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Abstract On the theoretical side, coordination is a critical issue for MAS engineering,
since it deals with modelling and managing the ever growing complexity of the
agent interplay within a MAS. On the practical side, the availability of power-
ful and robust infrastructures is a key factor to enable and promote MAS as a
mainstream software engineering technology. By adopting Activity Theory as
a unifying framework for the many existing approaches to MAS coordination,
we put forward the notion of artifact as a key concept for infrastructures, from
which we derive some distinctive properties that a coordination infrastructure
should feature. Finally, we discuss how a principled approach to MAS engineer-
ing based on coordination infrastructures could be built around such a notion.

1. Introduction

Coordination is one of the key issues in the modelling and engineering of
complex systems, and has been the subject of numerous investigations in areas
such as Sociology, Economics and Organisational Theory. From an engineer-
ing point of view, the question of how to design computational mechanisms
that allow for efficient coordination is foremost: coordination is conceived as
a means to integrate various activities or processes in such a way that the re-
sulting ensemble shows desired characteristics and functionalities. The design
of coordination mechanisms is particularly challenging in the field of MAS, as
they are usually embedded in highly dynamic environments, and neither the
number nor the behaviour of agents can be directly controlled at design time.

In this chapter, we discuss how coordination infrastructures can be used as
a means to instill coordination in open multiagent systems. In particular, we
claim that additional high-level abstractions need to be integrated into agent-
oriented design methodologies in order to exploit the full potential of coordi-
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nation infrastructures, and to engineer coordinated MAS in open environments
in an efficient and principled manner.

The chapter is organised as follows. Section 2 argues that the key problem
of coordination engineering in MAS amounts to the governance of interaction
from both the agents’ and the designer’s point of view. Subsequently (sec-
tion 3) we outline the role of coordination infrastructures for this task and point
to shortcomings in current approaches. Setting out from findings in Activity
Theory, section 4 provides a uniform conceptual framework for many different
approaches to coordination, and introduces the notion of coordination artifact
as a key abstraction, that allows for a smooth conceptual integration of coor-
dination infrastructures into MAS design. Section 5 provides clues on how to
engineer MAS based on advanced coordination infrastructures within such an
integrated conceptual framework. Final discussion concludes the chapter.

2. Coordination in MAS
2.1 Models of Coordination in MAS

Maybe the most widely accepted conceptualisation of coordination in the
MAS field originates from work in the area of Organisational Science. (Mal-
one and Crowston, 1994), define coordination as the management of depen-
dencies between organisational activities. One of the many workflows in an
organisation, for instance, may involve a secretary writing a letter, an official
signing it, and another employee sending it to its final destination. The interre-
lation among these activities is modelled as a producer/consumer dependency,
which can be managed by inserting additional notification and transportation
actions into the workflow.

It is straightforward to generalise this approach to coordination problems in
multiagent systems. Obviously, the subjects whose activities need to be coor-
dinated (sometimes called coordinables) are the agents. The entities between
which dependencies arise (or objects of coordination) are often termed quite
differently, but usually come down to entities like goals, actions and plans. De-
pending on the characteristics of the MAS environment, a taxonomy of depen-
dencies can be established, and a set of potential coordination actions assigned
to each of them, e.g., (von Martial, 1992). Within this model, the process of co-
ordination is to accomplish two major tasks: first, a detection of dependencies
needs to be performed, and second, a decision respecting which coordination
action to apply must be taken. A coordination mechanism shapes the way that
agents perform these tasks (Ossowski, 1999).

The dependency model of coordination appears to be particularly well suited
to represent relevant features of a coordination problem in MAS. The TAEMS
framework presented by (Decker, 1996a), for instance, has been used to model
coordination requirements in a variety of interesting MAS domains. It is also
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useful to rationalise observed coordination behaviour along the lines of the
knowledge-level perspective put forward by (Newell, 1993). Still, when de-
signing coordination processes for real-world MAS, things are not as simple
as the dependency model may suggest. Dependency detection may come to
be a rather knowledge intensive task, which is further complicated by incom-
plete and potentially inconsistent local views of the agents. Moreover, making
timely decisions that lead to efficient coordination actions is also everything
but trivial. The problem becomes even more difficult when agents pursuing
partially conflicting goals come into play. In all but the most simple MAS,
the instrumentation of these tasks gives rise to complex patterns of interactions
among agents. The set of possible interactions is often called the interaction
space of coordination.

From a software engineering perspective, coordination is probably best con-
ceived as the effort of governing the space of interaction of a MAS (Busi et al.,
2001). When approaching coordination from a design stance, the basic chal-
lenge amounts to how to make agents converge on interaction patterns that
adequately (i.e., instrumentally with respect to desired features of the agents
and/or the MAS as a whole) solve the dependency detection and decision tasks.

2.2 Objective vs. Subjective Coordination in MAS

There are two ways of looking at the space of interaction: from the inside
and from the outside of the interacting entities. In the context of multiagent
systems, this amounts to say that we can look at interaction within a MAS from
either the viewpoint of an agent, or from the viewpoint of an external observer
not directly involved in the interaction. According to (Schumacher, 2001),
and (Omicini and Ossowski, 2003), these are called, respectively, subjective
and objective viewpoints over coordination.

From the subjective viewpoint of an agent, the space of interaction basi-
cally amounts to the observable behaviour of other agents and the evolution
of the environment over time, filtered and interpreted according to the individ-
ual agent’s perception and understanding. From the objective viewpoint, the
space of agent interaction is roughly given by the observable behaviour of all
the agents of a MAS and of the agent environment as well, and by their mutual
interactions — more precisely, by all their interaction histories (Wegner, 1997).
When adopting the acceptation of MAS coordination as the governance of the
agent interaction space, then the two different viewpoints lead to two different
ways of coordinating.

When looking at interaction from the individual viewpoint of an agent, sub-
Jjective coordination roughly amounts to (i) monitoring all interactions that are
perceivable and relevant to the agent, keeping track of their evolution over
time; and (ii) finding out which (sequence of) actions would bring the over-
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all state of the MAS (or, more generally, of the agent’s world) to match the
agent’s own goals. So, in general, the acts of an agent that coordinates within
a MAS are driven by its own perception and understanding of the behaviour
of the other agents’, capabilities and goals, as well as of the environment state
and dynamics.

On the other hand, when taking an external viewpoint over interaction in
a MAS - typically, the designer’s viewpoint —, objective coordination means
either directly or indirectly acting upon agent interaction so as to make the
resulting evolution of a MAS accomplish one or more of the observer’s (e.g.,
MAS designer’s) goals. In general, the acts of external observers — whether
they be MAS designers, developers, users, managers, or even agents working
at the meta-level — are influenced not only by their perception and understand-
ing of MAS agents and environment, but also by their a-priori knowledge of
the agents’ aims, capabilities and behaviour. Furthermore, some form of pre-
diction of the global behaviour of the MAS and its environments is often de-
sirable (Ossowski et al., 2002), so as to instill a coordination that is effective
over time from the standpoint of the user.

23 Implications for MAS Engineering

Subjective and objective coordination have a different impact over MAS en-
gineering. Subjective coordination affects the way in which individual agents
behave and interact, whereas objective coordination affects the way in which
interaction among the agent and the environment is enabled and ruled. So,
whereas the main focus of subjective coordination is the behaviour of agents
as (social) individuals immersed in a MAS, the emphasis of objective coordi-
nation lies more on the behaviour of a MAS as a whole.

When designing the architecture and the inner dynamics of single agents, the
subjective viewpoint on coordination is clearly the most pertinent one. How to
model other agents’ mental states and to predict their actions, how to interpret
and handle shared information in the agent system, when and why to move
from an agent environment to another, and so on — all these questions concern
subjective coordination, and affect the way in which the agents of a MAS are
designed, developed and deployed as individual entities. So, the viability of
approaches adopting a subjective coordination viewpoint to the engineering of
MAS strictly depends not only on the mental (reasoning, planning and delib-
eration) capabilities of the agents, but also on their ability to foresee the effect
of their actions on the environment, the behaviour of the other agents, and the
overall dynamics of the environment as well.

On the other hand, in principle an external observer does not directly inter-
act with the agents of a MAS. As a result, some capability to act on the space
of MAS interaction without dealing directly with agents is obviously required
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in order to enable any form of objective coordination. Given that agents are
typically situated entities, acting on the agent environment makes it possible
to affect the behaviour of an agent system without having to alter the agents
themselves. Under this acceptation, then, objective coordination deals with the
agent environment: modifying the virtual machine supporting agent function-
ing, changing resource availability and access policies, altering the behaviour
of the agent communication channel, be it virtual or physical, and so on — all
these are possible ways to influence and possibly harness the behaviour of a
MAS without directly intervening on individual agents and undermine the ba-
sic assumption of agent autonomy. The viability of objective coordination in
the engineering of agent systems depends then on the availability of suitable
models of the agent environment, and on their proper embodiment within agent
infrastructures. There, objective coordination would conceivably take on the
form of a collection of suitably expressive coordination abstractions, provided
as run-time coordination services by the agent infrastructure.

As discussed by (Omicini and Ossowski, 2003), the engineering of a MAS
requires that both subjective and objective coordination are blended together.
On the one side, in fact, a purely subjective approach to coordination in the
engineering of agent systems would endorse a mere reductionistic view, com-
ing to say that agent systems are compositional, and their behaviour is nothing
more than the sum of the individual’s behaviour — an easily defeasible argu-
ment, indeed. Among the many consequences, this would require global prop-
erties of the agent system to be “distributed” among individuals, providing nei-
ther abstractions nor mechanisms to encapsulate such properties. As a result,
the purely subjective approach would directly entail lack of support for design,
development, and, even more, deployment of agent systems’ global properties
— which would result in substantial difficulties for incremental development,
impractical run-time modification, and so on. On the other side, a purely ob-
jective approach to coordination in the engineering of agent systems would
endorse a rough holistic view — where only inter-agent dependencies and inter-
actions count, and individuals’ behaviour has no relevance for global system
behaviour. Among the many consequences, this would stand in stark contrast
with any notion of agent autonomy, and would prevent agents from featuring
any ability to affect the environment for their own individual purposes — no
space for anything resembling an agent left, in short.

In the end, all the above considerations suggest that any principled approach
to the engineering of agent systems should necessarily provide support for both
subjective and objective models of coordination, possibly integrating them in a
coherent conceptual framework, and providing at the same time a suitable sup-
port for all the phases of the engineering processes — in terms of coordination
languages, development tools, and run-time environments.
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3. Infrastructures for MAS Engineering
3.1 On the Notion of Infrastructure

Today, infrastructure is a fundamental notion for complex systems in gen-
eral, not only in computer science and engineering, but also in the context of
organisational, political, economical and social sciences. In its most general
acceptation, an infrastructure is defined as:

(Merriam-Webster) | (1) the underlying foundation or basic framework (as of
a system or organisation) (2) the permanent installations required for
military purposes; (3) the system of public works of a country, state,
or region; also: the resources (as personnel, buildings, or equipment)
required for an activity;

(Cambridge) | (4) the basic systems and services, such as transport and power
supplies, that a country or organisation uses in order to work effectively;

(The American Heritage) | (5) the basic facilities, services, and installations
needed for the functioning of a community or society, such as trans-
portation and communications systems, water and power lines, and pub-
lic institutions including schools, post offices, and prisons.

Every definition underlines the role of infrastructure as (part of) the environ-
ment that provides basic resources and critical services to complex systems
(such as organisations, communities, societies, countries) living on top of it. In
particular, definition (2) remarks the fact that an infrastructure is a persistent
entity: once installed, an infrastructure typically survives the many systems it
supports. Also, definitions (4) and (5) remark the key role of infrastructures:
their services typically cover critical system issues, and provide features that
individual system components could not afford to provide or obtain elsewhere.

In the context of MAS, infrastructure obviously plays a key role, given the
potential complexity of both the system components (agents) and the compo-
nent interplay (agent societies).

(Gasser, 2001), defines an infrastructure as

“a technical and social substrate that stabilises and rapidly enables instrumen-
tal (domain-centric, intentional) activity in a given domain. . . (solving) typical,
costly, commonly accepted community (technical) problems in a systematic and
appropriate ways”
Here, it is important to emphasise the notion of infrastructure as a social, en-
abling support for providing MAS with cheap and systematic solutions to com-
mon problems.
Another interesting definition is provided by (Sycara et al., 2003):

“Agents in a MAS are expected to coordinate by exchanging services and infor-
mation, to be able to follow complex negotiation protocols, to agree on commit-
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ments and to perform other socially complex operations. We define the infras-
tructure of a MAS as the set of services, conventions, and knowledge that support
such complex interactions.”

The stress is here on the support of complex agent (social) interplay, which is
expressed in terms of services, convention and knowledge.

3.2 The Role of MAS Infrastructure

In a more abstract acceptation than the ones above, the main role of infras-
tructures in MAS is to model and shape the agent environment, from the two
points of view (i) of the agents living in the MAS; and (ii) of MAS designers.
From the inner viewpoint of an individual agent, the infrastructure typically
provides the means to deal with the agent environment: to perceive and affect
its state and dynamics (in general), to access resources and services, to obtain
and store information, to interact with other agents (in particular). Typically, a
suitably expressive and well-engineered infrastructure allows agents to repre-
sent their environment only through the runtime abstractions provided by the
infrastructure, and to modify the agent environment according to the agent’s
needs and goals through infrastructure services. From the external viewpoint
of a human designer, MAS are typically open systems, both in terms of the
unpredictability of their environment (due to components and interactions not
under the control of MAS designers), and of the dynamism of both MAS struc-
tures (e.g., the set of agents in a MAS) and MAS processes as well (e.g., the co-
ordination activities within a MAS). Infrastructures are then the suitable place
for designers to embed elements of control of MAS despite their inherent open-
ness: such control can be exerted by means of runtime abstractions provided
by the infrastructure that can embody and enforce interaction constraints, co-
ordination laws and social norms. Even more, once they are suitably described
and made accessible to agents, the same runtime abstractions can be exploited
by intelligent agents in order to represent coercive structures of a MAS, and
to act upon its global behaviour by introducing and/or modifying constraints,
laws and norms (Omicini and Ricci, 2003).

Infrastructures play then a key role in the engineering of MAS, too. This
is quite obvious when considering the last stages of the engineering process,
that is, the development and deployment of MAS. Nevertheless this also holds
when taking the early stages into account, that is, the modelling and design
of MAS: the abstractions provided by the infrastructure are the most natural
candidates to be adopted and exploited in the design of MAS structures and
activities, which are then to be engineered on top of such abstractions. So,
runtime abstractions should be flexible enough to support the engineering of
heterogeneous systems, and — at the same time — effective in minimising the
gap between the design and development / deployment / runtime of systems.
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Figure 14.1. MAS infrastructure levels, according to (Sycara et al., 2003)

In this context, the tools provided by an infrastructure are fundamental to
enable the manipulation of the abstractions through all the engineering stages,
in particular at runtime. The definition of the engineering tools is a primary
issue, that should be necessarily inspired and driven by the model embodied
by the MAS infrastructure itself (Denti et al., 2002).

In the end, MAS infrastructures and tools play an essential engineering role
by keeping abstractions alive through the whole engineering process, thus en-
abling software engineers to first design and then observe and act on MAS
structures and processes at runtime, working upon abstractions adopted and
exploited for the design of a MAS. This feature is particularly important to
support forms of online engineering (see chapter 18), i.e., the capability of sup-
porting system design / development / evolution while the systems are running
— a particularly relevant feature in the context of MAS, given their intrinsic
complexity and openness.

3.3 Enabling vs. Governing Infrastructures

As discussed above, infrastructures are useful to encapsulate and support
critical features and properties of MAS; these properties typically concern the
interaction dimension. For this extent, current MAS infrastructures can be
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considered enabling infrastructure, since they provide abstractions that basi-
cally enable agent interaction at different levels: from communication to in-
teroperability, to basic interaction services. This is apparent when considering
the abstract architecture of two of the most important infrastructures currently
adopted for MAS development and deployment: RETSINA (Sycara et al.,
2003) (bottom of Figure 14.2) and JADE (Bellifemine et al., 2001) (top of Fig-
ure 14.2). There, in fact, services like agent communication, inter-operation,
security, naming, location, etc., are necessary preconditions that make it possi-
ble for agents to live, coexist and interact within a MAS. Enabling infrastruc-
tures, then, basically define the nature of the agent interaction space within a
MAS.

However, the increasing complexity and articulation of MAS for today’s
application scenarios call for a most effective engineering support from in-
frastructure, beyond the mere enabling of agent interaction. A well known
example are Electronic Institutions (Noriega and Sierra, 2002): the social and
normative capabilities required to infrastructures supporting elnstitutions goes
far beyond the services provided by general purpose MAS enabling infrastruc-
tures, and cannot be straightforwardly engineered on top of it. Another exam-
ple comes from team-oriented coordination: in order to be independent from
the specific agent model, the TEAMCORE approach introduces the PROXY
abstraction, an infrastructure component provided to agents for managing au-
tomatically all coordination dependencies with respect to the teams that agents
belong to (Tambe et al., 2000). Similar team-oriented capability has been
added to RETSINA by enhancing its Individual Agent Architecture (Giampapa
and Sycara, 2002): in this way, contrary to the TEAMCORE approach, no real
infrastructure support is provided from the infrastructure to team-oriented co-
ordination, since the team-oriented capability is obtained by relying on aug-
mented capabilities of the individual agents.

In the end, current general purpose MAS infrastructures typically lack suit-
ably abstractions to govern agent interaction. This seems instead a fundamen-
tal feature for enabling the specification and enactment of social norms, but
also — more generally — for defining and executing social activities, such as
agent coordination. In other words, complex system engineering calls for gov-
erning infrastructures, providing flexible and robust abstractions to model and
shape the agent interaction space, in accordance with the social and normative
objectives of systems.

Governing infrastructures become the natural /oci where to embody a con-
ceptual framework that uniformly accounts for organisation, coordination and
security of MAS altogether (Omicini et al., 2003). From the organisational
point of view, infrastructures are to provide explicit abstractions for modelling
the structure of an organisation and its rules — e.g., using the notion of role and
related permissions to access to resources. This is the case, for instance, of
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the information system infrastructure that support the RBAC model (Sandhu
et al., 1996), which is attracting attention also in the context of MAS. From the
coordination point of view, infrastructure support can be described effectively
by adopting the notion of coordination as a service (Omicini and Ossowski,
2003; Viroli and Omicini, 2003): according to this vision, the infrastructure
itself is the provider of runtime (coordination) abstractions designed for specif-
ically supporting the specification, execution and maintenance of MAS social
activities. These abstractions become a fundamental tool to face the engi-
neering complexity of coordination in MAS: both from the designer’s and the
agents’ point of view, the coordination burden is distributed between agents
and the specialised services provided by the infrastructure. The expressiveness
and flexibility of coordination abstractions strongly influence the engineering
of social activities, and, consequently, the complexity of the solutions adopted
for the challenging application scenarios. Since they are part of the infrastruc-
ture, these coordination abstractions are typically expected to be robust and
reliable, and specifically designed to support a critical activity as coordination
is.

Two observations are worthwhile here. Firstly, the evolution from enabling
to governing infrastructures can be devised also in other computer science
fields, characterised as well by complex organisations and collaboration ac-
tivities: CSCW and Workflow Management are relevant examples. Especially
in the CSCW context the need for suitable infrastructure support for coordina-
tion has already emerged as a fundamental issue. (Schmidt and Simone, 1996),
for instance, identify basic properties that coordination abstractions provided
by an infrastructure should feature. Secondly, the approach of coordination as
a service has also a deep impact on AOSE methodologies, since coordination
abstractions — as they embody the social aspect of MAS — are meant to be-
come explicitly subject of all the engineering stages, as it happens in SODA
methodology (Omicini, 2001).

4. Modelling Coordination Infrastructures with Activity
Theory

The research on coordination infrastructures is a primary issue also in other
disciplines focusing on complex collaborative works in articulated organisa-
tion, such as CSCW and organisational science. The models and theories
adopted and developed in those contexts can provide then useful insight for
the MAS context. Accordingly, we considered Activity Theory very effective
to frame and analyse coordination activities inside an organisation context, and
the infrastructure support they require.
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4.1 Activity Theory as a Framework for MAS
Coordination

Once the many different coordination approaches have been properly under-
stood and classified, a uniform conceptual framework is required that suitably
reconciles both objective and subjective coordination, and helps putting them
in the best perspective in the context of MAS engineering. To this end, (Ricci
et al., 2003) adopt Activity Theory in order to shed some light on the role of
subjective and objective approaches to coordination engineering, and their mu-
tual relationship.

Activity Theory (AT henceforth) is a social psychological theory about the
developmental transformation and dynamics in collective human work activ-
ity (Leontjev, 1978; Vygotskij, 1978). AT focuses on human activities, which
are distinguished by their respective (physical and ideal) objects, that give them
their specific directions, i.e., the objectives of the activities. Cooperation is un-
derstood as a collaborative activity, with one objective, but distributed onto
several actors, each performing actions accordingly to the shared objective.
Explicit norms and rules regulate the relationships among the individual par-
ticipants” work.

Central to AT is the notion of artifact as a mediator for any sort of interac-
tion in human activities: artifacts can be either physical or cognitive, such as
operating procedures, heuristics, scripts, individual and collective experiences,
and languages. Artifacts embody a set of social practise: their design reflects
a history of particular use. As mediating tools, they have both an enabling
and a constraining function: on the one hand, artifacts expand out possibili-
ties to manipulate and transform different objects, but on the other hand the
object is perceived and manipulated not ‘as such’ but within the limitations
set by the tool. (Ricci et al., 2003) define the notion of coordination artifact
to identify artifacts that are used in the context of collaborative activities in
particular, mediating the interaction among actors involved in the same social
context. Coordination artifacts can be embodied or disembodied, referring to
respectively physically or cognitive/psychological artifacts. A similar concept
can be found also in the CSCW context, with the notion of coordinative arti-
facts (Schmidt and Simone, 2000). It is worth noting the different acceptation
of the term artifact as used in AT and CSCW with respect to the traditional
software engineering context (Barthelmess and Anderson, 2002): in the latter,
the term artifact is typically used to refer to documents (or deliverables) that
are produced throughout a process, and the term fool is used to identify the
means to perform operation on artifacts.

As far as collaborative activities are concerned, AT identifies three hier-
archical levels defining their structure: co-ordinated, co-operative, and co-
constructive (Bardram, 1998; Engestrom et al., 1997).
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m  The co-ordinated aspect of work captures the normal and routine flow of
interaction. Participants follow their scripted roles, each focusing on the
successful performance of their actions, implicitly or explicitly assigned
to them; they share and act upon a common object, but their individual
actions are only externally related to each other. Scripts coordinating
participants’ actions are not questioned or discussed, neither known and
understood in all their complexity: in this stage actors act as “wheels in
the organisational machinery” (Kuutti, 1991), and co-ordination ensures
that an activity is working in harmony with surrounding activities.

m  The co-operative aspect of work concerns the mode of interactions in
which actors focus on a common object and thus share the objective
of the activity; unlike the previous case, actors do not have actions or
roles explicitly assigned to them: with regard to the common object,
each actor has to balance his/her own actions with other agent actions,
possibly influencing them to achieve the common task. So, in this case
the object of the activity is stable and agreed upon: however the means
for realising the activity is not yet defined.

m  The co-constructive aspect of work concerns interactions in which actors
focus on re-conceptualising their own organisation and interaction in re-
lation to their shared objects. Neither the object of work, nor the scripts
are stable, and must be collectively constructed, i.e., co-constructed.

It is worth here to notice that in the analysis of collaborative activities, AT em-
phasises that a collaborative activity is not to be seen in general at one single
level: co-ordination, co-operation, and co-construction are instead to be inter-
preted as analytical distinctions of the same collaborative activity, concurring
in different times and modes to its development.

In the context of MAS coordination, the three levels identified by AT can be
re-interpreted as follows (Figure 14.3):

= Co-construction — agents understand and reason about the (social) ob-
jectives (goals) of the MAS, and define a model of the social tasks re-
quired to reach them. This implies also identifying the interdependencies
and the interactions to be faced and managed;

m  Co-operation — agents design and define the coordination artifacts —
either embodied (coordination media) or disembodied (plans, interac-
tion protocols, etc.) — useful to carry on the social tasks and to manage
the interdependencies and interactions devised out at the previous (co-
construction) stage; and
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Figure 14.3. Levels of a collaborative activities as identified by Activity Theory and their
relationship with coordination artifacts

m  Co-ordination — agents exploit the coordination artifacts, and then the
activities to manage interdependencies and interactions, either designed
a-priori or planned at the co-operation stage, are enforced/automated.

At every level both top-down and bottom-up approaches are present: the for-
mer in modelling/designing/enacting social tasks, and the latter in identifying
and managing dependencies and interactions. Both approaches rely on the en-
gineering of coordination artifacts, be it embodied or disembodied.

Subjective approaches are fundamental for the co-construction and, in par-
ticular, the co-operation stage. Here it is necessary to reason about what kind
of coordination is required, what kind of coordination laws must be developed
to manage interactions and fulfil the social tasks identified in co-construction
stage. Agent intelligence is useful to cooperatively build — by means of nego-
tiation and high level (semantics driven) interaction protocols — effective co-
ordination artifacts to be used in the co-ordination stage, be they disembodied
such as interaction protocols or embodied such as coordination media. Instead,
objective coordination is fundamental for the co-ordination stage, where coor-
dination must be enacted in the most automated, fluid, and possibly optimised
manner. The coordination medium abstraction (and coordination laws defining
its behaviour) represents effectively the concept of embodied coordination arti-
fact (and related mediating tools), embedding and enacting in the co-ordination
stage the social laws and interaction constraints established in the co-operation
stage.

Drawing a parallel between AT artifacts and coordination media may help
to better recognise the role of the media inside MAS: as the artifacts, coordi-
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nation media first are used to enable the interactions among the agents, and
then to mediate them in the most automated manner. As the artifacts, media
become the place where the coordination knowledge of the MAS is explicitly
represented (Ossowski and Omicini, 2002), where it is enacted and can be fur-
ther inspected. So, media become the source of the “social intelligence” that
actually characterises the systemic/synergistic (as opposed to compositional)
vision of MAS (Ciancarini et al., 2000). In this context, coordination laws be-
come the coercive structures that can be used to tune and adapt dynamically
such a collective intelligence (Ossowski, 1999).

4.2 Artifacts and Coordination Infrastructures

Quite frequently in the context of MAS, agents are the only abstraction used
for system engineering — especially at the development and deployment stage.
The matchmaking and brokering services required by any open MAS, for in-
stance, are usually provided by middle-agents (Klusch and Sycara, 2001). Ac-
cordingly, these agents constitute a suitable way to embody AT artifacts at the
co-ordination stage. So, in principle, they may take over the role of coordina-
tion media in the mediation of agent interactions.

However, AT clearly distinguishes between ontological properties of the ar-
tifacts (as well as related mediating tools) and the actors designing/developing
(co-operation stage) and exploiting (co-ordination stage) the artifacts. This
suggests to draw a similar distinction between agents and coordination me-
dia. As opposed to agents, the main properties that a coordination medium is
expected to exhibit are the following:

m  [nspectability — the behaviour of a coordination medium should be in-
spectable, both for human and artificial agents. Moreover, coordination
specifications should be described in a declarative way, possibly with a
formally defined semantics, to allow for their interpretation at run-time.

m  Efficiency/specificity — a coordination medium should be specialised in
the management of interactions, in order to maximise performance in
the application of the coordination rules. Moreover, a medium should be
specialised to support the concurrent actions (communications) of mul-
tiple agents, possibly providing security, reliability and fault tolerance
capabilities.

m  Predictability — the behaviour of a coordination medium should exactly
reflect the coordination laws upon which it has been forged (autono-
mous, unpredictable behaviour is typically not desired). A formal se-
mantics should be defined for the coordination model to precisely define
the effect of the coordination laws on the state of the medium and, more
generally, on the agent interaction space.
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m  Malleability — a coordination medium should be malleable, i.e., it should
allow its behaviour to be forged and changed dynamically at execution
time, according to the need. This property is fundamental for facing the
openness of MAS environment, in terms of unpredictable events caus-
ing coordination breakdowns or the support of coordination service im-
provement or enhancement. A similar concept is defined for coordina-
tion mechanisms in the context of CSCW (Schmidt and Simone, 1996).

Most of the above properties are typically not featured by middle-agents, as
they are not featured by agents in general. In fact, agents are generally sup-
posed to be autonomous, pro-active, situated entities that interact by means of
a general-purpose and high-level communication language (Wooldridge and
Jennings, 1995a). As a result, for instance, an agent cannot be supposed to be
inspectable. In addition, the general purpose acceptation of the agent notion
typically puts limits to predictability, specificity and efficiency.

So, the most obvious embodiment of the notion of artifact for agent coor-
dination is represented by a dedicated abstraction, provided at design time by
the coordination model and enacted at runtime by the corresponding coordi-
nation infrastructure: that is, an inspectable, efficient, specific, predictable and
dynamically forgeable coordination medium that could be used by the agent
designer to govern the agent interaction space, but also by intelligent agents to
perceive, understand and possibly change the overall MAS behaviour.

4.3 Balancing Coordination in MAS Engineering

Another central notion in AT is the dynamic transformation between levels
in collaborative activities. Correspondingly, central to MAS coordination is the
support for dynamic transformation from co-operation — that is, the subjective
coordination level — to co-ordination (that is the objective coordination level),
and vice versa. This is particularly relevant in the context of open and dynamic
systems, where the environment is frequently subject to change, and collective
goals, norms, and organisational rules should adapt accordingly. This form of
dynamism is captured by two basic transitions, the reflection and the reification
of coordination, which must be supported dynamically during system execu-
tion. These transitions are strictly related to the transformations seen in the AT,
and account for:

m  Reification — in this transition, coordination laws that have been de-
signed and developed in the co-operation stage are reified in coordina-
tion media: intelligent agents forge the behaviour of coordination media
in order to reflect the social rules established in the co-operation stage,
and to be used as artifacts in the co-ordination stage. It is worth not-
ing that coordination media are meant to embed not only the rules pro-
moting cooperation among agents, but also the laws ruling interactions,
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Figure 14.4. The coordination engineering segment: all coordination in agents (purely subjec-
tive, left end), all coordination in media (purely objective, right end)

useful to represent also norms and environment constraints, either medi-
ating agent competitive (non cooperative) behaviour, or harnessing self-
interested agent behaviours so as to achieve global MAS goals without
affecting agent autonomy.

m  Reflection — in this transition, the behaviour of the coordination media
deployed in co-ordination stage is inspected and possibly understood.
Agents can retrieve the coordination laws underlying medium behaviour,
and relate them to the history of MAS evolution, in order to either evolve
them according to changes in coordination policies or in environmental
conditions, or learn how to exploit the artifacts in a more effective and
efficient way.

The role of coordination artifacts (and correspondingly of coordination infras-
tructures enacting them) is then central to the engineering of MAS, since they
make it possible to balance dynamically subjective and objective coordination,
providing the tools to establish at runtime the distribution of the burden coor-
dination between media and agents. As a useful picture, we can draw an imag-
inary “coordination engineering segment” (see Figure 14.4), whose extremes
represent the two opposite situations where on the one side (left in Figure 14.4)
all coordination activity are carried on by agents, and on the other side (right
in Figure 14.4) all the coordination burden is charged upon the media provided
by the infrastructure. Conceptually, the main issue here is to provide the means
to devise out at design time where the best “coordination engineering point”
of the MAS lays in the coordination segment, that is, the best distribution of
coordination activities between subjective to objective orientation, and then to
move the coordination point of MAS at execution time, possibly in the follow-
up of changes in the MAS environment, to tune the system’s performance, or
to modify its behaviour. The position of the point depends on both, the co-
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ordination scenario taken into account and the dynamics inside that scenario:
the more automation/prescription is required and the more well-defined social
rules are (such as for workflow systems), the more coordination knowledge
can be represented and enacted through the coordination media. Accordingly,
the less possible (or feasible) it is to clearly identify collective rules and con-
straints in the coordination context, the more the individual agents are to be
charged with the coordination burden. As a result, automatable activities are
carried out by specialised and efficient coordination artifacts provided by the
infrastructure, whilst activities requiring intelligent deliberative capabilities are
assigned to intelligent agents. Indeed, the capability of balancing task automa-
tion and cooperation flexibly is among the most important requirements for
state-of-the-art systems for workflow management, supply chain management,
and CSCW (Dayal et al., 2001; Nutt, 1996). The ability to change the “engi-
neering point” of coordination dynamically is also of special importance for
open MAS, where the environment can unpredictably change, and the overall
structure and functionality of the system may evolve in time.

The above considerations lead to some additional requirements for coor-
dination infrastructures. In particular, in order to support these capabilities,
coordination infrastructures should provide the means (languages and tools)
for enabling coordination reflection (from objective to subjective transition),
to inspect the coordination laws defining medium behaviour, and coordination
reification (from subjective to objective transition), defining/programming the
behaviour of the coordination media.

S. Engineering MAS with Coordination Infrastructures
5.1 Impact on AOSE Methodologies

The availability of coordination infrastructures has a considerable impact on
the process of MAS engineering, and therefore should play a significant role
within agent-oriented methodologies. As already mentioned, infrastructures
impact on both the final stages of the engineering process (development and
deployment) as well as on the analysis and design stages, by means of the
abstractions provided by the infrastructure model to represent the environment
and to support coordination and organisation.

It is not without reason that AT, which we use as a meta-model to frame
the basic elements of a MAS infrastructure model, is primarily used as an an-
alytical tool for understanding collaborative work in complex organisational
contexts, and as a design tool to improve them. In such contexts, AT makes it
possible to face the complexity of the social activities by clearly separating in-
dividual and collective activities, and then by clearly identifying and designing
the artifacts required to support both of them. Here we are interested in partic-
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ular in artifacts supporting social activities, which we denoted as coordination
artifacts.

Along this line, we can devise a correspondence between the levels identi-
fied by AT for collaborative activities — co-construction, co-operation and co-
ordination — and the engineering stages as typically found in (agent-oriented)
software engineering methodologies, i.e., analysis, design, development and
runtime. Generally speaking, individual and social tasks are identified and
described in the analysis and design stages of these methodologies (Omicini,
2001; Zambonelli et al., 2001a). Individual tasks are typically associated with
one specific competence of the system, related to the need to affect a specific
portion of the environment and carry out some simple task. Each agent in
the system is assigned to one or more individual tasks, and assumes full re-
sponsibility for their correct and timely completion. From an organisational
perspective, this corresponds to assigning each agent a specific role in the or-
ganisation. Conversely, social tasks represent the global responsibilities of the
agent system. In order to carry out such tasks, several possibly heterogeneous
competences usually need to be combined. The design of social tasks leads
to the identification of global social laws that have to be respected and/or en-
forced by the society of agents, to enable the society itself to function prop-
erly and in accordance with the expected global behaviour (Zambonelli et al.,
2001a).

Given this picture, it is possible to identify a correspondence between the
analysis stage (where individual and, in particular, social tasks are identified)
and the co-construction level, where the social objectives of the activities are
shaped. Then, the identification of the social laws required to achieve the social
tasks can be seen as a first step in the co-operation level. This level roughly
corresponds to the design and development stages of the engineering process:
coordination artifacts are the abstractions which make it possible to design and
develop social tasks. At the co-operation level such artifacts are designed and
developed to embody and enact — as governing abstractions provided by the
infrastructure — the social laws and norms previously identified. Finally, the
deployment and runtime stages correspond to the co-ordination level, when
the coordination artifacts are instantiated and exploited.

A relevant aspect that it is worth to be pointed out here is that, in the case of
AT, the three levels are distinct analytical moments that can be applied continu-
ously, since a collaboration activity is considered to be continuously under de-
velopment, given the intrinsic openness of the environment and the dynamism
of organisations. Then, the infrastructure can play a fundamental role not only
in providing abstractions and means for the individual engineering stages, but
also to support the dynamism between these stages, continuously, promoting a
form of online engineering — a process that appears as unavoidable for the en-
gineering of complex open system (Fredriksson et al., 2003) (see chapter 18).
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5.2 Coordination, Organisation and Security in the Same
Engineering Context

In the context of MAS, organisation and coordination are strictly related
and interdependent issues, and so MAS coordination infrastructures have a
fundamental engineering role also in MAS organisation (Omicini and Ricci,
2003),

Generally speaking, organisation mainly deals with the structure and the
long-term relationships between the components of a system, while coordina-
tion mainly concerns the processes and the dynamic interactions between the
components of a system — often related to roles that usually frame agents in the
structure/pattern of system organisation. In any case, both organisation and co-
ordination concern and affect the way in which agents interact with each other,
so that conceiving and representing them in the same framework is likely to
provide several advantages. Conceptual economy is obviously the first benefit:
for instance, the notion of role, usually introduced by organisational models,
typically constrains agent actions, which is one of the corner-stones of coor-
dination. Also, a common framework is the most obvious way to consistently
support adaptation and evolution of organisation and coordination within an
agent society: for instance, by managing explicitly the dependencies between
the changes in the organisational settings (such as removal of a role, or changes
in its capabilities in terms of interaction protocols) and the related effects on
coordination activities. Even more, there are system aspects that can be mod-
elled and engineered in their complex articulation only by considering orga-
nisation and coordination settings at the same time: security and electronic
institutions are well-known examples. In particular, the multiple aspects re-
lated to the security issue in MAS can be tackled in a coherent and satisfactory
framework only by covering the whole spectrum that ranges from organisation
— with issues related to system structures and relations among the components
— to coordination — with issues related to collective processes. Facing security
modelling and engineering within this range increases system conceptual in-
tegrity, by promoting the reuse of abstractions such as roles, permissions, and
societies — which have already proved to be effective in the context of orga-
nisation and coordination — in order to enforce complex and dynamic security
policies.

Even though the need for run-time liveness of design abstractions supported
by the MAS infrastructure follows from basic system engineering consider-
ations, it has an impact on the engineering of intelligent systems (Omicini,
2001). When dealing with MAS organisation abstractions, their liveness al-
lows in principle to dynamically inspect and, possibly, change or adapt it.
This is obviously useful for promoting human activities over systems such as
monitoring and incremental evolution: however, when dealing with intelligent
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systems, the liveness of (organisation/coordination) abstractions is particularly
relevant since the properties they embody can be in principle made available
not only to humans, but also to intelligent agents. This clearly promotes self-
reconfiguration and self-adaptation of intelligent systems: in fact, once an in-
telligent agent is enabled to inspect the social structure, and allowed to change
it, it may reason about the organisation, make inferences, and possibly plan its
evolution, for instance to fix some undesired behaviour, or to adapt to environ-
mental changes (Omicini and Ricci, 2003).

Summing up, it is both possible and useful to conceive a MAS infrastructure
that supports the modelling and enactment of organisation aspects in synergy
with the coordination ones, by keeping the abstractions alive throughout the
whole engineering process: that is, by providing MAS engineers with design
abstractions also suitable for organisations (such as the notions of role, society,
group) and then enabling their management (construction, inspection, adapta-
tion) at both development and execution time. This synergy makes it possible
to model and enact coordination activities taking into account the organisation
context where they take place, characterised by some structure — in terms of
roles, groups, or societies — and organisation rules, such as access control poli-
cies. Agents participate to social activities always by virtue of their position
(roles) inside the organisation, which define what kind of coordination arti-
facts they can access and use, and what kind of actions they are allowed (or
forbidden) to do on them.

As an example, introduced in (Omicini, 2002), the Agent Coordination Con-
text (ACC) abstraction is an infrastructural notion suitable for the integration of
organisation issues in a coordination context, especially in the case of artifact-
based coordination infrastructure. The ACC notion is meant to model and
enact agent position inside an organisational context acting as its environment,
so as to define and constrain the agent actions on resources, in this case coor-
dination artifacts (Omicini et al., 2003). Therefore, it is possible to conceive
a MAS infrastructure which fruitfully adopts ACC to model and rule agent
presence inside the organisation, and, more specifically, agent participation to
social activities; this participation includes accessing and using the coordina-
tion artifacts as part of organisation resources.

6. An Example of a Coordination Infrastructure

TuCSoN is an example of coordination infrastructure for MAS designed
according the principles described in previous sections. Figure 14.5 gives a
layered perspective of the infrastructure architecture, with organisation and
coordination layer in evidence.

TuCSoN provides services for the specification and enactment of coordi-
nation in MAS (Omicini and Zambonelli, 1999), according to the coordination
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as a service approach. Coordination services are embodied in tfuple centres,
that are design/runtime coordination abstractions provided to agents by the in-
frastructure in order to enable and govern their interaction (Omicini and Denti,
2001). More precisely, tuple centres are programmable tuple spaces (Omicini
and Denti, 2001), that is, sort of reactive logic-based blackboards; agents inter-
act by writing, reading, and consuming tuples — ordered collections of hetero-
geneous information chunks — to/from tuple centres via simple communication
operations (out, rd, in) which access tuples associatively. While the behaviour
of a tuple space in response to communication events is fixed and pre-defined
by the model, the behaviour of a tuple centre can be tailored to the applica-
tion needs by defining a suitable set of specification tuples, which define how
a tuple centre should react to incoming/outgoing communication events, and
determine the coordination laws embodied by tuple centres. Tuple centres then
can be seen as general-purpose customisable coordination artifacts, whose be-
haviour can be dynamically specified, forged and adapted so as to automate the
co-ordination stage among agents using such artifacts.

The basic infrastructure model is currently being extended to support a role-
based organisation model (Omicini and Ricci, 2003). This extension is realised
by embodying the ACC notion as first class runtime abstraction (Omicini,
2002). In order to join dynamically a specific organisation, an agent must
negotiate and obtain an ACC, as a private interface to access and use the tuple
centres of the organisation. The actions enabled by the ACC depend on the
active roles the agent is playing inside the organisation.

6.1 Balancing Coordination with TuCSoN

In the case of TUCSON, the capability of balancing coordination between
subjective and objective as discussed in section 4 is achieved by means of the
tuple centre model, and the tools provided by the infrastructure. The coordi-
nation laws that define the behaviour of the coordination media (tuple centres)
expressed as specification tuples can be inspected and changed dynamically by
human and artificial agents by means of specific tools. We are verifying the
effectiveness of this approach in scenarios such as pervasive computing — to
engineer the social intelligence as required by smart environments — and inter-
organisational workflow management systems (Ricci et al., 2002). In the last
context, for instance, tuple centres have been used to play the role of the work-
flow engines, and workflow rules have been expressed as coordination laws
embedded within tuple centres. Each workflow engine (mapped onto a tuple
centre) acts then as a coordination artifact providing fluid coordination of the
individual tasks executed autonomously by human and artificial agents. So, (i)
workflow rules are inspectable by accessing the specification tuples embedded
in tuple centres (reflection stage); (ii) workflow rules are modifiable at runtime
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Figure 14.5. The layered architecture of a coordination infrastructure: the TUCSON case

— as a consequence of unexpected exceptions, or changes in the business envi-
ronment — by changing the specification tuples within tuple centres (reification
stage); and (iii) multiple workflow engines (tuple centres) can be exploited,
spread over the infrastructure nodes, so as to distribute the coordination work-
load reflecting a multi-centric view of coordination (Omicini and Ossowski,
2003).

7. Discussion

In this chapter, we provided a brief overview over current conceptualisa-
tions, models and support infrastructures for coordination in MAS. We moti-
vated that today’s enabling infrastructures need to be extended so as to allow
MAS designers to effectively govern the agent interaction space. Such coor-
dination infrastructures may then become the natural loci for modelling and
enacting mechanisms that bias autonomous agent (inter-)action and achieve
instrumental behaviour. Drawing from findings in Activity Theory, we put for-
ward the notion of artifact as a step toward a unified framework for coordina-
tion, and derived some distinctive properties that a coordination infrastructure
should feature. Finally, we provided clues on how these notions can support a
principled design process for MAS.

Although the ideas presented in this chapter tackle the problem of coordina-
tion infrastructures for MAS engineering mainly at a conceptual level, software
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frameworks that adequately support the abstractions that we have put forward
will soon be a reality. This, in turn, will facilitate a smooth integration with
modern AOSE methodologies and thus allow the full exploitation of the poten-
tial of coordination infrastructures in all stages of MAS engineering.
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