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Abstract. The aim of the work is to develop formal models of interac-
tion and of the related support infrastructures, that overcome the limits
of the current approaches. We propose to represent explicitly not only
the agents but also the computational environment in terms of rules,
conventions, resources, tools, and services, that are functional to the co-
ordination and cooperation of the agents. These models will enable the
verification of the interaction in the MAS, thanks to the introduction of
a novel social semantics of interaction based on commitments and on an
explicit account of the regulative rules.

Keywords: Commitment-based protocols, High-level environment mod-
els, Direct and mediated communication, Agent-oriented infrastructure.

1 Introduction

The growing pervasiveness of computer networks and of Internet is an important
catalyst pushing towards the realization of business-to-business, cross-business
solutions or, more generally, of open environment systems. Interaction, coordi-
nation, and communication acquire in this context a special relevance since they
allow the involved groups, often made of heterogeneous and antecedently exist-
ing entities, to integrate their capabilities, to interact according to some agreed
contracts, to share best practices and agreements, to cooperatively exploit re-
sources and to facilitate the identification and the development of new products.
Multi-Agent Systems (MASs) seem to be the most proper abstraction for devel-
oping cross-business systems, since they share with them the same characteristics
(autonomy, heterogeneity) and the same issues (interaction, coordination, com-
munication). These issues received a lot of attention by the research community
working on agent models and platforms but, in our opinion, no proposal tackles
them in a seamless and integrated way.
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The first limit of existing agent frameworks and platforms concerns the forms
of allowed interactions. Most of them, such as [8,9], only supply the means for re-
alizing agent interaction through direct communication (message exchange). This
feature is common to all those approaches which foresee agents as the only available
abstraction, thereby leading to message exchange as the only natural way agents
have to interact. However, think of a business interaction between two partners.
Once the client has paid for some item into the paypal account of the merchant, it
should not be necessary that the client also sends a message to the merchant about
the payment. Indeed, it is sufficient for the merchant to check his/her account to
be informed about the transaction. The interaction already occurred.

In general, indirect communication fosters the collaboration and the coordina-
tion inside open systems, in that it allows anonymous, non-specialized interfaces
that invite participation of new knowledge sources [21]. Indirect communica-
tion can be realized by means of persistent observable state changes, as it is
for instance done by stigmergic approaches. In the literature there are mod-
els that allow the MAS designer to cope with a wider range of communication
kinds by explicitly providing abstractions that support also the realization of in-
direct forms of interaction. In particular, the Agents & Artifacts model (A&A)
[44,28,38] provides the explicit abstractions of environment and artifact, that are
entities which can be acted upon, observed, perceived, notified, and so forth. Un-
fortunately, the A&A misses a semantics of communication, which would instead
be required to achieve the seamless and coherent integration of the interaction,
coordination, communication issues that we look forward. Other frameworks lack
a satisfactory semantics of interaction. For instance, many of them, e.g. [8,9],
adopt a mentalistic semantics which does not allow the agents, that are involved
in the interaction, to verify that their partners respect the agreements. This,
however, is a crucial aspect when one models business relationships.

In this respect, one interesting possibility would be to use an approach based
on a social and observational semantics, like the commitment-based approach
[30]. In this context, the agents’ own behaviors remain private but agents agree
on the meaning of a set of social actions: since interactions are observable and
their semantics is shared, each agent is able to draw conclusions concerning the
behavior of their partners as well as of the system as a whole. The advantage
is that it becomes possible to detect violations to the agreed interaction and
identify responsibilities. Proposals of this kind, that overcome the limitations
of a pure mentalistic approach, seem particularly suitable to give to the A&A
meta-model the semantics of communication that it still misses. Moreover, an
interaction-oriented framework must supply the means for representing laws,
rules, habits, which have strong implications on how agents can interact. These
can be modeled by means of temporal regulations, along the line of [6,22].

This paper proposes a new agent-programming framework, Mercurio, that
supports interaction-oriented computing and is currently under development.
The paper is organized as follows. Section 2 describes the proposal. Section 3
discusses how the proposal advances the state of art. Final remarks in Section 4
conclude the paper.
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2 The Mercurio Framework

Open systems are made of heterogeneously designed and pre-existing parties
that are assembled with some aim, which none of them can pursue alone. In
order to allow for a fruitful cooperation, the interaction that each agent carries
on with the others, in the context of the assembled system, must respect some
rules. In other words, the regulation of interaction is a decisive factor. The pro-
posals that can be found in the literature, concerning the formation of and the
interaction within decentralized structures, are still incomplete. For instance,
electronic institutions [15,2] regulate interaction, tackle open environments, and
their semantics allows the verification of properties but they only cope with di-
rect communication protocols, based on speech acts. On the other hand, most of
the models and architectures for “environments”, which also allow indirect com-
munications, prefigure simple/reactive agent models without defining semantics
that are comparable to the ones for ACL. This lack hinders agents to reason
about their partners’ actions and to detect possible violations to the agreed be-
haviors [25]. In general, no proposal can yet capture all the requirements posed
by interaction-oriented computation in open environments. Here, in fact, it is
necessary to coordinate autonomous and heterogeneous agents and it is not
possible to assume mutual trust among them. It is necessary to have an unam-
biguous semantics allowing the verification of interaction properties both before
the interaction takes place [35] as well as during the interaction [1], preserving
at the same time the privacy of the implemented policies.
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Fig. 1. The Mercurio architecture

Figure 1 draws the overall picture of the proposal. We distinguish three lev-
els: the specification level, the level of the programming abstractions, and the
infrastructure. As we will see, this setting enables forms of verification that en-
compass both global interaction properties and specific agent properties, such
as interoperability and conformance [4].
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2.1 Specification Level

The specification level allows the designer to shape the interactions that will
characterize the system. Open systems involve autonomous partners with het-
erogeneous software designs and implementations; hence, the need of identifying
high-level abstractions that allow modeling them in a natural way. In order
to minimize the effort needed to define proper interfaces and to minimize the
altering of internal implementations, Telang and Singh [42] propose that such
abstractions should capture the contractual relationships among the partners,
which are well-known to the business analysts and motivate the specification
of the processes, and identify in commitment-based approaches [41,46] the ap-
propriate features for performing this task. These, in fact, allow capturing the
business intent of the system, leaving aside implementative issues. Other existing
approaches (e.g. BPEL, WS-CDL) rely on the specification of control and busi-
ness flows, imposing unnecessarily restrictive orderings of the interactions but
supply the means for capturing neither the business relationships nor the busi-
ness intent. This limitation is highlighted also by authors like Pesic and van der
Aalst [31,26], who, in particular, show the advantages of adopting a declarative
rather than a procedural representation.

By relying on an observational semantics, commitment-based approaches can
cope both with direct forms of communication (by supporting the implementa-
tion of communicative acts), and with forms of interaction, that are mediated
by the environment (by supporting the implementation of non-communicative
acts, having a social meaning). Agents can not only send and receive messages
but they can also act upon or perceive the social state.

Traditional commitment-based approaches, nevertheless, do not suit well those
situations where the evolution of the social state is constrained by conventions,
laws, and the like, because they do not supply the means for specifying legal
patterns of interaction. This kind of constraints characterizes, however, many
practical situations. Recent proposals, like [6,22], solve the problem by enriching
commitment protocols with temporal regulations. In particular, [6] proposes a
decoupled approach that separates a constitutive and a regulative specification
[40]. A clear separation brings about many advantages, mostly as a consequence
of the obtained modularity: easier re-use of actions, easier customization, easier
composition. Roughly speaking, constitutive rules, by identifying certain behav-
iors as foundational of a certain type of activity, create that activity. They do so
by specifying the semantics of actions. Regulative rules contingently constrain a
previously constituted activity. In other words, they rule the “flow of activity”,
by capturing some important characteristics of how things should be carried on
in specific contexts of interaction [12].

In [6] the constitutive specification defines the meaning of actions based on
their effects on the social state, the regulative specification reinforces the regu-
lative nature of commitment by adding a set of behavioral rules, given in terms
of temporal constraints among commitments (and literals). These constraints
define schemes on how commitments must be satisfied, regulating the evolution
of the social state independently from the executed actions: the constitutive
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specification defines which engagement an agent has to satisfy, whereas the reg-
ulative specification defines how it must achieve what promised. Since interac-
tions are observable and their semantics is shared, each agent is able to draw
conclusions concerning the behavior of the partners or concerning the system as
a whole. The specification level of Mercurio relies on the representation described
in [6] for defining the set of legal interactions.

2.2 Programming Abstractions Level

This level realizes at a programming language level the abstractions defined
above. This is done by incorporating interaction protocols based on commit-
ments, patterns of interaction, forms of direct and indirect communication and
coordination between agents (such as stigmergic coordination) inside the pro-
grammable environments envisaged by the A&A meta-model [44,28,38]. The
resulting programmable environments will provide flexible communication chan-
nels that are specifically suitable for open systems. Agents, on the other hand,
are the abstraction used to capture the interacting partners.

The notion of environment has always played a key role in the context of
MAS; recently, it started to be considered as a first-class abstraction useful for
the design and the engineering of MAS [44]. A&A follows this perspective, being
a meta-model rooted upon Activity Theory and Computer Support Cooperative
Work that defines the main abstractions for modeling a MAS, and in particular
for modeling the environment in which a MAS is situated. A&A promotes a
vision of an endogenous environment, that is a sort of software/computational
environment, part of the MAS, that encapsulates the set of tools and resources
useful/required by agents during the execution of their activities. A&A intro-
duces the notion of artifact as the fundamental abstraction used for modeling
the resources and the tools that populate the MAS environment. In particular,
the fact of relying on computational environments provides features that are
important from a Software Engineering point of view:

abstraction - the main concepts used to define application environments, i.e.
artifacts and workspaces, are first-class entities in the agents world, and the
interaction with agents is built around the agent-based concepts of action
and perception (use and observation);

modularity and encapsulation - it provides an explicit way to modularize
the environment, since artifacts are components representing units of func-
tionality, encapsulating a partially-observable state and operations;

extensibility and adaptation - it provides a direct support for environment
extensibility and adaptation, since artifacts can be dynamically constructed
(instantiated), disposed, replaced, and adapted by agents;

reusability - it promotes the definition of types of artifact that can be reused,
such as in the case of coordination artifacts empowering agent interaction
and coordination, blackboards and synchronizers.
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2.3 Infrastructure Level

In the state of the art numerous applications of the endogenous environments,
i.e. environments used as a computational support for the agents’ activities,
have been explored, including coordination artifacts [29], artifacts used for real-
izing argumentation by means of proper coordination mechanisms [27], artifacts
used for realizing stigmergic coordination mechanisms [36], organizational arti-
facts [19,33]. Our starting point is given by works that focus on the integration
of agent-oriented programming languages with environments [37] and by the
CArtAgO framework [39]. The CArtAgO framework provides the basis for the
engineering of MAS environments on the base of: (i) a proper computational
model and (ii) a programming model for the design and the development of the
environments on the base of the A&A meta-model.

Even if CArtAgO can be considered a framework sufficiently mature for the
concrete developing of software/computational MAS environments it can not
be considered “complete” yet. Indeed at this moment the state of the art and
in particular the CArtAgO framework are still lacking: (i) a reference standard
on the environment side comparable to the existing standards in the context of
the agents direct communications (FIPA ACL), (ii) the definition of a rigorous
and formal semantics, in particular related to the artifact abstraction, (iii) an
integration with the current communication approaches (FIPA ACL, KQML,
etc.), and finally (iv) the support of semantic models and ontologies.

The infrastructure level will be developed by taking as reference JaCaMo
http://jacamo.sourceforge.net, which is a platform for multi-agent program-
ming, that successfully integrates BDI agents (developed in Jason [10]), artifact-
based environments (CArtAgO) and organisations (specified by MOISE [20]).

2.4 Mediation as a Foundation for Interaction

One of the tasks, usually assigned to the environment, is that of medium of
communication [44,28]. In our opinion, a programmable environment could play
the important role of arbitrator. In other words, besides supplying the function-
alities, needed for communicating, it can also be entrusted to check that the
interaction is evolving in obedience to the rules as well as to reify the social
state. The key is to develop artifacts that: (i) implement interaction specifica-
tions, and in particular the social expectations (given as commitments) entailed
by them, (ii) monitor on-going interactions in order to detect possible incorrect
executions and manage them. This perspective allows interaction, that is medi-
ated by programmable environments, to be declined so as to capture different
features and structures that are currently studied by as different researches as
those concerning organizational theory [24,7,19,20], normative MAS [47], and
e-institutions [15,2].

Figure 2 sketches an e-institution in the setting that we are proposing [23]. It
is composed of three artifacts: one for the social state, one acting as a catalog of
social actions, and the last one encoding the constraints upon the interaction.
We adopt the definition of artifact in [44,28,38]: so, each artifact provides a set
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Fig. 2. E-institution representation by means of agents and artifacts

of operations, a set of observable properties and a set of links. Using an artifact
involves two aspects: (1) being able to execute operations, that are listed in its
usage interface, and (2) being able to perceive the artifact observable informa-
tion. From an agent’s standpoint, artifact operations represent the actions, that
are provided by the environment. Moreover, artifacts can be linked together so
as to enable one artifact to trigger the execution of operations over another
artifact. The social state artifact contains the commitments and the facts as en-
visioned by commitment-based specification. It is updated after each execution
of a social action. Agents can observe its contents. The constitutive artifact con-
tains the set of the institutional actions together with their semantics, given in
terms of effects on the social state. It must be observable by the agents. The
link to the social state represents the fact that the execution of an institutional
action triggers the update of the social state. The regulative artifact contains
the constraints on the evolution of the social state. Violations can be detected
automatically when the state is updated by checking whether some constraint
is unattended. The check is triggered by the social state itself which, in turn,
triggers the regulative artifact. The Mercurio framework accommodates equally
well the solution where checks are performed by an arbiter agent. We propose
the one based on artifacts because, as observed in [17], agents are autonomous
and, therefore,they are free to choose whether to sanction a violation or not.
Artifacts guarantee that violations are always detected.

Notice that the modularity entailed by the separation of the constitutive and
of the regulative specifications, which characterizes the model, allows also for
dinamically changing the agreed rules of the interaction, i.e. the regulative spec-
ification, at run-time, along the line of [3]. Indeed, it would be sufficient to include
appropriate meta-actions to the constitutive artifact, whose effect is to change
some of the constraints defined in the regulative artifact.
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Organizations can be realized in a similar way. The focus, here, is on the
structure of a certain reality, in terms of roles and groups. Each role will have
an artifact associated with it, implementing the actions that the role player can
execute on the social state. Organizations can be used to regiment the execution
of the protocol [18]. More details in [23].

3 Discussion

We think that Mercurio will give significant contributions to industrial applica-
tive contexts; in particular, to those companies working on software develop-
ment in large, distributed systems and in service-oriented architectures. Among
the most interesting examples are the integration and the cooperation of e-
Government applications (services) spread over the nation. In this context, the
aim is to verify the adherence of bureaucratic procedures, of the public adminis-
tration, to the current laws (e.g. http://www.ict4law.org). Another interesting
application regards (Web) services. Some of fundamental aspects promoted by
the SOA model, such as autonomy and decoupling, are addressed in a natural
way by the agent-oriented paradigm. The development and analysis of service-
oriented systems can benefit from the increased level of abstraction offered by
agents, by reducing the gap between the modeling, design, development, and im-
plementation phases. In this context, it is necessary to deploy complex interac-
tions having those characteristics of flexibility that agents are able to guarantee.

Nowadays, the development of MASs is based on two kinds of tools: agent
platforms and BDI (or variations) development environments. The former, e.g.
JADE and FIPA-OS provide only a transport layer and some basic services.
Moreover, they lack support for semantic interoperability because they do not
take into account the semantics of the ACL they adopt. The available BDI devel-
opment environments, such as Jadex [11] and 2APL [14], support only syntactic
interoperability because they do not integrate the semantics of the adopted ACL.
Our proposal is compatible with the programming of BDI agents, in that the
way agents are realized is totally transparent to the interaction media supplied
by Mercurio. As such, Mercurio allows the interaction of any kind of agent. At
the same time, by directly implementing the interaction specifications into an
“intelligent” medium, the social semantics of the provided interactive actions
is guaranteed; moreover, the medium supplies additional features, in particular
concerning the verification of interactions.

Although our proposal is more general than e-institutions, it is interesting to
comment some work carried on in this context. The current proposals for elec-
tronic institutions do not supply yet all of the solutions that we need: either they
do not account for indirect forms of communication or they lack mechanisms for
allowing the a priori verification of global properties of the interaction. As [16,43)
witness, there is an emerging need of defining a more abstract notion of action,
which is not limited to direct speech acts, whose use is not always natural. For in-
stance, for voting in the human world, people often raise their hands rather than
saying the name corresponding to their choice. If the environment were represented
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explicitly it would be possible to use a wider range of instrumental actions, that can
be perceived by the other agents through the environment that acts as a medium.

Moreover, for what concerns the abstract architecture, e-institutions, e.g.
Ameli [15], place a middleware composed of governors and staff agents between
participating agents and an agent communication infrastructure. The notion of
environment is dialogical: it is not something agents can sense and act upon but
a conceptual one that agents, playing within the institution, can interact with
by means of norms and laws, based on specific ontologies, social structures, and
language conventions. Agents communicate with each other by means of speech
acts and, behind the scene, the middleware mediates such communication. Fi-
nally, there are two significant differences between artifacts and e-institutions [2]:
(i) e-institutions are tailored to a particular, though large, family of applications
while artifacts are more generic; (ii) e-institutions are a well established and
proven technology that includes a formal foundation, and advanced engineer-
ing and tool support, while for artifacts, these features are still in a preliminary
phase. Mercurio gives to artifacts the formal foundation in terms of commitments
and interaction patterns; engineering tools are currently being developed.

For what concerns organizations, instead, there are some attempts to integrate
them with artifacts, e.g. ORA4MAS [19]. Following the A&A perspective, arti-
facts are concrete bricks used to structure the agents’ world: part of this world
is represented by the organizational infrastructure, part by artifacts introduced
by specific MAS applications, including entities/services belonging to the exter-
nal environment. In [19] the organizational infrastructure is based on Moise™,
which allows both for the enforcement and the regimentation of the rules of the
organization. This is done by defining a set of conditions to be achieved and the
roles that are permitted or obliged to perform them. The limit of this approach is
that it cannot capture contexts in which regulations are, more generally, norms
because norms cannot be restricted to achievement goals.

Finally, for what concerns commitment-based approaches, the main charac-
teristic of the Mercurio proposal stands in the realization of the commitment
stores as artifacts/environments which are capable to monitor the interaction,
taking into account also the regulative specification. Such kind of artifact is a
first-class object of the model, and is available to the designer. These features
are advantageous w.r.t. approaches like [13], where these elements reside in the
middleware, and are therefore shielded from the agents and from the designer.
A negative consequence of the lack of appropriate programming abstraction is
the difficulty to verify whether the system corresponds to the specification.

4 Conclusion

The Mercurio framework, presented in this paper, represents the core of a re-
search project proposal, that is currently waiting for approval. The formal model
of Mercurio relies on the commitment-based approach, presented in [6,5]. The
proposals coming from Mercurio conjugate the flexibility and openness features
that are typical of MAS with the needs of modularity and compositionality that
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are typical of design and development methodologies. The adoption of commit-
ment protocols makes it easier and more natural to represent (inter)actions that
are not limited to communicative acts but that include interactions mediated
by the environment, namely actions upon the environment and the detection of
variations of the environment.

For what concerns the infrastructure, a first result is the definition of environ-
ments based on A&A and on CArtAgO, that implement the formal models and
the interaction protocols mentioned above. A large number of environments, de-
scribed in the literature and supporting communication and coordination, have
been stated considering purely reactive architectures. In Mercurio we formulate
environment models that allow goal/task-oriented agents (those that integrate
pro-activities and re-activities) the participation to MAS. Among the specific
results related to this, we foresee an advancement of the state of the art with
respect to the definition and the exploitation of forms of stigmergic coordination
[36] in the context of intelligent agent systems. A further contribution regards
the flexible use of artifact-based environments by intelligent agents, and conse-
quently the reasoning techniques that such agents may adopt to take advantage
of these environments. First steps in this direction, with respect to agents with
BDI architectures, have been described in [34,32].

The Mercurio project aims at putting forward a proposal for a language that
uses the FIPA ACL standard as a reference but integrates forms of interactions,
that are enabled and mediated by the environment, with direct forms of commu-
nication. This will lead to an explicit representation of environments as first-class
entities (in particular endogenous environments based on artifacts) and of the
related model of actions/perceptions. As future work, we plan to implement a
prototype of the reference infrastructural model. The prototype will be devel-
oped upon and integrate existing open-source technologies, among which: JADE,
the reference FIPA platform, CArtAgQO, the reference platform and technology
for the programming and execution of environments, as well as agent-oriented
programming languages such as Jason and 2APL.
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