical behaviour and, optionally, its control interface. The control
interface provides information about the status of the production component to the
control system (through sensors) and allows actions to be executed by the component
(through actuators). Examples of components are machines, assembly stations,
conveyor belts, lifts, transportation switches, and buffers.
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Example. Throughout this paper, the following simple production system will be
used to illustrate the design method. This simple production system consists of
one loading unit, several transportation switches, two flexible machining stations,
one unloading unit, and several conveyor belts (see Figure 3). The flexible
machines are able to process a wide range of products. Their capabilities are
overlapping, but not identical.

loading
unit

machining
station

unloading
unit

S2

S1

S3

S4

M1

M2

Fig. 3. Simple production system example.

The loading unit puts work pieces on the first conveyor belt as prescribed by the
order input stream. The transportation switches distribute the work pieces onto the
two machines. The machines process the work pieces if they have the requested
capabilities. A work piece may only enter a machine if operations requested by the
work piece are a subset of the machine’s capabilities. After processing, the work
pieces are moved to the unloading unit.

The second part of the problem specification defines conditions and goals for the
production process. The operation conditions specify the order mix fed into the
production system and the spectrum of possible changes and disturbances to the
production system during operation. Disturbances are unanticipated breakdowns of
components, while changes are induced by the production management and may
affect components or the input of the production system. The specification of the
production goals describes the expected behaviour of the production system under the
specified conditions. Examples of production goals are maximal throughput, minimal
investment costs, flexibility with respect to component or order changes, robustness
with respect to mechanical or control failures, volume scalability, and
reconfigurability of components.

Example. The input stream of the simple production example is an arbitrary mix of
different products to be produced. Changes to the production process are not
expected and the only possible disturbances are sudden breakdowns of machining
stations. The goal of the simple production system is to maximise the throughput
and to be robust against station failures.

3.2 Design output

The output of the design method is a list of the agents necessary to control the
production system specified. Each agent is defined by the decision tasks for which it
is responsible. Furthermore, the method specifies any dependencies between any
decision tasks of different agents.
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The list of agents defines the global structure of the agent-based control system. It
serves as the basis for further design steps specifying the interactions or the agent
reasoning (these subsequent steps are not dealt with in this paper).

3.3 Design steps

The design method prescribes two major steps in order to go from the design input to
the desired design output.

1. Analysis of decision making – The decisions necessary during the control process
are identified and analysed. The result of this step specifies the constraints that any
control system supposed to achieve the production goals must satisfy.

2. Identification of agents – The overall structure of the agent-based system is
designed. In particular, this step identifies the agents of the system, the decisions
for which they are responsible, and the need for interactions between the agents.

Each step of the design method is described in the following sections; section 4
describes the analysis of the decision making, and section 5 presents the agent
identification method.

4 Analysis of the Decision Making

The aim of the analysis phase is to develop a model of the control task that can be
used as a basis for the identification of the control agents. To achieve this, the analysis
step must model the decision making of the control process. A control system controls
a production system by monitoring the production process through sensors and by
commanding actions to be executed by the actuators of the production components.
Because of the discrete nature of most production systems, the operation to be
executed by a component can be chosen from a discrete set of possible operations (cf.
section 1.2). The analysis step therefore derives decision tasks and decision
constraints from the specification of the production control problem and creates a
decision model consisting of a set of decision tasks and dependency relations between
them. The resulting decision model then serves as a basis for the subsequent design
steps.

However, the decision model should only include those decision tasks and
constraints that all solutions to the control problem must make or satisfy. Imposing
tasks or constraints that do not apply to all potential solutions would limit the space of
possibilities in the subsequent design steps and could lead to sub-optimal design
decisions. Tasks and constraints that apply to all solutions, though, do not fully
determine the control process. The decision model therefore has to be completed in a
later design step in order to represent a full control strategy that is capable of
achieving the production goals.

The analysis is performed in three steps. First, all decisions at the control interface
which any control system has to make in order for the production process to advance
are collected. These decisions are called effectoric because of their immediate
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execution by an actuator. Although a control system can make (preparatory) decisions
that are not immediately executed by a component, any decision must eventually
influence an effectoric decision in order to become effective in the production
process. It is therefore appropriate to start the analysis with the effectoric decisions.
Second, the possible dependencies between control decisions are identified and
modelled in a dependency diagram. Third, the decision dependencies are classified
with respect to their importance for the production goals and their intensity during
operation.

4.1 Identification of effectoric decisions

Effectoric decisions can be identified by looking at the possible choices a component
has for its behaviour. There must be more than one alternative in order to require a
real decision.

Example. Transportation switch S1 has two alternatives for any work piece reaching
it; move the work piece to machine M1 or to the switch S2. Transportation switch
S2 has no choice. Theoretically, the switch could delay transportation, but there is
no reason to do so. Practically, therefore, switch S 2 has no choice but to allow the
work piece to proceed immediately.

Each identified decision task is characterised according to the following pre-defined
schema (Table 1). The parameters of a decision task characterise the subject and
object of the decision, i.e., who is deciding about whom; in other words, who
performs the action and who is affected by the action. The trigger slot specifies the
situation in which the decision becomes necessary. The decision space represents the
set of possible choices the component has in that particular situation. Finally, a unique
identifier for the decision task facilitates later reference.

Slot Description

id unique identifier

params subject and object of decision

trigger situation that triggers decision

decision space set of possible choices

Table 1. Schema for effectoric decisions.

Example. In the case of switch S1, a decision is required every time a work piece
reaches the switch (the switch is the subject and the work piece the object) (see
table 2). The switch must then choose one of the two possible exits and transfer
the work piece to this exit. This decision has to be made immediately in order not
to block the entry. Note that in this particular case, the switch can make its
decision earlier if it anticipates a work piece. The trigger is simply the latest
possible moment to make the decision.
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Slot Description

id #2

params switch S1, work piece

trigger work piece at entry

decision space {left, right}

Table 2. Example effectoric decision at switch S1.

The set of decision tasks can be represented in a trigger diagram where arrows
indicate the temporal sequence of the decisions. An arrow expresses the fact that the
physical action enacted because of the first decision eventually or necessarily leads to
a situation triggering the second decision. The arrows thus identify all possible causal
relationships between decision tasks.

Example. Any decision taken at switch S1 leads to a decision about how to process
the work piece at one of the two succeeding machines (because the work piece
will either arrive at machine M1 or (via switch S2) at machine M2). In the decision
diagram there is therefore one arrow from the decision task of the switch S1 to the
decision task of machine M1 and one to the decision task of machine M2 (see
Figure 4).

load wp
proceed at
switch S1

process at
machine M1

process at
machine M2

decision task

physical flow

Fig. 4. The trigger diagram for the simple production system.

The trigger diagram illustrates the temporal sequence of decisions (as they are
triggered by the physical process) and it can be used as a visual aid in the following
analysis (and design) steps.

4.2 Identification of decision dependencies

As stated, the decision model only covers the purely local aspects of a decision. It
specifies the situation at the component that triggers the decision and lists the possible
reactions of which the component is capable. But it does not specify how to react, i.e.,
which action to choose. How to decide in a particular situation is determined by the
decision rule (cf. section 1.2).
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Example. Transportation switch S1 has to choose one of the exits for each work piece
at its entry. Which exit it chooses is irrelevant to the switch. It can move a work
piece equally well to either of the exits (as long as they are both free). From the
point of view of system performance, however, it is by no means irrelevant onto
which exit a work piece is moved. First of all, a work piece may only be moved to
a machine that is able to process it. Secondly, the switch determines the
distribution of work pieces onto the machines and thus influences the workload on
each machine.

A decision task is called dependent on another decision if the former cannot be made
(optimally) without some kind of interaction with the latter. Two (or more) decision
tasks are called dependent (on each other) if one decision task depends on the other
and vice versa. Several researchers have looked at different types of dependencies
between tasks in order to derive necessary interactions (e.g., [4,16,25]). For the
following analysis, though, it is sufficient to detect that there is some kind of
dependency between two decision tasks.

In this domain, the identification of dependencies is usually straightforward (as in
the previous example). Many dependencies can be identified simply by studying the
trigger diagram since this represents (most of) the effects of the decisions in the
production process. Other dependencies can be identified by studying the related
decision parameters of the decision tasks. If two tasks refer to the same parameters, it
is likely that their decisions will be dependent. In the working example, for instance,
the transportation switch and the machine both make decisions about the same work
piece and are consequently linked in some way. In some cases, however, it can be
quite difficult to identify and prove the dependence between decision tasks.
Nevertheless, it is assumed that the designer is able (with acceptable effort) to identify
all relevant dependencies in the given production system.

The set of dependencies can also be represented in a diagram. A dependency arrow
spans from one decision task to another if and only if the former is dependent on the
latter. A dependency arrow is double-headed if and only if the decision tasks are
mutually dependent. Dependencies between more than two decision tasks are
represented by an arrow with more than one head (on each side).

Example. The decision of a transportation switch to move a work piece onto a
specific exit is highly dependent on the decision with respect to how to process a
work piece at a machine. As already pointed out, a work piece should only
proceed to a machine at which it can be processed. It is therefore necessary to
decide which machine is able and willing to process this work piece before the
work piece can proceed to the switch. The decision about which operations to
apply to the work piece can be delayed until the entry of the work piece into the
machine, but the choice of a suitable machine must be made beforehand.
Consequently, the decision at switch S1 is dependent on the decision whether to
process the work piece either at machine M1 or machine M2 (see Figure 5).
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Fig. 5. The dependency diagram for the simple production system.

4.3 Classification of decision dependencies

Each dependency identified in the decision model is characterised quantitatively
according to its intensity and its importance. This allows subsequent design steps to
uniformly assess the required interactions between decision tasks. The intensity of a
dependency indicates how intense an interaction has to be in order to cope with a
dependency. The importance of a dependency tells the designer whether it is
necessary to cope with the dependency at all.

Intensity: The intensity of a dependency is uniformly characterised by the degree of
the required interaction. The degree of a dependency measures the percentage of a
decision space that is affected by the dependency. A choice taken from the affected
decision space without interaction with the other decision tasks will affect the system
performance.

Example. The transportation switch is fully affected by the dependencies. It can only
choose an exit, if the next machine has also been determined. The machines, on
the other hand, are only partly affected. They can still decide how to process the
work piece once it has reached the machine entry. However, a machine must
decide whether or not to process a work piece before the work piece leaves a
switch.

Importance: The importance of a dependency can be rated from 0 to 1 by the
consequences on the system performance if the dependency is ignored during the
control process. If the consequences lead to the non-performance of the production
system, the importance is set to 1. If no consequences can be detected, the importance
is 0. In between, it is up to the designer to assign an appropriate value. Ideally, the
importance measure should be directly linked to a significant performance value (e.g.,
throughput).

Example. All dependencies are important because ignoring any of them would lead to
non-performance as soon as a work piece reaches a machine that cannot process it.
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4.4 Output of analysis phase

The result of the analysis is a decision model of the production control tasks. The
decision model consists of four parts:

• a list of all decision tasks;
• a trigger diagram;
• a dependency diagram; and
• a classification of each dependency.

The decision model contains all the decisions that any control system must make in
order to solve the control problem. However this model is incomplete in the sense that
it fails to represent a full control strategy. The missing information has to be
completed in subsequent design steps.

5 Identification of the Agents

After analysing the decision making, it is possible to start the design process by
identifying the agents of the control system. The agents have to be identified first as
they are the basic building blocks of an agent-based control system; they define the
overall architecture of the system. Interactions can only be defined by specifying
which agent is interacting with which other. At the same time, however, the system
architecture also restricts the set of possible interactions, since it specifies the set of
agents existing in the control system. It is therefore crucial to identify a set of agents
that optimally supports the task of achieving the production goals.

Here an agent is viewed as an interacting decision maker that is able to pro-actively
achieve its goals while it is adapting to its dynamic environment. Consequently, it is
straightforward to identify an agent by assigning it a set of tasks from the decision
model for which it will be solely responsible. Unfortunately, not every assignment of
agents to decision tasks will lead to a well-defined agent-based system. For example,
if two agents are each responsible for controlling the same actuator, the agents are not
fully autonomous (in their behaviour). Only one agent may have full control over the
actuator, while the other must request the controlling agent to execute the desired
action. Moreover, not every decision network is equally suitable for agent
identification. The analysis focused on the decision aspects and deliberately did not
take into account any criteria for structuring an agent-based system. It must therefore
be possible to reorganise the decision network isomorphically (i.e., without changing
the semantics of the decision process) such that it becomes more suitable for agent
identification. To this end, section 5.2 describes allowable operations on the decision
network.

But even after a substantial reorganisation of the decision network according to
agent-oriented criteria, it may still be impossible to identify agents simply because an
agent-based approach is inappropriate for the given control problem. Section 5.3
therefore lists necessary criteria on the decision network that helps assess the
suitability of an agent-based approach. If a decision network fails to meet (most of)
the criteria, an agent-based approach is not appropriate and the (agent-oriented)
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design process should terminate. If, on the other hand, the applicability of the agent-
based approach is confirmed, the assignment of decision tasks to agents can begin.
This assignment process is described in section 5.4.

The very first step, however, is to complete the decision network. The analysis
only includes those decision tasks in the decision model that all solutions to the
control problem must make (cf. section 4). As a consequence, though, the decision
model is incomplete. Section 5.1 therefore adds the missing decision aspects such that
the completed decision model represents a full control strategy capable of achieving
the production goals.

5.1 Completion of the decision network

The decision network is incomplete if any of the decision tasks are not fully specified.
According to the decision making model described in section 1.2, a decision task
consists of

1. a trigger, specifying the situation that activates the decision;
2. the decision space, specifying the set of possible choices;
3. the decision input, specifying the information necessary to make a decision; and
4. the decision rule, specifying how to make a decision (based on the decision input).

During the analysis process, the designer is only obliged to specify the trigger and the
decision space of a decision task. All other slots may be left unspecified. At this point
of the design process, however, the decision model must be completed such that all
mandatory slots are fully specified. It is therefore necessary to fill in the decision
input and decision rule slots (if they have not been specified so far). This can be done
in two ways:

1. The decision input only refers to information that can be provided by the sensors of
the production system, and the decision rule specifies how to make the decision
based on this information.

2. The decision input refers to sensory information and to the results of other
decisions that will be used as a basis for the decision rule to make its decision.

The second option allows additional decision tasks to be introduced that prepare
effectoric decisions. The effectoric decision tasks use the non-effectoric decisions to
simplify their own computation. Usually, these decisions cover decision aspects that
are common to several decision tasks and thus they increase the overall modularity of
the decision process.

Example. The decision task of transportation switch S1 can be greatly simplified if
the next machine is chosen before the work piece reaches the switch S1 (see Figure
6). Based on this abstract decision, the switch can immediately decide whether the
work piece must be moved onto the left or right exit. The corresponding
dependency diagram is shown in Figure 7.

Non-effectoric decisions can themselves use other decisions to prepare their own
decision, leading to an arbitrary hierarchy of decisions. The depth of this hierarchy
depends on the complexity of the decision process. The introduction of new decision
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tasks, of course, requires that the dependency diagram is updated, and is eventually
extended by any new dependencies.

load wp

proceed at
switch S1

process at
machine M1

process at
machine M2

decision task

physical flow

information flow

choose
next machine

Fig. 6. Introduction of abstract decision Choose next machine.

It should be noted that the process of completing the decision model is non-trivial.
The decision model must be completed in such a way that the resulting decision
making process achieves the production goals. In particular, the decision tasks must
take into account the different dependencies that were identified in the analysis phase.
The development of a control strategy, however, depends strongly on the kind of
production process to be controlled and is therefore application-dependent. It is
assumed that the designer is able to find a control strategy that is capable of achieving
the production goals under the specified operation conditions.

load wp

proceed at
switch S1

process at
machine M1

process at
machine M2

decision task

physical flow

information flow

dependency

choose
next machine

Fig. 7. The extended dependency diagram.

5.2 Operations on the decision network

The decision network is developed in the analysis phase without any consideration of
criteria for structuring an agent-based system. It may therefore be difficult to identify
agents on the basis of this representation of the decision process. This section presents
a set of allowable operations on the decision network that improve the representation
of the decision process, but leave its semantics unchanged. That is, the modified
decision network executes the same control command as the original one and
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consequently achieves the same goal satisfaction as the first. In this regard, the
original and the modified decision models are isomorphic.

A decision network is unsuitable for the identification of agents if – according to
the criteria for a well-formed agent-based system – a decision task must be assigned
to different agents. Such a situation is not permissible because it violates the
autonomy and integrity of an agent. In such cases the decision task must be split into
different aspects of the original decision that of course share a strong dependency.
The different aspects may then be assigned to different agents. There are two ways to
split a decision task:

• divide splits a decision task into independent aspects of the decision that are
considered in parallel (see Figure 8). Each new decision task has the same decision
space, but different criteria for making the decision.

Fig. 8. The divide operation.

• expand splits a single decision task into subsequent decision (sub)tasks. The
result of one decision is the input to another decision task (see Figure 9). Except
for the last, every decision subtask formally requires a new decision space and a
new decision rule.

Fig. 9. The expand operation.

After each operation, the dependency links must be adjusted accordingly. After a
split, a new decision task must inherit any dependency link if the dependency applies
to its (sub)task. Each dependency link must be inherited by at least one (sub)task.
Additionally, any dependencies between the newly introduced decision tasks must be
identified and characterised according to the schema described in section 4.3.

The operations described above may be applied in subsequent design steps in order
to make the decision network more suitable for agent identification.

5.3 Assessment of the suitability of an agent-oriented approach

Before the actual identification of the agents can start, it is necessary to assess
whether an agent-based approach is appropriate to the specific production control
problem. Not every control problem is appropriate for an agent-based, or even a
distributed, approach. A control problem must fulfil several criteria in order to be
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appropriate. These criteria do not guarantee that an agent-based approach will be
successful, or that it is better than other approaches. However the criteria do rule out
applications that are obviously inappropriate.

For an agent-oriented approach to be adequate, the decision network must fulfil
three conditions:

1. There are multiple decision tasks.
An agent-based system is always distributed (at least logically). If there is only one
decision task, the decision process cannot be distributed. This condition is
therefore mandatory.

2. The decision process is dynamic.
A control system that has to make all decisions at once cannot make use of the full
power of agent technology. However, this does not rule out the use of agents. The
condition is therefore optional. If it is fulfilled, it supports the agent case.

3. The decisions are at least partly independent.
If the decisions are all highly dependent on each other, it is difficult to see how the
decision process could be distributed. Every decision task would communicate
heavily with every other decision task. This condition is therefore mandatory.
However, the condition is not "black and white". No application has purely
dependent or purely independent decision tasks. How much dependence is
acceptable depends on the particular agent techniques used and is therefore
ultimately left to the designer.

If the decision network scores low on the above conditions, the designer may still be
able to transform the decision network into a more suitable form by using the
allowable operations described in section 5.2. If, after extensive improvements, the
decision network still scores low on the above conditions, the control system should
not be developed as a (pure) agent-based system. This does not imply that it is
impossible to use an agent-based approach. Rather it only suggests that the designer
should reflect very carefully about what other (possibly application-dependent)
reasons are in favour of agent technology and why it is not more appropriate to use
other approaches.

Example. Despite its simplicity, the simple production example scores high on the
necessary conditions. First, the decision network has more than one decision task.
Second, the decision process is dynamic. There is a constant flow of (different)
work pieces into the system that must be distributed to the machines depending on
their current availability. Third, the decision tasks are partly independent, even
though they all relate to the same task: distributing work pieces onto two
machines.

5.4 Clustering of decision tasks

After confirming the applicability of agent technology to the given control problem,
the agents of the production control system can finally be identified. Here an agent is
identified by creating a cluster of decision tasks for which the agent is solely
responsible. Since every decision task should be assigned to an agent, the
identification of agents is essentially a problem of partitioning the decision network.
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However, in order to create a well-formed agent-based system, the resulting clusters
should fulfil the following two modularity criteria (cf. also [24]):

1. The decision tasks of a cluster should be coherent.
2. There should be no strong coupling (dependence) between any two clusters.

Strong cohesion and low coupling for clusters of decision tasks can be achieved in
three ways:

• interface cohesion
All decision tasks in one cluster access the same sensors and effectors, whereas
decision tasks in different clusters do not access the same physical interface.

• responsibility cohesion
The responsibility for a local state of a production object (e.g., a machine or work
piece) is assigned to at most one cluster. Decision tasks in another cluster may not
directly alter this state.

• low interactive coupling
There is no strong coupling (i.e., dependence) between the decision tasks of
different clusters.

Note that the above criteria can be in conflict. It is a design decision to resolve a
conflict by preferring one particular criterion. Moreover, it may not be possible to
cluster the decision network created in the analysis phase according to any of the
above criteria. In such cases, the network first has to be transformed by the operations
described in section 5.2 before the clustering can be performed successfully.

Once the decision network has a suitable form for clustering, the following
strategies can be employed to cluster the decision model:

• Interface clustering
Cluster decision tasks that access the same physical interfaces. Several interfaces
may end up in one cluster, but an interface should never belong to more than one
cluster. In case of a conflict, a decision task can be split and the sub-decisions
assigned to different clusters.

• Data / State clustering
Cluster decision tasks which access and change the same logical data or status of
the production system (e.g., the work piece status).

• Dependence clustering
Cluster decision tasks which have a strong dependence.

• No bottleneck clustering
Distribute decision tasks such that the system has no bottlenecks.

Example. In the decision model of the simple production system, agents can be
identified in a straightforward fashion. First of all, a switch agent and a machine
agent are associated with each switch or machine respectively and they become
responsible for the decision task associated with the particular component.
Likewise, a loading agent is assigned to the loader and its decision task. All these
agents are static.

The decision task choose next machine, though, is not directly associated with a
single component. It involves all possible machines and the work piece that is
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supposed to be processed. This decision task is therefore divided into several
aspects: A decision aspect for each machine and one for the work piece. The work
piece agent responsible for this decision task is created by the loading agent when
the corresponding work piece is put on the first conveyor belt. This work piece
agent then interacts with the machine agents in order to choose the next machine
and informs the switch agent of switch S1 about the next goal machine.

As with the modularity criteria, the above strategies can be in conflict too. Again it is
a design decision about which strategy should be preferred when there is a conflict.

Clustering strategies (in combination with the allowable operations) are applied to
the decision network until a satisfactory partitioning has been found. Even though the
modularity criteria indicate the quality of the partitioning, it is ultimately left to the
designer to decide whether the achieved quality is sufficient.

5.5 Output of the agent identification phase

The results of the first design step are twofold. First of all, an assessment of the
decision model created in the analysis phase indicates the suitability of an agent-
oriented approach to the particular production control problem. Secondly, in cases
where the suitability is confirmed, the design step identifies a list of agents, each
associated with a subset of the decision tasks. The agents are solely responsible for
the execution of their decision tasks, but depend on other agents whenever decision
dependencies exist between decision tasks that are assigned to different agents.

6 Conclusions and Future Work

This paper has presented a design method for the identification of agents in
production control systems. The design method consists of two main steps. First, the
decision making necessary to control the given production system is analysed. This
step identifies the decisions necessary to achieve the production goals and the
dependencies between these decisions. Second, the necessary agents to control the
production system are identified. This step transforms the decision network into a
more suitable form for an agent-oriented approach, assesses the appropriateness of an
agent-oriented approach and identifies the agents as well as the required interactions.
The result of the method is a set of agents associated with control responsibilities and
dependencies.

The proposed design method fulfils the requirements put forward in section 1.1.
First of all, the design process is based on models that are appropriate for production
control. The analysis model is centered on the concept of control decisions that are
central to the problem of controlling a production process. Likewise, decision
dependencies are derived by relating this notion to the effects on the production
performance. Finally, agents are identified by clustering decision tasks. Second, the
design method is prescriptive with respect to its agent-related aspects. The analysis
step clearly defines which information to provide in the analysis model. The design
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step provides criteria for re-organising and clustering the decision network in order to
identify agents. Finally, the design method provides criteria for assessing the
suitability of an agent-oriented approach for the given production control problem. In
summary, the design method fulfils both requirements put forward in section 1.1.
Thus it allows an engineer with no prior experience in agent technology to
successfully apply the design method to a production control problem.

The next stage of this work is to complete the design method by dealing with the
interactions that occur between the agents. These interactions stem from the
dependencies that exist between the agents’ decision making responsibilities. To this
end, many interaction formalisms and design approaches have been proposed to date.
However none of these approaches addresses the question of how protocols are
derived from a problem description.
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Abstract .  Due to their autonomy and social behavior, agents will play
important roles in future emerging enterprises.  They will fill key positions and
provide essential capabilities.  We propose role modelling as a software
engineering technique for specifying, analyzing, and designing systems on the
basis of the roles that the agents will play.        Our approach builds on our
earlier research in patterns [4, 5] of agent systems.  Object-oriented role models
can be extended to represent patterns of agent interaction that can then be
employed to engineer agent systems.

1  Role Models in Object-oriented Software Engineering

In object-oriented software engineering, a role model identifies and describes a
structure of interacting objects [1, 7, 11].  Often the structure is archetypal or
recurring.  The description is comprised of roles.  A role defines a position and a set
of responsibilities within a role model; roles are assigned to objects in an application.
The responsibilities in a role are made up of services and tasks.  The services are
externally accessible, through an interface; tasks yield results that are utilised within
the role itself.  A role has collaborators; these are other roles that it interacts with.
     A role model representation of a pattern of interaction is shown in Figure 1, where
a rounded box is a role, and the solid arrows indicate collaboration paths between the
roles.  The direction of the arrow represents the direction of messaging, and the solid
circle on the link from the Mediator to the Colleague indicates that there is more than
one Colleague.    As can be seen from Figure 1, the Colleague roles do not interact
directly with each other.  All collaboration occurs through the Mediator role.
     Once a role model has been captured, it can be instantiated, as needed, in any
application.   The five object instances in the enterprise application (shown as
rectangles in the bottom half of Figure 1) can be assigned to play the various roles, as
indicated by the dashed arrows.
     The full semantics of the role model for the Mediator pattern can be detailed in
additional views and notation that are provided in [1]. The important distinction
between a UML collaboration diagram and the role model in Figure 1 is that the role
model is an abstraction; the instance collaboration diagram is merely an instantiation
of it.
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Client Mediator Colleague

Role Model

Objects in the Application

aCustomer

anAssembly

aPlantManager aQA

aRepairShop

Figure 1:. Role Model for the Mediator Pattern and Role Assignments

2  Role Models of Agent Systems

2.1  Overview

Over the last few years, we have completed research in how object-oriented
techniques can be utilised and extended for agents systems [4-7].  We feel that role
modelling offers a promising approach for agent analysis and design because of the
following [7]:
• Social: The emphasis is on social or interactive behavior
• Proactive: Roles in a role model can work together to accomplish a goal.
• Reuse:  Roles may move shared representations for agents from the data or

ontology level up to the collaboration and interface levels.
• Patterns:  Role models are reoccurring or archetypical structures of interacting

objects or elements; they are patterns that should be documented and transferred.
• Unified Model:  Role models provide a new abstraction that can unify diverse

aspects of an agent system.  For example, facets of an agent's expertise, such as
its generic tasks, can be described more easily with role models than with an
object model.   Also, agents, objects, and people can play roles.

• Partitioning Agent Behavior:  Roles have been used to partition an object's
behavior [12].  Barbuceanu [2] partitions an agent's beliefs, goals, and behavior
according to the roles that it plays to facilitate context switching and to
decompose sophisticated agent behavior.  

• Design:  Role model synergy or synthesis, which involves integrating roles, is
valuable for agent design.

• Implementation:   There are several object oriented design patterns for roles [7].
• Role Dynamics:  Role models are not static; they can have various forms

of dynamic behavior.   Role model dynamics may be valuable for modelling
mobility, adaptive behavior, context switching, and other aspects of agent
systems.

• Documentation:  Roles and role models provide documentation for agent patterns
and frameworks that is independent of the implementation.
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     Object roles have the facets or dimensions listed in Table 1.

Table 1.  Facets of an Object Role

role model    context
responsibilities    services, tasks
collaborators    roles it interacts with
external interfaces    access to services
relationships to other roles      aggregation, generalization,

   refinement, role sequences

     As agents are extensions of  objects, they encompass all the features that objects
have, adding autonomous, proactive, social, reactive, and intelligent behavior (Table
2).

Table 2.  Facets of an Agent Role

role model   context
responsibilities    services, tasks, goals, obligations,

   interdictions
collaborators    roles it interacts with
external interfaces    access to services
relationships to other roles    aggregation, specialization,

   generalization, role sequences
expertise    ontology, inferencing, problem solving

   knowledge
coordination and negotiation   protocol, conflict resolution, knowledge

   of why other roles are related,
   permissions

other    resources, learning/ adaptability

2.2  Example Agent Role Model:  Supply Chain with Service Provisioning

A supply chain is a common pattern of collaboration for agents [2].    A supply chain
is comprised of suppliers and consumers.  The head of the supply chain is only a
consumer, while the tail is only a supplier.   An internal link in the chain must be both
a consumer and a supplier.  A consumer can have many suppliers, but a supplier
usually only has one consumer in a given supply chain.    (The supplier will typically
be involved in several supply chains, however.)
     We have represented the Supply Chain pattern of interaction in terms of role
models.   At the highest level, a Supply Chain is made up of three roles:  Supply Chain
(SC) Head, SC Tail, and SC Participants.  The relationships between the links in the
chain can be captured in terms of another role model: Predecessor-Successor.  A
Predecessor can have many Successors, but a Successor has only one Predecessor.  As
shown in the role model in Figure 2, an SC Participant is both a Predecessor and a
Successor.  The SC Participant role merges the roles of Predecessor and Successor,
refining the behavior of both.   An SC Head is a specialization of a Predecessor, and
an SC Tail refines the role of Successor.
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SC Head SC Participant SC Tail

   Predecessor    Successor

Figure 2:  Supply Chain:  Top Level Role Model

      We have documented many detailed supply chain role models that consider
service provisioning and the phases of negotiation, delivery, and payment.   Figure 2-2
considers negotiation and delivery in a supply chain with just two elements.  Because
of the phases, role sequences are required, with nested or contained roles.  A SC Head
goes from being a Customer who negotiates for services to a User who utilises them.
An SC Tail is first a Provider and then an Operator.  During negotiation, the Customer
in the head negotiates with the Provider in the tail.    During delivery, the Operator in
the successor delivers supplies to the User in the predecessor.
     Additional notations and formalisms for role models can be found in [1]; we have
introduced Role Responsibility (RRC) cards [6, 7] as a simple way to document the
key facets of an agent role in a given role model (Table 2).

3  Role Models during Agent System Analysis

3.1 Agent Role Models as Patterns

Analysis should begin with goal centric use cases [5].  Goals should be partitioned,
which means that they should be assigned to individual roles.  Any agent application
will in fact encompass many role models.  During analysis, relevant role models
should be identified.  This can be done from scratch by identifying the agents in an
application and their collaborations.
     Alternatively, a role model catalog can be used; this provides commonly occurring
agent role models.  A role model catalog resembles a set of patterns or a pattern
language [4], and role model catalogs are being used at BT for downstreaming agent
technology.  A pattern language has been shown to be valuable for transferring
experience.  Alexander initially developed the concept of patterns in his work on
architecture and urban planning.   Patterns are masterful solutions that take time to
evolve or develop; they can be identified once the level of understanding is deep and
comprehensive enough to uncover invariants.
     The role model catalog developed at BT includes approximately 60 role models,
including those from agent enhanced workflow, flexible manufacturing, electronic
commerce, agent based information management and retrieval, and the FIPA
protocols (contract net, auctions, etc.).  As discussed in sections 1 and 2, these role
models are patterns of interaction.  The patterns in the BT catalog were mined from
numerous existing agent frameworks or specifications.  This includes Zeus, FIPA,
Single Function Agents, and KADS.
     The BT catalog provides concrete details about the roles and the role models.  All
of the facets from Table 2 are considered, in addition to interactions and protocols.
For example, the supply chain roles can employ certain techniques for negotiation and
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coordination, such as a contract net or an auction; further, some of the role models
involve ontologies
     When presented with a new application, analysts should go through the role model
catalog to identify which patterns of interaction appear.  To facilitate dissemination
and proper use, full pattern format has been used for the role model documentation.
That is, the role models are fully motivated solutions for application analysis models.

3.2  Illustration from an Agent Application

As an illustration, consider an application in agent enhanced workflow (AEW) [7] or
flexible manufacturing.   The agents can be arranged in such a way that each agent is
dependent upon one other agent to deliver work or supplies to them.  For example,
four agents may represent an end customer and three enterprises, respectively.  The
Customer deals directly only with Enterprise 1.  Enterprise 1 depends on Enterprise 2
for supplies or work, and Enterprise 2 in turn depends on Enterprise 3.  At the highest
level, the application is an instantiation of the Supply Chain role model.  The
Customer is the SC Head, Enterprise 1 and Enterprise 2 are both SC Participants, and
Enterprise 3 is an SC Tail.  Enterprise 1 is an SC Successor to the Customer, but it is a
SC Predecessor to Enterprise 2.
     However, each enterprise in the supply chain can be made up of several entities.
For example, Enterprise 1 may be a manufacturing company with a hierarchical
structure and agents to represent each domain.  In this case, both the Bureaucracy [10]
and Supply Chain role models appear, to yield Figure 3.  It is the responsibility of the
Plant Manager to be the SC Successor to the Customer, but it is the Assembly (for
example) functional group that requires input from Enterprise 2, so it is the SC
Predecessor in that context.
      aPlantManager must play all of the roles found in a Successor, in addition to the
role of a Manager.  Likewise, anAssembly must be a Predecessor in addition to
satisfying the responsibilities of a Subordinate.  If negotiation and delivery are
considered, the internal roles appear as well.   Both entities must appropriately address
context switching as they go from role to role.

Manager Subordinate

aCustomer

aRepairShop

aPlantManager aQA

anAssembly

Predecessor Successor Predecessor  Successor

Enterprise 2

Enterprise 1

Figure 3.   Bureaucracy with Supply Chain Model for Agent Enhanced Workflow
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4 Agent  Design  with Role Models

Role models are also useful during agent system design.  Basically, the roles that a
given agent needs to play have to be identified and composed during design.  This
approach has been utilized in object oriented software engineering, in particular
during framework design [11].   A software engineer can design an agent class by
composing or assembling all of the responsibilities, interfaces, expertise, and
protocols from the individual roles, following the documentation provided in tables 1
and 2. For example, if an agent can be found in a Supply Chain and also as a Manager,
Subordinate, or Client (Director Client and Clerk Client are considered together for
simplicity) of a Bureaucracy, then the agent must be capable of playing the seven
roles shown in Figure 4.    Each of these roles would be fully specified, per tables 1
and 2.

Customer - Supply Chain Participant

User - Supply Chain Participant

Provider - Supply Chain Participant

Operator - Supply Chain Participant

Manager - Bureaucracy

Subordinate - Bureaucracy

AEW Agent

Client - Bureaucracy

Figure 4.  Role Composition during Design
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Abstract. We propose a preliminary methodology for agent-oriented software
engineering based on the idea ofagent interaction analysis. This approach uses
interactions between undetermined agents as the primary component of analysis
and design. Agents as a basis for software engineering are useful because they
provide a powerful and intuitive abstraction which can increase the comprehen-
siblity of a complex design. The paper describes a process by which the designer
can derive the interactions that can occur in a system satisfying the given require-
ments and use them to design the structure of an agent-based system, including
the identification of the agents themselves. We suggest that this approach has the
flexibility necessary to provide agent-oriented designs for open and complex ap-
plications, and has value for future maintenance and extension of these systems.

1 Introduction

The agent paradigm has, over recent years, given rise to a large amount of research on
the internal structure of agents as general problem-solvers capable of effective intelli-
gent behaviour in dynamic environments. This concentration of work on the develop-
ment ofagent architectureshas been just one side of the many aspects illuminated by
the agent metaphor. More recently, however, agents have been used as an abstraction for
general software engineering. This paper explores the rˆole of agent-oriented methods
for just such a purpose, and introduces a preliminary methodology that may be used as
a basis for designing agent-based systems.

The full potential of agent-based systems in solving problems in complex domains
depends upon the systems themselves, and the designs from which they are constructed,
being tailored to the conditions that vary across the domain. They also need to be suffi-
ciently adaptable and fault tolerant to cope with changes in the domain that arise due to
maintenance, extension and so on [12, 24]. To achieve this, a methodology that produces
agent-based designs must be flexible enough to describe these varying requirements and
their interconnections. In particular, the significant area of open systems should be ad-
dressed [26].

An abstraction of the social aspects of an agent can be given as a systemrôle, and
this concept is used in many of the emerging agent-oriented methodologies [13, 17, 27].
Rôles are useful as they provide a way to describe a multi-agent system as analogous to
an organisation without placing heavy restrictions on the behaviour of concrete agents at
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runtime. The usefulness of this approach can be extended by identifying organisational
patterns using rˆole modeling [16] which can then be used repeatedly as the basis for
new systems.

However, the choice of organisation or rˆole models will effect the performance of
the system [7, 23, 29]. The applicability of the organisation to the domain and the ef-
fects of changes in connected systems over time must be accounted for. One way of
doing this is to analyse and tailor the behaviour of groups of agents to the domain
either by providingcoordination mediato societies of agents [23] ororganisational
rules to the system which influence the dynamic form of the organisation [29]. While
these approaches provide appropriately constrained flexibility to the organisations, the
constraints and infrastructures which are appropriate to the particular domain must be
identified.

We explore a different approach, namedagent interaction analysis, based on us-
ing the interactions between agents as a primary component of analysis. As with the
MaSE methodology [7, 25], this approach does not constrain the organisation or rˆole
model until late in the analysis, after domain-specific requirements have been iden-
tified. Agent interaction analysis, by translating requirements into agent interactions
rather than rˆoles, also allows for the system behaviour to be flexibly distributed between
the designed system and connected systems. The product of the steps described in this
paper is an organisational structure and justifications for that structure. This allows for
other rôle-based methodologies to continue the design process from that organisation
to an implementation.

The next section provides detail on some of the terms used in, and sets the scene
for, the rest of this paper. Section 3 provides an overview ofagent interaction analysis.
Later sections then look at each step of this process in turn. Section 4 examines the
initial analysis of the system requirements and explains what information is necessary
for agent interaction analysis. Next, Section 5 describes how the system aims can be
decomposed into a structure which represents the system functionality in a modularised
way. Section 6 describes the concept of aninteractionbetween agents and details the
part it plays in the design process. The next stage, described in Section 7, derives useful
design information from the interactions and system requirements. Finally, Section 8
shows how the design is reduced to a form which is implementable and more com-
prehensible as a whole. The final two sections describe how the process is useful for
maintenance and extension, and then mention the other work done on this project.

2 Agents and Goals

The termagentis used in a variety of related ways in the literature surrounding agent-
based systems[10]. On the one hand, it is used to describe software artefacts that satisfy
certain architectural requirements in order to achieve particular functionality. On the
other, as in this paper, agents are used as a software engineering abstraction that en-
ables complex software to be decomposed into a collection of sophisticated interacting
components (that may also share the qualities of the previous view). In developing a
methodology for agent-oriented design, we aim for it to be sufficiently flexible and
general to apply to designs using a wide range of entities, but there are certain proper-
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ties that we assume system components will have or can be thought of as having. These
assumptions enable the designer to develop systems with those properties implicit, thus
making the rest of the design easier to comprehend.

The properties are fairly standard (e.g., see [15]): the agents are considered to be
autonomous, decision making, social, flexibleand reactiveentities.Agent interaction
analysisis concerned with the social aspects of agents and, therefore, doesn’t directly
address the analysis of reaction to a non-autonomous environment in the system design.

These properties describe the broad expectations we have in all the agents in systems
resulting from our design approach. We do not require any further particular architec-
tural implementation constraints; indeed it should not impose any further constraints
since we cannot know in advance the form agents will take in an open system.

In this paper we describe the direction agents have in their autonomy in terms of
declarativegoalspossessed by the agents. To increase the flexibility and range of sys-
tems which the methodology can produce, we also allow that goals can have a variety
of solutions with different quantativeworths[6].

3 Overview of Agent Interaction Analysis

The primary building blocks used by our approach areinteractionsbetween agents. The
approach ofagent interaction analysisis as follows.

– We assume the system contains an arbitrary number of flexible agents with the
properties described in the next section (and no other details known as yet).

– We interpret the system requirements as goals and preferences for their achieve-
ment.

– We decompose the system goals into independent hierarchies of goals, comparable
to hierarchical plans, and actions which achieve the lowest level goals.

– We treat the successfulengagementof one or more agents to pursue a goal as an
interaction.

– From the particular requirements of each interaction and the system preferences
we derive the forms of architecture and particular coordination mechanism to make
agents taking part in the interaction behave in a way that fits the preferences well.

The overall structure of the agent interaction analysis process is shown in Figure 1,
in which the primary entities are written in larger letters. The arrows indicate the trans-
formations between entities which make up the design process.

Requirements The requirements must be analysed to extract the structure of a multi-
agent system which will usefully implement them.

Goals As described above, goals describe desired states of the system.
PreferencesPreferences denote an encompassing concept that includes different con-

straints relating to the other significant information in the requirements aside from
goals. Particular types of preferences are recognised inagent interaction analysis,
such as quality of goals, but they can also represent other domain restrictions and
desired system properties that require taking account of.
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Requirements

Goals Preferences

Interactions

Agents

Goal

Preferences
Analysis

Requirements
Analysis

Decomposition

Fig. 1. The transformations involved in agent interaction analysis

Interactions Agreements on coordination between agents (orplace-holdersfor where
agents will exist) are known asinteractions. Section 6 expands further on the mean-
ing of interactions.

Agents Agents, or rôles which agents can take, are derived from the other entities and
implemented.

While this process is not a fully defined or mature methodology, it does describe
a part of such a methodology with beneficial properties for agent-oriented design. The
remainder of this paper describes the details of how such a process works and contains
arguments for why it is useful.

4 Agent Interaction Analysis Requirements

As with every development methodology, an early stage of the design process is to
derive the needed information, in a useful form, from the given requirements. This
stage is the first of relevance toagent interaction analysisand, in this case, what we
want aregoalsandpreferences. The goals may be continuous over the system lifetime
or dependent on context, e.g., at regular intervals or invoked by a user. The preferences
may take different forms determining, for instance, the measures of success for goals or
restrictions on resources. Examples of preferences are given below.

Now, traditionalrequirements analysisattempts to decompose systems into objects,
functions and states so as to understand the problem [5].Agent interaction analysis,
however, is concerned with design, i.e., reaching an implementable solution. Therefore,
the technique and end product of the artefacts derived from the requirements may be
very different. Nevertheless, regardless of the way in whichagent interaction analysis
produces a useful decomposition, the requirements analysis should at least indicate the
highest level of system goals, the contexts in which they can occur, and the preferences
attached to them. In terms of requirements analysis, this means clarification of definite
states which functions should achieve. Importantly, because of the attention to the high-
level and the goal-orientation, this stage of the design process can usefully borrow from
requirements analysis ideas.
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A range of requirements analysis techniques are available (with several being de-
scribed in [5], and one aimed at agent-based systems described in [1]). It is interesting to
note that these techniques derive relations between agents both internal and external to
the system being designed and, because we are concerned primarily with interactions,
there is no explicit distinction between these different classes of agent.

As an example of the products of the analysis, the following simplistic translations
could be made.

– “When a user clicks on a button in the graphical interface the document being edited
should be saved” translates to an interaction in which agents cooperate on the goal
to save the document. It also states a fact about the interface, i.e., that pressing the
button is one way of causing this interaction. This is thecontext-basedappearance
of goals.

– “The temperature should not go above 100 degrees” places a restriction on the sys-
tem and describes a system goal to keep the temperature below 100. The goal is
considered to be part of an interaction (as they all are) but is likely to be imple-
mented by a single agent repeatedly cooperating with itself. This concept of an
agent cooperating with itself reduces to the internal processing of the agent and,
while a valuable way to provide an overarching framework for design, is only co-
operation in the broadest sense.
The 100 degrees part describes the measure of quality for the goal, which is high
when the temperature is below 100 degrees and low when it is above. A different
application might have a wider range of qualities, e.g., “the cooler the better.” This
is is thecontinuousappearance of goals.

– Aside from context-based and continuous appearance of goals, another possibility
is regularappearance, e.g., “Back up the system at midnight every night.” This sort
of interaction is described by the (very simple) cooperation between a clock and
another agent.

– “The transferred file should contain the least amount of corruption as possible given
other preferences, such as sufficient rapidity” describes a set of preferences con-
cerning the result of a process, which are the quality measures of the goal to transfer
the file.

5 Goal Decomposition

Once the system goals are known, we need to examine how the system could be broken
up to enable the designer to identify agents and their properties, as well as allowing
a division of labour in designing the system [18]. Decomposing goals means finding
states that allow the goal state to be achieved more easily or finding independent parts
of the goal state such that when the parts are achieved the whole is achieved.

An example of a graphically represented goal decomposition is given in Figure 2.
In this diagram,Goal 1 has been decomposed into three independent goals which, if
achieved in some specified order, will cause the achievement ofGoal 1. Similarly,Goal
4 has also been decomposed. A real world example which would follow this structure
is if the goals were representing the following environment states.Goal 1 is the state
in which a table has been moved to another location,Goal 2 is the state where one end
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has been lifted in the air,Goal 3 is the state where the other end has been lifted,Goal
4 is the state where the lifted table has been moved to another location,Goal 5 is the
state where one end has been moved along, andGoal 6 is the state where the other
end has been moved. Some of these decomposed goals must be done in parallel, some
sequentially.

Goal 1 Goal 2

Goal 3

Goal 4 Goal 5

Goal 6

Fig. 2. An example of goal decomposition

This task of decomposition is similar to the production of hierarchical plans. Goals
reduce to a series, or some other combination, of subgoals. Unlike a hierarchical plan,
this structure is not necessarily possessed by an individual or a group of agents, and
it does not require the decomposed system goal to be achieved in this way when the
system is running. At this stage, the decomposition only allows us to state that the en-
actment of that decompositioncouldoccur in the system if circumstances were correct.
The weakness of the implications of the decompositions is essential to retain the system
and agent flexibility as far as possible, with the tightening of the design coming at later
stages. Importantly, multiple decompositions can be developed for the same goal. Now,
although it may appear that the decomposition produces a full design itself, this may
lose the benefits of the agent-oriented approach. In particular, if the fully decomposed
subgoals can be translated into actions, then that series of actions achieves the system
goal. However, without the agent-based system, or another form of system, to execute
them in a flexible manner, we could lose the benefits of such systems such as loss of
robustness, decisions on the use of one connecting system or another, reactions to the
state of the domain and scope for extension. It could also leave the system as a whole
harder to comprehend.

In a full object-oriented design, for instance, we would construct entities and de-
scribe message passing between them. What is needed in such a design and not in goal
decomposition is the specification of both how to achieve aims at a high level and the
mechanisms to allow those functions to happen (and happen robustly in a well designed
system). In goal decomposition we have ignored all description of underlying structure
and decision-making, leaving that to the agent-based system.

6 Interactions

At this stage of the process we have:

– an assumed multi-agent system with an arbitrary number of minimally defined
agents;
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– a set of goal hierarchies suggesting ways to decompose the goals in the system
requirements so as to hopefully be able to implement them; and

– a set of preferences or restrictions derived from the requirements.

The next step is to combine the first two of the above, i.e., state how a multi-agent
system would enact the goal decompositions. In doing this, it is important to retain the
whole tree of subgoals from the decompositions. This allows agents to share sections
of a problem so that the system remains efficient, robust and conforms to other system
preferences. It also allows for high level goals to be delegated to externally connected
systems where we may not need to be concerned with how they are further decomposed
or otherwise achieved. The notion of goal decomposition in this way means that we
wish goals to be passed around the multi-agent system involving cooperation between
agents. The agreed cooperation between agents on a goal is called aninteraction. How-
ever, this cooperation is not between particular agents as they have not yet been defined,
regardless, we do not necessarily know which agents will cooperate to achieve a goal.
Therefore, to define interactions without agents we useplace-holdersfor agents. Fig-
ure 3 illustrates the structure of an interaction with three rˆoles for cooperating agents to
take in achieving the labeling goal.

    Interaction
 Role

 A

    Interaction
 Role

    Interaction
 Role

 B

 C

Goal 2

Labelling goal

Place-holders

Fig. 3. The structure of an example interaction

Each interaction is labeled by a goal. There is more complexity to interaction than
message passing between objects but it has a similar eventual effect in that control is
transferred between system components in a limited and meaningful way. Before coop-
eration can take place for a goal, one of the agents involved must possess that goal, so
that interactions haveoriginatorsof the labeling goal which is one of the place-holders
involved. The other place-holding agents in an interaction also have rˆoles within that
interaction such as being delegated goals, acting in parallel, monitoring the appropriate
execution of the goal, and so on, with the exact roles depending on the goal. Part of the
flexibility achieved by not specifying the agents involved in an interaction can mean
that the agents filling the interaction rˆoles may be inside or outside of the designed sys-
tem or may, in fact, be the same agent. It is important to note that, due to the fact that
agents may refuse to cooperate, an interaction only illustrates the successful case where
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the originator has eventually found a cooperator. It could also represent a chain of dele-
gations where only the last agent in the chain knows how to continue its decomposition
or completion [20].

At this point we can start to refine the design of the system. We have a possible,
but not mandatory or inflexible, way of decomposing system goals so as to achieve
them. The interactions specify what must be possible and the preferences specify what
it means for them to be achieved well. From these we can derive a form of multi-agent
system which will behave in a way that is both flexible and consistent with require-
ments.

The other important aim of a methodology is to make the design comprehensible
at the implementation level. As a result of the potential division into several pieces
developed by separate people and consisting of complex hierarchies, at this stage the
design may be hard to comprehend as a whole or implement efficiently. This will be
addressed later: for now the different areas of functionality described by goals can be
understood and developed separately.

7 Preference Analysis

Continuing the process of agent interaction analysis, we now develop the design of
agents, or system rˆoles which agents can hold, from the interactions we would like to
be possible. There are several aspects of these interactions we can take into account.

1. Which agents should be developed from the analysis of an interaction?
2. How can the agents coordinate so as to best achieve the goal?
3. How can we ensure a system goalwill always be achieved?
4. How can preferences be accounted for in the design?

Each of these is discussed in the subsections below.

7.1 Classes of Agents

The first aspect above concerns the set of agents to which the results of the other three
aspects are to be applied; different sets of agents may be applicable to different rˆoles in
an interaction. The sets can be restricted by a number of factors as follows.

Comprehensibility Restricting the set of agents designed to take part in an interaction
could aid the understanding of the resulting system.

Preferences on available resourcesRestricting or expanding the sets of agents may
be desirable to reduce complexity or the number of agents in the system.

Preferences on the monitoring of conflicting goalsThe best way to resolve conflicts
between goals may be to have single agents with multiple goals able to decide
actions based on their combination of goals. This requires overlapping sets between
interactions.

Preferences on limiting function availability For efficiency or security reasons the
designer may wish to limit the number of agents with the ability to achieve a goal.

Restrictions from external systemsOnly some external agents may be able to com-
plete the goal.
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Preferences on state of agentsThe state of an agent may restrict which classes it can
belong to. For example, local mobile agents may be suitable for an interaction while
non-local ones aren’t.

Likelihood of high load If the goal is going to be required to be achieved repeatedly
or requires a lot of resources to complete, the designer may want to expand the set
of agents available to distribute the task more widely.

We can also distinguish between those agents designed to achieve success in a par-
ticular interaction and those whichmaybe able to do so. In some systems it may be
preferable for most or all agents to be able to adopt a goal even if they will not achieve
it as effectively or efficiently as those specifically designed to. This may be the case
when these latter agents already have other goals to achieve so that the system is better
balanced by others adopting the goal. Similarly, a further distinction can be made be-
tween agents designed for an interaction and thosecompelledto adopt such goals. This
is discussed further below in Section 7.3.

7.2 Assurance Analysis

Much work has gone into the development of coordination mechanisms. In the broad-
est sense we can include commitments [14], trust [21], contracts, system roles [3, 28],
social laws [11] and so on. Different mechanisms are suitable for different preferences
on coordination; some are more rapid while others are more secure or robust. Different
goals in a system may be best served by different mechanisms.

In agent interaction analysiswe need to find suitable mechanisms for agents without
knowing in all cases which agents are taking part. For this reason, we need a set of
design tools for examining, from the point of view of a single agent in an interaction,
how best to fulfill the goal and system preferences. We call thisassurance analysisas
it examines how an agent can measure or alter the likelihood of success for a particular
interaction, e.g., ifA delegates toB whatassurancedoesA have thatB will achieve
the goal asA would prefer it to be achieved?

Due to space limitations we will not discuss assurance analysis further here, except
to list below some of the things that it should address.

– Thepriority at which the cooperators place a goal, relative to other goals.
– The methods used to complete goals and their side-effects.
– Use of resources, allocated for one goal, in pursuit of other goals.
– Errors in communication.
– Quality of the solution of a goal (as measured by preferences).

7.3 Satisfaction

There is one preference which will generally be implicit in the requirements: that the
system goals alwayswill be achieved when they should. Of course, the designer can’t
decide how external systems will behave but it should be possible, in a lot of cases, to
restrict the design so that the system will always achieve the goals, even if to minimal
standards in certain circumstances.
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If a goal is possessed by an agent it will act towards it at some stage because it
is pro-active and continuous. However, if an agent cannot complete a goal by itself it
will need to cooperate. Unfortunately, a request for cooperation may be rejected by all
possible cooperators so that the goal is never achieved.

To address this, the designer may want to make it mandatory for particular agents
to take on particular goals if no other agent is doing so. This is an extreme form of as-
surance where the minimum standards are guaranteed. Such a restriction is comparable
to servicesin other methodologies [9, 19, 26] but we note that, while these agents must
take on the goals if required, they might not be the agents that actually do so at run-time.
It is also one reason why agents should often be able to possess and deal with multiple
goals.

7.4 Preferences

While it appears that a vast amount of analysis would be done for the system because
of all the interactions within it, many interactions will have a similar form and suggest
a certain structure for the agents and overall system [2]. For example, certain things
can be assumed about an interaction which we restrict to occurring within the designed
system, such as honest communication of information; or a goal which requires rapidity
over all else, which may require low communication costs.

8 Design Collation

Agent interaction analysiscan provide a justified structure for a flexible multi-agent
system. The result of the above design methods is a set of designs leading from the goals
and preferences of requirements to the desirable properties of sets of agents involved
in particular interactions. The final stage is to reach a design which is coherent and
comprehensible enough to implement.

The preference analysis produces descriptions of agents with restrictions on their
architecture and the system in which they exist, possibly including physical location in
a highly distributed system. This collection of agents needs to be reduced to a set that is
useful to implement. We identify some criteria for situations in which agents or systems
may be most suitable for being merged, as follows.

– Where the assurance analysis suggests that two agents in an interaction must have
such high assurance that it would be best to make them the same agent, the interac-
tion will become an internal processing of the goal (perhaps implicit).

– Where functionality of, and requirements on, agents are similar or the same.
– Where assurance analysis suggests similar coordination mechanisms for agents in

different interactions, it may be suitable to merge those place-holders. For instance,
a single agent may act as a gateway to less reliable connected systems to provide
especially secure coordination.

– Where the low level goals place-holders are dealing with require similar actions to
be performed.
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After this iterative collation we should be left with a multi-agent system which
is implementable and justified in its design. The latter property refers to the fact that
the designer can indicate where the system has been tailored to the likely demand the
application will place on it to improve its efficiency and has maintained flexibility to
increase robustness.

9 Maintenance and Extension

One obvious use of the flexibility of agent-based systems is to ease the incorporation of
changes. This helps both in repairing faulty software and in extending the requirements
of the system. There are two aspects to this robustness: within the design and during
use.

The methodology used affects how easily the design can be altered. Object-oriented
designs provide highly cohesive, separated entities which can be altered individually so
changes that fall in the bounds of a single object will be relatively simple to make. Agent
interaction analysis offers a comparable division in terms of goals. Changes are applied
to the design early in its documentation, usually at the goal decomposition stage. At this
point the functionality is divided allowing targeting of changes, and there are only very
few assumptions or restrictions making it unlikely for features of the system to conflict.
After these changes have been made we can follow the documentation from the early
to late stages, examining design decisions and replacing them where necessary. Finally
the alterations will be merged into the final version of the design with minimal effect
on the rest of the system.

At execution time multi-agent systems have an advantage over most other forms of
system in adapting to change [12]. By having multiple independently running, decision-
making, reactive, communicating and balancing entities, changes can be adapted to
by being treated as differences in options available and then taken advantage of. To
provide most scope for this adaptation the agents should remain as flexible as the system
requirements permit. By emphasizing the interactions between agents and not limiting
the interactions too much, agents within the system are free to choose good coordination
strategies that the current form of the system allows.

10 Summary and Conclusion

In this paper we have proposed the idea of a form for agent-oriented software engi-
neering methodologies,agent interaction analysis, which takes abstract interactions
between agents as its primary components of analysis. By decomposing the system
requirements into interactions, based around the exchange of goals, we suggest that a
more robust design, and one that is well tailored to maintenance and changes in the
domain, can be produced.

We have shown how the interactions can be examined to determine efficient forms
for the participating agents, and have used the idea ofassuranceto examine the re-
quirements of individual roles in interactions, particularly in terms of extracting helpful
information to allow designers to choose effective coordination mechanisms.
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Clearly, this work only introduces the general principles of the approach, and there
are many issues remaining to be tackled. One is creation of techniques for assurance
analysis, so that coordination can be described and judged with respect to the rest of
the design. We have done work on a range of specific techniques for assurance analysis
in BDI agents. One such technique uses a generalised agent architecture which can be
used to express and compare a variety of coordination mechanisms such as trust and
basic commitments. Another technique measures the cost, as given by preferences, of
using mechanisms between many agents such as brokers, references to agents to static
rôles and commitments with or without reference to the committing agents. This work
is left for discussion elsewhere due to space limitations.

As this paper only describes a framework, a full methodology can only be pro-
duced together with detailed techniques for suitably documenting these designs. The
approach presented in this paper is deliberately distinguished from any notation that it
may use. As a foundation, some of the concepts may be best illustrated in the recent
work on agent-oriented extensions to UML [4, 8, 22]. We have done work on adapting
UML diagrams for documentingagent interaction analysis. For example, collaboration
diagrams can be easily adapted to express the structure of interactions.

In future work, we aim to develop a fully usable methodology which uses agent
interaction analysis, and test it in the production of suitable applications. We are also
working on using assurance analysis to describe and assess coordination mechanisms
to help in the development of other such mechanisms tailored to particular domains.

The approach of agent interaction analysis, as suggested in this paper, clears the way
for general effective methodologies targeted at the design of multi-agent systems for
complex and open applications flexible enough to cope with a wide range of uncertainty
and dynamism.
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Abstract. The notion of society should play a central role in agent-oriented soft-
ware engineering as a first-class abstraction around which complex systems can
be designed and built as multi-agent systems. We argue that an effective agent-
oriented methodology should account forinter-agentaspects by providing en-
gineers with specific abstractions and tools for the analysis and design ofagent
societiesandagent environments.
In this paper, we outline theSODA agent-oriented methodology for the analysis
and design of Internet-based systems. Based on the core notion oftask, SODA
promotes the separation of individual and social issues, and focuses on the social
aspects of agent-oriented software engineering. In particular,SODA allow the
agent environment to be explicitly modelled and mapped onto suitably-defined
agent infrastructures.

1 Introduction

The engineering of complex applications in the Internet era raises new problems which
require new models, languages and methodologies. Agent-based approaches [21] ex-
ploit the agent abstraction to address issues like distribution, heterogeneity, decentral-
isation of control, unpredictability, and need for intelligence [22]. Agents situatedness
and their reactivity help to deal withdynamic and unpredictable environments; their
pro-activeness in pursuing goals makes it possible to abstract away from the control
issue and to easily deal with decentralisation of control; and so on.

However, the most mature approaches to agent-oriented engineering have till now
concentrated onintra-agentaspects – how to build an individual agent, starting from
ad hocagent languages, architectures, and methodologies. These approaches implic-
itly promote methodologies for the engineering of multi-agent systems where systems
are built as a sum of separately engineered agent components, which are then put to-
gether by exploiting some technology or infrastructure for interoperability – like ACL,
mediation services, brokers, and so on.

According to the most recent research trends, this neglects one of the most relevant
aspects of agent-based systems, that is, the social ones [9, 18, 19]. Agents are not simple
software components to be first built, then combined: they are goal-driven individuals,
who assume to live and interact with other individuals within asociety. In the same way
as human ones, agent societies exhibit global behaviours which cannot be reduced to the
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mere sum of the behaviours of their individual components. As a result, societies should
be considered as first-class components of multi-agent systems, and specific models,
abstractions, languages, and methodologies have to be provided for their engineering
[11,13, 14, 25].

Even more, theagent environment, that is, the space where agents live and interact,
is not neutral with respect to system design and development. Building a MAS in an
open, distributed, decentralised, heterogeneous,dynamic, and unpredictable environ-
ment obviously affects the way in which such a system is conceived and deployed. As a
peculiar example, think of an open system where some resources have to be made avail-
able to explorer agents coming from unknown sources – like buyer agents, for instance.
The engineering of such a system would simply amount to designing the agent environ-
ment in terms of available resources and services, and deploying a suitably-configured
infrastructure – possibly, without writing a single line of agent code. As a result, also
the structure of the agent environment should be adequately modelled through specific
abstractions, and taken intoaccount at every step of the engineering process of a multi-
agent system.

In this context, this paper outlines theSODA agent-oriented methodology for the
analysis and design of Internet-based systems, aimed at defining abstractions and pro-
cedures specifically tailored to the engineering of agent societies and environments.
Based on primitive notion oftask, SODA promotes the separation of individual and
social issues since the very early analysis phase. Since it intentionally does not address
intra-agent issues,SODA is not a complete methodology, and focuses instead on the so-
cial aspects of agent-oriented software engineering, by exploitingcoordination models
andtechnologies[15]. In particular,SODA allow the agent environment to be explicitly
modelled and mapped onto suitably-defined agent infrastructures.

2 Society and environment in agent systems

Till now, agent-oriented engineering [21] has been mainly concerned with intra-agent
aspects, that is, the analysis, design and development of individual agents. This is ba-
sically acomputationalissue [20], which involves the way in which each agent works
when seen as an individual (software) system.

As suggested by many recent research efforts [9, 18, 19], inter-agent issues should
instead be considered at least as relevant as intra-agent one, and handled as that. In
particular, by takinginteractionas an independent dimension for the analysis, design
and development of multi-agent system, it should be made clear how such a dimension
should affect the methodologies for the engineering of complex software systems as a
multi-agent one [10]. For instance, Miles, Joy, and Luck [13] present a methodology
for agent-oriented software engineering based on the analysis of agent interaction.

Agents in a multi-agent system interact by living and working within their envi-
ronment, and by relating with other agents. Correspondingly, inter-agent aspects in
multi-agent systems basically amount to two strongly related issues: the social and the
environment one.
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2.1 Society

Agents are individual entities with social abilities [22]. In general, they have a partial
representation of the world around them, a limited ability to sense and change it, and
typically rely on other agents for anything falling outside of their scope or reach. So,
agents are to be thought as living dipped into societies: the behaviour of an individual
agent is often not understandable outside its social structure. The behaviour of a buyer
agent in an auction is difficult to be explained out of the context of the auction itself and
of the rules that govern it. Dually, the behaviour of a society of agents cannot generally
be expressed in terms of the behaviour of its composing agents. So, the rules governing
an auction, in conjunction with the behaviour of the individual agents participating to
it, lead to a global behaviour that could not be reduced to the mere composition of the
individual’s behaviour [20]. Social rules harness agent interaction, and drive the global
behaviour of a society towards the accomplishment of its global goals.

So, societies should be no longer built by merely combining a number of separately
engineered agents. Instead, agent-oriented methodologies should adopt agent societies
as first-class abstractions to be exploited in the analysis, design, and development of
complex software systems. For this purpose, agent-oriented methodologies should sup-
ply specific models, abstractions, and technologies for the engineering of agent soci-
eties. In particular, a methodology should help engineers to determine the social struc-
tures required, the social laws they need, how social rules should be designed, and how
they should be enforced. For instance, one should be able to determine how much of
a social behaviour should be embodied in agents, and how much should be instead
charged upon social infrastructures – a particularly relevant issue when open systems
are concerned.

2.2 Environment

When looking at agents assituated entities, which cannot be thought separately from
the environment they live in, the idea of modelling a software system as a multi-agent
system without modelling the agentenvironmentseems to be ineffective from its very
ground. Generally speaking, agents and societies live in environments that may be het-
erogeneous, dynamic, open, distributed, and unpredictable – like the Internet. The prop-
erties of the environment obviously affect the way in which agents represent the world
they live in, and how they plan and deliberate their course of actions. So, agent-oriented
methodologies should make it possible to model the agent environment from the ear-
liest phases of the engineering process, and to express dependencies within the agents
and the environment itself.

Even more, the features of the agent environment are often not completely pre-
determined, but may be partially defined according to the systems needs. So, the en-
vironment of a multi-agent system may be subject to an engineering process, aimed at
shaping and configuring the environment itself. For instance, one may think of directory
services, shared knowledge bases, authentication services, and so on: how they are built
and made available to the agents of a multi-agent system both affects and depends on
the way in which the system and its agents are engineered. So, agent-oriented method-
ologies should help not only to model the agent environment, but also to shape and
build it.
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3 SODA

SODA (Societies inOpen andDistributedAgent spaces) is a methodology for the
analysis and design of Internet-based applications as multi-agent systems. The goal of
SODA is to define a coherent conceptual framework and a comprehensive software en-
gineering procedure thataccounts for the analysis and design of individual agents, agent
societies, and agent environments.SODA is not concerned with intra-agent issues: de-
signing a multi-agent system withSODA leads to define agents in terms of their re-
quired observable behaviour and their role in the multi-agent system. Then, whichever
methodology one may choose to define the agent structure and inner functionality, it
could be easily used in conjunction withSODA.

Instead,SODA concentrates on inter-agent issues, like the engineering of societies
and infrastructures for multi-agent systems. Since this conceptually covers all the inter-
actions within an agent system, the design phase ofSODA deeply relies on the notion of
coordination model[2, 16, 17]. In particular, as discussed in [4, 7], coordination models
and languages are taken as the sources of the abstractions and mechanisms required to
engineer agent societies: social rules are designed as coordination laws and embedded
into coordination media, and social infrastructures are built upon coordination systems.

3.1 Analysis

During the analysis phase, the application domain is studied and modelled, the available
computational resources and the technological constraints are listed, the fundamental
application goals and targets are pointed out. The result of the analysis phase is typically
expressed in terms of high-level abstractions and their mutual relationships, providing
designers with a formal or semi-formal description of the intended overall application
structure and organisation.

Since by definition agents have goals that they pursue pro-actively, agent-oriented
analysis can rely on agentresponsibilityto carry on one or moretasks. Furthermore,
agents live dipped into an environment, which may be distributed, heterogeneous, dy-
namic, and unpredictable. So, the analysis phase should explicitly take intoaccount and
model the required and desired features of the agent application environment, by mod-
elling it in terms of the requiredresourcesand theservicesmade available to agents.
Finally, since agents are basically interactive entities, which depend on other agents and
available resources to pursue their tasks, the analysis phase should explicitly model the
interaction protocols in terms of the information required and provided by agents and
resources.

So, theSODA analysis phase exploits three different models:

– the role model– the application goals are modelled in terms of thetasksto be
achieved, which are associated torolesandgroups

– the resource model– the application environment is modelled in terms of theser-
vicesavailable, which are associated to abstractresources

– the interaction model– the interaction involving roles, groups and resources is
modelled in terms ofinteraction protocols, expressed asinformationrequired and
provided by roles and resources, andinteraction rules, governing interaction within
groups.
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The above models represent the basis of theSODA analysis phase. Even though con-
ceptually distinct, they are obviously strictly related, and should be defined in a consis-
tent way.

The role model Tasksare expressed in terms of the responsibilities they involve, of
the competences they require, and of the resources they depend upon. Responsibili-
ties are expressed in terms of the state(s) of the world that should result from the task
accomplishment.

Tasks are classified as eitherindividual or social ones. Typically, social tasks are
those that require a number of different competences, and the access to several different
resources, whereas individual ones are more likely to require well-delimited compe-
tence and limited resources (see [4] for an example).

Each individual task is associated to an individualrole, which by consequence is
first defined in terms of the responsibilities it carries. Analogously, social tasks are
assigned togroups. Groups are defined in terms of both the responsibility related to
their social task, and thesocial rolesparticipating in the group. A social role describes
the role played by an individual within a group, and may either coincide with an already
defined (individual) role, or be definedex-novo, in the same form as an individual one,
by specifying its task as a sub-task of its group’s one.

The resource model Servicesexpress functionalities provided by the agent environ-
ment to a multi-agent system – like recording an information, querying a sensor, veri-
fying an identity. In this phase,each service is associated to an abstractresource, which
is then firstly defined in terms of the service it provides.

Each resource defines abstractaccess modes, modelling the different ways in which
the service it provides can be exploited by agents. If a task assigned to a role or a group
requires a given service, the access modes are determined and expressed in terms of the
grantedpermissionto access the resource in charge of that service. Such a permission
is then associated to that role or group.

The interaction model Analysing the interaction model inSODA amounts to the
definition of interaction protocolsfor roles and resources, andinteraction rulesfor
groups.

An interaction protocol associated to a role is defined in terms of theinformation
required and provided by the role in order to accomplish its individual task. An inter-
action protocol associated to a resource is defined in terms of the information required
to invoke the service provided by the resource itself, and by the information returned
when the invoked service has been brought to an end, either successfully or not. An
interaction rule is instead associated to a group, and governs the interactions among
social roles and resources so as to make the group accomplish its social task.

It is worth to be noted that this approach ensures a form of uncoupling: each inter-
action protocol is not specifically bounded to any other, and can be defined somehow
independently – by simply requiring the specification of the information needed, but
not its source. Obviously, the final outcome of the analysis phase shouldaccount for
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this, too, by ensuring that for any information required by any protocol, there is at least
one entity in the system in charge of supplying such information.

The outcome In all, the results of theSODA analysis phase are expressed in terms of
roles, groups, and resources. To summarise,

– a role is defined in terms of its individual task, its permissions to access the re-
sources, and the corresponding interaction protocol

– a group is defined in terms of its social task, its permissions to access the resources,
the participating social roles, and the corresponding interaction rule

– a resource is defined in terms of the service it provides, its access modes, the per-
missions granted to roles and groups to exploit its service, and the corresponding
interaction protocol.

3.2 Design

Design is concerned with the representation of the abstract models resulting from the
analysis phase in terms of the design abstractions provided by the methodology. Dif-
ferently from the analysis phase, a satisfactory result of the design phases is typically
expressed in terms of abstractions that can be mapped one-to-one onto the actual com-
ponents of the deployed system.

TheSODA design phase is based on three strictly related models:

– theagent model– individual and social roles are mapped uponagentclasses
– thesociety model– groups are mapped ontosocietiesof agents, which are designed

and organised aroundcoordination abstractions
– theenvironment model– resources are mapped ontoinfrastructureclasses, and as-

sociated totopological abstractions.

The agent modelAn agent classis defined as a set of (one or more) roles, both individ-
ual and social ones. As a result, an agent class is first characterised by the tasks, the set
of the permissions, and the interaction protocols associated to its roles. Agent classes
can be further characterised in terms of other features: theircardinality (the number of
agents of that class), theirlocation(with respect to the topological model defined in this
phase – either fixed, for static agents, or variable, for mobile agents), theirsource(from
inside or outside the system, given the assumption of openness).

The design of the agents of a class shouldaccount for all the specifications coming
from theSODA analysis phase – but may exploit in principle any other methodology
for the design of individual agents, since this issue is not covered bySODA. What is
determined bySODA is the outcome of this phase, that is, theobservable behaviour
of the agent in terms of all its interactions with the surrounding environment. Such a
behaviour is defined by the interaction protocols, delimited by the permission sets, and
finalised to the achievement of the agent tasks.
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The society modelEach group is mapped onto asociety of agents. So, an agent society
is first characterised by the social tasks, the set of the permissions, the participating
social roles, and the interaction rules associated to its groups.

The agent model also assigns social roles to agents, so that the main issue in the so-
ciety model is how to design interaction rules so as to make societies to accomplish their
social tasks. Since it deals with managing agent interaction, the problem of achieving
the desired social behaviour by means of suitable social rules is basically acoordina-
tion issue [12]. As a result, societies inSODA are designed aroundcoordination media,
that is, the abstractions provided by coordination models for the coordination of multi-
component systems [3].

So, the first point in the design of agent societies is the choice of the fittest coordi-
nation model – that is, the one providing the abstractions that are expressive enough to
model the society interaction rules [6]. Thus, a society is designed around coordination
media [7] embodying the interaction rules of its groups in terms ofcoordination rules.
The behaviour of the suitably-designed coordination media, along with the behaviour
of the agents playing social roles and interacting through such media, makes an agent
society pursue its social tasks as a whole. This allows societies of agents to be designed
as first-class entities, as shown in [4] where an example is also discussed.

The environment model Resources are mapped ontoinfrastructure classes. So, an in-
frastructure class is first characterised by the services, the access modes, the permissions
granted to roles and groups, and the interaction protocols associated to its resources. In-
frastructure classes can be further characterised in terms of other features: theircardi-
nality (the number of infrastructure components belonging to that class), theirlocation
(with respect to topological abstractions), theirowner(which may be or not the same
as the one of the agent system, given the assumption of decentralised control).

The design of the components belonging to an infrastructure class may follow the
most appropriate methodology for that class – sinceSODA does not specifically ad-
dress these issues, components like databases, expert systems, or security facilities, can
all be developed according to the most suited specific methodology. Again, what is de-
termined bySODA is the outcome of this phase, that is, the services to be provided
by each infrastructure component, and itsinterfaces, as resulting from its associated
interaction protocols.

Finally, SODA assumes that a topological model of the agent environment is pro-
vided by the designer – but does not provide for topological abstractions by its own,
since any system and any application domain may call for different approaches to this
problem. However, as an example of an expressive set of topological abstractions that
may easily fit many Internet-based multi-agent systems, one may look toplaces, do-
mainsandgatewaysas defined by theTuCSoN model for the coordination of Internet
agents [5].

The outcome In all, the results of theSODA design phase are expressed in terms of
agent classes, societies of agents, and infrastructure classes. To summarise,

– an agent class is defined in terms of its individual and social roles, as well as its
cardinality, location, and source
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– a society of agents is defined in terms of its groups, as well as its corresponding
coordination abstraction(s)

– an infrastructure class is defined in terms of its resources, as well as its cardinality,
location, and owner.

4 Related works and conclusions

The main reference for the development ofSODA is represented by the pioneering work
on Gaia [23]. Gaia, to our knowledge, is the first agent-oriented software engineering
methodology that explicitly takes intoaccount societies (there, mainly referred to as
organisations) as first-class entities, by providing a coherent conceptual framework for
the analysis and design of multi-agent systems. Even though at an early stage of its
development,SODA addresses some of the shortcomings of Gaia, which does not suit
well open systems, and cannot easily deal with self-interested agents [24]. In addition,
SODA is the first agent-oriented methodology to our knowledge to explicitly take the
agent environment intoaccount, and provide engineers with specific abstractions and
procedures for the design of agent infrastructures.

Zambonelli, Jennings, and Wooldridge [25] also try to address Gaia shortcomings,
by putting the notion of organisation at the core of their agent-oriented methodology. A
similar approach is proposed by Kendall [11], which adoptsrole modelsas the main or-
ganisational abstraction for modelling multi-agent systems. There, however, the notion
of role is taken as primitive, whereasSODA considers role as a derived notion, and task
and service as primitive ones. In turn, Blanzieri and Giorgini [1] address the openness
issue by proposing a conceptual infrastructure based on the notion ofimplicit culture.

Early versions of theSODA methodology have already been used for the analysis
and design of Internet-based multi-agent systems [7, 8]: however, the methodology was
never explicitly neither formalised nor named before. In the near future, we intend to
exploitSODA in the design of real Internet-based multi-agent systems so as to further
verify its effectiveness.
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Abstract. A modelling approach based on the Soft Systems Methodology (SSM)
is proposed as a first stage in developing agent based systems. The SSM approach
enables a better conceptualisation of the system being developed, and enables
each stake holder to evaluate the system from their particular viewpoints. Such
an approach can also support the decomposition of an information system into a
set of collaborating agents. We suggest that this is a more intuitive approach to
designing agent based systems, and one which can be used as a first step to other
work centered on the Unified Modelling Language (UML). A methodology for
translating systems requirements into a set of collaborating agents is presented.

1 Introduction

Many approaches to facilitate object based design have been proposed in the recent
past, such as the Unified Modelling Language (UML) and the Shlaer-Mellor method-
ology, for instance. Such techniques are centered on the role of an “object” as the unit
of abstraction, requiring the decomposition of a particular problem into a set of in-
teracting objects. Extending this approach to objects which are supported by generic
object management services, has led to the concept ofcomponents. Component based
software development (CBD) has proven to be a useful approach for building large-
scale information systems. The promised benefits of components for improved code
re-usability and customisation, however, has failed to materialise. It is often just too
difficult to create truly re-usable business logic, and building generalised components
that can be usefully employed in a wide range of applications, and give good perfor-
mance, has proven to be very difficult. One of the reasons for this is the problem of
guessing what features will be potentially useful in the future, and the changing nature
of user requirements and the environment in which a component operates, often lead-
ing to even well-designed components quickly being overtaken by events. There are
also organisational difficulties, associated with changing the behaviour of developers
and their managers, which have often proven insurmountable [4].

Perhaps the principle benefit that component technology has introduced is the disci-
pline of “modularity” it imposes on large information systems development. Enabling
designers and implementors to think in terms of modular functionality, CBD allows
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developers to create transparent interfaces, that isolate component usage from imple-
mentation. Also, there are numerous software tools to support assembling applications
from components: ranging from infrastructure technologies providing runtime execu-
tion environments for integrating components of different kinds, support for component
packaging and distribution, managing transactions between a collection of components,
handling asynchronous invocation and message passing between components, to secu-
rity management and event handling. These features are supported to varying levels of
maturity in currently available industry standard implementations such as Microsoft’s
COM+, OMG’s CORBA and Sun’s JeanBeans and Enterprise JavaBeans. Hence, the
three key elements that provide the focus for CBD are: component functionality, in-
terfaces, and component assembly/connectivity [1]. A strong overlap exists between
concepts in CBD and object oriented development, and often design techniques overlap
between these two areas. A key requirement of developing information systems with
components is the necessity to translate business needs into a collection of off-the-shelf
or custom components. Developers must be able to answer the key question of how
to design solutions that target this technology to meet particular business needs more
effectively. UML is a popular notation for describing the architecture of applications
constructed from components. In UML five views of a system can be constructed: a
“Use-case” giving the perspective of an external user, a “Logical” perspective giving
a functional view of the system, a “Component” view for identifying the architectural
blocks that make up the system, system “Concurrency” for describing coordination
mechanisms, and a “Deployment” view which provides a mapping between system
parts onto a physical architecture.

Defining system behaviours using UML is unflexible, and a UML design cannot
easily capture modifications to requirements for the system being modelled. It is also
very complex, and cannot be used to model subjective information in an efficient man-
ner. Hence, although UML is useful for modelling precise system behaviours, and pre-
vent “requirements creep”, it may not be useful if components being modelled can vary
their behaviour over time. What is needed is support for “dynamic” components, which
can better capture the the dynamic aspects of an information system. Such dynamic
components may have behaviour, albeit subject to constraints, to model a functionality
that may vary based on changes in the business environment. A design methodology that
is more intuitive to system users, and enables developers to capture subjective require-
ments is essential to develop scalable systems, where components can adjust their be-
haviour to changing requirements. Checkland’s Soft Systems Methodology (SSM) [5]
offers one such modelling approach, and combined with the emerging area of agent
based information management, offers an adaptive, dynamic and user-centric approach
to developing large scale information systems. We view agents as flexible components
that have behaviour, and communicate with each other through a specialised language
based on speech act theory [13]. Each component now contains a set of rules for inter-
acting with its environment, having a set of pre-defined “beliefs” about the environment
in which it operates, a set of “desires” on what it wants to achieve in the near term (sup-
ported, perhaps, by a planning engine), a set of “commitments” it can make to other
components with which it is interacting, and a long term set of goals or “intentions”
it is trying to achieve. The “desires” and “commitments” of the agent can vary over
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time, and are determined by the number and types of interactions that the agent has
with other components. Hence, each component is dynamic, in that it can change its
behaviour over time and can react to changes in its environment.

The need to decompose a complex system into a hierarchy of interacting sub-
systems has been identified by Wooldridge, Jennings and Kinny [9]. They suggest the
need for modularity, and propose a software lifecycle based on executable specifica-
tions. How the decomposition of a system is to be achieved is not specified in their
work, and no support is provided for identifying possible sub-divisions within the sys-
tem. Similarly, Brazer, Jonker and Treur [10] identify a composition approach to con-
structing agent based systems, provided the constituent roles are known in advance.
Such roles are often hard to determine, and modelling a complex system as a collection
of compositional sub-systems is not always obvious.

A design methodology for assembling flexible components, to build dynamic in-
formation systems is described. Our proposed approach goes beyond existing work on
extending UML for agents (AUML) [8], as proposed by Odell and others. We believe
that extending UML to support agent development is a useful technique, however it is
limited by the need to define precise assumptions about the modelled system. UML also
does not allow the role of particular stake holders within a modelled system to be inves-
tigated. We suggest a phased approach, where the first phase involves the use of SSM as
a system modelling approach, followed by translating an SSM description into UML, or
an alternative approach which can facilitate an implementation of the system. Our main
contribution is the importance of thinking about the components of an information sys-
tem in a more flexible manner, and involve the users and their specific expectations
of the system in the modelling process. Such expectations can be used to identify the
role that each agent much support within the system. We suggest that it is important to
work with a methodology that helps conceptualise business need, rather than constraints
imposed by a design approach, as with object oriented approaches such as UML and
Shlaer-Mellor [14]. We discuss lessons learned, and the benefit of combining SSM with
adaptive components in section 3.2.

2 Previous Work and Motivation for Modelling with SSM

SSM is a seven stage methodology, as illustrated in figure 1, where five stages are as-
sociated withreal world thinking, three of which are for deriving change recommenda-
tions and taking action to alter the situation. The other two stages are involved with de-
veloping “root definitions” and “conceptual models”. Root definitions enable the users
of this methodology to place a particular emphasis on the system being developed, and
“conceptual models” define activities necessary to achieve the emphasis. Users of SSM
formulating the root definition must identify the following: (1) beneficiaries or victims
of the system, called “Customers”, (2) the entities that carry out the main activities of
the system or lead to them, called “Actors”, (3) the process of transforming inputs to
desired outputs, called “Transformations”, (4) a particular emphasis or viewpoint, im-
age or purpose which makes the root definition meaningful, called “Weltanschauung”,
(5) the entity who has authority to start or stop a system, called “Owner”, and (6) the
external influences that affect the operation of a system, called “Environment”. The en-
tities within the system need not necessarily be humans – the same definition can apply
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to systems where all entities are software components. However, separation between
what is required from the system being developed from some requirements perspective,
to how it is eventually achieved, lends SSM the ability to involve subjectivity into the
modelling process. Checkland and Holwell [6] indicate that the aim of SSM is not to
ape the natural sciences, which involve positivistic testing of hypothesis to destruction
– calling this “hard” systems thinking. The social world, within which an information
system operates is assumed to be more fluid, and one which both persists and changes.
This suggests that research seek both interpretation and learning, rather than purely an
optimisation.

5. Comparison of
4 with 2

desirable changes
6. Definition of feasible

7. Action to solve the problem
or improve the situation

3. Root definition of
relevant systems

4. Conceptual 
models

2. The problem situation:
expressed

1. The problem situation: 
unstructured

EVALUATING
MODELS

Real world thinking

Systems thinking

ACTION
TAKING

OUT
FINDING

BUILDING
MODELS

Fig. 1. Checkland’s Soft System Methodology

A root definition is usually presented in a single statement, and combines the six
components specified above. For example, for an e-commerce application, it could be:

A Telecomms Provider (TP) owned charging system, to facilitate internet en-
abled users arriving over TP owned ISDN lines to make travel ticket purchases
at lower costs than other internet service provers, and at a faster speed, using
SoftwareA

where, Customers are “internet enabled users”, Actors include “SoftwareA” and “ISDN
line” operators, Transformations correspond to business transactions of “purchasing
tickets”, Weltanschauung is to facilitate the use of TP charging system for internet en-
abled users over TP ISDN lines, the Owner is the ‘TP’ and the Environment can be other
competitors in the area providing a similar service. Similarly, other root definitions can
be derived, based on the particular viewpoint, or business need being investigated. Each
viewpoint therefore provides a perspective of system usage for a given stake holder,
and must identify activities that need to be undertaken to achieve some objective. Each
root definition is expanded into a conceptual model, to identify activities necessary for
a business to meet the specified purpose, and to identify the relationships between these
activities. Figure 2 illustrates the conceptual model, where the semantics of each ac-
tivity is informally defined and is aimed, primarily, to facilitate discussion about how
a business should be managed. In many ways, the relationships between activities are
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presented to enable an exploration of possible scenarios and likely outcomes that could
have been ignored. The objective of developing the conceptual model therefore being an
exploration of possible activities that could be undertaken to achieve a result in a given
instance. This informal approach is much more intuitive to the users of a system, and
allows first a focus on particular root definitions with a particular “Weltanschauung”,
followed by a conceptual model with a wider scope. Conceptual models can also be rep-
resented in a hierarchic form, enabling high-level models to be refined with additional
activities, also illustrated in figure 2, as activities A4.1 and A4.2.

       Policy
A1: Determine Charging

A7: Find charging strategies that 
are more appropriate to Internet users

imposed by on-line charging
A8: Consider security constraints 

A4:  Determine influence on other
services offered by TPA3: Calculate network traffic and 

ISDN usage to guarantee a quality of service

A5: Determine ways to handle 
bugs found in the software A4.1 Determine additional

advertising revenues that 
could be generated

A4.2 Determine
other network services
that may be used in
place of ISDN

cooperating with airlines
A6: Determine a policy for 

ticket purchases on the Internet
A2: Determine likely demand for

Fig. 2. Conceptual Model for TP Travel Services

SSM therefore provides a more informal method to capture system requirements,
and studies on linking SSM with UML use-cases have been investigated in [2],[3]. In
such studies the emphasis is generally on developing a first pass at systems design using
SSM, followed by validating system models by UML, often by finding correspondences
between UML and SSM terminology, such as linking SSM root-definition to UML Use-
case actors.

3 Demonstration of Approach

Our design approach is illustrated in figure 3, and contains three phases: (1) Analysis
of the business model, by considering various “views” of information system require-
ments, and expressed as root-definitions. A conceptual model is constructed for each
root definition, relating activities necessary to achieve a “view”. SSM Actors and Cus-
tomers are identified, followed by the construction of a “sequence” and “collaboration”
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diagram between these entities, the former showing a temporal exchange of messages
between entities in the system, and the latter displaying associations between the enti-
ties. Finally, based on collaborations thus defined, rules for Actors and Customers are
derived, based on the BDI model. Each behaviour rule is defined using the template in
Code Segment 1.

WHEN
Messages Arrive with Particular Condition(s)

IF
{ Belief(s) & Commitment(s) & Intention(s) & Capability }

THEN
Update
{ Belief(s) & Commitment(s) & Intention(s) }
Send Message(s) to Other Entitie(s)

Code Segment 1

The “Capability” of an agent does not change with time, however its ability to perform a
given action is determined by its ‘Beliefs’, and ‘Commitments’ it has made to perform
a given task, within a given time interval, to other components – both ‘Beliefs’ and
‘Commitments’ vary over time, based on interactions between agents.

Business Model

View
1

View
2

Viewn

View3 ...

Identify Components
and Interactions

Properties
 Determine Component 

Use of UML notation:

Use of BDI-C  agent model 
Identify rules for components

Sequence and Collaboration Diagrams

Fig. 3.Design Approach based on SSM and dynamic components

Consider a system for business to business e-commerce, for purchasing airline tick-
ets over the Internet, comprising of buyers, sellers and various intermediate roles. A
root definition for such a system can be:

A Telecomms Provider (TP) owned charging system, to encourage airlines X
and Y to provide their inventories on-line in the format required by SoftwareA,
increasing revenues for airlines X and Y, and increasing user traffic on TPs
network
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in this instance, the TP is the Customer, Actors are airlines “X”, “Y”, and SoftwareA
operators, Transformations correspond to debits on TP account, and credits to “X” and
“Y” accounts, Weltanschauung is the set of processes required to increase revenues
for airlines “X” and “Y” and traffic on TPs network, and Environment includes other
airlines, and other network operators. In this case the root definition describes the view-
point of the network operator over which e-commerce transactions are to take place.
Similarly, other root definitions can be specified, such as:

A purchasing system owned by A, to enable finding the lowest price flight
tickets from the nearest airport to A

in this case, the viewpoint (or Weltanschauung) is based on the perspective of a buyer
“A”. Different buyers could have different viewpoints however, as some may require an
intermediate leasing service with which they can interact, rather than directly owning a
purchasing system. Hence, another root definition for a buyer could be:

A leasing system owned by B, to facilitate the discovery of merchants selling
flight tickets with car rental and holiday homes.

Root definitions are therefore subjective, and reflect the particular needs or viewpoints
of a user within the system. Root definitions for the sellers can be similarly described,
based on their particular perspective or objective in using the information system. A
conceptual model is subsequently derived for each root definition, indicating activities
that need to be performed to achieve the viewpoints identified in the root definition.
A set of common themes should now be explored between root definitions, to find
overlap between the viewpoints, as illustrated in figure 4, and identified by various
users. Such overlaps illustrate common services or roles that must be supported within
an information system, and together with the “Actors” lead to the description of initial
“beliefs” and required “capabilities” for agents. The “Actors” definition can also be used
to find supported relationships between collaborating participants. For instance, in the
travel agent example, airlines need to interact with buyers directly or via intermediate
agents. Also, both airlines and buyers need to interact with the Telecomms Providers.
Additional roles can be isolated based on differences in root definitions, and activities
identified within the conceptual model.

Subsequently, the roles and interactions derived from the SSM model are translated
into collaboration and sequence diagrams. Each sequence diagram represents a shared
activity based on overlaps in conceptual models of different users. The approach is very
general to this point, and particular details, such as the actual number of buyers and
sellers, the number of intermediate agents etc, is not specified. Subsequently, a more
specific description of the system is necessary, such as the physical number of buyers
and sellers – as this is necessary before making use of UML. An example for 2 buy-
ers, 2 sellers and an intermediate facilitator is illustrated in figure 5, showing that first
buyers and sellers register their vocabulary (ontology) with the facilitator, followed by
requests for information using ‘askone’, ‘askall’ and ‘tell’ messages. Figure 5(b) mod-
els one possible scenario, and the order of messages can vary, as agents are operating
asynchronously. This arrangement corresponds to the root definition where intermediate
agents are leased to obtain seller details.
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Fig. 4. Overlap between Weltanschauung of different users.U: User,W:Weltanschauung
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Facilitator
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Proxy
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ask-one
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ask-all
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tell
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(a) Collaboration Diagram (b) Sequence Diagram

Fig. 5. (a) Collaboration diagram, (b) Sequence diagram, for 5 agents

As described previously, behaviour rules for components are defined with anWHEN-
IF-THEN combination, where theWHENportion relates to new events occurring in the
environment of an agent, theIF portion compares the current state of the component
with conditions that are required to make the rule applicable, and theTHENportion cor-
responds to actions that are taken by the component as a result of the rule firing. TheIF
portion is a generic mechanism to match against the beliefs, commitments, capabilities
and intentions, enabling these to be combined in different ways.

3.1 Design Methodology

The design methodology comprises of the following phases:

1. Identify stake holders within the system. These are individuals who will be users of
the system in the future, or will be affected by it in some way. A set of representative
users must be identified, and interviewed to determine their particular requirements
and expectations from the system. It is useful to note here that requirements of
users can range from technical concerns to political and social concerns from a
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system. Most existing design methodologies do not concentrate on the latter, and
are primarily concerned with supporting technical objectives.

2. Based on user requirements and expectations, derive a root definition for each user,
or a group of users.

3. A conceptual model of the required system must be then be developed from root
definitions obtained in (2). The conceptual model must describe a set of activities or
actions, as identified by a stake holder, required to achieve their Weltanschauung.

4. Steps (2) and (3) are used to find overlap in Weltanschauung and outlined activities
across the different stake holders. These common activities are enumerated, and
combined into a set of “roles”. Each “role” must specify a set of pre-conditions that
need to be validated to active it, and the transformations that are performed by it to
other roles within the system. A pre-defined template specifying roles may also be
used, as identified in the “market place” paradigm for e-commerce [10].

5. A rule base is developed based on actions to be performed within a given role, as
identified by the activities defined in the conceptual models. These rules represent
the initial beliefs and capabilities of each agent within the system. Each rule should
also enable assertion or retraction of facts relating to it. Each rule may follow the
general format identified in code segment 1.

6. Interactions between agents are also specified based on the conceptual model and
root definition. Hence, in order to achieve a particular viewpoint, it may be required
for a group of agents to interact. For instance, in the airline example, the airlines
must be able to communicate with the Telecomms Provider.

7. Interactions between agents are modelled using UML sequence diagrams. Each
diagram illustrates a given activity outlined in the conceptual model. The Weltan-
schauung for a particular user will involve multiple interactions, each of which can
be represented as a sequence diagram.

8. The rules defining agent behaviours and the UML sequence diagrams may then be
implemented using various agent development toolkits, or directly in a particular
programming language such as Java.

9. The system is then monitored by each user to evaluate its behaviour with respect to
their particular root definitions. An acceptance test is undertaken to measure how
effective a system has been to meet the original user need. Based on feedback from
users, the root definition needs to be updated and the process repeated.

The proposed methodology is user centered, and enables agent roles to more closely
reflect user needs. It accounts for the different perspectives each user has about the
system, and which requires a system to be adaptive. Hence, SSM can capture both
changes in user perceptions, as well as changes in the environment within which the
system operates. Both of these are reflected in the the root definitions for each user.
Figure 6 illustrates the decomposition approach, where overlapping activities between
conceptual models identify common agent services.

3.2 Benefits and Pitfalls

SSM appears an obvious complement to agent oriented information systems design, pri-
marily because of the ability to capture subjective system requirements, subsequently
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Fig. 6. System Decomposition into overlapping conceptual models

enabling a developer to capture system needs more intuitively. Our design approach
illustrated in figure 3 is top-down, however if templates are available from an existing
business scenario, pre-defined agent-based components may be used. Since components
can vary their behaviour over time, usingASSERTandRETRACTto add and remove
rules for instance, it is possible for components to start with pre-defined knowledge and
modify it based on changes in root-definition, and usage. Use of some UML notation
as an intermediate step can help validate SSM models, at the same time overcome the
complexity of UML. To facilitate a unified view, all components are agents, and legacy
information systems can be ‘wrapped’ as agents. Hence, the granularity of a compo-
nent can be a complete information system, an operation performed by the information
system, or as a bridge to enhance the functionality of the information system, albeit dic-
tated by a system model in SSM. In this instance, each agent is undertaking a role which
contributes towards the objectives of all stake holders within the system. An agent can
subsequently adapt its role based on preference to a particular category of users.

The pitfalls with this approach relate to the difficulty of verifying the behaviour of an
agent system, as interactions between agents can lead to complex behaviours which are
hard to predict. Safety critical systems may not be amenable to such a design approach,
unless constraints on agent behaviours are very stringent, which would approximate a
traditional object oriented model in the limiting case. It may be difficult to determine in-
termediate roles for agents, due to conflicting root definitions. In this instance, the users
will be required to vary their root definitions to find roles. In this case, a feedback mech-
anism must support users to change their particular emphasis. If only a few intermediate
roles are identified, such as using a single facilitator to find merchants for buyers, a bot-
tleneck may exist within the system, suggesting the use of a more open communication
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model where agents could send messages to each other directly. This cannot be detected
with the SSM model, but can with the UML collaboration diagrams. SSM also has limi-
tations, in that it may be difficult to combine root-definitions to give an aggregate utility
measure that could be used to construct behaviour rules. At present, these have to be
combined, or correlated in some way by the developer, and the methodology does not
provide an automatic way to achieve this. Mechanisms for optimising root definitions,
by using weight factors are obvious extensions, but these could eradicate the simplic-
ity benefits of using SSM. Other issues such as security are beyond the scope of this
paper, but can also be identified as concerns within a root definition. Such an approach
would necessitate ‘trust-relationships’ to be established between agents, to ensure that
messages are only processed from trusted hosts/agents, and others discarded.

4 Conclusion

A methodology based on SSM for developing information systems, composed of adap-
tive agents, is described. The use of SSM enables developers to communicate require-
ments with business users in a more intuitive manner. SSM facilitates the improvement
of existing information system usage, and can incorporate “best practise” within a rel-
evant industry into a model. Templates or “patterns” thus obtained may be re-used to
identify agent roles in a related discipline, by analysing similarities in usage derived
from the conceptual model. Although former approaches centered on the object ori-
ented paradigm also provide useful abstractions, these are generally quite inflexible,
and cannot easily relate the particular business processes being modelled by the agent
system. With an SSM approach the root definitions provide a good mechanism to re-
lated business process management with agent behaviours. We propose the use of SSM
as a first step in analysing business models, and explore possible ways of improving
information usage, using different root definitions, based on particular concerns of each
stake holder within a system. These models are then translated into a design composed
of components, a set of interaction patterns between components, and subsequently into
an architecture for components based on the BDI model.
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Abstract. To solve complex problems, agents work cooperatively with other 
agents in heterogeneous environments.  We are interested in coordinating the 
local behavior of individual agents to provide an appropriate system-level 
behavior.  The use of intelligent agents provides an even greater amount of 
flexibility to the ability and configuration of the system itself.  With these new 
intricacies, software development is becoming increasingly difficult.  Therefore, 
it is critical that our processes for building the inherently complex distributed 
software that must run in this environment be adequate for the task.  This paper 
introduces a methodology for designing these systems of interacting agents.  

1.  Introduction 

The advent of multiagent systems has brought together many disciplines in an effort 
to build distributed, intelligent, and robust applications.  They have given us a new 
way to look at distributed systems and provided a path to more robust intelligent 
applications.  However, many of our traditional ways of thinking about and designing 
software do not fit the multiagent paradigm.  Over the past few years, there have been 
several attempts at creating tools and methodologies for building such systems.  
Unfortunately, many of the tools focused on specific agent architectures [1, 12] or 
have not gone to the necessary level of detail to adequately support complex system 
development [8, 24].  In our research, we have been developing both a complete-
lifecycle methodology and a complimentary environment for analyzing, designing, 
and developing heterogeneous multiagent systems.  The methodology we are 
developing is Multiagent Systems Engineering (MaSE). 

Constructing multiagent systems is difficult.  They have all the problems of 
traditional distributed, concurrent systems, plus the additional difficulties that arise 
from flexibility requirements and sophisticated interactions.  Sycara states in [21] that 
there are two technical hurdles to the extensive use of multiagent systems.  First, there 
is a lack of a proven methodology enabling designers to clearly structure applications 
as multiagent systems.  Second, there are no general case industrial-strength toolkits 
that are flexible enough to specify the numerous characteristics of agents. 

This paper addresses the first technical hurdle by proposing a methodology for the 
design of multiagent systems.  The focus is on the construction of a multiagent system 
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through an entire software development lifecycle from problem description to 
implementation.  Research into multiagent system methodologies, for the most part, 
has focused more on high-level descriptions and concepts than on an actual design 
methodology.  Other design paradigms - object-oriented systems in particular - do 
exist as general-case solutions, but these are neither tuned for, nor particularly useful 
in creating a system that is intended to take full advantage of agent capabilities.  
Object-oriented design has achieved some maturity and provides a stable foundation 
upon which to build.  However, object-oriented methodologies are not directly 
applicable to agent systems - typical agents are significantly more complex in both 
design and behavior than objects.  

1.1 Scope 

Because of assumptions made to simplify the research, MaSE has a few limitations.  
First, we assume that the system being created is closed and that all external interfaces 
are encapsulated by an agent that participates in the system communication protocols.  
Second, the methodology does not consider dynamic systems where agents can be 
created, destroyed, or moved during execution.  Third, inter-agent conversations are 
assumed to be one-to-one, as opposed to multicast.  However, substituting a series of 
point-to-point messages can be used to fulfill the requirement for multicast.  Finally, it 
is assumed that the systems designed with MaSE would not be very large; the target is 
ten or less software agent classes.  This is not a hard constraint, but simply indicates 
that no verification or validation of larger systems was done and that no thought was 
given to the potential problems of such systems. 

Work is ongoing at the Air Force Institute of Technology (AFIT) to extend this 
methodology in these and other areas.  Both the problems of dynamic systems and 
multicast conversations appear to be relatively straightforward extensions using 
predefined move activities and special multicast conversations.  While not designed 
for open systems, MaSE can also be used to design agents that operate in an open 
environment as long as there are appropriately define protocols for the agent to use.  

1.2 Related Work 

There have been several proposed methodologies for analyzing, designing, and 
building multiagent systems [8].  The majority of these are based on existing object-
oriented or knowledge-based methodologies.  In fact, the syntax of many of the 
models was taken from the Unified Modeling Language even though the methodology 
itself is dissimilar to most object-oriented approaches. 

Actually, MaSE builds upon the work of many agent-based approaches; it takes 
many ideas and combines them into a complete, end-to-end methodology.  For 
instance, work on goals and roles by Kendall [11] influenced the initial MaSE 
analysis steps while the mapping of roles to agent classes builds off the concepts 
presented by Kinny, Georgeff, and Rao [12].  Only the Gaia approach [24] attempts to 
encompass the entire life cycle, although the authors admit to its shortcomings.  The 
main advantage of MaSE over previous methodologies is its scope and completeness. 
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2.  Multiagent Systems Engineering Methodology 

The Multiagent System Engineering (MaSE) methodology, takes an initial system 
specification, and produces a set of formal design documents in a graphically based 
style.  The primary focus of MaSE is to guide a designer through the software 
lifecycle from a prose specification to an implemented agent system.  MaSE is 
independent of a particular multiagent system architecture, agent architecture, 
programming language, or message-passing system.  A system designed in MaSE 
could be implemented in several different ways from the same design.  MaSE also 
offers the ability to track changes throughout the process.  Every design object can be 
traced forward or backward through the different phases of the methodology and their 
corresponding constructs.  MaSE is described in more detail in [4, 22].  An overview 
of the methodology and models is shown in Figure 1. 
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 Fig. 1.  The MaSE Methodology 

The general operation of MaSE follows the progression of steps shown in Figure 1, 
with outputs from one section becoming inputs for the next.  The methodology is 
iterative across all phases with the intent that successive "passes" will add detail to the 
models described later.  The gray boxes denote models used within the methodology 
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and the phases are listed down the right side of the figure.  The arrows indicate how 
the models influence each other. 

2.1 Capturing Goals 

The first phase in MaSE is Capturing Goals, which takes the initial system 
specification and transforms it into a structured set of system goals as shown in a Goal 
Hierarchy Diagram (Figure 2).  This phase of MaSE is drawn in a large part from 
analysis patterns in [11].  In the MaSE methodology, a goal is always defined as a 
system-level objective.  Lower-level constructs may inherit or be responsible for 
goals, but goals always have a system-level context. 

1.2.2.1 Create
status reports

1.3.2.1 Notify
analysts of
intelligence taskings

1. Allow commander to
issue intelligence taskings
and receive intelligence
reports

1.4. Link to non-
homogenous intelligence
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1.2 Allow commander to
request & receive status
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1.3 Deliver intelligence
reports to the
commander
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sources
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1.1.1 one-time
& time-window
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1.2.2 Deliver
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to refine and
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reports to to Intel
before commander

1.3.4 Allow
commander to set
presentation
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Fig. 2.  Goal Hierarchy Diagram 

There are two parts of the Capturing Goals phase: identifying and structuring 
goals.  The goals are identified by distilling the essence of the set of requirements.  
These requirements may include detailed technical documents, user stories, or 
formalized government specifications.  Once these goals have been captured and 
explicitly stated, they are less likely to change than the detailed steps and activities 
involved in accomplishing them.  

The goals are then analyzed and structured into a form that can be passed on and 
used in the design phases of the MaSE methodology.  In a Goal Hierarchy Diagram, 
goals are organized by importance.  The main sequences of interaction and 
subordinate details must be distinguishable from one another.  Each level of the 
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hierarchy contains goals that are roughly equal in scope and all sub-goals relate 
functionally to their parent. 

2.2 Applying Use Cases 

It is the conversations between agents that are the real backbone of a multiagent 
system, as they enable the distributed operation that is the strength of agent 
technology.  The second phase of MaSE looks down the road toward constructing 
these conversations and creates use cases to ease this difficulty. 

The Applying Use Cases phase captures use cases from the initial system 
requirements and restructures them as a Sequence Diagram (Figure 3).  A sequence 
diagram depicts a sequence of messages between multiple agent roles. 

newTask

dataRequest

dataReply

rawIntell

intellReport

analystRequest

dataReply

Commander
Interface

Task
Controller

Mission
Controller

Analyst
Interface

 

Fig. 3.  Sequence Diagram 

First, use cases are drawn from the system requirements.  Use cases are narrative 
descriptions of a sequence of events that define desired system behavior.  They are 
examples of how the user (or the requirements document editor) thinks the system 
should behave in a given case. 

A Sequence Diagram is used to determine the minimum set of messages that must 
be passed between roles.  If a message is passed between two roles, then there must 
be a corresponding communication path between them.  A communication path 
between roles played by separate agent classes means that a conversation must exist 
between the two agent classes to pass the message.  The agent class playing the role 
that initiated the communication becomes the initiator of that conversation, while the 
receiving agent class becomes the responder.  Typically, we create at least one 
sequence from a use case.  If there are several possible scenarios, multiple Sequence 
Diagrams are created. 

2.3 Refining Roles 

The third step of MaSE is to transform the structured goals of the Goal Hierarchy 
Diagram into a form more useful for constructing multiagent systems: roles.  Roles 
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are the building blocks used to define agent�s classes and capture system goals during 
the design phase.  We guarantee that system goals are accounted for by ensuring that 
every goal is associated with a role and that every role is played by an agent class. 

A role is an abstract description of an entity's expected function and encapsulates 
the system goals that it has been assigned the responsibility of fulfilling.  Roles are 
created to do something.  They are similar to the notion of an actor in a play or an 
office within an organization.  Roles are described in detail in [10,12,24]. 

The general case transformation of goals to roles is one-to-one; each goal maps to a 
role.  However, there are many exceptional situations where it is useful to combine 
goals.  Similar or related goals may be combined into single roles for the sake of 
convenience or efficiency.  Goals that share a high degree of cohesion as described in 
[16] can be combined into a single role.   

Some goals imply distributed roles.  Any mention of separate machines or other 
distribution requires one role for each "side" of the distributed relationship.  
Interfacing with an external source is the same.  One role must interface with the 
source while another may be required to bridge the gap back to the system.  This is 
also true for any database, file interface, or user interface in the system.  A user 
interface implies a role by itself and should be separate from other roles as if it were a 
separate data source. 

Role definitions are captured in a traditional Role Model [10] as shown in Figure 4.  
MaSE also allows a more complete version of a Role Model, as shown in Figure 5, 
which includes information on interactions between role tasks.  However, the 
traditional version of the Role Model is more useful at the outset of the role definition 
process before tasks have been defined, as well as later in the analysis to provide a 
high-level view of the system.  In the traditional Role Model, lines between roles 
denote possible communications paths between roles.  These paths are derived from 
the Sequence Diagrams developed in the previous step.   

Commander
Interface

1, 1.2, 1.3, 1.3.4

Task Controller
1.1, 1.1.1, 1.1.2,

1.3.3

Mission Controller
1.4

Analyst Interface
1.3.1, 1.3.2, 1.3.4

Registrar
1.4.1, 1.4.1.1,

1.4.1.2

Data Source
Interface

1.4.2

Status Reporter
1.2.1, 1.2.2,

1.2.2.1

 

Fig. 4.  Traditional Role Model 

In MaSE, roles are typically documented in a more detailed version of a Role 
Model as shown in Figure 5.  First, the goals associated with each role are listed under 
the role name.  It also shows the set of tasks associated with each role, which are used 
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to define the role�s behavior.  Roles are denoted by rectangles, while the role tasks are 
denoted by ovals attached to the role.  Tasks are simply identified in the MaSE Role 
Model.  The detailed description of a task�s definition is provided in the next section.  
Lines between tasks denote communications protocols that occur between the tasks.  
The arrows denote the initiator/responder relationship of the protocol with the arrow 
pointing from the initiator to the respondent.  Solid lines indicate peer-to-peer 
communications, which are generally implemented as external communications 
protocols.  External protocols involve message passing between roles that may 
become actual messages if their roles end up being implemented in separate agents.  
Dashed lines denote communication between concurrent tasks within the same role.  
A lined is dashed if it will only occur within the same instance of the role in the final 
system.  Roles may not share or duplicate tasks.  Sharing of tasks is a sign of 
improper role decomposition.  Shared tasks should be placed in a separate role, which 
can be combined into various agent classes in the Design phase. 
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Fig. 5.  MaSE Role Model 

After roles are created, tasks are associated with each role.  Every goal associated 
with a role can have a task that details how the goal is accomplished.  This must be 
done after role creation since tasks communicate with tasks in other roles.  A MaSE 
task, which captures a bidder's behavior in a Contract Net Protocol, is shown in 
Figure 6.  A task is a structured set of communications and activities, depicted as a 
state diagram. 
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receive(newTask(units, target, window, time))
idle

FindControllers
list = findControllers(units, target)

t = setTimer(time)
n = size(list)

[size(list) <  0] / send(noSources(units, target, window, time))

[size(list) >= 0] / send(dataRequest(units, target), <list>)

wait

[timeout(t) OR n <= 0]
/ send(rawIntell(units, target, window, time, data))

CollectData
data = addData(d, data)

n = n - 1

receive(dataReply(d), c)

 

Fig. 6.  MaSE Task 

2.4 Creating Agent Classes 

In the Creating Agent Classes phase of the MaSE methodology, the agent classes are 
identified from component roles.  The product of this phase is an Agent Class 
Diagram, shown in Figure 7, which depicts agent classes and the conversations 
between them.  The boxes in the figure are the agent classes, containing the class 
name and its assigned roles.  Lines with arrows denote conversations and point from 
the initiator of the conversation to the responder, with the name of the conversation 
written either over or next to the arrow. 
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Registrar
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SendProcessedIntel
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Fig. 7.  Agent Class Diagram 
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During this phase of MaSE, agent classes consist of two components: roles and 
conversations.  In a later MaSE phase, internal details are added to agent classes.  The 
conversations of an agent class are those that it participates in, either as an initiator or 
responder. 

The primary difference between the Agent Class Diagram and similar object 
diagrams is the semantics of the relationships between agent classes.  In Agent Class 
Diagrams, these relationships define conversations that are held between agent 
classes.  In fact, the primary purpose of this phase is to identify the agent classes that 
"anchor" each side of a conversation. 

Just as before, when mapping goals to roles, there is generally a one-to-one 
mapping between roles and agent classes.  However, the designer may combine 
multiple roles in a single agent class or map a single role to multiple agent classes.  
Since agents inherit the communication paths between roles, any paths between two 
roles become a conversation between their respective classes.  As such, it is desirable, 
where possible, to combine two roles that share a high volume of message traffic.  
When determining which roles to combine, size and frequency of communications are 
important, not just the number of communication paths.   

2.5 Constructing Conversations 

Constructing Conversations is the next phase of MaSE.  It is closely linked with the 
phase that follows it, Assembling Agents.  As will be discussed later, it is often 
beneficial to alternate between the two phases.  A MaSE conversation defines a 
coordination protocol between two agents.  Specifically, a conversation consists of 
two Communication Class Diagrams, one each for the initiator and responder.  A 
Communication Class Diagram is a pair of finite state machines that define the 
conversation states of the two participant agent classes.  The initiator side of a 
conversation is shown in Figure 8 with its associated responder side shown in Figure 
9.  The initiator begins the conversation by sending the first message. 

wait

^ dataRequest(units, target)

dataReply(data)

sorry() ^ dataRequest(units, target)

store
addData(data)

[timeout(t)] ^ cancel()

 

Fig. 8.  Initiator Communication Class Diagram 
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dataRequest(units, target)

^ dataReply(data)

store
data = getData(units, target)

cancel()

wait

validation
valid = validate(units, target)

[NOT valid] ^ sorry()

dataRequest(units, target)

cancel()

cancel()

 

Fig. 9.  Responder Communication Class Diagram 

When an agent receives a message, it compares it to its active conversations.  Upon 
a match, the agent transitions the appropriate conversation to a new state and 
performs any required activities from either the transition or the new state.  
Otherwise, the agent compares the message to all possible conversations that it may 
participate in with the agent that sent the message, and begins a new conversation if 
the message matches a transition from the start state.  Any activities in a conversation, 
which may occur in a state or on a transition, are mapped to methods in the 
corresponding agent classes.  The syntax of a transition follows conventional UML 
notation as shown below, and described in [3].  

rec-mess(args1)[cond]/activity^trans-mess(args2) 

While the operation of a conversation is relatively simple, its design can be quite 
complicated.  Conversations are defined at a high level.  Specifically, the initiator and 
responder agent classes are specified for each conversation in the system.  The 
problems encountered in this phase deal with building the finite state automata that 
define the operation and protocol of conversations. 

 Conversations must support and be consistent with all sequence diagrams derived 
earlier.  They may also incorporate states from tasks.  Some tasks, in fact, operate 
entirely over single conversations and can be designed directly.  In general though, 
conversations are built by first adding all possible states and transitions that can be 
derived from the Sequence Diagrams and tasks.  At this point, much of the 
conversation often exists.  For the rest of the conversation design, it is a matter of 
adding states and transitions as necessary to convey the required messages and 
provide robust operation.  Automatic verification of conversation correctness is 
addressed by Lacey in [13]. 

2.6 Assembling Agent Classes 

In this phase of MaSE, the internals of agent classes are created.  Work by Robinson 
[18] describes the details of assembling agents from a component-based architecture.  
He defines five different architectural style templates: Belief-Desire-Intention (BDI), 
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reactive, planning, knowledge based, and a user-defined architecture.  Each 
architecture template has a specific set of components.  For example, a reactive 
architecture includes a Controller, MessageInterface, RuleContainer, and Effectors.  

A designer can either define components from scratch or use pre-existing 
components.  Furthermore, components may have sub-architectures containing 
components.  Components are joined with either inner- or outer-agent connectors.  
Inner-agent connectors (thin arrows) define visibility between components while 
outer-agent connectors (thick dashed arrows) define connections with external 
resources such as other agents, sensors and effectors, databases, and data stores.  
Internal component behavior may be represented by formal operation definitions as 
well as state-diagrams that represent events passed between components.  An example 
of a component-based architecture is shown in Figure 10. 

 

Fig. 10.  Generic Reactive Agent Class Architecture 

2.7 Constructing Conversations versus Assembling Agent Classes 

As discussed in their respective sections, constructing conversations and agent class 
assembly are closely related activities.  In practice, it is useful to alternate between 
these phases while staying within one functional area of the design.  The question of 
which to do first is answered best by the style of conversations the system uses.  In 
particular, is the system communication-heavy?  Are the communications relatively 
complex?  The designer should design conversations first if the system consists of 
many simple conversations, or if the initial context of the system includes many use 
cases.  It is generally better to define the agents first if there are complex 
conversations, or if many of the agent classes are being reused. 

2.8 System Design 

The final phase of the MaSE methodology takes the agent classes and instantiates 
them as actual agents.  It uses a Deployment Diagram to show the numbers, types, 
and locations of agents within a system.  System design is actually the simplest phase 
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of MaSE, as most of the work was done in previous steps.  The idea of instantiating 
agents from agent classes is the same as instantiating objects from object classes in 
object-oriented programming. 

Deployment Diagrams are used to define a system based on agent classes defined 
in the previous phases of MaSE.  Deployment Diagrams define system parameters 
such as the actual number, types, and locations of the agents within the system.  
Figure 11 shows an example Deployment Diagram.  The three dimensional boxes are 
agents, and the connecting lines represent conversations between agents.  The agents 
are named either after their agent class, or in the form of "designator: class" if there 
are multiple instances of a class.  A dashed-line box indicates that agents are housed 
on the same physical platform. 

 

Fig. 11.  MaSE Deployment Diagram 

A system must be arranged in a Deployment Diagram before it can be 
implemented in code.  This is due to the differences between agents and agent classes.  
An agent requires information such as a hostname or address to participate in a 
multiagent system.  A Deployment Diagram also offers another opportunity for the 
designer to tune the system.  Agents can be arranged among various machine 
configurations to take advantage of the available processing power of network 
bandwidth.  

A final element to consider is automatic code generation.  The MaSE methodology 
is concerned with actually engineering agent systems.  As such, all of the steps of the 
methodology work toward that end.  It is our vision that code generation be a largely 
automatic process.  Code generation is not a part of MaSE at this time, but is assumed 
to happen just after this phase.  
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3.  Contributions 

MaSE guides a multiagent system designer through the entire software development 
lifecycle, beginning from a textual system representation and proceeding in a 
structured manner toward a working implementation.  MaSE combines several pre-
existing models into a single structured methodology.  Most of the models used 
within the methodology have therefore been already justified and validated within the 
realm of agents and multiagent systems.  A sequence of guided transformations 
connects the elements of this strong foundation together into a clear high-level picture 
of how a designer should go about creating a multiagent system. 

In conjunction with the MaSE methodology, we have developed a tool, called 
agentTool, to support the development of multiagent systems using MaSE [5].  The 
agentTool system currently supports the entire lifecycle from the Goal Hierarchy 
diagram down to code generation.  Developing the methodology and tool together 
allowed us to focus the methodology toward automation.  Focusing on automation 
forced us to define an unambiguous semantics for the models as well as the 
relationships between the models.  Using MaSE and agentTool we have shown that 
you can develop a multiagent systems development methodology, along with an 
automated toolset, that supports multiple types of agent architectures, languages, and 
communications frameworks.   

4.  MaSE Applications 

MaSE has been successfully applied in numerous graduate-level projects as well as 
several research projects.  The Multi-Agent Distributed Goal Satisfaction project [20] 
is a collaborative effort between AFIT, the University of Connecticut, and Wright 
State University where MaSE is being used to design the collaborative agent 
framework to integrate different constraint satisfaction and planning systems.  The 
Agent-Based Mixed-Initiative Collaboration project [2] is also using MaSE to design 
a multiagent system focused on distributed human and machine planning.  MaSE has 
been used successfully to design an agent-based heterogeneous database integration 
system [14] as well as a multi-agent approach to a biologically based computer virus 
immune system [7].  
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Abstract. In view of the proliferation and expansion of wide-area open networks
such as the intranets and extra-nets, agent technology is attracting greater attention.
However, as yet there is well-established and widely used method of developing
safe and secure agent systems. In this paper, we propose a methodology that
supports the step-by-step development of mobile agent systems while ensuring
consideration of security issues. This approach results in a robust infrastructure
for practical system development, and by supporting calculation of various costs
allows efficiency and security tradeoffs to be objectively evaluated.

1 Introduction

In view of the mounting use of computer networks such as the intranets and extra-nets
between organizations, and the expansion of such networks, the software that supports
these networks is becoming increasingly important. It is this context that the concept of
mobile agents is attracting attention. However, mobile agents suffer from insufficiencies
respecting developmental methodology and security. Until these problems are solved,
widespread adoption of agents is unlikely. In particular, this is because it is difficult to
build practical large-scale systems in the absence of rigorous developmental method-
ologies.

In this paper, we propose a methodology that supports the step-by-step development
of mobile agent systems while ensuring consideration of security issues. The methodol-
ogy revolves around the use of patterns that take these issues into account.

Our methodology has the following features. Firstly, it is a concrete development
method with security concerns fully integrated. Secondly, we can easily construct a suit-
able computation model by examining the patterns and their costs. The pattern approach
was originally conceived as an aid to object-oriented software development. In this pa-
per we apply the same concept to the development of agent systems. This results in a
robust infrastructure for practical system development, and by supporting calculation of
various costs allows efficiency and security tradeoffs to be objectively evaluated. Such
tradeoffs and methodologies are important because the system that concerns the security
by ad-hoc method may be too slow and have security hole.

In addition, software for intranets/extra-nets recently should be adopted dynamical
changes safely and quickly, when the structure of organization changes for innovation.

P. Ciancarini and M.J. Wooldridge (Eds.): AOSE 2000, LNCS 1957, pp. 223–234, 2001.
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Our methodology allows us such changes because it uses not only structure of agents
but also organization and control information of hardware.

Previous work has included proposals for safety and security techniques for mobile
agent systems [8]. However, these proposals did not incorporate a concrete methodology,
and focused on only parts of the overall system rather than taking the necessary holistic
approach. This state of affairs is reflected in the absence of any general guidelines for
mobile agent systems. Tahara [13] proposed mobile agent patterns. Other approaches
have also been proposed, but without the integration of security and safety issues. Addi-
tionally the absence of objective cost guidelines was a problematic omission. We have
developed more abstract patterns in order to avoid the domain-specificity of other work.

The contribution of this work can be viewed from a variety of different perspectives.
From the software engineering point of view, (1) our work provides a basis for CASE and
IDE tool design, (2) agent migration necessity can be discussed formally, and (3) security
can be maintained while integrating legacy applications. From the system management
perspective, it provides a mechanism for evaluating the system in terms of efficiency
and security.

The paper is structured as follows. Section 2 provides the overview of our methodol-
ogy. Details of our methodology are described in section 3 to 5. Section 3 describes the
models used in the methodology. Section 4 describes the patterns. Section 5 describes
the process. In section 6, we evaluate the methodology by using a example and discusses
the methodology. Section 7 describes related work and some final remarks are provided
in Section 8.

2 Summary of the Development Process

The process is summarized in Figure 1. The round rectangles denote the sub-processes,
the solid rectangles denote the products, and the dotted rectangles denote the patterns
presented in this paper. In the process, we use 3 kinds of information: agent structure
model for application information, system requirements model for hardware information
and access model and confidentiality model for organization information. The method
consists of migration decision phase and security decision phase, and in each phase we
use patterns: basic patterns and secure patterns respectively.

Agent structure Model

Confidentiality Model

Access Model Security decision subprocess

Migration decision subprocess

Secure migration model

Secure migration patterns

Basic patterns

System requirements Model

migration decision phase

security decision phase

Fig. 1.Summary of process
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Agent Platform

OS

ApplicationDB
IDL,
Wrapper

Mobile Agent

network

OS OS

Application

host host host

remote access

local access

Agent Platform

Virtual Machine

migrate

Fig. 2.Mobile Agent Architecture

Mobile Agent Architecture that we use to develop a system is shown in Figure 2.
In a system, mobile agents can access applications and databases in other hosts through
the agent platform and the wrappers. In addition, an agent consists of some objects or
subroutines. In our methodology, we only consider the security for a mobile agent against
attacks from others.

3 Models

3.1 Agents Structure Model

This model expresses data flow of agents and the following information.

Amount of data are indicated beside each arrow.
Computing hosts where the computation is performed and the data are stored are in-

dicated at the top left-hand corner of each node.
If any hosts in the system are allowed to perform the computation, “*” is indicated
instead of host names.

Initial computation host name : is indicated in the double-lined box and an arrow is
drawn from the box to the computation performed first.

Computation time : is indicated in the circle at the bottom left-hand corner of each
node.

Code size is indicated after the computation time and “/”.

The computation time and the amount of data are set at their average or typical value.
Figure 3 shows an example of an agent structure model. This example represents that
Data store is a database onhostA, andoperation is performed onhostA or hostB.

100Kbytes

50Kbytes 500Kbytes

hostB

Initial computation hosts

Computing hosts

data size
computation time/

code size

Data store Applicationdisplayoperation
1sec2sec/

2Kbyes
5sec 3sec/

8Kbyes

10Kbytes

hostA * * hostB

Fig. 3.Agent Structure Model

The times indicated at the bottom right-hand corner of the data stores denote the times
from when inputs such as SQL are given until the resulting data are taken. Figure 3, for
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example, represents that 10K bytes input is needed in order to get 100 Kbytes data from
the data store and it takes 5 seconds to get the outputs from the inputs.

3.2 System Requirements Model

This model includes the information on the resource constraint on the hosts and the
network: the longest stay time of agent and network transfer speed. The reason we
consider stay time is for load balancing of a host.

Figure 4 shows an example of a system requirements model. The figure illustrates
that an agent cannot stay for more than 10 seconds inhostA. It also indicates that the
transfer speed betweenhostA andhostB is 30 Kbytes/sec at the worst point.

host Bhost A
10min 30min30Kbytes/sec

600Kbytes/sec 6Mbytes/sec

Fig. 4.Example of System Requirements Model

host Bhost A

section 1 section 2

Fig. 5.Control model

3.3 Control Model

This model represents which organization accesses the network and hosts. Figure 5 shows
an example of a control model. This example represents that the member ofsection 1
can access tohost A, host B and the network between connected tohost A, and the
member ofsection 2 can access to thehost B and the network connected tohost
B.

We assume that person who does not belong to the controlling organizations cannot
access to the network and the hosts of the organizations.

3.4 Confidentiality Model

This model represents to which organizations the data handled by the service can be
opened. Figure 6 shows an example of a confidentiality model. This figure indicates that
the Data store’s input and output data can be opened to onlysection 1 and the input
and output ofdisplay can be opened tosection 1 andsection 2.

section 1
Data store Applicationdisplayoperation

section 2

section 1

section 2

Fig. 6.Example of Confidentiality Model
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4 Patterns

4.1 Basic Migration Patterns

Migration patterns that do not consider security are composed of the following basic
migration patterns shown in Figure 7. Pb1 and Pb2 are the computation patterns and
represent typical situations of computation of mobile agents. Pb3, Pb4 and Pb5 are
coupling patterns and represent typical situations of migration of mobile agents between
the hosts.

For each computation process, a computation pattern and several coupling patterns
are composed and a migration pattern is established.

A = B A B

Pb1 Pb2

computation of
agent computation of

application

computation of agent
computation of
application

A=B A B A B

Pb3 Pb4 Pb5

Fig. 7.Basic Migration Patterns

The vertical lines denote hosts and time flows from the top to the bottom. The black
rectangles represent that computation is actually performed, and the gray rectangles
represent that computation is not performed while the hosts are blocked by computation
of some other hosts. The dotted horizontal lines denote communication by the message
and the solid lines denote the migrations of mobile agents. The white rectangles denote
computation other than the computation in question and are not parts of the patterns.

The following are detail of the patterns.

Pb1 is applied if the host performing the computation and the host that has the actors
and the data stores related to the computation coincide.

Pb2 is applied if the host performing the computation interacts by exchanging messages
with the host that has the actors and the data stores related to the computation.

Pb3 is applied if the host performing the computation in question and the host perform-
ing the next computation coincide. The mobile agent does not migrate.

Pb4 is applied if the host performing the computation in question and the host perform-
ing the next computation differ and the mobile agent migrates totally.

Pb5 is applied if the host performing the computation in question and the host perform-
ing the next computation differ, the mobile agent migrate partially or totally to the
latter host and the original mobile agent is blocked until the remote computation is
completed.At least, only the data and the codes necessary to the remote computation
migrate and only the results are returned to the original host.

Which pattern of Pb1 or Pb2 is applied can be automatically determined by assign-
ment of the host performing each computation.

4.2 Secure Migration Patterns

The secure migration patterns are the enhanced basic migration patterns considering
encryption/decryption time for preventing data leak and signature generation/checking
for preventing tampering.
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The situations in which security should be considered are classified into 12 categories
according to risk of the network on the way to the host for the next computation, risk of
the host for the next computation and the basic migration patterns with such dangers.

Figure 8 shows the secure migration patterns. In this figure, Pse1, Pse2, Pse3, and
Pse4 are the computation pattern Pb2 enhanced with security techniques, Pse5, Pse6,
Pse7, and Pse8 are the migration pattern Pb4 enhanced with security techniques and
Pse9, Pse10, Pse11, and Pse12 are the migration pattern Pb5 enhanced with security
techniques. The black rectangles in these patterns denote the extra time for increasing
the system security.

In general, the countermeasures listed in the following table are used as the ways of
increasing the system security.

Insecure partKind of attackCountermeasure

Network Wiretapping Encryption
Network Tampering Signature
Host MasqueradingAuthenticating

Considering these issues, the patterns here add encryption, signature and authenti-
cation costs to the basic migration patterns. In detail, the encryption costs are included
in Pse3, Pse4, Pse7, Pse8, Pse11 and Pse12 in which the network is insecure and the
authentication costs are included in Pse2, Pse4, Pse6, Pse8, Pse10 and Pse12 in which
a host is insecure. In this paper, all the data flowing in the network are given signatures
even in Pse1, Pse2, Pse5, Pse6, Pse9 and Pse10 in which the network is secure because
we assume that there is the danger of tampering even if the network is secure.

The following patterns are representative ones.

Pse1 is applied to Pb2 if the hostA, B and the network between them are secure. In this
pattern, the hostA sends its data with the signature of the host itself in order to avoid
tampering over the network. First, the hosts should exchange their public keys to
handle their signatures. Then the hosts sign their data using their secret keys and
verify the data using the corresponding public keys. In this pattern, as indicated by
the black boxes in the figure, more time is required for the key generation, the key
delivery, signing and the signature verification than in the case of Pb2.

Pse7 is applied to Pb4 if the network to the destination host is insecure. In this pattern,
the data should be encrypted before the migration so that more time is required for
it than in the case of Pb4.

Pse12 is applied to Pb5 if the destination host and the network to it are insecure. In this
pattern, it is necessary to authenticate the destination agent platform on the hostB,
to encrypt the agent before the migration and its result.

As mentioned previously, among the patterns in Figure 8, we have no ways to avoid
wiretapping by the destination host in Pse6, Pse8, Pse10 and Pse12 in the case that the
destination host is not secure. Therefore, it may be necessary to change the computation
assignment or the managers of the hosts so that these patterns are not needed.

4.3 Migration Model

The migration model consists of combinations of the patterns explained so far. The
difference between the patterns and the migration models is that the computation time is
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the actual one or not, and that the time of the data transfer over the network is considered
or not.

Figure 9 shows an example of a migration model. In this example, the four compu-
tation processes are executed in the patterns Pb1, Pb2, Pb1 and Pb1, respectively, and
the processes are combined by the patterns Pb4, Pb5 and Pb4.

host A host B host C host D

Pb1 Pb4

Pb2

Pb5

Pb1

Pb1

Pb4

Fig. 9.Example of Migration Model

5 Development Process

5.1 Migration Decision Phase

This phase is summarized as follows. First, the computation in agents are assigned to
the hosts. After that, the basic migration model is constructed by selecting appropriate
migration patterns.

Figure 10 shows some basic migration models derived for the example.

A B
operaion

data read

display
application

A B
operaion

data read

display
application

A B
operaion

data read

display
application

Migration model 1 Migration model 2 Migration model 3

Fig. 10.Derived Basic Migration Model

5.2 Security Decision Phase

In this phase, we apply secure migration patterns to the migration model constructed by
previous phase by using an access model and a confidentiality model.

In this paper, we define the security policy as follows. That is network is insecure
when data which is sent through network is not open to the organization by which the
network can be accessed, and a host is insecure when data which is used in the host is
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not open to the organization by which the host can be accessed. By this policy, we can
apply secure patterns to migration models automatically by using those models.

Finally, we should select a suitable model. For evaluation of migration models, we
consider the cost of models. The cost must be including a communication efficiency,
insecure communication, and the overhead for security. For example, we can define the
overhead for security of each security pattern as follows.

Pattern Overhead for Security

Pse1 2key + sign(x) + check(y) + check(x) + sign(y)
Pse2 auth + 2key + sign(x) + check(y) + check(x) + sign(y)
Pse3 3key+2decode(d)+2encode(d)+encode(x)+decode(y)+decode(x)+encode(y)
Pse4 3key+decode(id+d)+auth+encode(d)+encode(x)+decode(y)+encode(id+

d) + decode(d) + decode(x) + encode(y)
Pse5 key + sign(x + code) + check(x + code)
Pse6 auth + 2key + sign(x + code) + check(x + code)
Pse7 2key + decode(d) + encode(x + code) + encode(d) + decode(x + code)
Pse8 2key+decode(id+d)+auth+encode(x+code)+encode(id+d)+decode(x+code)
Pse9 2key + sign(x + code) + check(y) + check(x + code) + sign(y)
Pse10 auth + 2key + sign(x + code) + check(y) + check(x + code) + sign(y)
Pse11 3key + 2decode(d) + 2encode(d) + encode(x + code) + check(y) + decode(x +

code) + sign(y)
Pse12 3key + decode(id + d) + auth + encode(d) + encode(x + code) + check(y) +

encode(id + d) + decode(d) + decode(x + code) + sign(y)

Wherex andy are the amount of the input/output data of computation,d and id are
public key size and ID and password size, respectively, andkey, sign, check, auth,
encode anddecode are functions of public key generation time, signing time, signature
confirmation time, authentication time and encryption/decryption time, respectively.

The total cost of migration model is defined as follows by using these overheads.

α
TC

TS
+ β

TTC

TC
+ γ

DC

TS
+ σ

DT

TSC
+ ε

SO

TC

whereTSC, TTC, TS, TC, DC, DT andSO are total communication size/time, total
data size, total computation time, size/time of insecure communication, and overhead
for security, respectively.

Figure 11 shows the secure migration models. In this case, we can select model 3
from the cost point of view.

Model 2 Model 3Model 1
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verification

sign

verification

A B

generates key A
generates key B’ 

decryption

key B’

encryption key A

generates key B
encryptionkey B

decryption
encryption

decryption

encryption
decryption

Fig. 11.Derived Secure Migration Model
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6 Discussion

6.1 Availability of the Method

We compared the model derived by our method with the model constructed without
method.

We constructed the agent which read DB in host A then calculate using simulator on
host C to save the results in host B. Figure 12 to 15 are input models. Figure 16 is the
migration model finally selected by using our method. Figure 17 is the migration model
constructed with ad hoc method.

DB read calc save
100Mbytes

10Kbyes

100Kbytes

sim

100Kbytes
10Kbytes

10Kbytes
A B

C

**

5sec

15sec

3sec/
8Kbytes

3sec/
8Kbytes

3sec/
8Kbytes

A

Fig. 12.Agent Structure Model
Fig. 13.System Re-
quirements Model

Fig. 14.Access Model

DB read calc save
Section

sim

Project
Project

Section

Section Section

Fig. 15.Confidentiality Model

A B C

Fig. 16.Model A

A B C

Fig. 17.Model B

Table 1 illustrate the cost of these migration models, when parametersα to ε is 0.1,
0.1, 0.6, 0.1 and0.1, respectively. It implies that we can construct a migration model
that is more suitable than others by using our method.

Table 1.Total Cost

Model Com. SizeInsecure Com. SizeInsecure Com. TimeOverheadTotal Cost
A 134 bytes 0 bytes 0 sec 2 sec 0.01149
B 226 bytes 110 bytes 2.2 sec 29 sec 0.41353
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6.2 Completeness of Models and Process

Our model and process are simple and we can find more information and patterns for
security. But the important factor is to establish the process for constructing a mobile
agent system using patterns and its costs.

Parallel computation aims at safety and efficiency. For the computation using the
multi-agent framework, It is necessary to consider clones of an agent and communication
between the agents. Patterns should be modified.

We can think of additional information for the model, although the information
depends on the target system domain. For example, we can consider a message size/time
limit over network for resource constraints.

7 Related Work

More and more researchers have been working on patterns for mobile agents since the
design patterns of the Gang of Four [10] were shown to be useful for object-oriented
system development.Aridor and Lange [9] classify some design patterns into three kinds,
that is, the Traveling Patterns, the Task Patterns and the Interaction Patterns, and present
some individual patterns. In addition, they apply the patterns to some examples. Kendall
et al. [11] examine design patterns for agents with a layered architecture. They illustrate
patterns applicable to each layer constructing the agents. Silva et al. [12] propose patterns
that are centered on one agent and composed by using collaboration diagrams and class
diagrams. Tolksdorf [16] proposes patterns for “Mobile Object Space (MOS)”, a mobile
agent model based on the coordination model Linda. He includes four patterns, that is,
Pull, Push, Index and Traveller.

However, these works only propose some isolated patterns and in most cases there
is only one pattern suitable for mobile agents. Therefore, it is difficult for inexperienced
developers to decide which patterns they should use in their actual development tasks.
On the other hand, since we specified the cost model for our patterns, even inexperienced
developers can easily use the patterns on the basis of their costs.

8 Conclusion and Future Work

We have presented the methodology for development of a mobile agent system using
patterns and their cost. In this method we introduce the patterns for construction of the
migration model. The patterns are considered from the viewpoint security issue. We also
introduce the cost which is a numeral guildline for selecting suitable model.

In future work we intend to to the following: (1) to create bigger and useful do-
main specific patterns, (2) to investigate their ability and scalability, (3) to accumulate
more practical know-how to construct a suitable model, and (4) to make CASE and
development tools based on our methodology.

Acknowledgements. We wish to thank Dr. Yoshio Masubuchi, general manager of
Computer & Network Systems Laboratory, who gave us the opportunity to pursue this
research.
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Abstract. The architecture of a multi-agent system can naturally be viewed as
a computational organisation. For this reason, we believe organisational abstrac-
tions should play a central role in the analysis and design of such systems. To this
end, the concepts of agent roles and role models are increasingly being used to
specify and design multi-agent systems. However, this is not the full picture. In
this paper we introduce three additional organisational concepts — organisational
rules, organisational structures, and organisational patterns — that we believe are
necessary for the complete specification of computational organisations. We view
the introduction of these concepts as a step towards a comprehensive methodol-
ogy for agent-oriented systems.

1 Introduction

Autonomous agents and multi-agent systems (MASs) are rapidly emerging as a power-
ful paradigm for designing and developing complex software systems. However, as is
the case with any new software engineering paradigm, the successful and widespread
deployment of MASs requires not only new models and technologies, but also new
methodologiesto support developers engineer such systems in a robust, reliable, and
repeatable fashion. In the last few years, there have been several attempts to develop
such methodologies. However, most of this work is either tuned to specific systems and
agent architectures [9, 4] — thus it lacks generality — or it is defined as an extension
of existing object-oriented methodologies [14] — thus it exploits abstractions that are
unsuitable for modelling agent-based systems.

Against this background, only a few proposals exist that attempt to define complete
and general methodologies, specifically tailored to the analysis and design of MASs.
One such methodology is Gaia [32]. Gaia views the process of analysing and designing
multi-agent systems as one of constructing computational organisations. Thus, multi-
agent systems are viewed as being composed of a multitude of autonomous interacting
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entities (anorganised societyof individuals) in which each agent plays one (or more)
specific roles. In particular, Gaia, like a few other agent-oriented methodologies [9,
7, 16], suggests defining the structure of a MAS in terms of arole model. This model
identifies the roles that agents have to play within the MAS and the interaction protocols
in which the different roles are involved.

The adoption of a role model as the main organisational abstraction makes the above
mentioned methodology mostly targetted at MASs in which the agents are cooperative
and in which the system is closed. However, in order to deal with systems that involve
self-interested agents operating in an open environment, we believe that additional or-
ganisational abstractions have to be introduced in a methodology [33]. In particular,
we believe thatorganisational rules, organisational structures, andorganisational pat-
ternsmust also play a primary role in the analysis and design of MASs. Organisational
rules express general, global (supra-role) requirements for the proper instantiation and
execution of a MAS. An organisational structure defines the specific class (among the
many possibilities) of organisation and control regime to which the agents/roles have to
conform in order for the whole MAS to work efficiently and according to its specified
requirements. Organisational patterns express pre-defined and widely used organisa-
tional structures that can be re-used from system to system (in a manner similar to the
way catalogues of patterns are widely exploited in the design of object-oriented sys-
tems) [11].

In this paper, we show, with the aid of two application examples, that adoption of the
above organisational abstractions can lead to a methodology that is applicable to a wide
spectrum of agent systems. We also believe that the introduction of high-level organi-
sational abstractions can lead to more clean, manageable, and re-usable MAS designs.
Specifically, the paper is organised as follows. Section 2 introduces the basic concepts
underlying agents and multi-agent systems. Section 3 introduces the additional organ-
isational abstractions that are needed for a methodology to apply to open systems and
motivates their adoption. Section 4 briefly sketches how our organisational abstractions
can be exploited during the analysis and design of MASs. Section 5 discusses related
work in this area and section 6 concludes by outlining the open issues and the future
research directions.

2 Multi-agent Systems and O rganisations

Agents are software entities that exhibitautonomousandproactivegoal-directed be-
haviour — their activities are not subject to a global flow of control and they can take
the initiative where appropriate — and that arereactiveto changes in the environment
in which they are situated [31, 19]. These characteristics make agents useful as stand-
alone entities that are delegated to accomplish a given task on behalf of a user (e.g.,
personal digital assistants, e-mail filters, or simple robots). However, in the majority
of cases, agents exist in the context ofmulti-agent software systems, whose global be-
haviour derives from the interaction among the constituent agents [13]. In these cases,
agents also exhibitsocialbehaviour; they interact with one another: either to cooperate
to achieve a common objective or because this helps each of the interacting agents to
achieve their own objectives.
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Here, we distinguish between two main classes of multiple agent system:(i) dis-
tributed problem solving systemsin which the component agents are explicitly designed
to cooperatively achieve a given goal, and(ii) open systemsin which agents, not nec-
essarily co-designed to share a common goal, can dynamically leave and enter the sys-
tem. In the former case, all agents are known a priori, and all agents are supposed to be
benevolent to each other and, therefore, they can trust one another during interactions.
In the latter case, the dynamic arrival of unknown agents needs to be taken into account,
as well as the possibility of self-interested behaviour in the course of the interactions.

2.1 The Organisational Metaphor

The design of parallel and distributed applications, as well as of distributed object sys-
tems, usually relies on an architecture that derives from the decomposition of the func-
tionalities and data required by the system to achieve its goal, and on the definition
of their inter-dependencies [2]. In MASs, however, the autonomous and proactive be-
haviour of the constituent agents suggests that applications can be designed by mimick-
ing the behaviour and structure of human organisations. Thus each agent is assigned a
specific role in the system. That is, a well-defined task/responsibility in the context of
the overall system, that the agent has to accomplish in an autonomous fashion, without
any centralised control. In this model, interactions are no longer merely an expression
of inter-dependencies, rather they are viewed as a means for an agent to accomplish its
role in the organisation. Therefore, interactions are well-identified and localised in the
definition of the role itself, and they help characterise the position of the agent in the
organisation.

An organisational perspective can also make the design of the system less complex
and easier to manage than more traditional metaphors for concurrent systems. Firstly,
each agent becomes a separatelocusof control, in charge of accomplishing its role
and being fully responsible for it. Secondly, since agents typically embed most of the
functionality they need to accomplish their role, inter-dependencies between the system
components are likely to be reduced. When taken together, these points ease the design
process because they lead to a cleaner separation between the component-level (i.e.,
intra-agent) and system-level (i.e., inter-agent) design dimensions.

A final advantage relates to the fact that, in many cases, MASs are intended to sup-
port and/or control some real-world organisation. For example, MASs can be adopted
to support the workflow management in a team or to help control the activities of an
Internet auction. In such cases, an organisation-based MAS design reduces the concep-
tual distance between the software system and the real-world system it has to support.
Consequently, this simplifies the development of the system.

2.2 An Organisational Characterisation of Multi-Agent Systems

The organisational perspective leads to a general characterisation of a MAS as depicted
in figure 1 [7, 15]. Although some simpler systems can be viewed as a single organ-
isation, as soon as the complexity increases,modularityandencapsulationprinciples
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suggest splitting the system into different sub-organisations. Thus, in most cases, a com-
plex multi-agent system can be viewed as severalinteracting organisations. Naturally
a given agent can be part of multiple organisations.
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Fig. 1. Characterisation of a Multi-Agent System

In each organisation, an agent can play one or moreroles. The role is what the agent
is expected to do in the organisation: both in cooperation with the other agents and in
respect of the organisation itself.

Often, the role of an agent is simply defined in terms of the specific task that the
agent has to accomplish in the context of the overall organisation. However, in our work
the notion of a role is much more precise, in that it gives an agent a well-defined position
in the organisation, with a set of associated expected behaviours.

To accomplish their role in the organisation, agents typically need tointeractwith
each other in order toexchange knowledgeandcoordinatetheir activities. Therefore,
the concept of inter-agent interactions is strictly related to the role of an agent. It is
the role that requires a given form of interaction. Even more precisely, an agent, by the
very fact that it plays a given role and has a well-defined position in the organisation,
is committed to certain interaction protocols with the other agents in the organisation.
Of course, the need to interact according to specific protocols requires the presence
of a communication medium between agents. This can be either a traditional network
infrastructure, typically enforcing a message-passing interaction model, or another in-
frastructure possibly enforcing a different interaction model (e.g., a shared dataspace
enforcing an indirect, data-oriented interaction model [12]).

Generally speaking, a MAS is immersed in a givenenvironmentwith which the
agents may need to interact in order to accomplish their role. This interaction occurs via
sensorsandeffectors, i.e., mechanisms that enable agents to sense and effect a selected
portion of the environment. That portion of the environment that an agent can sense and
effect is determined by the agent’s specific role, as well as on its current status.
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2.3 Exemplar Multi-agent Systems

To illustrate our points on the need for organisational abstractions, we will consider two
sample problems that will act as running examples throughout this paper.

Manufacturing Pipeline:As an example of a MAS that belongs to the class of dis-
tributed problem solvers, we will consider a system for the control of a manufacturing
process. For example, let us consider the process of assembling, painting and packing
metal hardware. Typically, such a control system can be delegated to a multiplicity of
agent organisations, each devoted to the control of a well-defined portion of the over-
all manufacturing process (e.g., the assembling section or the painting section). Within
each section, agents can then be associated with the control of a specific tool in the con-
trol system or to the control of a specific condition that must be assured to guarantee
the correctness of the process.

In this context, we specifically consider a manufacturing pipeline in which items are
transformed/augmented (e.g., a pipeline in which metal items are painted). Here, differ-
ent agents can be devoted to the control of different stages of the pipeline (e.g., an agent
is devoted to control the paint spraying, another is devoted to control the heat treatment
of the paint, another of controlling the cooling process). Agents interact both indirectly
through the environment and directly, through various forms of interaction protocol. In
such an organisation, the role of each agent is that of “stage of the pipeline”, in charge
of ensuring that a specific portion of the pipeline works properly (e.g., that the oven
maintains a constant temperature and that the cooling system does not cool items too
fast). To this end, agents need to sense and effect that portion of the environment which
represents the stage of the pipeline of which they are in charge. In addition, the agents
need to interact to achieve a proper global functioning of the pipeline (for instance,
by guaranteeing a uniform flux of items throughout the pipeline and by guaranteeing
that the global flux of item does not exceed the “processing capabilities” of each of the
stages).

Conference Management:As an example of an open system we will consider an agent-
based system for supporting the management of an international conference. Setting
up and running a conference is a multi-phase process involving several individuals and
groups. During the submission phase, authors of submitted papers need to be informed
that their papers have been received and they need to be assigned a submission number.
Once the submission deadline has passed, the program committee (PC) has to handle
the review of the papers; contacting potential referees and asking them to review a
number of the papers. After a while, reviews are expected to come in and be used to
decide about the acceptance/rejection of the submissions. Authors need to be notified of
these decisions and, in case of acceptance, must be asked to produce the camera ready
version of their revised papers. Finally, the publisher has to collect the camera ready
versions from the authors and print the whole proceedings.

The conference management problem naturally leads to a conception of the whole
system as a number of different organisations, one for each phase of the process. In
each organisation, the corresponding MAS can be viewed as being made up of agents
associated to the persons involved in the process (authors, PC Chair, PC Members,
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Reviewers). The roles played by each agent reflect the ones played by the associated
person in the conference organisation. They may require agents to interact both directly
with each other and indirectly, via an environment composed of papers and review
forms. Since an agent is directly associated with a person, and its behaviour can be
influenced by that person, opportunistic behaviour can emerge in the application. For
example, an author could attempt to review their own paper or a PC Member could try
to deal with fewer papers than they should. In addition, as the natural environment for
the MAS is the Internet — due to the world-wide nature of the conference organisation
— interactions with agents external to the MAS itself are likely to occur. For instance,
a reviewer can decide to exploit its own personal agent to interact with the other agents
of the organisation.

3 Organisational Abstractions

Organisational role models precisely describe all the roles that constitute the computa-
tional organisation; in terms of their functionalities, activities, and responsibilities, as
well as in terms of their interaction protocols and patterns, which establish the position
of each role in the organisation [32, 9, 7] . However, such role models cannot be consid-
ered as the sole organisational abstraction upon which to base the entire development
process. Rather, before the design process actually defines the role model and, conse-
quently, the whole organisation, a number of other steps need to be performed. Firstly,
the analysis phase should identifyhow the organisation is expected to work. Secondly,
the design phase should definewhich kind of organisation best fits the requirements
identified in the analysis phase. Thirdly, it needs to be determined whether any re-use
of available components can be exploited in some part of the organisational design.
When taken together, this necessitates the introduction of three further organisational
abstractions: organisational rules (section 3.1), organisational structures (section 3.2),
and organisational patterns (section 3.3).

3.1 Organisational Rules

The analysis phase aims to collect all the specifications and requirements for building
the MAS. To this end, it is possible to identify the basic skills (functionalities and com-
petences) required by the organisation, as well as the basic interactions that are required
for the exploitation of these skills. However, until the design phase has decidedwhich
organisation is most appropriate for the system, the identified skills and interactions
cannot fully define the roles and the interaction protocols that will be played in the sys-
tem (i.e., at defining a completerole model): this would imply an early commitment
to a specific form of organisation. Instead, what the analysis phase can further identify
— even in the absence of a complete role model — are the constraints that the actual
organisation, once defined, will have to respect.

The implementation and/or execution of a computational organisation will have to
respect a number of constraints, whose identification can either:(i) spread horizontally
over all the roles and protocols (or, which is the same in this context, over the identified
preliminary roles and protocols), or(ii) express relations and/or constraints between
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roles, protocols, or between roles and protocols. For example, in the case of human
organisations:(i) social conventions define a set of implicit rules that moderate the in-
teractions between all members (e.g., a clerk cannot contradict or ignore the commands
of his manager),(ii) company specific conventions might impose constraints on how
different roles have to be played in each of its organisations (e.g., a clerk cannot assume
a role that would imply a member of the managing staff to be somehow subordinated to
his clerk).

In both cases, such global constraints cannot easily be expressed in terms of in-
dividual roles or individual interaction protocols. Nevertheless, their identification is
important for the correct development of the system and, therefore, they must be taken
into account by the designer when actually defining the organisation of the system. To
capture this type of information we use the concept oforganisational rules.

The explicit identification of organisational rules is of particular importance in the
context of open agent systems. With the arrival of new, previously unknown, and pos-
sibly self-interested agents, the overall organisation must somehow enforce its internal
coherency despite the dynamic and untrustworthy environment. The identification of
global organisational rules allows the system designer to explicitly define:(i) whether
and when to allow newly arrived — possibly unknown — agents to enter the organi-
sation, and, once accepted, what their position in the organisation should be; and(ii)
which behaviours should be considered as an expression of self-interest, and which
among them must be prevented by the organisation. In this context, organisational rules
may also drive the designer towards the definition of the specific organisation that most
eases the enforcement of the organisational rules and, for instance, can facilitate pre-
venting undesirable behaviours of unknown and self-interested agents.

In the manufacturing pipeline example, all the different stages have to maintain
the same speed of flow of items in the pipeline. This requirement can be more easily
expressed in terms of a global organisational rule, rather than replicating it as a require-
ment for each and every role in the organisation. In the conference management system,
there are a number of rules that drive the proper implementation of the organisation. As
notable examples: an agent should be prevented from playing both the role of author
and reviewer of the same paper and PC Members should not be in charge of collecting
the reviews for their own papers. Neither of these constraints can easily be expressed
in terms of properties/responsibilities associated to single roles and protocols. Instead,
they represent global organisational rules.

3.2 Organisational Structures

A role model describes all the roles of an organisation and their positions in that organ-
isation. Therefore, a role model also implicitly defines thetopologyof the interaction
patterns and thecontrol regimeof the organisation’s activities. That is, it defines the
overallorganisational structure. For example, a role model describing an organisation
in terms of a “master role” and “slave roles” — where the former is in charge of as-
signing work to the latter and of load balancing their activities — implicitly defines an
organisational structure based a hierarchical topology and on a load partitioning control
regime. Other exemplar organisational structures include collectives of peers, multi-
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level and multi-divisional hierarchies [10], and they can all be modelled in term of a
role model.

However, it is conceptually wrong to think of a role model as something that ac-
tually defines the organisational structure. Instead, in the design of a MAS, as well as
in the design of any organisation, the role model should derive from the organisational
structure that is explicitly chosen. Thus organisational structures should be viewed as
first-class abstractions in the design of MASs.

The definition of the system’s overall organisational structure can derive from the
specifications collected during the analysis phase, as well as from other factors, related
to efficiency, simplicity of application design, and organisational theory [10]. In any
case, a methodology cannot start the analysis phase by attempting to define a complete
role model that implicitly sets the organisational structure. Rather, the definition of the
organisational structure is a design choice that should not be anticipated during the
analysis phase. In fact:

– starting from the organisational structure — by pretending to know in advance what
it should be or by committing a priori to a given organisational structure — may
prevent subsequent optimization and change;

– although, in several cases, the organisational structure of a MAS is directly driven
by its counterpart in the real-world system that the MAS is supposed to support,
automate or monitor, this should not automatically imply that the organisation of
the software system should mimic that of the real counterpart. Instead, the MAS
may be better adopting a different organisational choice. There are several reasons
why this could happen:

� the real world organisation may not be well structured and the analysis phase
could highlight several shortcomings;

� the software, in itself, may change the way of working. Thus, the mere presence
of the software introduces changes in the real organisation and these changes
need to be reflected in the MAS;

� the efficiency issues that may have driven a human organisation towards the
adoption of a particular organisational structure may not necessarily apply to
the agent organisation.

– the organisation, once defined, has to respect the organisational rules. Starting from
a pre-defined organisational structure can make it difficult to have the organisa-
tional rules respected and enforced by the organisation. Instead, the choice of the
organisation has to follow the identification of the organisational rules and have to
be possibly driven by them.

In the manufacturing pipeline example, the most natural choice is to have an or-
ganisational structure in which all of the stages in the pipeline are peers, and in which
they directly interact with their neighbours as needed. For instance, with reference to
Figure 2, the stages Stage1, Stage2, Stage3, and Stage4 are controlled by agents R1,
R2, R3 and R4, respectively, and each of these agents directly interacts with its neigh-
bours. This closely mimics the structure of the real-world pipeline. However, this is
not the only possible choice. Moreover, it may not necessarily be the best one. For in-
stance, due to the real-time nature of the pipeline control problem, it may happen that
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Stage 1 Stage 2 Stage 3 Stage 4 Other Organisations

R1 R2 R3 R4

Fig. 2. A Manifacturing pipeline: pipeline organisation

a problem that requires global coordination between all the agents cannot be solved in
due time, because of the high coordination costs associated with peer-based systems.
In such cases, the designer can adopt a different organisational structure: for example,
as sketched in Figure 3, it can introduce a global coordinator agent RC in charge of
controlling and mediating the interactions for all the other agents, thus leading to a
hierarchical organisation.

In the conference management example, the overall structure of the organisation can
generally be derived from the structure the conference organisers have decided to adopt.
However, it is often the case that the same conference varies its organisational structure
from year to year, depending on both the size of the conference and the organisers’ atti-
tudes. For example, a small conference usually relies solely on the PC Members for the
review process, and the PC Chair acts as a global coordinator, in a single-level hierar-
chy, for the work of the PC Member (see Figure 4). In contrast, a big conference usually
has to involve external reviewers. This may require the PC Chair to partition the papers
among the PC Members, and the PC Members to be in charge of seeking the appro-
priate number of reviews for their assigned partition. In other words, the organizational
structure is a multi-level hierarchy based on a work partitioning control regime at the
highest level (the one of the PC Chair) and on a global coordination control regime at
the PC Member level (see Figure 5).

If the analysis phase commits the system to a specific organisational structure, the
designer of the associated MAS will find it difficult to adapt the system, year after
year, to the changing needs. For instance, it is very likely that a conference changes its
dimensions in different editions and, consequently, its organizational structure. Thus, if
the analysis phase simply describes the system’s requirements, abstracting away from
any specific organisational structure, the designer can reuse it to produce a new design
according to the conference’s new organisational structure.

Organisational RelationshipsThe obvious means by which to specify an organisation
is by the inter-agent relationships that exist within it. We emphasise that there is no
universally accepted ontology of organisational relationships: different types of organ-
isations make use of entirely different organisational concepts. For example, notions
such as “command and control”, which may be widely accepted in military organisa-
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Stage 1 Stage 2 Stage 3 Stage 4 Other Organisations

R1 R2 R3 R4

RC

Fig. 3. A Manifacturing pipeline: hierarchical organisation

tions, tend not to be used in (most) academic organisations. Nevertheless, as a first pass
towards more complete characterisations and formalisations, we can identify certain
types of relationships that frequently occur in human and other organisations:

– control— which identify the authority structures within a system;
– peer— which identify agents of equal status;
– benevolence— which identify agents with shared interests;
– dependency— which identify the ways in which one agent may rely on another;
– ownership— which delimit organisational boundaries.

Note that these (binary) relationships exist betweenroleswithin a system — letR be
the set of all such roles. In what follows, we give the intuition behind each type of
relation. We then go on to give a precise formal definition of the semantics of these
relationships.

Perhaps the paradigm example of an organisational relationship is that of one agent
controlling another. Intuitively, if a roler controls another roler 0, thenr 0 will perform
any service demanded of it byr. If r controlsr 0, then as far asr is concerned, the roler 0

is a resource to be used as desired. Any control relationshipC � R �R, must satisfy
the following properties:

– (Reflexive):(r; r) 2 C, for all r 2 R.
Any role controls itself.

– (Transitive): if(r; r 0) 2 C and(r 0
; r 00) 2 C then(r; r 00) 2 C.

If Ann controls Bob, and Bob controls Charles, then Ann controls Charles.
– (Anti-symmetric): if(r; r 0) 2 C, then(r 0

; r) 62 C.
If Ann controls Bob, then Bob does not control Ann.

Peer relationships capture the notion of “equal status” within organisations. For
example, consider two professors in the same university, but in different departments.
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Paper 1 Paper 2 Paper 3 Paper 4

Rf 1 Rf2 Rf3 Rf4

Environment

PC Member
(reviewer)

PC Member
(reviewer) (reviewer)

PC Member
(reviewer)

PC Member

PC Chair

reviews and 
(assigns

collect them)

Fig. 4. Conference management: in a small conference, the PC Chair and assigns the reviews
directly to PC Members and, possibly, to itself

These professors have equal status, even though they may not interact with one-another
in the normal course of events. Status relationships have implications for how agents
should interact with one-another. Any peer relationshipP � R�R must be an equiv-
alence relation: it must be reflexive, symmetric, and transitive.

Benevolenceis the classic assumption made in research on distributed problem solv-
ing (DPS) [8]. Put simply, an agenti is said to be benevolent to another agentj if i will
offer its services toj whenever it is able to do so. Note that this is not the same as con-
trol. If Ann is benevolent to Bob, then Ann is inclined to help Bob wherever possible,
exceptwhere helping Bob would prevent one of her own goals being satisfied. For-
mally, a benevolence relationB � R �R must be reflexive and symmetric. Note that
a benevolence relation is not (necessarily) transitive. Thus it is entirely possible forr to
be benevolent tor 0, and forr 0 to be benevolent tor 00, without r being benevolent tor 00.
To see why this is the case, consider for example benevolence relations between coun-
tries: it is entirely possible for the USA to be benevolent to (for example) Switzerland,
and for Switzerland to be benevolent to Ruritania, without the USA being benevolent
to Ruritania. (Situations like this are common in international relations!)

Dependency Relationshipsexist between agents primarily because of resource re-
strictions. For example, Ann controls some resource, (for example a piece of informa-
tion), and Bob requires this information to satisfy one of his goals, then Bob is depen-
dent on Ann. There are in fact many sub-classes of dependence relation that may exist
between agents (see, e.g., [27]). For example, Ann and Bob may be mutually dependent
on one-another; Bob may be dependent on Ann but Ann does not know it, or he may
be dependent on Ann but he does not know it, and so on. Dependency relations are
reflexive and transitive, but need not be symmetric.
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Paper 1 Paper 2 Paper 3 Paper 4

Rf 1 Rf2 Rf3 Rf4
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Fig. 5. Conference management: in a big conference, the PC Chair partitions the papers among
the PC Members that, in their turns, are in charge of finding the appropriate referees for their
assigned papers and of collecting the reviews

Finally, turning to ownership relations, the idea is to delimit boundaries of common
ownership — thus all the agents belonging to organisationo are grouped together, as
are all the agents belonging too0, and so on. Every agent is required to be the member
of at least one ownership group, which may of course be a singleton set. Formally, any
ownership relationO � R�R must be an equivalence relation.

3.3 Organisational Patterns

There are numerous potential organisational structures, both in terms of topology of the
interactions and control regimes [10]. However, we believe that a (comparatively) small
subset of these structures are likely to be used most of the time. Thus, only rarely will
peculiar structures be adopted (typically when the organisation has a very specific and
unusual set of requirements).

Any methodology that encourages re-use of pre-defined components and architec-
tures will ease and speed-up the work of both designers and developers. Object-oriented
technology has recognised this need and increased the potential for re-use via design-
patterns [11]. In this case, the most widely-used patterns of composition and interaction
of object-oriented systems have been catalogued, and precisely described in terms of
extent of applicability, sample implementation, and use cases. A software designer can
then rely on these catalogues, and build applications by composing and re-using not
only single objects, but whole pieces of the software architecture.

246 F. Zambonelli, N.R. Jennings, and M. Wooldridge



In the area of agent-based systems, we envisage something similar with respect
to the most widely used organisational structures. Thus with the availability of cata-
logues oforganisational patterns, designers can recognise in their MASs the presence
of known patterns, and re-use definitions from the catalogue. In addition, designers can
also be guided by the catalogue in the choice of the most appropriate organisational pat-
terns for their MAS. Of course, for patterns to be properly exploited, the organisational
structure must have been explicitly identified in the design phase.

In the pipeline example, the pipeline organisation between agents expresses an or-
ganisational pattern that is likely to re-appear in many applications (and which is already
widely exploited as an architectural patterns in traditional software systems). The same
can also be said of the hierarchical pipeline structure. In both cases, if a catalogue of
patterns was available, the designer could rely on it to help define the system structure.

In the conference management example, the various organisational structures that
conferences of different sizes tend to adopt are all fairly typical: from single hierar-
chies, to multi-level and divisional ones. Therefore, also in this case, it is expected that
a methodology that makes explicit use of organisational patterns would ease the appli-
cation design.

It is worth mentioning that several attempts to analyse and catalogue organisational
agent patterns currently exist [28, 16, 17]. However, in most cases, this work abstracts
away from any specific methodology for MAS analysis and design which should en-
courage and facilitate the re-use of these patterns. This, in turn, makes re-use more
difficult.

4 Towards an Organisation-Oriented Methodology

The exploitation of the organisational abstractions we have introduced naturally pro-
motes an organisation-oriented methodology for the analysis and design of MASs.

The analysis phase is tasked with collecting all the specifications from which the
design of the computational organisation can start. This includes the identification of:

– the overall goals of the organisation and its expected global behaviour;
– the basic skills required by the organisation and the basic interactions required for

the exploitation of these skills (that is, a preliminary role model);
– the rules that the organisation should respect and/or enforce in its global behaviour.

The output of the analysis phase should therefore be a triple:hPR; PP; OLi, where
PR are the preliminary roles of the system (derived from the identification of the ba-
sic skills),PP are the preliminary protocols (which have already been discovered to be
necessary for the preliminary roles), andOL are the organisational rules. It is worth not-
ing that the analysis phase should not committ to any specific organisational structure.
Instead, its output should be (and be expressed in terms) independent of any specific
organisational structure.

The design phase builds on the output of the analysis phase and produces a complete
specification of the MAS. To this end, design can be decomposed into the following
phases:
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– definition of the organisational structure; by choosing the topology and the control
regime. This involves considering:(i) the overall organisational efficiency,(ii) the
need to respect and enforce the organisational rules, and(iii) the corresponding (if
any) real-world organisation;

– completion of the preliminary role model; based upon the adopted organisational
structure, and by keeping the organisational-independent aspects (detected from the
analysis phase) and the organisational-dependent ones (deriving from the adoption
of a specific organisational structure and from the insertion of roles and protocols
in it) as separate as possible;

– exploitation of well-known organisational patterns on the basis of the system’s
identified organisational structure.

As in the Gaia methodology, we view the output of the design phase as a spec-
ification that can be picked up by using a traditional method (such as object orien-
tation or component-ware) or that could be implemented using an appropriate agent-
programming framework should one be available.

5 Related Work

Traditional analysis and design methodologies, such as object-oriented ones [2], are
poorly suited to MASs because of the fundamental mismatch between the abstractions
they provide [32]. Consequently, we believe that those efforts that attempt to simply
extend object-oriented methodologies to MAS [18, 16] will inevitably fall short. More-
over, traditional compositional methods for object-oriented software architectures [24,
3] also have limited applicability in the definition of organisations for MASs. On the
one hand, the defined interaction models are too static when compared to the dynamic
interaction model defined by agents. On the other hand, the functionality-oriented mod-
elling of the interactions between the system components clashes with the role-oriented
perspective of MASs.

A number of agent-specific modelling techniques and development methodologies
have been proposed in recent years (see [14] for a survey), several of which attempt
to exploit the idea of a MAS as a computational organisation. In most of the cases,
organisation-oriented systems and modelling techniques define an organisation as a col-
lection of roles (i.e., a role model), without introducing any higher-level organisational
abstractions. This is precisely what happens, for example, in the ALAADDIN system
[9] where “the group structure” is simply the collection of roles that compose the or-
ganisation. Analogously, in the ToolKit approach [7], an organisation is defined simply
by the set of roles that compose it and by the interaction protocols that have to occur
between roles. Neither of these approaches incorporate the notions of organisational
rules or organisational structures and, for the reasons we have outlined, will be limited
in the range of agent systems they can deal with. In addition, these proposals do not at-
tempt to define a complete and clear methodology for the development of agent system
organisations.

Gaia starts from the organisational metaphor and defines a complete methodology
[32] for the development of multi-agent systems. It also provides a clean separation
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between the analysis and design phases. However, it suffers from several limitations
that are caused by the incompleteness of its organisational abstractions. The objective
of Gaia’s analysis phase is to define a fully elaborated role model, derived from the sys-
tem specification, together with an accurate description of the protocols in which the
roles will be involved. This implicitly assumes that the overall organisational structure
is known a priori. However, as already stated, this is not always the case. In addition, by
focusing exclusively on the role model, the analysis phase fails to identify any global
organisational rules (making Gaia unsuitable for modeling open systems and for con-
troling the behaviour of self-interested agents).

Similar shortcomings also effect most of the recently proposed organisation-oriented
methodologies. For example, the MASE (Multi-Agent Systems Engineering) method-
ology [30] provides clean guidelines for developing multi-agent systems, based on a
well-defined six-step process. This process drives developers from analysis to imple-
mentation. However, once again, the design process fails to identify any organisational
abstraction other than the role model.

From a different perspective, some work in the area of coordination models and
languages [12, 5] does explicitly address the problem of defining global rules (“coordi-
nation laws”) to specify the behaviour and the interaction of agent ensembles. In this
work, all interactions have to occur via specific “coordination media”, whose inter-
nal behaviour can be programmed so as to implement specific policies for governing
agent interactions. However, only recently have coordination models been recognised
as useful abstractions upon which to define methodologies for the analysis and design of
those systems. To achieve this, the coordination media are exploited as both the concep-
tual and physical repository of the organisational rules [6, 26, 25]. A somewhat similar
approach has driven the implementation of the Fishmarket system for agent-mediated
auctions [23]. In Fishmarket, the need to force agents to act in accordance with the “so-
cial conventions” that rule the organisation of an auction is recognised. To enact social
conventions, the system dynamically associates a “controller agent” with each agent in
the auction. Controller agents act as a coordination media, in charge of mediating all
the interactions and of making agents respect the auction’s conventions.

6 Conclusions and Future Work

This paper has discussed a number of issues related to the analysis and design of multi-
agent systems. Specifically, we have considered the view of developing multi-agent
systems as a process of constructing computational organisations. To date, the organ-
isational concepts of agent roles and role models have become an important research
area in the field of agent-based systems. However in this paper we have introduced three
further organisational abstractions: organisational rules, organisational structures, and
organisational patterns. These concepts, although neglected by the current methodolo-
gies for agent-oriented software engineering, are nevertheless of fundamental impor-
tance in multi-agent systems, and we therefore believe they should play a central role in
any methodology. Having introduced and motivated these organisational abstractions,
we sketched some general guidelines for a new methodology for the analysis and design
of multi-agent systems that is centered around organisational abstractions.
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Further work is needed to detail the proposed methodology, by:

– fully formalising the concepts of organisation rules and organisational structures.
This can possibly be achieved by refining the formalism that we have already in-
troduced in Subsection 3.2 with respect to the organizational structures.

– providing suitable notations for expressing the expected outputs of the analysis and
design phases. We expect standard notations, such as UML, to be rapidly adapted
to the needs of agent-based software engineering [1], as well as new agent-specific
methodologies to emerge;

– identifying guidelines that assist the designer in the identification of suitable organ-
isational structures for the system. Here analytical methods, experimental results,
and case study experiences are likely to be helpful in supporting the choice.

For all of the above topics, we expect significant cross-fertilisation of models, for-
malisms and experiences from a number of different research areas. Among others, the
research area of requirements engineering [22] can provide useful guidelines towards
the identification and the modelling of organisational rules; the research results of both
coordination, organizational and management sciences [20, 29, 21], which have widely
studied the structures of human organisations and their most common patterns, are also
expected to play a significant role.
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Abstract. To make verification a manageable part of the system development
process, comprehensibility and reusability of properties and proofs is essential.
The work reported in this paper contributes formally founded methods that
support proof structuring and reuse. Often occurring patterns in agent behaviour
can be exploited to establish a library containing properties and proofs. This is
illustrated here by verifying the class of single agents acting in dynamic
environments. First, a notion of abstraction for properties and proofs is
introduced that provides means to structure and clarify verification. Also, the
paper contributes to establishing the library by proposing a reusable system of
generic co-ordination properties for applications of agents acting in dynamic
environments.

1  Introduction

Verification is an important part of agent-oriented software engineering, because it is
the only way to guarantee that demands made on aspects of the system behaviour are
satisfied. The high degree of complexity of agent system behaviour is as much the
reason as the problem here: by simply checking the code of the agent system or by
testing, proper behaviour can never be sufficiently established. Proper functioning is
often crucial, because agent systems are increasingly employed in circumstances
where mistakes have important consequences, for example in electronic commerce.
But verification of agent systems is generally not an easy task. As agents may operate
in a world that is constantly changing, and agent systems can consist of a number of
interacting but independent agents, expressing behavioural requirements may lead to
complex formulae. Therefore verification of agent systems is hardly ever done in
practice.

So, means are needed to make verification of agent systems manageable.
Developers of agent systems should be enabled to verify the system they are building,
assisted by tools, even if they are not specialists in formal theory. Properties and
proofs have to be intuitively clear to the verifier and even, at least to some degree, to

P. Ciancarini and M.J. Wooldridge (Eds.): AOSE 2000, LNCS 1957, pp. 253−267, 2001.
 Springer-Verlag Berlin Heidelberg 2001



the stakeholder(s) of the system, as verification results are part of the design rationale
of the system. Also, time complexity of the verification process has to be controlled.

This paper discusses some principles that contribute to the support of verification
of agent systems. These principles can be used for all agent systems, but here, they
are applied in the context of single agents that performs actions in dynamic
environments.

In [6] a compositional verification method was introduced. Verifying in a
compositional manner supports reuse of verification results and limits the complexity
of the process, by making proofs more local. In [1] it was shown how this method can
be applied to prove properties of a system of negotiating agents.

However, this does not solve all problems. To manage the complexity of the
proofs, and to make their structure more transparent, additional structuring means and
reuse facilities are necessary, extending the method of compositional verification.
This paper contributes two manners to support proof structuring and reuse.

On the one hand a notion of abstraction is introduced that facilitates structuring of
properties and proofs. To this end, the language to describe properties of agent
systems is extended with new, more abstract, constructs. Parts of formulas can be
given an intuitively enlightening name. This leads to a more informal look and feel
for properties and proofs, without losing any formal rigour. The abstract notions form
a higher-level language to describe system behaviour. The terminology of this
language abstracts away from details of the system design, and is closer to the way
human verifiers conceptualise agent system behaviour. There are a number of
benefits:

• Properties and proofs are more readable and easier to understand.
• Coming up with properties and proofs becomes easier, as the words chosen for the

abstracted formulas guide and focus the cognitive verification process of the
verification engineer, providing clean-cut agent concepts.

• Verification becomes explainable, as part of the design rationale documentation of
a system.

On the other hand, common characteristics of agent systems can be exploited to
support reuse. With the paradigm of agents, a range of agent concepts is associated.
For example, most agents receive observations and communicated information from
their environment and perform actions to manipulate their environment. For this to
yield desired results, proper co-ordination with the environment is essential.
Properties regarding this apply to many agent systems and thus are highly reusable.
Support of reuse requires that a library of predefined templates of properties and
proofs is available. By identifying generic elements in the structure of proofs and
properties, reusable systems of properties and proofs can be constructed. To illustrate
this, this paper proposes a system of co-ordination property properties for applications
of agents acting in dynamic environments. The properties and proofs of this system
are an example of the contents of the verification library. Some advantages of reuse
are:

• Verification becomes faster. Often, the verification engineer only has to look up
suitable properties and proofs from the verification library and customise these by
instantiation.
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• Verification becomes easier. The contents of the library are usually phrased using
abstraction, so properties and proofs are more intuitively clear, making them more
easy to use.

In the following section, the generic system consisting of an agent acting in a
dynamic environment is sketched. For this application, a system of co-ordination
properties is given in Section 4. But first, Section 3 presents the two languages to
describe system behaviour, the detailed language and the abstract language, and the
connection between them. In Section 5, the abstraction mechanism is applied; abstract
predicates are introduced for parts of properties, yielding an abstract language. In
Section 6, proofs are briefly discussed. Finally, Section 7 concludes.

2  The Domain of Agents Acting in a Dynamic Environment

In this section the characteristics of the application class of an agent in interaction
with a dynamic environment are briefly discussed. A reusable system of properties for
this class will be presented later on, describing correct co-ordination of the agent with
its environment.

Agents that can perceive and act in a dynamic environment are quite common. An
example is an agent for process control (e.g. in a chemical factory). For this class of
single agent systems, an important property is successfulness of actions. This means
that all actions the agent initiates in its environment yield their expected effects.
Because this property is to be proven for a class of systems, it is needed to abstract
from domain-dependent details of systems and give a generic architecture that defines
the class.

 

Agent External
World

actions

observation results

Fig. 1. Agent and external world in interaction

The specification of a generic architecture for a single agent in a dynamic world
depicted in Figure 1 consists of two components in interaction: an agent (Ag) and the
external world (EW). Only a few aspects of the functioning of the system are specified
by the architecture. The agent generates actions that are transferred from its output
interface to the external world, and the external world generates observation results
that are transferred to the input interface of the agent. Based on the observation results
the agent is to decide which actions are to be performed.

The system employs a formal language internally. This language is an order-sorted
predicate logic. The input interface of the agent is defined by the formal ontology
observation results containing a binary relation observation_result. Formulae that can be
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expressed using the information type observation results are, for example,
observation_result(at_position(self, p0), pos), or observation_result(at_position(self, p1), neg).

The output interface of the agent is defined by the formal ontology actions to be

performed based on the sort ACTION and the unary relation to_be_performed. For
example the statement to_be_performed(goto(p)) can be expressed in this ontology. For
the external world the input and output interfaces are the opposite of the agent’s
interfaces.

Realistic characteristics of the agent systems in the class defined above are:

• perceptions take time
• the generation of actions takes time
• execution of actions in the world takes time
• unexpected events can occur in the environment

Proving successfulness of actions under these circumstances is intricate because an
action can only succeed when its execution is not disturbed too much. If two
executions of actions overlap or evens happen during executions, actions could fail.
Also, while an agent is observing and reasoning, the situation in the world might
change. A system of co-ordination properties will be proposed that takes all these
influences into account.

In the literature, varying attitudes towards these disturbances can be found. In one
part of the literature (e.g., standard situation calculus, as described in [9; 11]), these
disturbances are excluded in a global manner, e.g., action generation and execution
have no duration at all and no events occur at all. The problem with these global
assumptions is that they violate the characteristics of most of the application domains.
Some literature takes into account duration of action execution (e.g., [13]). Literature
that also takes into account the reasoning and decision processes in action generation
is very rare. Another lack in the literature is that most authors don’t try to verify
implemented systems; they only state theories regarding actions, without relating
them to practical system engineering.

3  Temporal Models and Temporal Languages

For phrasing properties, a language is needed. Behaviour is described by properties of
the execution traces of the system. In this section, the language used for this is
introduced. Also, this section introduces the language abstraction formalism.

3.1  Basic Concepts

By adding a formalisation of time to the language internally used in the generic
system, a formal language is obtained to formulate behavioural properties. This
language is still semantical in nature; properties of traces are described in a direct
manner. A formal logic could be added, but this is not essential for our purposes.

The state language SL(D) of a system component D is the (order-sorted) predicate
logic language based on the interface ontologies of D. The formulae of this language
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are called state formulae. An information state  M of a component D is an assignment
of truth-values {true, false, unknown} to the set of ground atoms in SL(D). The set of all
possible information states of D is denoted by IS(D).

The time frames are assumed linear with initial time point 0. Time frames must be
discrete; using dense time frames is also possible, as long as some constraints are
obeyed. A trace M of a component D over a time frame T is a sequence of information
states (Mt)t �T in IS(D). Given a trace M of component D, the information state of the
input interface of component C at time point t is denoted by state(M , t, input(C)), where
C is either D or a component within D. Analogously, state(M , t, output(C)) denotes the
information state of the output interface of component C at time point t.

These information states can be related to formulae via the satisfaction relation �.
If « is a state formula expressed in the input ontology for component C, then

state(M , t, input(C)) �  «
denotes that « is true in this state at time point t � T

These statements can be compared to holds-statements in situation calculus [9]. A
difference, however, apart from notational differences, is that we refer to a trace and
time point, and that we explicitly focus on part of the system. Based on these
statements, which only use predicate symbol �, behavioural properties can be
formulated in a formal manner in a sorted predicate logic with sorts T for time points,
Traces(C) for traces of component C and F for state formulae. The usual logical
connectives such as É, ®, º, û, � are employed to construct formulae, as well as < and
=  (to compare moments in time). The language defined in this manner is denoted
by TL(D) (Temporal Language of D). An example of a formula of  TL(S), where S refers
to the whole system, is:

 û M � Traces(S):
  û  t1 :  state(M , t1, output(Ag)) � to_be_performed(A) º    
 � t2 > t1 :  state(M , t2, output(Ag)) � to_be_performed(B)

This expresses that every decision of Ag to do action A is always followed by a later
decision to do B.

The languages TL(D) are built around constructs that enable the verifier to express
properties in a detailed manner, staying in direct relation to the semantics of the
design specification of the system. For example, the state formulae are directly related
to information states of system components. But the detailed nature of the language
also has disadvantages; properties tend to get long and complex. The formalism of
abstraction, described in Section 3.2, alleviates this considerably.

3.2  The Language Abstraction Formalism

Experience in nontrivial verification examples has taught us that the temporal
expressions needed in proofs can become quite complex and unreadable. Also, details
of the formalisation blur the generic agent concepts in properties. As a remedy, new
language elements are added as abbreviations of complex temporal formulae. These
new language elements are defined within a language AL(D) (meaning Abstract
Language of component D). As a simple example, for the property that there is action
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execution starting in the world at t a new predicate ActionExStarting can be
introduced. Then the property can be expressed in the abstracted language:

ActionExStarting(A, t, EW,  M ) 

which is interpreted as:          

state(M , t, input(EW))  �     to_be_performed(A)

Semantics of these new language elements is defined as the semantics of the
detailed formulae they abstract from. In logic the notion of interpretation mapping
has been introduced to describe the interpretation of one logical language in another
logical language, for example geometry in algebra (cf. Chapter 5 in [5]). The
languages AL(D) and TL(D) can be related to each other by a fixed interpretation
mapping from the formulae in AL(D) onto formulae in TL(D).

The language AL(D) abstracts from details of the system design and enables the
verifier to concentrate on higher level (agent) concepts. Proofs can be expressed either
at the detailed or at the abstract level, and the results can be translated to the other
level. Because formulae in the abstract level logic can be kept much simpler than the
detailed level logic, the proof relations expressed on that level are much more
transparent.

4  Properties for Proving Successfulness of Actions

In Section 4.1, an informal introduction to the system of co-ordination properties is
given. The system itself appears in Section 4.2.

4.1  Approaching the Problem of Co-ordination of Actions

For the application class described in Section 2, the aim is to prove that under the
specified assumptions all actions executed in the agent system are successful, that is,
yield all of their effects. To arrive at a reusable and intuitively pleasing proof, it was
necessary and illuminating to separate the different aspects into a number of
properties. These will constitute the system of co-ordination properties. In this
section, some important aspects are described informally.

An action succeeds when its execution renders the appropriate effects. This effect
has to happen during the execution of the action to be recognisable as an effect of that
particular action. We assume there is some means to detect the end of an action
execution. Just like the start of an execution of A is indicated by a to_be_performed(A)-
atom, the end is indicated by an ended(A)-atom.

Action executions can fail because of three reasons. The first reason is overlapping
of action executions. So, to guarantee success, overlapping should not happen.
Property COORD0 formalises this. This property is proved from other properties of the
agent and the world using induction, but the proof is left out. Figure 2 illustrates
COORD0.
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Agent
tbp(A) ended(A) tbp(B) ended(B) tbp(A) ended(A)

output input outputoutput inputinput

World
tbp(A) ended(A) tbp(B) ended(B) tbp(A) ended(A)

input output input output input output

Fig. 2. No overlapping of executions

Note that COORD0 also enables identification of action execution.
But action executions can also fail due to events. In our view, events are changes to

the world state that aren’t controlled by the agent. These can be due to the dynamics
of the world itself (natural events). But changes due to the aftermath of a failed action
also are events. So, each change to the world state either is the effect of a successful
action or it is an event. In some other approaches, events designate all causes of state
changes, including agent-initiated actions. This might be confusing, but is just a
matter of definitions.
Property COORD3 is a property of the world, stating that no events happen during
action execution. This is quite a strong demand, as not every event might interfere
with the action. The demand can be relieved by only forbidding interfering events,
which is a minor extension.

A third reason for action failure is that the world can change prior to an action
execution starting in the world. Between the moment the world situation arises that
gives the agent reason to decide to do an action and the start of the execution of this
action, events or other action effects could occur, disrupting the applicability of the
action. Property COORD5 states that all actions are still applicable the moment their
execution starts in the world.

In the following, it is shown that under the assumptions associated with the class of
systems considered here, absence of these three causes for failure is sufficient to
prove successfulness of actions.

4.2  The System of Co-ordination Properties

One of the main objectives of this paper is to establish a set of properties that enable
the verifier to prove that all actions executed will succeed. The system of co-
ordination properties presented here provides a clear separation of all aspects
involved. The properties are phrased in the abstract languages AL, although the
interpretation of this language in the detailed language is presented later, to show the
intuitive power of the abstract languages.

The system is structured in the following way: COORD1 is the target property,
formalising action successfulness, COORD0 is the foundational property, parts of
which are frequently used as condition in other co-ordination properties, COORD2, -3,
-4 and -5 are used to prove COORD1.
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COORD0 is the foundation of the system of co-ordination properties. It enables the
verifier to identify action executions, by formalising Figure 2. The property states that
action executions don’t overlap, not in the world and neither in the agent. The agent-
and the world-part will be part of the conditions of many properties to come, to enable
identification of action executions. This is the abstract formula:

COORD0:
û M  � Traces(S) 

NoOverlappingInWorld(M ) ®
 NoOverlappingInAgent(M )

COORD1 formalises action successfulness, stating that all action executions of the
system are applicable and yield all expected effects. Informally:

“When an action execution in the world begins at t1 and ends at t2,
then
the action is applicable at t1 in the world
and
all expected effects of the action in that world situation will be realised
during the execution.”

This is the abstract formalisation:

COORD1:
û M  � Traces(S)  û A � ACTION  û t1  û t2 > t1 :

(ActionEx(A, t1, t2, EW,  M ) º
Appl(A, t1, M ) ®
ExpEffectsHappen(A, t1, t2, EW,  M ))

It is essential that all action executions are applicable at the moment they start in the
world. When actions are applicable at the moment the execution starts, the expected
effects of the action are the desired effects. When an action is not applicable, there
might be no effects at all, or unwanted ones.

COORD2 is an auxiliary property stating that all action executions started at times
that the action is applicable will be successful. Informally:

“When an action execution in the world begins at t1 and ends at t2,
and
when the action is applicable at t1 in the world
then
all expected effects of the action in that world situation will be realised
during the execution.”

And this is its abstract formalisation:

COORD2:
û M  � Traces(S)  û A � ACTION  û t1  û t2 > t1 :

ActionEx(A, t1, t2, EW,  M ) ®
Appl(A, t1, M ) º
ExpEffectsHappen(A, t1, t2, EW,  M )
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COORD3 is a demand on the world that states that there are no events happening
during action executions. Informally:

 “If there is an action execution in the world
and
action executions do not overlap
then
no events happen during the execution.”

And this is the formalisation in the abstract language:

COORD3:
û M  � Traces(EW)  û A � ACTION  û t1  û t2 > t1 :

ActionEx(A, t1, t2, EW,  M ) ®
NoOverlappingInWorld(M ) º
NoEventsDuring([t1, t2], EW, M )

COORD4 is a demand on the world that says that an action execution in the world
will be successful when the action is applicable and there are no disturbances caused
by overlapping executions or events. These are all conditions for action success, as
long as the world satisfies COORD4. Informally:

 “If an action execution in the world begins at t1 and ends at t2
and
action executions do not overlap
and
no events happen during the execution
and
the action is applicable at t1
then
all effects of the action will be realised during the execution.”

This is the formalisation:

COORD4:
û M  � Traces(EW)  û A � ACTION   û t1  û t2 > t1 :

ActionEx(A, t1, t2, EW,  M ) ®
NoOverlappingInWorld(M ) ®
NoEventsDuring([t1, t2], EW, M ) ®
Appl(A, t1, M ) º
ExpEffectsHappen(A, t1, t2, EW,  M )

COORD5 simply states that an action is applicable at the moment its execution
starts. This is a necessary condition for success of this action. This is its formalisation:

COORD5:
û M  � Traces(S)  û A � ACTION  û t1  û t2 > t1 :

ActionEx(A, t1, t2, EW,  M ) º
Appl(A, t1, M )

Because the abstraction formalism is exploited, these properties are relatively easy
to read and understand, even without knowing the formal meaning of abstract terms,
which is provided in the next section. Technical details are hidden beneath intuitively
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clear notions. The clarity and brevity of the formulas make the verification process
more manageable, as the abstract concepts yield a natural view of the system’s
behaviour and prevent getting lost in symbolic clutter while constructing proofs.

The system of co-ordination properties is applicable for many systems with a
single agent that performs actions in a changing world. By simple instantiation of the
system specific details, such as the set of actions, the conditions of applicability and
the effects of these actions, the system can be customised.

5  Abstract Formulations

In this section, a number of predicates of the abstract language are defined. The
abstract language enables the verifier to express temporal properties of system
behaviour using a vocabulary of clean-cut concepts. To be able to distinguish
elements of the abstract language, a different font is used to denote them.

But first, some auxiliary abbreviations are introduced. All relate to changes in the
system state. The ø-notation, pronounced as just, is used to denote a change to a
certain information state. The symbol     means “is defined as”.

 østate(M , t1, interface) � «         state(M , t1, interface) � « ®  
 � t2 < t1 û t :  (t2 � t < t1   º    state(M , t1, interface) � «)

The definition of  østate(M , t1 , interface) � « is analogous. Closely related is the
÷t1, t2ø-notation, defined as follows:

 ÷t1, t2østate(M , t2, interface) � «        østate(M , t2, interface) � « ® 
 û t : (t1 < t < t2   º   É østate(M , t, interface) � «)

Again, an analogous definition can be given for the variant with � instead of �. This
notation can be used to say that the information state has just changed in some way at
t2, for the first time since t1.

All further definitions concern elements of the languages AL. Some notions are
formally defined; others are only informally sketched.

Concerning action executions
The notion of an action execution is central to the system of co-ordination properties,
so formalisation is desired. Both for the world and the agent, an action execution is
defined to happen between t1 and t2 when a tbp-atom appears at t1 and the first
matching ended-atom appears at t2. These definitions only yield the right intuitions
when property COORD0 holds. If not, then it is not reasonable to take on the first
matching ended-atom as belonging to the tbp-atom, as it could be the end of an earlier
executed instance of the same action.

Action executions are defined for the world as well as for the agent. First, new
predicates are introduced and explained in informal terms. Next, formal
interpretations in terms of the detailed language are given.
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Let A � ACTION and t1, t2 > t1 be moments in time. Then, the abstract formula
ActionEx(A, t1, t2, EW,  M ) denotes that there is an execution of A in the

world starting at t1 and ending at t2.

Interpretation in terms of the detailed language:
ActionEx(A, t1, t2, EW,  M )           østate(M , t1, input(EW)) � to_be_performed(A) ®

÷t1,t2østate(M , t2, output(EW)) � ended(A) 

The predicate ActionEx(A, t1, t2, Ag,  M ) is the corresponding agent notion.

Concerning applicability
Actions can only be successfully executed in certain world states. There must be
nothing obstructing the execution of the action. For each action A, the existence of a
formula appl(A) is assumed, describing exactly the world situations in which the action
can be fruitfully executed. It is not excluded that the effects of the action are already
present in these world situations. Now, applicability can be defined straightforwardly:

Let A � ACTION and t1 be a moment in time. Then, the abstract formula
Appl(A, t1, M ) denotes that action A is applicable in the world at t1.

Interpretation in terms of the detailed language:
Appl(A, t1, M )   state(M , t1, output(EW)) � appl(A)

Concerning expected effects
When an execution of an action A starts at t1 in the world, the effects expected depend
on the factual world situation at t1. So, the following notion takes into account the
output information state of EW, at the time the execution starts.

Let A � ACTION, l � groundliterals(world info) and t be a moment in time. Then, the
abstract formula
ExpEffect(l, A,t1, EW, M ) denotes that l is expected to become true as a

result of executing A in the world at t1.

Concerning effects of actions and events
A literal is defined to be an effect of an action when the literal is an expected outcome
that becomes true during execution of the action. Note that this doesn’t mean that the
literal becomes true as a result of the action, though this will be usually the case. But
when during an action execution an event happens, which causes changes that are also
expected effects of the action being executed, these changes will be seen as effects of
the action. This choice is made because there is no means by which an external
observer can distinguish changes caused by actions from changes caused by events. A
literal is defined to be an effect of an event when it is not an effect of any action.
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Let A � ACTION,  l � groundliterals(world info) and t be a moment in time. Then, the
abstract formula
ActionEff(A, l , t , EW, M ) denotes that at t, l becomes true as a result of

executing A.

Interpretation in terms of the detailed language:
ActionEff(A, l , t , EW, M )   � t1 < t  � t2 � t :

østate(M , t , output(EW)) � l ®
ActionEx(A, t1, t2, EW, M ) ®
ExpEffects(l, A,t1, EW, M )

Let l � groundliterals(world info) and t be a moment in time. Then, the abstract formula
EventEff(l , t , EW, M ) denotes that at t, l becomes true as a result of some

event.
Interpretation:
EventEff(l , t , EW, M )   østate(M , t , output(EW)) � l ®

É � A � ACTION:  ActionEff(A, l , t , EW, M )

The next abstract formula is used to state that during an interval in time there are
no effects of events.

Let int be an interval in time. Then, the abstract formula
NoEventsDuring(int, EW, M ) denotes that there are no events taking place in the

world during int.
Definition within the abstract language:
NoEventsDuring(int, EW, M )   û l � groundliterals(world info)  û t � int : 

É EventEff(l , t , EW, M )

Concerning successful actions
The following formula of the abstract language states that an execution of A is
successful, meaning that all expected effects are achieved during the execution:

Let A � ACTION and t1, t2 > t1 be moments in time. Then, the abstract formula
ExpEffectsHappen (A, t1, t2, EW,  M ) denotes that all expected effects of doing

A between t1 and t2 are achieved.
Definition within the abstract language:
ExpEffectsHappen (A, t1, t2, EW,  M )   ActionEx(A, t1, t2, EW,  M ) ®

û l � world info  � t3 � ¾t1, t2] :
ExpEffect(l, A,t1, EW, M ) º

  ActionEff(A, E , t3 , EW, M )

Concerning overlapping executions
The notions NoOverlappingInWorld(M ) and NoOverlappingInWorld(M ) denote that
action executions don’t overlap, neither in the world nor in the agent. No formal
definitions are given.

264 C.M. Jonker, J. Treur, and W. de Vries



6  Proofs

In this section, a complete proof tree of COORD1 is given. In order to prove COORD1,
it is possible to stay entirely within the abstract language; no abstractions need to be
expanded into the detailed language. This makes the proof very easy.

To prove COORD1, all that is needed is performing simple modus ponens on a
subset of the system of co-ordination properties. Figure 3 shows the proof tree:

COORD1
S

COORD5
S

COORD2

COORD0 COORD3 COORD4

S

S EW EW

Fig. 3. The proof tree

The proofs of COORD0 and COORD5 are left out. These are more complex, but the
really difficult parts of the proof can be done once and for all.

7  Discussion

One of the challenges to improve development methods for agent systems is to
provide appropriate support for verification of agent systems being built in practice.
The current state is that from the theoretical side formal techniques are proposed, such
as temporal logics, but that developers in practice do not consider them useful. Three
main reasons for this gap are that

• behavioural properties relevant for agent systems in practice usually have such a
high complexity that both fully automated verification and verification by hand are
difficult,

• the formal techniques offered have no well-defined relation to design or software
specifications of the real systems used in practice, and

• the formal techniques offered require a much higher level of formal skills than the
average developer in practice possesses.

This paper addresses these issues in the following manner. Two languages are
proposed: a detailed language, with a direct relation to the system design
specification, and an abstract language in which properties can be formulated in a
more conceptual manner. Both languages have been defined formally; moreover,
well-defined relationships exist between the two languages, and between the detailed
language and the system design specification. Proof structures can be made visible
within the abstract language; by this abstraction, complexity of the property and proof
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structures are reduced considerably. More detailed parts of proofs and properties can
be hidden in the detailed language, and show up in the abstract language only in the
form of, more abstractly formulated, reusable lemmas.

Two roles are distinguished within the verification engineering process: the
verification support developer, who defines libraries of reusable properties in the
abstract language, and their related properties in the detailed language, and the
verification engineer, who uses these libraries to actually perform verification for a
system being developed in practice.

The approach has been illustrated by addressing the case of co-ordination of
actions. Under realistic assumptions, such as action generation and action execution
with duration, it is a complex problem to guarantee the successfulness of action
executions. A set of reusable co-ordination properties has been defined both in the
detailed language and in the abstract language. Indeed, the abstract formulations are
much more accessible and explainable than their detailed counterparts. It has been
shown that the abstractly formulated relationships between these properties can be
expressed within the abstract languages. The co-ordination properties found have
become part of a library of reusable properties that is being developed.

When we try to relate our work to the other contributions to the AOSE workshop,
our approach of formally verifying requirements of agent systems seems to be unique.
Many papers describe methodologies for designing and analysing multi-agent
systems. These methodologies enable system developers to build a well-structured
agent system, but they don’t offer support to verify whether the behaviour of the
resulting system obeys the requirements of the prospective user. For example, in [14],
a methodology is proposed that supports the developer “through an entire software
development lifecycle from problem description through implementation”. From the
requirements of the user, which may be informal or formal, goals are distilled which
guide the development process. These goals are the essence of the set of requirements,
but they don’t seem to be formal in nature. So, it’s not possible to proof whether the
resulting multi-agent system reaches its goals.

Many approaches are based on UML. The work of Odell et al. [10] extends UML
with agent concepts. Though UML is graphical in nature, UML models do represent
requirements, as is also explicated by Depke et al. in [2]. A UML model semantics is
represented by a formal metamodel. According to the authors of [10], logical
specifications like we use them could be expressed using features of the metamodel.
Also, this paper mentions templates as being behaviours common to different problem
domains. A template is a behaviour pattern that can be instantiated and customised to
fit a specific domain. In our paper, we developed a set of generic properties that
describe an often-occurring pattern in agent behaviour, namely performing actions in
a dynamic environment. This is similar in spirit.

A very prominent concept in the AOSE workshop was the concept of roles. In [8],
Kendall represents patterns of interaction using role models. These role models
abstract from application details, just as we do in our system of co-ordination
properties. In a recent paper by Ferber et al. [4], the relation between formal
requirements on dynamic agent system and the dynamics of abstract organisational
concepts like roles and groups is explored.

The languages used in this paper are similar to the approach in situation calculus
[9]. A difference is that explicit references are made to temporal traces and time
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points. In [12], Reiter addresses proving properties in situation calculus. A difference
with our approach is that we incorporate arbitrary durations in the decision process of
the agent, and in the interaction with the world. Also, we focus on capturing agent
concepts in the abstract language, which makes our approach specifically suitable for
verifying agent applications.
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Researchers have developed various techniques to address MAS problem-
solving activities, i.e., agent organization construction, plan generation, task 
allocation, plan integration, and plan execution.  An agent�s respective problem 
solving and coordination techniques must be properly understood before they 
can be included into any other software system.  �Strategies� describe the 
techniques by which agents perform their individual decision-making processes 
and coordinate those processes with other agents.  This chapter describes 
current work in characterizing agent operations, specifically, the representation 
of strategies in terms of roles and interactions as well as a trade-off evaluation 
mechanism for deciding which strategy is most appropriate for a given 
situation.  On-line evaluation and selection of strategies will allow agents to 
tailor their behavior to given environment situations and thus, offer increase 
flexibility and adaptability of response. 

1. Introduction 

Multi-agent systems (MAS) may be regarded as a group of intelligent entities called 
agents, interacting with one another to collectively achieve their goals. A generic 
agent has a set of goals (or intentions), certain capabilities to perform actions, and 
some knowledge (or beliefs) about its environment. An agent�s responsibilities are 
often specified a priori by assigning domain-specific goals to the agent. 

To fulfill its responsibilities, an agent must reason about its environment (as well 
as behaviors of other agents), to generate a plan of action and execute that plan. By 
taking actions, agents attempt to fulfill the functionality for which they are 
responsible. Researchers have developed several process models (or action theories) 
to represent and reason about actions, including sequencing, selection, non-
determinism, iteration, and concurrency [9]. By actions, we mean agents� behaviors 
including those that are not externally observable.  Internal agent activities are as 
important as external ones and should be considered in the design of an agent. Such 
activities include reasoning about behaviors, planning, resolving conflicts, and 
decision making, which cannot be observed directly as explicit actions. 

A strategy is a decision-making mechanism that provides long-term consideration 
for selecting actions toward specific goals [8].  MAS researchers have developed 
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various strategies for agent reasoning and operation, including inter-agent 
coordination, with impressive results, offering agents the capabilities necessary to 
operate in many types of problem domains.  Each strategy �attacks� a solution space 
in a different manner.  Usually the MAS designers select the strategies an agent will 
use to execute certain behaviors in an effort to solve specific problems.  Strategic 
decision-making [10] helps to select the appropriate strategy.  The selected strategy 
may not be appropriate if the problems change or are assigned dynamically.  In such 
cases, it is possible to equip the agent with the ability to perform strategic decision-
making.  In this manner, an appropriate strategy will be applied to each problem faced 
by the agents, whether selected a priori by the system designer or during runtime by 
the agent. 

Researchers often propose the use of �roles� and �interactions� to abstract agent 
behaviors [5;14;17-19;24].  This is due to the differences between MAS and 
traditional centralized AI problem solving approaches; there exist certain interactions 
among agents. In order to solve problems that require the action of multiple agents, 
coordination mechanisms are needed to coordinate the agents� planning processes and 
integrate the resulting individual plans.  The role that an agent plays corresponds to 
the responsibilities assigned to the agent.  These roles are determined in relation to the 
requirements imposed by the problem being addressed as well as the requirements 
imposed by the strategy used to attack the problem.  Interactions specify the 
relationships between these responsibilities and the coordination mechanism through 
which these responsibilities are fulfilled. 

Problem

Strategy

Situation

Requirement

Role

Agent

Capability

Constrain

Impose Impose

Satisfy
Composed of

Play

Solve

Holds/Owns

Fulfill

 

Fig. 1. Relationships among concepts describing how agents solve problems through the use of 
strategies. 

Strategies describe the combination of the roles that agents play and the manner in 
which the agents interact in solving a given problem.  Each agent is equipped with a 
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set of capabilities, meaning a set of strategies that the agent can use as well as 
resources that the agent controls.  The ability of agents to dynamically select a 
particular strategy can enhance a MAS�s flexibility and adaptability to dynamic and 
uncertain environments through the ability to provide the best match of strategy to the 
problem to be solved, and the best match of agent capabilities to the responsibilities 
that need to be fulfilled in implementing that strategy. To achieve this objective, there 
are several issues to be addressed, including: (1) a uniform representation of various 
strategies to assist the comparison and evaluation process, (2) a meta-level reasoning 
mechanism for strategic decision making, (3) and a set of characteristics (including 
domain dependent requirements) that agents use to evaluate alternative strategies. 

This chapter documents the author�s progress towards equipping the agents with 
this strategy selection ability, specifically, the representation of strategy (based on 
roles) and a comparison of basic strategies. New strategies are being developed at a 
rapid pace, adding to an existing body of work.  The authors do not intend to cover 
every strategy. Instead, our objective is to provide a uniform and domain independent 
platform to assist strategic decision-making. Therefore, in this paper, we present four 
basic (and simplified) generic strategies (i.e. voting, negotiation, arbitration, and self-
modification) and their constituent roles. Additionally, different application domains 
have different needs and concerns, including the distribution of the problem space 
among the agents, the number of agents in the system resulting from that distribution, 
the extent of resources including communication and time constraints, and 
expectations for solution quality.  For the purpose of illustration, four characteristics 
are employed to evaluate strategies, namely, the number of agents, the number of 
messages required, execution time, and the expected average satisfaction. 

This chapter is organized as follows.  Some background information about problem 
solving activities is provided in Section 2.  Section 3 describes the representation of 
strategies based on roles.  Section 4 discusses meta-level reasoning for strategy 
selection, followed by an illustrative application for conflict resolution in Section 5.  
Section 6 concludes the chapter. 

2. Separation of Problem Solving Activities 

Prior research has proposed some basic categories of problem-solving activities [2], 
including: 

 
1. Agent Organization Construction (AOC) specifies how the agents should interact 

with one another.  
2. Plan Generation (PG) works in the organization decided by AOC, selecting the 

actions or sub goals that the agents must execute to accomplish their goal.  
3. Task Allocation (TA) deals with the assignment of actions or goals to specific 

agents for execution or further planning. 
4. Plan Integration (PI) joins the sub-plans and schedules from PG and TA to 

coordinate agent actions. 
5. Plan Execution (PE) deals with monitoring the execution of each agent�s schedules 

to insure that actions are performed as expected from PI. 
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Example strategies for Agent Organizational Construction for MAS include Self-
organization Design [12], Dynamic Adaptive Autonomy [16], teamwork models [21], 
and so on. Example Plan Generation strategies include hierarchical planning [6], 
blackboard systems [11], and Partial Global Planning (PGP) [7]. Example strategies 
developed for Task Allocation include the Contract Net protocols [20] and Group Self 
Design [15]. Plan Integration strategies include Partial Global Planning and multi-
agent planning.  To handle unexpected events during Plan Execution, strategies like 
Jennings�s commitment and convention model [13] can be applied. 
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Fig. 2. (a) A decomposition of MAS coordinated problem-solving activities. (b) Recursive 
problem-solving activities based hierarchical planning as used by Sensible Agents. [2], 

Fig. 2(a) shows the basic flow among these five activities. One example, shown in 
Fig. 2(b), demonstrates the interactions among these activities for hierarchical 
planning with dynamic agent organization construction.  The agents will decide the 
organization structure under which they will operate for each of their goals.   They 
then generate plans (with associated sub-goals) and allocate sub-goals, which will 
trigger another level of agent organizational design. When plans were fully 
developed, the agents integrate and execute their plans. 

This separation of problem solving activities allows for the assignment of different 
strategies to each respective activity.  Rather than selecting the strategy used for each 
activity statically at design time, the authors propose that agents can be equipped to 
dynamically select the strategy used for each activity during runtime through a meta-
level reasoning process. 

For example, conflicts may arise between agents during any of these activities.  In 
order to address these conflicts, the agents may change the manner in which they are 
performing that activity.  The strategy by which conflicts are resolved may be 
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significantly different from the strategy by which the agent first approached solving 
the problem.  This may involve conditional execution, de-clobbering of plans, 
replanning, or even reconstruction of the organization.  Strategies that may be used 
for conflict resolution include various styles of negotiation, arbitration, voting, self-
modification, social law, and so on.  These strategies need to be represented in a 
common manner to allow the agent to compare respective strategies and reason about 
which is appropriate for any given situation.  The strategy representation, presented in 
the following section, is provided for this purpose. 

3. Role-Based Strategy Representation 

A role-based strategy representation is offered to generalize the coordination 
mechanism between agents away from the infrastructure details, such as the selected 
communication languages.  The purpose of a role is to define the actions that the 
agent is responsible for when interacting with other agents.  The strategy indicates 
how specific roles interact, representing the whole of the coordination process. A 
description of the role construct is given below, followed by a description of the 
strategy construct. 

3.1. Role Construct 

The behavior of agents can be defined by the role the agent plays [23].  Roles 
represent the responsibilities, services, and tasks [14].  For the purposes of this 
research, these responsibilities, tasks, and services to be assigned are the result of 
selecting a particular strategy.  The  

The role an agent assumes in the execution of a strategy is directly correlated to the 
agent�s responsibilities, and thus dictates agent behavior in the context of that 
particular strategy.  Roles also simplify encapsulation of the behavior of each agent.  
Roles do not require intimate knowledge of the internal workings of external agents.  
Roles should be defined in relation to (1) scope of influence, and (2) other roles.  The 
first of these restrictions defines the situation in which the role operates.  The second 
of these restrictions defines the boundaries between roles within that situation.  It 
makes little sense to state the role of an agent in a single agent system.  In such a 
system the agent encapsulates all functionality required of the application.  Roles 
should only be used to describe agents as compared to other agents, for example, the 
distinction between advisor and student or parent and offspring.  A description of 
roles includes: 

 
• = Interface Specifications: The interface is the set of input and output events that the 

agent should recognize while playing this role.  The output events correspond to 
actions that the agent may execute to change the state of the world (including 
speech acts).  Input events correspond to sensor inputs, including speech acts or 
other detectable changes of world state.  This provides a syntax that the agent must 
follow to play out this role. 
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• = Reasoning Process Specifications: The interface specifies only the externally 
detectable events that occur among agents.  The specifications for the internal 
processes the agent executes must also be defined in order to preserve the 
semantics of the role.  Each step of the reasoning process is represented as a task or 
function that the agent must execute. 

• = Internal Agent Event Specification: When playing a role, events may be generated 
to deal with situations of importance internal to the agent.  These events inform the 
agent of important situations, and are important for the interactions between the 
roles a single agent plays. 

• = Task Flow: The order in which the reasoning processes are executed as well as the 
trigger events that start and end such reasoning processes must be defined.  The 
task flow also defines when the internal events are triggered.  The Task Flow 
provides direction for the role, leading the behavior of the agent to the goals 
associated with this role. 
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Fig. 3. A basic set of generic roles that can be used to build strategies. 

The purpose of a role is to define the actions that the agent is responsible for when 
interacting with other agents.  These actions are defined by the input and output 
events.  Because the role deals with generic events, the role interactions are 
independent from the implemented language or transport.  The coordination process 
among agents is decomposed into sections, providing a blueprint for each agent to 
follow.  Each role handles a section of the complete protocol.  The task flow is used 
as a state chart to representing the local view of the protocol with which the agents 
coordinate, similar to the conversation representations used by COOL [4]. 
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Example task flows for some elementary roles an agent can fulfill for problem 
solving are shown in Fig. 3.  These are represented in a format similar to state charts, 
but each state corresponds to some reasoning process as specified by the role.  Fig. 
3(a) shows the Solution Generator role.  In the start state, the Solution Generator 
produces a proposed solution to the domain problem (goal or conflict) the agent is 
addressing.  The role is finished when it produces the Send Solution event.  When 
evaluating the prospective solutions to the domain problem, the agent may use either 
the Solution Selector role (Fig. 3(d)) or the Solution Acceptability Tester role (Fig. 
3(e)).  The Solution Selector receives a set of candidate solutions and selects the one 
it deems the best by whatever criteria it chooses.  The Solution Acceptability Tester 
receives a single candidate and decides whether it passes some set of minimum 
standards.  Fig. 3(c) shows the Vote Manager role.  The Vote Manager collects 
candidate solutions, and sends out the set of candidates as a whole.  Its next duty is to 
collect votes, and when a quorum is reached, to send out the results.  Fig. 3(f) shows 
the Negotiation Manager role.  This role controls the data flowing through the 
negotiation process, receiving and forwarding nominations, and receiving acceptance 
for each nomination.  Once there is a single candidate solution that is acceptable to all 
agents, the Negotiation Manager announces the results.  Finally, the Solution 
Implementer role, shown in Fig. 3(b), waits until a solution for the domain problem is 
created and agreed upon by all involved agents, then triggers execution of the 
particular agent�s portion of the solution. 

3.2. Strategy Construct 

A strategy is an abstraction that the agent can use to encapsulate the agent interactions 
for any of the core problem-solving activities (see Fig. 2(a)).  For coordination, each 
agent must recognize the roles it plays and the interactions it should expect from other 
roles.  The purpose of the strategy construct is to provide a formal description of the 
interactions among roles.  The strategy construct binds roles together, ensuring that 
the inputs to one role are provided as outputs from another.  The strategy is also the 
vehicle through which the agent evaluates its situation and decides which roles to play 
in the organization.  A strategy consists of: 

 
• = Role Input/Output Event Mapping: The strategy must be able to receive events and 

route them to the appropriate roles.  To do this it must maintain a mapping, 
showing which input event corresponds to which output event. 

• = Role Interaction Mapping: When using a strategy composed of roles, the agent 
must decide which roles to play in the given interaction.  Decisions on which role 
to play may sometimes involve coordination with other agents.  These decisions 
will be reflected as an event coming from a role the agent is currently playing.  
Some examples of these may include a default starting role and processing 
requirements as well as usage of internal events from the roles.  One usage for the 
internal events is to control the addition of new roles and the deletion of old roles. 

 
Execution in the strategy proceeds as long as there is an active role being played by 

the agent.  Agents may concurrently play more than one role in a given strategy.  In 
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many cases the input and output mapping of roles may pass information between roles 
being played by a single agent.  Even in these cases, the roles are still useful in 
conceptually dividing the tasks that need to occur in each strategy. 
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Fig. 4. Four basic strategies composed of generic roles. 

Examples of four common coordination mechanisms, including Arbitration, Self 
Modification, Voting, and Negotiation, have been formulated in terms of the generic 
roles described above.  Fig. 4 consists of data flow diagrams showing the interactions 
among the roles.  Also included are the cardinalities describing the number of 
instances of each role are required for operation of the strategy.  Examining 
Arbitration and Self Modification first, we notice that Self Modification can be 
viewed as a special case of Arbitration where there is only one Solution Implementer, 
which is played by the same agent as the Solution Generator.  This strategy represents 
a centralized planning scheme, where there is one decision maker giving orders to 
multiple actors.  Following a distributed planning paradigm, the Voting and 
Negotiation strategies represent cases where decision-making power is spread across 
multiple agents.  The Voting Manager controls the Voting process.  The solutions 
created by the Solution Generators match with the candidates the manager receive.  
The candidates input to and the selection output from the Solution Selector role match 
with the candidates output from and the votes input to the Vote Manager role.  The 
winning solution is then passed on the Solution Implementer role.  The inputs and 
outputs for the roles in Negotiation match up in a similar manner.  Various styles of 
negotiation may be created depending on when the agents act as Solution Generators.  
All agents may act in this role in parallel, or they may assume this role in a sequential 
manner. 
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4. Meta-level Strategic Reasoning 

For any given problem solving activity (Fig. 2(a)) and any given situational context, 
various strategies may be available.  The purpose of dynamic strategy selection is to 
provide agents with the ability to find the best fit between the problem to be solved 
and the strategy by which to solve it.  Since a given strategy is comprised of roles that 
must be played to execute the strategy, the agents must also determine the best fit 
between the capabilities of the involved agents and the responsibilities mandated by 
the problem and the selected strategy. 

For meta-level reasoning, a strategy refers to not only the representation presented 
in the previous section, but also to the reasoning processes that can be used to fulfill 
the services and tasks assigned to an agent through the roles that the agent plays. 

Although a strategy may help to achieve success, it does not guarantee success.  
Therefore meta-level reasoning, or strategic decision-making, is needed for strategy 
selection.  The purpose of this meta-level reasoning is to select the strategy that 
matches best with the resources and capabilities of the involved agents and provides 
for the best chance for an acceptable solution to the given problem.  At this level, 
various styles have been developed to evaluate strategies, such as utility calculations, 
priority, or heuristic rules [1]. 

Actions
Strategy

Strategic Decision Making

Problem

Solution

Strategy Selection

Action Selection

Action Execution

 

Fig. 5. Relationships between Actions, Strategies, and Strategic Decision Making. 

Strategic decision-making [10] helps to select the appropriate strategy. Whether 
performed on-line or off-line by the MAS designer, decisions must be made with 
regard to which strategies are most appropriate for each of the problem-solving 
activities: AOC, PG, TA, PI, and PE (see Fig. 2(a)). The selected strategy serves as a 
long-term guideline to assist in selecting feasible and appropriate actions to take. By 
executing actions, agents can provide the solutions to the problems that triggered the 
decision making process. Figure 4 shows the relations among actions, strategies, and 
strategic decision-making. 

For meta-level reasoning, the characteristics to be considered include both domain 
dependent and independent characteristics. 

 
1. Requirements imposed by the strategy.  Negotiation requires that all agents have 

communication abilities and individual decision-making ability, while arbitration 
only requires a single agent to have decision-making ability. 

2. Cost of strategy execution.  Execution of each strategy consumes a portion of the 
agent�s resources.  For example, some strategies may require a larger number of 
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messages or a longer time.  It is important to consider this factor when dealing with 
deadlines or limited agent resources. 

3. Solution quality.  Usage of different strategies may produce solutions of differing 
quality.  Longer deliberation may produce a better solution.  The agent may have 
time to perform trade-off reasoning concerning the expected quality of the solution 
and the cost of strategy execution. 

4. Domain requirements.  Strategies may or may not be able to satisfy requirements 
imposed by the application domain itself, which may overlap the above 
characteristics. 

 
MAS system designers can select from multiple approaches concerning how agents 

make decisions. There is generally no action which is better than all the others for all 
criteria considered simultaneously� [22].  For example, a ranking problem will result 
in an objective solution only if all the separate criteria considered each yield the same 
ranking. Therefore, it is different from classic optimization problems (which search 
for some kind of hidden truth or objective best solution).  Such trade-off reasoning 
usually results in compromised solutions, which are highly dependent on the 
circumstances, methods, and preferences of decision-makers. 

For the planning process, the Action Planner module as implemented in the 
Sensible Agent Testbed [3] makes use of both the strategy abstraction as described 
above and a planner abstraction [2]. A planner requires as input the current state of 
the world, the actions available, and a goal state.  These three items are maintained by 
the agent and dynamically provided to the abstract planner each time it is invoked.  
The world state is constantly changing through the actions of other agents, and the 
actions available to achieve any given goal change based upon the agents who are 
helping to achieve the goal. The strategy constructs as described above represent the 
static interactions among the roles.  During run-time, the agent also needs to record 
the current roles that it plays, as well as the roles that are satisfied by other agents.  
This information is used when routing events among the roles, possibly requiring 
conversion of the events into inter-agent messages.  For Example, the Action Planner 
module can select strategies for the purpose of conflict resolution using utility theory. 

Agents may use utility to evaluate both potential solutions and also conflict 
resolution strategies.  In order to select an appropriate strategy, the agent must 
conduct some trade-off reasoning between solutions and strategies. The selecting of 
proper conflict resolution strategies considers: (1) the nature of conflicts (e.g. goal 
conflicts that may happen during agent organization construction phase and plan 
generation phases, plan conflicts that may occur during plan generation phase and 
plan integration phase, or belief conflicts that may exist at any phases), (2) the agent 
organization in conjunction with the agent�s roles in that organization, and (3) the 
agent�s solution preferences. The following simplified formula shows how an agent 
can estimate alternative combinations of specific solutions and strategies: 

TotalValue U Utility M Cost CR Costi
weight

i
weight ify

i
weight

i= × − × − ×mod CR strategy  (1) 

Equation 1 shows agent i�s total value for evaluating both solutions and conflict 
resolution strategies.  Uweight  is the weight factor for agents� utilities.  Mweight is the 
weight factor for the cost of modifying existing plans.  CRweight is the weight of 
executing conflict resolution strategies.  
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The characteristics used to evaluate CR strategies include: (1) effectiveness, the 
complexity and uncertainty involved, (2) performance, the time/messages needed and 
the desired quality of solution, (3) agent properties, agents� preferences for CR 
strategies as well as capabilities/resources required to execute a CR strategy, (4) 
system properties, measure of the extent to which the system provides coordination 
mechanisms (e.g. available mediator/arbitrator, design convention, and priorities.) for 
helping agents to resolve conflicts. 

5. Strategy Characteristics 

In order to apply meta-level reasoning to some problem, over a set of strategies, the 
strategies need to be analyzed in terms of the characteristics described above.  This 
section provides this type of comparison analysis for the four example strategies 
described earlier. 
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Fig. 6. Relationship between the # of messages and the # of agents for each strategy. 

The number of inter-role messages for each strategy is shown in Fig. 6.  Inter-role 
messages refer to each output/input event binding that is executed.  The strategies 
represent the interactions between roles.  From this description, it is possible to 
calculate the number of inter-role messages in terms of the number of agents playing 
each role and following the data flow necessary to reach a solution through each 
strategy.  The numbers of inter-role messages were calculated from the strategy 
representations using the following formulas: 

MessagesArbitration  = #SolutionImplementers (2) 
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MessagesVoting = #SolutionGenerators + (2 x #SolutionSelectors) + 
#SolutionImplementers 

(3) 

MessagesNegotiation = #Proposals x (1 + 2 x #SolutionAcceptabilityTesters) + 
#SolutionImplementers 

 

(4) 

From examination, we can see Self Modification is just a special case of 
Arbitration where a single agent plays both the Solution Generator and Solution 
Implementer roles.  Because the same agent plays both roles, this is the only strategy 
that does not require inter-agent communication.  An unknown number of proposals 
and counter proposals may occur in Negotiation.  Even though, in the best case where 
the first proposal is accepted, it starts with a lower message bandwidth requirement 
than Voting, Negotiation quickly begins to require many more messages than any of 
the other strategies.  If message bandwidth is a high cost resource, then Negotiation 
will be less likely to be selected using utility theory, and arbitration is more likely to 
be selected. 
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Fig. 7. Comparison of CPU time consumption. 

Fig. 7 shows the CPU time consumption for each strategy. The CPU time shown in 
the figure is the accumulated CPU time for the agent to process the messages and 
execute the strategies, not including delivery time.  The number of messages can 
serve as the index for time to deliver messages (Fig. 6). In Fig. 7, we can observe that 
the curves associated with negotiations involving one proposal is close to the curve of 
voting as expected. Negotiation with three proposals grows very fast, especially when 
four or more agents are involved. 

280 K.S. Barber, D.C. Han, and T.-H. Liu



As we have analyzed time requirements for different strategies, we have 
investigated the following issues: (1) the number of messages required, and (2) the 
actual CPU time required for processing messages and executing strategies as 
measured through experiments. 

Now that some requirement and cost concerns have been addressed, the next step is 
to analyze the solution quality.  Solution quality is highly dependent upon the actual 
(possibly domain dependent) decision-making capabilities possessed by each agent.  
If all agents possess the same capabilities, then the quality of the solution candidates 
produced by each agent is dependent only on their respective knowledge bases.  If the 
agents are heterogeneous, then the quality of solution candidates may vary widely 
across the agents.  Quality is best measured in terms of domain-specific criteria.  One 
domain-independent measure of quality is the number of agents whose input can 
impact the final solution.  The assumption behind this measure is that a solution is 
deemed �better� if a larger percentage of the involved agents are required by the 
strategy to approve the solution. 

Negotiation will not terminate until all involved agents have approved of the final 
solution.  Voting requires only a majority, greater than 50%, of the agents to approve 
of the final solution.  The minority has given their commitment to abide by the 
communal decision, but may have to sacrifice their local priorities for the communal 
good.  Arbitration requires only a single agent to approve of the final solution.  As the 
number of involved agents increases, the percentage involved in the approval process 
decreases.  This quality measure does not capture all the possible concerns about 
solution quality.  It only serves as an illustrative example of the type of analysis that 
can be performed in terms of quality.  In practice, solutions may range from 
unacceptable, to acceptable, to very favorable to each agent.  Other metrics may be 
generated that incorporate these features. 

Each strategy is different enough in some aspect that it can be recommended for 
certain situations.  Self-Modification lends itself well to when there are no 
communication channels available between agents.  Arbitration requires only a single 
agent to have planning ability.  Also, it requires few messages and can be completed 
in a comparatively short time.  The solution generated by Voting allows the input of 
more agents than in Arbitration.  It also scales well to larger groups, although it is not 
guaranteed to produce a solution at all.  Negotiation will always produce a solution 
that is acceptable to all involved agents.  However, the communication and time usage 
does not scale well with the number of agents.  Using these competing characteristics, 
utility theory allows the agent to trade off the strategies depending on its priorities. 

6. Conclusion 

This paper presents current progress to equip agents with the ability to operate using a 
variety of coordination mechanisms and problem solving techniques, applied to all 
problem-solving phases, namely, agent organization construction, plan generation, 
task allocation, plan integration, and plan execution as well as conflict resolution. A 
representation of strategy based on roles and interactions described in this paper has 
been implemented, providing a uniform representation to assist agents in evaluating 
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alternative strategies. Using competing characteristics, utility theory allows the agent 
to trade off the strategies depending on its priorities or preferences.  Four strategies 
(negotiation, arbitration, voting, and self-modification) implemented by the authors 
are different enough that each can be recommended in certain situations.  The four 
strategies can be differentiated using a small number of characteristics (computational 
time, communication requirements, and expected satisfaction) in a manner that can be 
used during runtime by the agent to select from among the strategies.  Although the 
authors describe four strategies in the example, other strategies can be represented by 
using the same approach. 

Since a strategy is a decision-making mechanism that provides long-term 
consideration for selecting actions toward specific goals, agents capable of making 
strategic decisions can perform this meta-level reasoning to decide the approaches to 
selection actions. The ultimate objective is to let agents dynamically select strategies 
during their problem-solving activities, which increase the flexibility of the whole 
system for dynamic environments and the adaptability for uncertainty.  The 
application of strategy selection could be furthered by incorporating domain-specific 
requirements into the criteria for evaluating and selecting strategies. Future work 
includes deeper trade-off reasoning research to handle the difficulty of �no best 
objective� choices. Such �best compromised� choices may highly depend on domain 
characteristics. 
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Abstract. Adaptive Agent Oriented Software Architecture (AAOSA) is a new ap- 
proach to software design based on an agent-oriented architecture. In this approach, 
agents are considered adaptively communicating modules divided into a “white 
box” module, which is responsible for communications and learning and a “black 
box” which, is responsible for the independent specialized processes. An AAOSA 
parser can parse context sensitive languages. The use of this methodology in design- 
ing user interfaces helps overcome many human-machine interface problems by 
limiting the domain of language processing to the functional domain of the applica- 
tion. 

1 Introduction 

Agent abstraction is a natural extension of object-oriented technology, encapsulating 
the agent’s knowledge within an active process and providing a standard interface for 
communication. The concept of large ensembles of semi-autonomous intelligent agents 
working together is emerging as an important model for building the next generation of 
sophisticated software applications (see chapter on Interaction Oriented Programming, 
and [l]). 

An important difference between agents in an agent-oriented system and objects is that 
agents contain predefined structures and functionality that gives them the ability to com- 
municate. In many cases, this commonality is extended to include such processes as 
learning and planning. Thus, although the environment and responsibilities of different 
agents in an agent-oriented system may be different they can still have much in common. 

P. Ciancarini and M.J. Wooldridge (Eds.): AOSE 2000, LNCS 1957, pp. 285−306, 2001.
 Springer-Verlag Berlin Heidelberg 2001



In the Adaptive Agent Oriented Software Architecture (AAOSA) paradigm we encourage 
the exploitation of this feature as much as possible so that the designer of an AAOSA 
based system is faced with as simple a task as possible. 

AAOSA is a software methodology that proposes the break-up of complex software 
into a community of simpler, independent, collaborating, adaptive, message-driven com- 
ponents (AAOSA Agents). The goal of AAOSA is to provide software designers with the 
necessary coordination amongst AAOSA agents representing sub-domains of the soft- 
ware being developed in order to better meet the needs of the entire application. This co- 
ordination is provided through pre-defined messaging schemes between AAOSA agents. 

We divide an agent into a white box, which contains standard data structures and meth- 
ods for communications, interpretations, and learning provided by AAOSA, and a black 
box, which is defined by the designer and contains the agent roles (see chapter on Agent 
Software Engineering with Role Modeling), or the agent specific communications, inter- 
pretations, and processes (Figure 1). AAOSA, being object oriented in design, allows the 
black box to override, inherit from, or change any module in the white box (it?., the data 
structures and methods in the white box are inherited within the black box, which can 
therefore access and modify them). In [ 2 ]  and [3], Baas shows that a problem is covered 
by a hyper-structure of computing elements (Figure 2) .  We propose the representation of 
each level of a given hyper-structure by AAOSA agents. 

The designer of an AAOSA application will: 

Break down the software to its manageable sub-domain elements (ie., AAOSA 
Agents), 

Define which agents will be in direct communication with each other. These direct 
links are important because they concretize the designer’s view of the different hy- 
per-structure levels. The higher the level, the higher priority an agent will have in in- 
terpreting and 
processing input. 

Devise interpreta- 
tion policies for 
each agent by 
considering the 
input to the appli- 
cation from each 
agent’s point of 
view to decide if 
this agent is re- 
sponsible for 
processing all or 
parts of this input. 
An agent claims a 
particular input if 
it, or one or a 
number of agents 

tr 

Fig. 1. Each agent is comprised of a black box section (special- 
ties) and a white box section (communications). 
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down-chain to it are respon- 
sible for processing that in- 
put. In other words an agent 
claiming an input would, 
upon delegation, either proc- 
ess that input, or delegate it 
down-chain to one or a num- 
ber of agents that had in turn 
claimed that input, or both. 

AAOSA, through predefined 
communication schemes, should 
pin point the agent or agents in 
this hyper-structure that are re- 
sponsible for processing a certain 
input, and provide the necessary 
coordination between them in order to achieve desired output. Our hope is that in this way 
the designer will have to deal mostly with the breaking up and design of the software 
elements themselves rather than the com- 
plexities of how to coordinate them. 
Therefore another important difference 
between AAOSA agents and objects in 
the Object Oriented methodology is that 
an agent does not have to know which 
agents are responsible for a certain proc- 
ess or data structure, or that process’ in- 
vocation details ([4]). Table 1. AAOSA standard Inter-agent 

By taking each software module to be 
an agent we can take advantage of a num- 
ber of desirable features which we will impose on the designer as definitions of AAOSA 
agents: Each agent should be independent of the others and the only means of communi- 
cation is messaging, handled by the white-box. This will provide for the possibility of 
parallel, distributed, and even mobile modules. Agents can be processing several requests 
at the same time. 

Fig. 2. Example of third-order interaction graph of a 
hyper-structure allowing cumulative interactions and 
overlapping aggregates. Circles represent first order 
hyper-structures or computing modules of the lowest 
complexity in the given domain. 

message fields. 

No centralized control is enforced over the resulting network of AAOSA agents cover- 
ing the scope of a software application. In this architecture, agents introduce themselves 
and their abilities to one another at the beginning or during execution. Agents can there- 
fore be added to or removed from the application at runtime. This is one of the major dif- 
ferences between AAOSA and its precursor the Open Agent Architecture (OAA, [ 5 ] ) .  

Another close relative of AAOSA is ARCHON (architecture for cooperative heteroge- 
neous on-line systems, 161). Unlike ARCHON though, the predefined portion of each 
agent (i.e., the white box) does not have to maintain a model for the designer defined por- 
tion (i.e., the black box) or any other agent it communicates with. 

By now it may be apparent to the reader that the kind of agents we are characterizing in 
this paper, having taken a bottom-up view of multi-agent technology, can be quite fine 
grained. Unlike the A1 sense of multi-agency ([7], [S]), AAOSA agents are not central- 
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ized human-like agents with potentially conflicting intentions working together. Rather 
they are distributed software-object-like agents designed to work together cooperatively 
to implement complex applications. 

R e P W r  

.ll.eri!,e 
' 1 n- l~ .er i , , r .  

' Tfi.~./%.tot.rr 

In this paper, we 
will introduce the 
AAOSA architecture 
and some of its appli- 
cations. An AAOSA 
system is actually 
parsing input in its 
interpretation phase. 
By examining the 
capabilities of an 
AAOSA parser, we 
will be able to give 
concrete evidence of 
the power of the 
AAOSA methodol- 
ogy. We have shown 
that the AAOSA 
based parser can parse 
context-sensitive 
grammars with rea- 
sonable complexity. 
The main application 
of AAOSA has so far 
been in natural lan- 
guage user interfaces. 
We will discuss the 
differences between 
natural language 
processing and gram- 
matical processing of 
languages and discuss 
the application of a 

.Agenr\ make each other aware of their exislence. 
4n agenl declares i t  can handle certain inpul. 
4n agent r e q u n r ~  nut lu receiBe input fmm another agenl. 
An apenl announces another agenl as responsible fur handling certain 

Ix-ThiA-Youm? 

Reiiore 

Nor-Mine 

M o r b e . M m  

input. 
An agent that a n  not interpret a particular input requests interpreta- 
tion f r m  down-chain agents. 
Agent requests snolher agent to backlrack to a slate before processing 
to& piace on certain input. 
Down-chain agent has failed to interpret input senl down with an Is- 
This-Yours? Performative. 

Down-chain agenl has encountered an ambiguity in interpreting input 
sent down with an Is-This-Yours? Performalive. 

/t-is-Mtn< Down-chain agent has been successful in interpreting input Sent down I /  with an Is-This.Yours? Performalive. 

Commri Agenl requests immediate response, be it incomplete, to input senl down 
wilh an Is-This-Yours? Perfonnative. 

A new interprelalion pdicy is suggested lo an agent thal will result in the 
sender agent being interpreted as responsible for certain input. 

An interprelation policy that results in lhe sender agenl being inter- 
preted as responslble for certain input is revoked. 

Forgei- 
Problem 

A prerions request is canceled and the rereiring agent will remove any 
temporary storage d interprelallon results. 

Table 2. Some AAOSA predefined inter-agent message 
performatives. 

more robust design for natural language user interfaces. The paper ends with an outline of 
what has been done and what lies ahead in this area. 

2 AAOSA agents and coordination 

Processing of the input is done in two main phases. The interpretation phase, in which 
the agent, or agents responsible for actuating an input are located, and a delegation phase 
in which the processes that have been located are called. 
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Each AAOSA agent must be able to interpret input sent to it as the content field of 
messages from other agents if so requested in the performative field of that message (Ta- 
ble 1). The result of this interpretation may cause the agent to claim that input as its own 
and/or to declare certain other agenth responsible for processing it .  Agents may consult 
other agents in order to complete their claims. These latter agents we will call down-chain 
agents relative to the requesting agent. This is a relative term and depending on the direc- 
tion of the flow of requests, an agent may be down-chain (receiving) or up-chain 
(requesting) with respect to another agent. 

Agents that are first to receive input to the AAOSA system are called input agents. 
These agents initiate the interpretation phase for that input and are the entry points to the 
system, generating unique query IDS for new input. This does not mean that other agents 
do not query input agents. Cycles are prevented by preventing the agents from repeating 
processes already executed over the same query. Input agents are also responsible for 
announcing the end of the processing of a specific query to all down-chain agents. 

Input may also have been generated inside the system and therefore any agent could 
potentially be an input agent. In the simplest form, a claim means all of input belongs to 
the agent making the claim. In many cases, as we shall see in the examples, a claim 
should contain other information as well (e.g., confidence in claim, name of claiming 
agent or symbol representing various claims one agent can make, the level of the claiming 
agent relative to the input agent of this query, parts of input that is being claimed). 

The software designer is responsible for providing each agent with its interpretation 
policy. An interpretation policy is comprised of a set of rules used to decide to return a 
claim that a piece of the input belongs to that particular agent. The interpretation criterion 
may be the message content but is not limited to it. Process history, probabilities and out- 
side information (e.g., interaction with other agents) are examples of some of the other 
parameters that may be used by the interpretation policy. Note that interpretations do not 
determine whether a particular input does not belong to the agent. Determining whether 
an input does not fall into the scope of responsibilities of an agent, as well as whether i t  
does, amounts to modeling the world (W=Pu-P) and undermines the distributed nature of 
AAOSA agents. Therefore, the application of interpretation policies to input either result 

Prionries 

Recency 

Conlexl Siotus 

Focus ond~'ocnlpoinr  

- 
in a successful interpreta- 
tion or a "don't-know" 
state. 

The performer module in 
the white box actuates 
other modules in the agent 
based on the message per- 
formatives received from 
other agents. Each message 
is comprised of a message 
content, and a performative 
that specifies what should 
be done with that content 
( [ 9 ] ) .  No overall standard 
data representation is 

~ ~~~~~~~~ 

Claims from agents representing higher degrees in the 
hypenlructure may have priorily over the resl. 
Agenl lhst has claimed inpul mml recently is more 
likely lo be responsible for p m s i n g  disputed input. 

Current slelus d a dsta-structure an agenl is responsi- 
bie lor may make it more eligible for claiming disputed 
inpur 
Agents basing their claim upon a larger portion of (he 
inpul (i.e., focus), or parts of the inpul closer to the 
requesling agent's focus (Focal Point) are more likely lo 
be responsible for disputed inpul. Agents claiming 
muluaiiy exclusive inpul may all be resDonsibie at (he 

SrorlsricrondProb ab,,lr, es 

lnlernctron 

. .  
Same time. 
More successful agents are chmen lo  proms disputed 
inpul based on their prior performance hislory. 
A dispule is sellled by referring to anolher agent. 

Table 3. Ambiguity resolution methods. 
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needed for the message content. Agent specific data can be transferred in messages in 
whatever format the sender and receiver agree upon. The designer can add agent-specific 
performatives in sub-domains to facilitate special communications between agents. 
AAOSA provides a set of predefined general performatives by which the coordination of 
agents is managed (Table 2). 

In the interpretation phase, each agent, upon receiving input with an “Is-This-Yours?” 
performative, attempts to interpret the input by itself. If interpretation is successful, the 
agent will report claims using the “It-Is-Mine” performative. As we shall see, this does 
not always mean that this agent will be assigned to do its processing of the input. 

On the other hand, if an agent can not interpret the input as its own, before reporting 
failure, it must check with other down-chain agents. If all down-chain agents report “Not- 
Mine”, this agent will also report “Not-Mine” to its requesting agent. If at least one down- 
chain agent is able to interpret the input successfully and reports back with “It-Is-Mine”, 
our agent will also report success. It follows that agents that have no down-chain agents 
to query may report “Not-Mine” upon failure to find an interpretation policy that applies 
to the contents of the query message they have received. To prevent agents from repeat- 
edly processing the same queries in a cycle, each agent keeps track of queries i t  has proc- 
essed and will reply “Not-Mine ’’ to any query it has already responded to and has no new 
claims for. 

After a path of down-chain links from a top-level agent to some agent or agents re- 
sponsible for processing input is found (using the “Zs-This- Yours ?” performative), the 
delegation phase can start. In this phase, the “This-Is-Yours” performative is used to call 
agents on these paths to do the actual processing. Agents receiving a “This-ls- Yours” re- 
quest may reinterpret the delegated input, or they may use pre-stored interpretation or 
down-chain query results to, in turn, process or delegate (or both) the input or parts of it. 

Ambiguities of which agent owns a particular piece of input, and methods for resolving 
them, are central to the proper operation of AAOSA. Ambiguities occur when an agent 
that a job has been delegated to (i.e., has received a message with the This-Is-Yours per- 
formative) has not been able to interpret the message content as belonging to it based on 
it’s interpretation policies, and 

Either more than one down-chain agent that was consulted with claim it, or, 

None of the agents consulted with claim it. 

An ambiguity can be resolved by explicit interaction with another agent (e.g., an agent 
representing the human user). This is not always desirable or possible and therefore im- 
plicit resolution methods must be used. Table 3 describes methods that can be used to 
resolve ambiguities in AAOSA. The choice of ambiguity resolution methods and the way 
they are combined to achieve best results depend on the application in which they will be 
used. 

Ambiguity and its resolution is particularly important in AAOSA because it provides a 
means by which agents can change their behavior (i.e., learn) and react to unexpected 
input. 
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As said before, an agent that does not have a suitable interpretation for input contents of 

b) The centralized approach. 

d) An AAOSA hyperstructuie designed to reduce the 
number of functions and condition checks. 

c) Simple AAOSA hyperstructure. Each agent's interpretation 
policy is to check input against the number it represents. 

Fig. 3. Designing a seven-segment system using AAOSA. Arrows depict the direction of que- 
rying. 
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a message sent to it with the “Is-This-Yours?” performative will propagate this message 
to it’s down-chain agents. By suitable interpretation, we imply that in cases where the 
interpretation policy uses a small part of the whole input as its decision making focus, the 
agent may decide to query down-chain agents on the remainder of the input anyway, so as 
to make more accurate claims. In other words, agents complete their claims after receiv- 
ing the results of their queries to their respective down-chain agents. Hence, there may 
even be cases in which an agent that has successfully interpreted parts of the input de- 
cides to query its own down-chain agents. 

Even if this was not allowed, the problem of query propagation should be addressed by 
AAOSA: When do we decide to abandon a query or stop propagating it down-chain? 

This depends very much on the application. In cases where the depth of propagation is 
not that much there may be no need for stopping it. In other cases, such as interactive 
applications, in which response time is important, time elapsed since first agent received 
input from user may be used to issue a message with the “Commit” performative. This 
performative will cause receiving agents to abandon any query response not received and 
act upon the information they have, be it incomplete. Another approach would be to time- 
stamp requests at origin so each agent can reject requests older than the allowable overall 
response time. 

3 Designing AAOSA-based applications 

The AAOSA design methodology is essentially a bottom-up approach: The tasks nec- 
essary to achieve overall goals are identified and suitably decomposed ([6]). Then the 
data-flow between these tasks is determined. This way, pre-existing code can also be in- 
corporated in the design as non-decomposable tasks by wrapping them into the black-box 
of AAOSA agents. 

The break up of software into sub-domains is the responsibility of the designer who 
should also define the interpretation policies. This is done by looking at the system input 
from each agent’s point of view. It is important not to over-generalize to avoid claiming 
input that really belongs to other agents. But there is no need to be too conservative ei- 
ther. Designers should keep in mind that interpretations are done in the context of the 
communication path by which the input has arrived to the agent and resolving ambiguities 
that arise as a result of overlapping interpretations are the responsibility of up-chain 
agents. 

It is advisable that each agent be kept simple in its responsibilities and be limited in the 
decisions it needs to make to reap the benefits of distribution and to enhance its learning 
abilities. The overhead of the required units (the white box) should be taken into consid- 
eration. 

Agents can be replaced at run-time with other more complete agents. The replacement 
can even be a hierarchy or network of new agents breaking down the responsibilities of 
their predecessor. This feature provides for the incremental design and evaluation of 
software. 
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In AAOSA, the emphasis is on the distribution of capabilities. Therefore if a capability 
is general enough to be coded into the White-box and distributed over all agents it is 
much more desirable than assigning a specific agent to be responsible for it (e.g., Using 
the learning module in the white-box rather than creating a separate learning meta-agent). 

In the following example we shall see that the manner by which a system is agentified 
depends on the various objectives the designer has in mind. 

3.1 The seven-segment example 

Let us follow the design of a simple application to observe the various advantages 
AAOSA may bring. The system to be designed takes a number between 0 and 9 and 
switches on the appropriate LEDs in a seven-segment display (Figure 3.a). There are, of 
course, tried and tested algorithms for designing this system that give us optimal results. 
This is mainly because the problem is a limited one, and all possible input and desired 
output is known. 

The first step in the design of this system would be to identify the range of possible in- 
put to the system and the set of output functions available. In this case, there are 10 possi- 
ble inputs namely the numbers 0 to 9. There are 7 functions which should be used to pro- 
duce the overall desired output: Switch LED 1 on (or On(1) for short), On(2), On(3) ... 
On(7) on. A non-modular centralized solution (Figure 3.b) would involve 48 functions 
and 5.5 condition checks on average assuming each number is inputted with equal urob- 

I ,  is 1: I, is 0 
output 0 

Fig. 4. The NOR function using AAOSA. The Input Agent 
receives 1112 as input. This proves that there exists an 
AAOSA hyperstructure with no transitive interpretations for 
any computable function. 

- -  
ability (l/lO). 

An alternative to this 
approach would be to have 
an agent represent each 
function and an input agent 
to receive the input and 
distribute it (Figure 3.c). If 
this agent (i.e., the Input- 
agent) were to have any 
interpretations of its own, 
they would be of the tran- 
sitive kind, declaring an 
input to belong to one of 
the down-chain agents. 
However, in this example, 
transitive interpretations 
are not necessary because 
the fact that input has been 
handed down through the 
Input-agent does not effect - -  

the route or process i t  may be taking later. It is always preferable not to use transitive 
interpretations as this prevents the agents from being self-sufficient (Figure 4). 
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Therefore, in the case of the hyperstructure in figure 3.c, each agent will have its own 
interpretation policy, namely checking its input against the number it represents. 

Although the number of functions in this system is the same as the centralized one in 
3.b, certain useful features have come about because of the way we have modularized. 
Each agent is reusable in other systems, and, in the case of using a parallel platform, the 
number of conditions that may be checked on average would be much less (in a fully par- 
allel system it  would be 1 condition on average). 

As we stated before, a system can be modeled using many different hyperstructures and 
the choice of the hyperstructure to be used depends on the requirements of the applica- 
tion. Let us consider the hyperstructure in figure 3.d. This system is modularized based on 
the optimization of the number of functions, while maintaining a relatively low number of 
average condition checks. The total number of functions implemented here is 24 (half that 
of the last two designs). The average condition check, if the system is taken as a running 
on a ful ly  parallel platform, can be calculated as follows. 

Each possible input between 0 to 9 would occur 1/10 of the time, 

If input were 1, 2, or 3, we would be checking 1 condition, 

For inputs 4 , 6  and 7, 2 conditions would have been checked, 

For inputs 0, 3 and 9, the number of conditions checked would be 3, and 

For input 8 , 4  conditions would have to be checked 

Thus, the average conditions checked would be 2.2. Of course, in calculating this num- 
ber we disregarded the conditions checked in the white-box of the agents during the query 
and delegation phase. However in general, unlike this example, the complexity of the 
interpretation process for each agent, usually outweighs the complexity of the processes 
involved in these two phases. In comparison to the hyperstructure in 2.c, we have reduced 
the reusability and increased the average condition checks, in order to minimize the num- 
ber of functions. 

3.2 Learning in AAOSA 

The combination of machine learning and multi-agent systems can have benefits for 
both. Multi-agent systems having learning capabilities will reduce cost, time, and re- 
sources and increase quality in a number of ways ([ lo]): 

Ease of programming 

Ease of maintenance 

Widened scope of application 

Efficiency 

Coordination of activity 
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On the other hand, machine learning in a multi-agent setup becomes faster and more 

Learning can improve performance in AAOSA software by improving speed and accu- 
racy, reducing interactions, providing generalizations, and helping the system to tune in to 
different user preferences. 

Learning can be applied to AAOSA in a number of ways depending on the objectives 
and application of the software: 

Inside the agents: In large and complex software, distributing the learning over a hy- 
perstructure of more simple sub-domains is less complex than centralized learning. 
Learning can be used to improve the agent’s own specialized performance and also to 
improve it’s interpretation policy to reduce ambiguities. This latter form of learning is 
driven by the ambiguities themselves. There are various machine learning algorithms 
that can be used in the learning module of the white box, sometimes in combination. 
For instance, Reinforcement Learning can be used to fine-tune the choice of relevant 
interpretation rules, while rule learning algorithms add or update them. The former be- 
ing more gradual and statistic based while the latter changes the agent behavior in 
quantum leaps and is based on a comparison of the actual interpretation with the de- 
sired one. 

Over the architecture (Dynamic AAOSA): Evolutionary and statistical learning can 
be used to split agents that are more complex into hyper-structures of simpler ones, or 
join redundant agents to form more efficient ones. This brings about the possibility of 
hyper-structures self-organizing themselves to achieve a balance between the degree 
of distribution and the efficiency of the overall software. 

AAOSA should guarantee: 

q 

robust. 

The agents each stay responsible for the limited do- 
main they were originally assigned to, while: 

q Containing the distribution of responsibilities, thus: 

q Containing the simplicity of each component 
through adaptive change or developmental upgrades. 

Therefore learning should guarantee the balance of distri- 
bution and learning methods should not impede each other. 
For instance when a new interpretation rule is learned by a 
down-chain agent, “A”, it may have to send Un-Learn mes- 
sages to all up-chain agents requesting them to remove any 
identical rule that results in delegation of input to agent “A”. 

Learning can be deployed to automate disambiguation, andor  resolve conflicts between 
interpretation rules in a single agent. The latter case occurs when a single agent has rules 
that may result in conflicting interpretations based on similar decision criteria. In these 
cases, weighting the rules based on past experience is a form of learning. 

The learning used in the current version of AAOSA, on the other hand, is a very sim- 
ple rote-learning algorithm that records interpretation results for ambiguities explicitly 

#b 
Fig. 5. An AAOSA hyper- 

for exarnole 1. 
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disambiguated for the agent by the user. As we shall see in the next section, this learning 
algorithm is sufficient in the interactive natural language interface application. In other 
cases where implicit statistical (history-based) disambiguation is used more often, the 
learning algorithm will also have to be more complex. In these cases reinforcement learn- 
ing methods could be used. 

4 An AAOSA Parser 

The examples of the previous section are relatively simple because: 

All possible input is known and manageable at design time, 

Only one agent is delegated to at each one time, 

No ambiguities can occur because the interpretation policies of each agent are mutu- 
ally exclusive over the input. 

We will now discuss examples in which some or all of the conditions above are not 

AAOSA can be used to parse input given in the form of strings of characters. We show 
that the AAOSA parser can parse any context-sensitive grammar and discuss the time- 
complexity of this parser in [12]. A parser only interprets input and so an interpretation 
phase similar to that discussed in section 2 is enough. We will also not need any learning 
therefore a subset of the performatives in the previous section are needed here. The 
AAOSA parser is of importance to us because it shows the power of the interpretation 
phase of the AAOSA methodology. 

In a parser, input is not predictable at the time of design and so each agent will have to 
consider parts of the whole input when interpreting it. Therefore, the claims made by dif- 
ferent agents will have to include the portions of the input being claimed. 

Example 1. Consider the context-free grammar G = ((S, A } ,  ( a ,  b } ,  P, S), where P 
consists of 

S t A B  

A t aAb I ab 

B t cBd 1 cd 

The string aabbccdd does belong to the language this grammar represents because: 

met. 

S 3 AB =+ aAbcBd + aabbcBd 3 aabbccdd 

4.1 The Algorithm 

To parse a language using AAOSA we first need to build a hyperstructure based on 
the grammar to be parsed: 
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I .  We create an AAOSA agent for each production rule. We are assuming that each 
production rule in the grammar has a unique left-hand side. We will denote the 
production rule represented by agent A with RA. 

Agent B should be down-chain with respect to agent A, if in the right-hand side 
of RA, there is a reference to a variable that exists in the left-hand side of RB. 

The agent representing S is the input-agent to this hyperstructure. 

The right-hand side of the production rule an agent is representing is that agent’s 
interpretation policy. 

As an example, the hyperstructure for parsing the grammar of example 1 is shown in 

In an agent new claims can only be made based on existing claims C, ..., C,,,, (rn I n)  

Figure 5 shows the AAOSA hyperstructure for example 1. Note that agents may be 
down-chain with respect to themselves. There is no need, in this case, for agents to query 
themselves and they may simply reapply their interpretation policies on the claims they 
have made so far every time they make a new claim. Let us see how this system can parse 
the input aabbccdd to see if it belongs to the language represented by the grammar in 
example 1: 

1) Agent S receives input. No new claims apart from the input claims can be made 
by S at this point, 

2 )  Agent S queries agents A and B (Is-This-Yours?), 

3) Agent A makes the following claims and sends them up to agent S: 

11. 

111. 

IV. 

figure 5. 

(A, {[1..21)) (A, ([0..311) 

4) 

5 )  

Agent S cannot make any new claims based on Agent A’s  response, 

Agent B makes the following claims and sends them up to agent S: 

( B ,  II5..611> (B ,  ([4..711) 

6) Agent S is able to make the following new claim 

(S, [0..71) 

and we conclude that aabbccdd is valid in this language: 

Note that the order of the sending and receipt of queries and responses does not have 
any effect on the overall outcome. 

The grammar in example 1 is that of a context-free grammar. A less restricted form of 
grammar is the context-sensitive grammar. In this grammar for every production a + p 
in P,  we may have IpI I la1 (we use 1x1 to stand the number of symbols in the string x). 

Example 2 .  The following grammar is context-sensitive: 

S + aSBC I aBC 

CB + BC 
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aB 4 ab 

bB + bb 

bC 4 bc 

c c  + cc 

The language L(G) contains the word anbncn for each n 2 1. 

The AAOSA hyperstructure for this grammar is shown in figure 6. Let us see how this 
system can parse the input aabhcc to see if it belongs to the language represented by the 
grammar in example 1: 

1) Agent S queries all at Depth of Search 1, 

2) Agent "aB" makes claim ( (  [2..2]], B) in reply to agent S's query, 

3) Agent "bB" makes claim (([3..3]), B) in reply to agent S's query, 

4) Agent "bC" makes 
claim (([4..4]), C )  
in reply to agent 
S's query, 

5) Agent "cC'  makes 
claim (([5..51], C )  
in reply to agent 
S's query, 

6) (S cannot make 
any new claims 
and increments 

n 

$J n 

Depth of search to 
2 )  

7) Agent "CB" re- 
ceives first responses from down-chains and claims ({[3..3]), C )  and (([4..4]), B) ,  

8) S, having received this latest claim from "CB" can claim (([1..3]], s) based on 
(([1..11), a), (1[2..21), B), and ({[3..31}, 0, 

9) The checking loop for S will not break because the resulting claim from step 8 makes 
the agent be able to make a new claim, namely (([0..5], S) based on ({[O..O]), a), 
({[1..3]), s), ({[4..4]), B), and ({[5..5]), C).  The parsing thus ends successfully at a 
depth of 2. 

Fig. 6. An AAOSA hyperstructure for example 2. 
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5 AAOSA and Natural Language User Interfaces 

Most human-computer interfaces being used today are complicated and difficult to use. 
This is due mostly to the growing number of features the interface should provide easy 
access to. 

Users usually have the following problems with current interface [ 111: 

Prior to selecting an action. They have to consider if the application provides an ap- 
propriate action at all. This hints on a need for some sort of feedback from the appli- 
cation. 

It is hard to access the actions they already know about. This implies that the user 
should be able to freely express his or her needs without being bound to the limited 
conventions preset by the application. 

They have to imagine what would he an appropriate action to proceed with in order 
to perform a certain task of the application domain. The application, therefore, should 
be able to guide the users through the many options they may at any stage of the in- 
teraction. 

Thus, some of the desirable features in a user interface may be as follows: 

Natural expression: The user should be able to express his or her intentions as freely 
and naturally as possible. 

Optimum interaction: Interaction should be limited to the following: 

Adaptability: Adaptability could be about the changing context of interaction or ap- 
plication, but most importantly, the system should be able to adapt to the user’s way 
of expressing her intentions. Two main issues that will have to be taken into account 
in this regard are generalization and contradiction recovery: 

Generalization: An adaptable system in its simplest form will only learn the in- 
stance that it has been taught (implicitly or explicitly). Generalization occurs 
when the system uses what it has learned to resolve problems it deems similar. 
The success and degree of generalization, therefore, depend directly on the pre- 
cision of the similarity function and the threshold the system uses to distinguish 
between similar and dissimilar situations. 

Contradiction: A system that generalizes may well over-generalize. The moment 
the system’s reaction based on a generalization is in a manner the user does not 
anticipate, the system has run into a contradiction. The resolution of this contra- 
diction is an integral part of the learning and adaptability process. 

The user is in doubt as to what she can do next or how she can do it. 

The system is in doubt as to what the user intends to do next. 

299Introducing the Adaptive Agent Oriented Software Architecture



Ease of change and upgrade: The application designer should easily be able to upgrade 
or change the system with minimum compromise to the adaptation the system has made 
to users. This change should be done at run-time (i.e., on the fly). 

5.1 Extending the AAOSA parser 

Although, as shown in section 4, a grammatical parser can be implemented using 
AAOSA, practical problems force us to make some improvements to it .  Creating a 
grammar, be it context-sensitive, is a complicated task. Changing grammars based on 
learning (section 5) is also difficult. Grammars alone are not enough to fulfill the re- 
quirements noted above. 

n 

Fig. 7. An example hyperstructure covering the semantic domain for the servant robot. Lines show 
communication paths. 

Furthermore parsing alone is not sufficient either. A parser, after all, tells us if the input 
string belong to a language or not. Our objective though, is to find the best match for any 
given input. This means the AAOSA system: 

Should be able to accept non-grammatical input (e.g., “Tea for Jila bring!”), 

Should be able to handle previously unencountered input (e.g., “Yabadabadee some 
milk for me!”). 

On the other hand, AAOSA should also be able to pinpoint the semantic sub-domains 
responsible for responding to input. Therefore, we propose a semantic approach to the 
problem of grammar definition. The designer of a natural language interface application 
should design a semantic hyperstructure of agents. The input agent at the top would be 
responsible for receiving input and initiating the query and delegation phase, and the 
agents representing the functionality of the system would be lowest order nodes of the 
hyperstructure. 

The interpretation policies should be much fuzzier than that of the parser. For instance, 
rather than requiring the claims on which a new claim is based to be in sequence (step V 
in section 4), we can require them only to be exclusive. Two claims C, and C2 are exclu- 
sive (C, 0 C2) i f  

V i, O I i < lengthCfocus(C,)), - d j ,  0 < j  < lengthCfocus(C2)) I 
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Biscuits: 
myself + “biscuit” 

Fig. 8. Simple keyword interpretation policies for the robot servant example. 

Food: Telephone: 
myself + “food” 
Tea Agent + “drink” 

myself -+ “telephone” 

Another main difference between the parser and our proposed natural language system 
is that the context considered in the reductions of a context-sensitive grammar is limited 
to the input. In the real world, though, the decision to make a claim may be made based 
on context information that is not necessarily present in the input. For instance, an 
AAOSA agent may decide to make a claim based on the history of successful claims 
made, or the status of the semantic domain it is representing, or even based on interac- 
tions with the user. 

Sandwiches: 
myself + “sandwich” 
myself --f “eat” 

Dial: 
myself -+ ‘‘dial’’ ... 
myself -+ “contact” 

Again: 
myself + “again” 
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5.2 The robot Servant Example 

We will explain our implementation on a toy problem: A robot is to run certain errands 
around the house using a natural language interface. We will start with a limited set of 
functions and show that this set is extendible: 

Make telephone calls. 

The idea is to distribute the natural language processing over nodes that represent dif- 
ferent levels of a hyperstructure covering the functionality space. One example of such an 
hyperstructure is given in figure 7. 

Serve tea, biscuits or sandwiches, 

[Channel jumps to 206 on DSS] 

[Channel jumps to 202 on DSS] 
[Sound is muted] 
[Channel jumps to 910 on DSS] 
[Picture in picture is put on and switched 
to channel 71 
-“Would you like to play, the VCR or the 
DVD?” 
[VCR starts playing] 

-“Show me ESPN3 

-“Put on freakin’ CN”’ 

-“Mute the sound and change to 
HBO and put ABC in the window.” 

-“play” 
-“The VCR!” 

1. Flexibility 

2. Ambiguity 

3. Context-based 
ambiguity resolution 
(DVD and VCR can 1 [VCR stops playing] -“Stop it!” I 
both “stop”) 
4. Ambiguity based 
Query handling 

-“Would you like to turn the lights on or 
off, or set them at a specific level?’ 
-“Would YOU like to go to the next or 

-“What can I do with the lights’?” 

v 

-“Sports channel” 
-“I mean ESPN’ one?” 

-“Record the Sports channel in half 

-“What! You can do that?’ 

previous channel or jump to a specific 

[Channel jumps to 206 on DSS] 

5 .  Learning 

6. Complex opera- 
tions an hour” 

7. Limited scope 

[Okay] 

-“Would you like to use the TV, the VCR, 
the DVD, or the lights?” 

Table 5. Examples from the AAOSA based home A N  interface (Scotty). A total of 42 agents 
are involved in interpreting user responses. 

The natural language interpretation is done through a series of claims and delegations 
carried out by the agents. Agents claim an input string as belonging to them (internal in- 
terpretation), or decide that it belongs to some other agent or agents based on their inter- 
pretation policies (transitive interpretation). Agents that are not able to find appropriate 
policies that interpret certain input will consult down-chain agents. In our example the 
sandwich agent claims input such as “I want a sandwich” because of the presence of 
“sandwich” (Figure 8). In this case, the presence of the keyword “Sandwich” is the inter- 
pretation policy. An example of transitive interpretation would be in the case of the input, 
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“I want to drink”; in which case the processing is delegated to the tea agent by the food 
agent based on the presence of the keyword “drink” which is a clue as to what kind of 
food the user is referring to. 

As mentioned before processing of input is done in two phases: interpretation and 
delegation. For example, let us say the input agent takes “Give me biscuits!”. This agent 
itself can not claim the input without consulting other down-chain agents. These agents 
(Food and Telephone agents), in turn are not capable of interpreting and therefore ask 
their respective down-chain agents. The Biscuit agent claims this input based on the pres- 
ence of the keyword “biscuits” and answers the Food agent’s question positively, causing 
the Food agent to send a similar affirmative response to the Input agent. 

So far, no processing has been done. It is now up to the initiator agent (i.e,, the Input 
agent) to decide whether this input should be actuated. Upon actuation, agents use tempo- 
rarily stored interpretation results to send the actuation request down to the responsible 
agents and have them execute the necessary processes without having to reinterpret the 
input. In our example, “Give me biscuits!”, the Biscuit agent will be sent down the actua- 
tion command and it will issue the necessary commands needed for the robot to get some 
biscuits. 

Ambiguities occur when the interpretation of input is not possible because of there not 
being any agents to claim it, or more than one agent claiming it. In the first case some- 
thing unknown to the system has been inputted and should be clarified and possibly 
learned by the agents. Take for example the input: “I’m thirsty!”. Let’s say none of the 
agents claims this input. In this case, the input agent can ask the user whether “I’m 
thirsty!” has something to do with telephones or food (i.e., its immediate down-chain 
agents). The result of this interaction may be learned by the Input agent (e.g., Input agent 
learns that the input “I’m thirsty!” should be delegated to the Food agent). The Food 
agent, in turn not being able to interpret, will ask the user whether “I’m thirsty!” has any- 
thing to do with tea, biscuits, or sandwiches. Eventually it is up to the Tea agent to learn 
that “I’m thirsty!” belongs to it. To keep the responsibilities from drifting up-chain or 
down-chain in the hyperstructure of agents, the Tea agent should at this point declare to 
it’s up-chain agents (in this case the Food agent) to remove any interpretations of “I’m 
thirsty!” that result in the delegation of the input to the tea agent (i.e,, uses the Un-learn 
performative). The Food agent, having received an Un-learn performative and processed 
it, should in turn propagate it further up-chain. 

Another example of ambiguity is when the natural language input is vague. For exam- 
ple, “I want to eat!” would cause the Biscuit agent and the Sandwich agent both to claim 
it. 

By adding agents to the system, we can extend its capabilities. An example would be 
adding fax capability to the system in which Fax agent will be added at the same level as 
the Telephone agent connecting to the same down-chain agents as the telephone agent. 
Note that by doing so we have also added ambiguity to the system. For instance, “Contact 
Jila” may result in both the Fax and Telephone agents claiming it. 

Some of the interesting attributes of our interface are as follows: 
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It is modeless, in that the user does not have to follow preset menus in order to 
achieve her intentions; ( e g ,  “Tea!” is a valid input). 

It supports context-based interaction (e.g., If you have just ordered it to “Get some 
tea!” and follow that order up with “Again!” it can resolve the ambiguity between the 
Telephone and Food agents based on this context information, namely recency of in- 
vocation.) 

It can be upgraded easily to be able to handle Multi-lingual input because each 
agent’s interpretation policy is relatively simple and the grammar and semantics are 
mostly handled over the architecture. 

When mistakes are made by the system graceful error recovery can be achieved by 
backtracking to the furthest down-chain point of ambiguity resolved implicitly and 
interact with the user to resolve it. For instance in the “Again!” example if the user 
really means a re-dial should be attempted, she can express her dissatisfaction by, 
say, pressing the escape key, and the system will respond with: “Should I re-dial the 
phone or bring you tea again?” 

Handles incomplete, unpredictable, and grammatically incorrect input. This is possi- 
ble due to the simple interpretation policies in each agent and the fact that agents can 
extend their interpretation policies by learning. 

Relatively small memory/processor requirements with respect to similar interfaces 
based on classical Natural Language Processing methods. 

6 Conclusions and future plans 

AAOSA is currently being used as a natural language interface to home theater systems 
(Table 5) and electronic messenger systems, and it is being investigated as a web- 
browsing interface. Dynamic AAOSA (DAAOSA) is also being investigated as a means 
to adaptively index large amounts of information. In DAAOSA, agents are created or 
removed based on the complexity requirements of the system and thus the hyperstructure 
of agents is created by the agents themselves. 

The current version of AAOSA has been implemented in Java because if it’s unique 
portability and multi-platform execution capabilities and multi-threading features. We 
have used simple rote learning as the learning module in the white-box and other, more 
robust machine learning methods are being investigated. 

In this paper we introduced AAOSA as a new software architecture and gave an exam- 
ple of its implementation in the form of a natural language interactive interface. AAOSA 
is flexible, primarily because there is no rigid predetermination of valid input. It is modu- 
lar providing for easier revision, extension and development. AAOSA agents can be re- 
used inside an application or in other software. The independent nature of AAOSA agents 
provides for an inherently parallel architecture. Agents can run and communicate over a 
network of heterogeneous hosts. Run-time addition of new AAOSA agents is possible 
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and therefore incremental development and evaluation is possible. Following guidelines 
set by the original designer; other designers can also contribute to a system making it 
commercially attractive. The built-in learning and ambiguity resolution features make 
AAOSA a more intelligent software architecture. 

As in most other distributed designs, AAOSA's unpredictable nature makes it hard to 
guarantee the correctness or stability of applications. More work needs to be done in this 
regard to provide sound evaluation and testing methods. AAOSA is highly reliant on 
messages and the high message traffic between AAOSA agents may create bottlenecks 
and network load problems. 
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Abstract. In this paper, we present an agent platform, called JADE (Java Agent
Development Environment), that tries to ease development applications in
compliance with the FIPA specifications. Moreover, we describe an extension
to JADE original agent model that allows expressing agent synchronisation
constraints better and provides wider foundations to build higher-level agent
architecture on. JADE agent model is more “primitive” than the agent models
offered by other systems, and mainly deals with message handling and plan
scheduling. Exploiting research results about concurrent OO languages, JADE
agent model has been extended in a way that solves the inheritance anomaly
problem and will be useful to JADE users when they will create more complex
agents.

1 Introduction

Agent-based technologies represent one of the most promising technological
paradigms, however, they cannot realise their full potential, and will not become
widespread, until standards to support agent interoperability are available and used by
agent developers and adequate environments for the development of agent systems
are available.

A lot of organisations are working towards the standardisation of agent
technologies starting from the work done by the Knowledge Sharing Effort [20] In
this respect, FIPA (Foundation for Intelligent Physical Agents) represents one of the
most interesting answers to the need for standards [5].

The standardisation work of FIPA is in the direction to allow an easy
interoperability between agent systems, because FIPA, beyond an agent
communication language, specifies the key agents necessary for the management of
an agent system and the ontology necessary for the interaction between two systems.

The output documents of FIPA specify the normative rules that allow a society of
agents to inter-operate, that is effectively exist, operate and be managed. First of all
they describe the reference model of an agent platform identifying the roles of some
key agents necessary for the management of the platform, that is, the Agent
Management System (AMS), the Agent Communication Channel (ACC) and the
Directory Facilitator (DF).

P. Ciancarini and M.J. Wooldridge (Eds.): AOSE 2000, LNCS 1957, pp. 307−321, 2001.
 Springer-Verlag Berlin Heidelberg 2001



A lot of people is involved in the realisation of development environments to build
agent systems (see, for example, AgentBuilder [24], Bee-gent [32], dMARS [22],
MaSE [30], MOLE [26], the Open Agent Architecture [16], RETSINA [28] and Zeus
[18]). Such development environments provide predefined agent models and tools to
ease systems development. Moreover, some of them try to allow interoperability with
other agent systems through the use of a well-known agent communication language,
that is, KQML [4] or following a standard as, for example, FIPA. However, none of
them can be used to realise efficient and reusable agent software because they offer
some specific agent architectures that must be used to realise all the agents of the
system even if some of them must perform simple, primitive tasks which do not
justify the complexity of the architecture used and because other agents execute tasks
for which some other agent architectures are more suitable.

In this paper, we present an agent platform we implemented to realise efficient and
reusable agent software, that is called JADE [9]. JADE (Java Agent Development
Environment) is a software framework to make easy the development of agent
applications in compliance with the FIPA specifications for interoperable intelligent
multi-agent systems. JADE uses an agent model and a Java implementation that offer
a good runtime efficiency and solve inheritance anomaly. Such an agent model is
more “primitive” than the agent models offered by other systems, but they can be
implemented on the top of our “ primitive” agents model. JADE communication
architecture tries to offer flexible and efficient messaging, transparently choosing the
best transport available and leveraging state-of-the-art distributed object technology
embedded within Java runtime environment.

In the next section, we introduce related work on agent construction tools. Section
three presents the JADE agent platform. Section four, five and six describe the
problems faced in designing and implementing agents, JADE agent model and
implementation, and how the behaviours of JADE agents can be reused through
inheritance and composition. Section seven shows an example of building JADE
agents. Finally, Section eight concludes with a brief discussion about the relationships
between the JADE agent models and the other agent software frameworks introduced
in the paper, and about the current use of JADE to develop applications and to test the
interoperability with other agent platforms.

2 Related Work

A lot of research and commercial organisations are involved in the realisation of agent
applications and a considerable number of agent construction tools has been realized
[23]. Some of the most interesting are AgentBuilder [24], MOLE [26], the Open
Agent Architecture [16], RETSINA [28] and Zeus [18].

AgentBuilder [24] is a tool for building Java agent systems based on two
components: the Toolkit and the Run-Time System. The Toolkit includes tools for
managing the agent software development process, analysing the domain of agent
operations, defining, implementing and testing agent software. The Run-Time System
provides an agent engine, that is, an interpreter, used as execution environment of
agent software. AgentBuilder agents are based on a model derived by the Agent-0
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[25] and PLACA [29] agent models. Agents usually communicate through KQML
messages; however, the developer has the possibility to define new communication
commands to cope with her/his particular needs.

dMARS [22] is an agent-oriented development and implementation environment
for building distributed system based on the BDI agent model offering support for
system configuration, design, maintenance and re-engineering. Such a development
environment has been successfully used to realise application in the fields of air
traffic control and of telecommunication and business process management.

MOLE [26] is an agent system developed in Java whose agents do not have a
sufficient set of features to be considered truly agent systems [8; 30]. However,
MOLE is important because it offers one of the best solution to support agent
mobility. Agents interact through two types of communication through RMI in the
case of client/server interactions and message exchange in the case of peer-to-peer
interactions.

The Open Agent Architecture [16] is a truly open architecture to realise distributed
agent systems in a number of languages, namely C, Java, Prolog, Lisp, Visual Basic
and Delphi. Its main feature is its powerful facilitator that can receive tasks from
agents and decompose them to award them to other agents. However, all the agents
must communicate via the facilitator that can become application bottleneck.

RETSINA [28] offers reusable agents to build applications. Each agent has four
reusable modules for communicating, planning, scheduling and monitoring the
execution of tasks and requests from other agents. However, agents developed by
others and non-agent software can inter-operate with RETSINA agents by building
some specialised gateway agents (one for each non-RETSINA agent or non-agent
software system). RETSINA provides three kinds of agent: interface agents managing
user interaction; task agents helping users in the execution of tasks; and information
agents providing access to heterogeneous collections of information sources.

Zeus [18] allows the rapid development of Java agent systems by providing a
library of agent components, supporting a visual environment for capturing user
specifications, an agent building environment that includes an automatic agent code
generator and a collection of classes that form the building blocks of individual
agents. Agents are composed of five layers: API layer, definition layer, organisational
layer, co-ordination layer and communication layer. The API layer allows the
interaction with non-agent world. The definition layer manages the task the agent
must perform. The organisational layer manages the knowledge about the other
agents. The co-ordination layer manages co-ordination and negotiation with other
agents. Finally, the communication layer allows the communication with the other
agents.

3 JADE Agent Platform

The JADE agent platform complies with FIPA specifications and includes all the
mandatory agents that manage the platform, that is the AMS, and the default DF.
Agent communication is performed through message passing, where FIPA ACL is the
language to represent messages.
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JADE communication architecture tries to offer flexible and efficient messaging,
transparently choosing the best transport available and leveraging state-of-the-art
distributed object technology embedded within Java runtime environment. While
appearing as a single entity to the outside world, a JADE agent platform can be split
over several hosts with one among them acting as a front end for inter-platform IIOP
communication. A JADE system is made by one or more Agent Container, each one
living in a separate Java Virtual Machine and delivering runtime support to JADE
agents. Java RMI is used to communicate among the containers and each one of them
can also act as an IIOP client to forward outgoing messages to foreign agent
platforms. A special, Front End container is also an IIOP server, listening at the
official agent platform ACC address for incoming messages from other platforms.
The two mandatory system agents, that is the AMS and the default DF, run within the
front-end container. Figure 1 shows a representation of a JADE agent platform.

Browser

Agent
container

Agent
Management

System
Directory
Facilitator

ACC

Agent

Agent

Agent
container Agent

Agent

Agent

RMI

RMI

RMI

IIOP

Applet
container

Agent

Agent

Fig. 1. Software architecture of a JADE agent platform.

A software agent, in compliance to FIPA agent model, has a globally-unique
identifier (GUID), that can be used by every other agent or software entity to address
it with ACL messages. Likewise, an agent will put its GUID into the :sender slot of
ACL messages it sends around. So, JADE must figure out receiver location by simply
looking at :receiver message slot; since a FIPA GUID resembles an email address, it
is fairly easy to recover the agent name and the platform address from it, as they are
separated by an “@” character. JADE then compares the receiver address with its own
platform address: if they differ, the receiver resides on some other platform, possibly
a non-JADE one, and standard IIOP messaging is to be used.
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Otherwise, if the receiver and the sender reside on the same agent platform, JADE
uses event dispatching when the two agents are within the same container and Java
RMI when they are on different containers of the same agent platform.

Therefore, when an ACL message is sent to a software agent, three possibilities are
given:

?  Receiver on the same container of the same platform: Java events are used, the cost
is a cloning of the ACLMessage object and a local method call.

?  Receiver on a different container of the same platform: Java RMI is used, the cost
is a message serialisation at sender side, a remote method call and a message
unserialisation on receiver side.

?  Receiver on a different platform: CORBA IIOP is used, the cost is the conversion
of the ACLMessage object into a String object and an IIOP marshalling at sender
side, a remote method call and an IIOP unmarshalling followed by ACL parsing at
receiver side.

JADE uses a form of address caching that is transparent and completely orthogonal
to message transport, so local, RMI and IIOP addresses are all cached the same way
and on cache hits the agent container does not even need to know the specific kind of
address it is using. This is meant to support agent mobility: an address referring to a
mobile agent can change its kind (e.g., from local to RMI) over time; transparent
caching means that messaging subsystem will not be affected when agent mobility
will be introduced into JADE. Moreover, if new remote protocols will be needed in
JADE (e.g., a wireless protocol for nomadic applications), they will be seamlessly
integrated inside the messaging and address caching mechanisms. JADE cache
replacement policy is a standard LRU one, and a stale cached address is not
invalidated until it is used, according to an optimistic attitude; when a container tries
to use a stale address, local or remote, it gets back a exception and refreshes the cache
item.

4 Agents Design and Implementation Problems

A distinguishing property of a software agent is its autonomy [31]; an agent is not
limited to react to external stimuli, but it is also able to start new communicative acts
of its own. Besides, actions performed by an agent do not just depend on received
messages but also on mental state and attitudes of the agent. The first property
requires each software agent to be an active object, while the other one suggests to
use a pull consumer messaging model [19].

A software agent, besides being autonomous, is said to be social [31], because it
can interact with other agents in order to pursue its goals and can even develop an
overall strategy together with its peers. The abstract need for sociality has the
practical outcome of allowing an agent to engage in multiple conversations
simultaneously; so implementing a software agent requires a significant amount of
concurrency.

The above considerations show that an agent must perform different tasks in
parallel and help in deciding how many threads of control are needed in an agent
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implementation; the autonomy requirement forces each agent to have at least a thread,
and the sociality requirement pushes towards many threads per agent, maybe even a
thread for every conversation the agent gets involved with, and more threads to carry
on agent reasoning.

To achieve runtime efficiency, the various costs associated with multithreading
must be evaluated. In decreasing cost order, they are:

1. Thread creation and deletion.
2. Synchronization between threads.
3. Thread scheduling.

Moreover, the execution of different tasks in parallel might raise a software
engineering problem if we implement agents through an object-oriented programming
language. The problem is inheritance anomaly, that is, the conflict between
inheritance and concurrency that often causes the need to redefine the inherited
methods in order to maintain the integrity of objects with a loss of software reuse [17;
2]. Such conflicts between inheritance and concurrency occur for three main reasons:

1. Partitioning of Acceptable States. A subclass partitions the sets of states where the
different methods of the superclass can be executed. Therefore, the superclass
methods must be redefined in the subclass to cope with such new sets of states.

2. History-only Sensitiveness of Acceptable Methods. A subclass adds a method that
can be executed only after a particular sequence of events. Therefore, the
superclass methods must be redefined in the subclass to track the required events.

3. Modification of Acceptable States. A subclass adds a method that modifies the state
where the inherited methods can be executed. Therefore, the superclass methods
must be redefined in the subclass to cope with such a modification.

5 JADE Agents Design and Implementation

JADE uses an agent design and a Java implementation that offer a good runtime
efficiency and solve inheritance anomaly.

Each JADE agent holds a collection of behaviours which are scheduled and
executed to carry on agent duties. Behaviours represent logical threads of a software
agent implementation. JADE uses delegation to associate an agent with its tasks, in
order to achieve flexible agent composition: an agent can aggregate several
behaviours and a behaviour can be reused across agents and applications. If a role
modelling approach is used [11], agent roles can be mapped to JADE behaviours,
blending nicely the middleware infrastructure into the chosen agent development
methodology.

According to Active Object design pattern [13], every JADE agent runs in its own
Java thread, thereby satisfying autonomy property; instead, in order to keep small the
number of threads required to run an agent platform, all agent behaviours are
executed co-operatively within a single Java thread. So, JADE uses a thread-per-
agent execution model with co-operative behaviour scheduling.

The main advantage of using a single Java thread for all agent behaviours lies in
greatly reduced multithreading overhead. Recalling the three major costs paid to
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enjoy multithreading benefits, one can see that with JADE model thread creation and
deletion happens rarely, because agents are rather long lived software objects.
Besides, synchronisation between different threads is not even needed, since different
agents share no common environment. Thus, only the third cost, i.e., thread
scheduling, remains; this is the least among the three and could only be avoided by
making the whole agent platform single-threaded.

Adopting a thread-per-behaviour execution model would incur in significant
synchronisation costs (a Java synchronized method is about 100 times slower than an
ordinary method) because all behaviours share a common representation of agent
mental state. Moreover, it is often the case that an agent creates new behaviours on
demand. For that kind of agents, thread-per-behaviour would also have significant
thread creation overhead.

Sometimes real intra-agent multithreading may seem unavoidable: for example, an
agent acting as a wrapper onto a DBMS could issue multiple queries in parallel, or an
agent might want to block on a stream or socket while still being able to engage in
ordinary conversations. Really, this kind of problems occur only when an agent must
interact with some non-agent software; FIPA acknowledges that these are boundary
conditions for the execution model and deals with them in a separate part of the
standard (namely, FIPA part 3). When writing agent wrappers for non-agent software,
application developers are free to choose whatever concurrency model they feel is
needed.

Using a single Java thread to handle multiple agent behaviours needs some sort of
scheduling policy. JADE relies on a “co-operative scheduling on top of the stack”, in
which all agent behaviours are run from a single stack frame without context saving
(on top of the stack) and a behaviour continues to run until it returns from its main
function and cannot be pre-empted by other behaviours (co-operative scheduling); of
course ordinary pre-emption is still active between different agent threads and among
JADE system threads: co-operative scheduling is strictly an intra-agent policy.

Using co-operative behaviours to model multiple agent conversation is a
lightweight approach to concurrency, trying to achieve low latency by working
entirely in user space. Similar techniques are customary in modern high performance
network protocols and messaging libraries [1; 3]. A likewise, stack based execution
model is followed by Illinois Concert runtime system [12]; willing to provide a
runtime environment for parallel object oriented languages, Concert can execute
concurrent method calls optimistically on the stack, reverting to real thread spawning
only when the method is about to block.

Choosing not to save behaviour execution context means that agent behaviours
start from the beginning every time they are scheduled for execution; besides, local
variables are reset every time. So, behaviour specific state that must be retained across
multiple executions is to be stored into behaviour instance variables. Therefore a
JADE behaviour is not given by an ordinary Java method, but by a Java class having:

?  a method performing the task of the behaviour, and
?  a set of instance variables representing behaviour context.

Moreover, such a behaviour model does not take into account the inheritance anomaly
problem. To cope with inheritance anomaly we decomposed the code of the behaviour
method in three parts (methods) as proposed in [21]. The three parts are:
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1. A guard, that is a Boolean predicate without side-effect, representing the
precondition for the behaviour execution.

2. A body that contains the part of code executing the behaviour task.
3. A transition that can enable/disable some other agent behaviours.

Therefore, when a behaviour must be executed, the guard is checked; if it is true, the
body and the transition are executed in sequence, else another behaviour is executed
and this behaviour is blocked until the guard becomes true. The blocking of the
behaviour is not the only possible policy when a guard is not true [14]. In fact, we
could return immediately (balking policy) or wait up to a specific maximum time
(timed-wait policy).

Behaviours are divided in two classes: the writers and the readers, respectively
representing the behaviours that modify agent state and the ones that just read it. This
separation allows to implement a reader/writer synchronisation policy where readers
can be executed in parallel and writers are executed in sequence. This separation has
only a formal value with the current implementation where agent behaviours are
scheduled in a single thread, but it would be useful in a multi-threaded agent.

6 Behaviour Reuse via Inheritance and Composition

Our behaviour model allows to reuse software via inheritance. In fact, new behaviours
can be realised as specialisation of other behaviours.

Such a model allows the reuse of software via composition too. A class hierarchy
rooted in the Behaviour class support the tasks to be performed. According to the
Composite design pattern [7], the ComplexBehaviour class is itself a Behaviour, but
can have an arbitrary number of sub-behaviours or children.

In the case of a behaviour represented by a ComplexBehaviour class, the agent
scheduler only considers the top-most tasks for its scheduling policy: during each
"time slice" assigned to an agent task only a single subtask is executed. Each time a
top-most task returns, the agent scheduler assigns the control to the next task in the
ready queue.

JADE recursive aggregation of behaviour objects resembles the technique used for
graphical user interfaces, where every interface widget can be a leaf of a tree whose
intermediate nodes are special container widgets with both rendering and children
management features. An important distinction, however, exists: JADE behaviours
are reifications of execution tasks, so task scheduling and suspension are to be
considered too.

Thinking in terms of patterns [7], if Composite is the main structural pattern used
for JADE behaviours, on the behavioural side we have a Chain of Responsibility:
agent scheduling directly affects only top-level nodes of the behaviour aggregation
tree, but every composite behaviour is responsible for its children’s scheduling within
its time frame. Likewise, when a behaviour object is blocked or restarted, a
notification mechanism built around a bi-directional Chain of Responsibility scheme
provides all necessary event propagation.

The agent developer can use behaviour classes not only to implement the different
tasks of their agents. In fact, he/she can, for example, find behaviours to perform
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atomic tasks only once (such as in the OneShotBehaviour class) or forever (as in the
CyclicBehaviour class) and can also compose behaviours in a sequential way (using
the SequentialBehaviour class), or schedule them in a non deterministic fashion
(NonDeterministicBehaviour class) or in a parallel way (ParallelBehaviour class).

7 An Example

As an example of the use of the JADE agent model to implement reusable software
agents, we describe a simple yellow pages agent able to manage information about a
community of agents and the services its agents offer. After that, we specialise it to
support some other services.

Such a yellow pages agents offers four services: the registration and the
deregistration of agents and their services, the modification of the agent profiles, and
the search for agents on the basis of a requested service. This agent manages different
conversation in parallel, notifies the caller if it cannot satisfy the request, and
periodically cleans its knowledge base from the died agents that did not deregister
themselves.

We can realise such an agent as a JADE agent named DF. This agent contains at
the beginning five behaviours: RegisterBh, DeregisterBh, ModifyBh, SearchBh and
CleanBh.

RegisterBh

DeregisterBh

ModifyBh

SearchBh

DF

DoSearchBh

CleanBh

Fig. 2. Diagram of the DF agent. The behaviours on the same vertical line are executed
concurrently.

When they receive a message, RegisterBh, DeregisterBh, ModifyBh perform in
sequence the following actions:

1. Check whether the action can be performed.
2. Send an agree or refuse message to the caller.
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3. Try to perform the requested action.
4. Send an inform message or a failure message to the caller depending upon whether

the action execution succeeds or not.

SearchBh allows to serve different requests in parallel. When it receives a message, it
creates a new behaviour, called DoSearchBh, that serves a message in the same way
of the previous three behaviours, and goes back to wait for a request.

Finally, CleanBh cyclically waits for the end of a time interval and then checks its
agents table to look for died agents to remove. Figure 2 shows a graphical
representation of DF behaviours.

The code of RegisterBh, DeregisterBh, ModifyBy and SearchBh is composed by
the body method and a guard checking the kind of action requested. For example, the
RegisterBh code has the form:

RegisterBh extends CyclicBehaviour {

 boolean guard() {

  return (msg.content.actionName == “Register”); }

 void body() { … register code … }

}

The code of DoSearchBh has not a guard, because it is directly activated by
SearchBh, but implements an interface ReaderBehaviour indicating that is a reader
behaviour (a behaviour is a writer by default).

Finally, the code of CleanBh contains a guard checking if it is the time for a new
cleaning. It has the form:

CleanBh extends CyclicBehaviour {

 boolean guard() {

  return ( timeAfterCleaning > cleaningInterval) }

 void body() { … cleaning code … }

}

A more complex yellow pages agent has the capability to give also information
about agents that it does not know, but that are known through other yellow pages
agents and to stop the services when required by its manager agent.

We can realise such an agent as a specialisation of the DF Agent, called MultiDF,
that adds four new behaviours respectively called MultiSearchBh, MultiDoSearchBh,
DisableBh and EnableBh.

MultiSearchBh allows to serve different requests concurrently too. When it
receives a message, it creates a new behaviour, called MultiDoSearchBh, and goes
back to wait for a request. MultiDoSearchBh behaviour is a sequential behaviour
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composed of two behaviours. The first is a parallel behaviour, called
ParallelSearchBh, that spawns a LocalSearchBh, performing the local search, and a
RemoteSearchBh for each other known yellow pages agents. The second, CollectBh,
collects the results and informs the caller. In particular, RemoteSearchBh first sends a
request message to the remote DF and then waits for the response.

Figure 3 shows a graphical representation of MultiDF behaviours.

MultiDF

DoSearchBh

RegisterBh

DeregisterBh

ModifyBh

SimpleSearchBh

MultiSearchBh

ParallelSearchBh
MultiDoSearchBh

RemoteSearchBh

LocalSearchBh CollectBh

ParallelSearch

CleanBh

DisableBh

EnableBh

Fig. 3. Diagram of the MultiDF agent. The behaviours on the same vertical line are executed in
parallel; the behaviours on the same horizontal line are executed in sequence.

MultiSearchBh is activated by a search request, then it conflicts with the activation of
SearchBh. However, the conflict can be solved stating that MultiSearchBh is activated
when the depth service parameter (indicating the number of hops constraining the
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search in the hierarchy of DFs the current DF can build.) is greater than one and
SearchBh is activated when the depth service parameter is equal to one.

Therefore, we can redefine the SearchBh, but separating and isolating its
synchronization code in the guard, we must redefine only the guard in a new
behaviour SimpleSearchBh that is a specialisation of SearchBh. Then, the code of
SimpleSearchBh and MultiSearchBh has the form:

class SimpleSearchBh extends SearchBh {

 boolean guard() {

  return ((msg.content.actionName == “Search”) &&

        ((SearchDFMsg) msg).content.depth == 1)); }

}

MultiSearchBh extends CyclicBehaviour {

 boolean guard() {

  return ((msg.content.actionName == “Search”) &&

        (((SearchDFMsg) msg).content.depth > 1)); }

 void body() { /* … multisearch code … */ }

}

where depth is an integer indicating the number of hops constraining the search in
the hierarchy of DFs the current DF can build.

When the community manager agent sends a disable request to the yellow pages
agent, this last agent must disable all its services except the enable service. The
introduction of a transition method in the behaviour definitions, and the introduction
of a set of their specific operations (enable, enableAll, enableAllExcept, disable and
disableAllExcept) acting on the list of behaviours owned by an agent, allow to avoid
the rewriting of the methods to be enabled/disabled. Therefore, the code of EnableBh
and DisableBh has the form:

EnableBh extends CyclicBehaviour {

 void transition() { enableAll(); }

}

disableBh extends CyclicBehaviour {

 void transition() { disableAllExcept(“EnableBh”); } }
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8 Conclusions

In this paper, we presented an agent model and platform we defined and implemented
to realise efficient and reusable agent software through a development environment
called JADE. JADE (Java Agent Development Environment) is a software framework
to make easy the development of agent applications in compliance with the FIPA
specifications for interoperable intelligent multi-agent systems.

In comparison to the agent development tools introduced in the Related Work
Section, JADE offers a more efficient implementation and a more general and
reusable agent model.

The efficient implementation mainly depends both on the use of a communication
architecture offering flexible and efficient messaging, transparently choosing the best
transport available and leveraging state-of-the-art distributed object technology
embedded within Java runtime environment, and on the use of an agent model
implementation that allows the realisation of multi-activities agents eliminating Java
multi-threading overhead.

The JADE agent model is more “primitive” than the agents models offered, for
example, by AgentBuilder, dMARS, RETSINA and Zeus; however, the overhead due
to such sophisticated agent models might not be justified for agents that must perform
some simple tasks. Starting from FIPA assumption that only the external behaviour of
system components should be specified, leaving the implementation details and
internal architectures to agent developers, we realise a very general agent model over
which programmers can build more specific models, such as reactive or BDI
architectures or other sophisticated architectures taking also advantage of the
separation between computation and synchronisation code inside agent behaviours
through the use of guards and transitions. In particular, we can realise a system
composed of agents with different architectures, but able to interact because on the
top of the “primitive” JADE agent model. Moreover, the behaviour abstraction of our
agent model allows an easy integration of external software. For example, we realised
a JessBehaviour that allows the use of JESS [6] as agent reasoning engine.

JADE is a trademark registered by CSELT. It has been distributed to some partners
of the ACTS AC317 “FACTS” project for evaluation and because some packages are
foreground of the project. A mailing list has been set up for the users to discuss
requirements, report bugs and, more in general, to discuss programming idioms and
exchanging ideas. The feedback received so far is positive as developers can actually
concentrate on the realisation on their application specific tasks rather than on the
building of the middle-ware for the management of agents.

At the beginning of 1999, during a meeting of FIPA, in Seoul, JADE participated
to the interoperability tests with some other FIPA compliant platforms, that is, ASL of
Broadcom [12], MECCA of Siemens [15] and the agent platform of Comtec [27]. The
results of the tests showed JADE is very near to offer full interoperability with the
other platforms passing a large part of the tests [5]. The failure on a few tests
depended mainly on the incomplete definition of agent management ontology in the
FIPA specifications that caused some differences in its implementation inside the
different platforms. The results of Seoul tests were very important because the
comparison with other platforms allowed us to correct and improve its
implementation.
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