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Abstract

In contrast to standard approaches based on agent communication languages (ACLs),
environment-based coordination is emerging as an interesting alternative for structuring interac-
tions in multiagent systems (MASs). In particular, the notion of coordination artifacts has been
proposed as an engineering methodology to build runtime abstractions effectively providing
collaborating agents with specifically designed coordination tasks.

In this paper, we study the semantics for the interaction of agents with coordination artifacts
playing the same role of ACL semantics, that is, supporting semantic interoperability between
agents developed by different parties through the connection between rationality and interaction.
Our approach is rooted on the notion of operating instructions of coordination artifacts, which—as
with a manual for a human exploiting a device—describe the interaction protocols the agent can
follow as well as the mentalistic semantics of each single interaction. By tackling some of the most
relevant issues raised in the context of ACL semantics, our framework allows intelligent, BDI-like
agents to carry on complex interactions through coordination artifacts in a rational way.

1 Introduction

In contrast to standard approaches based on agent communication languages (ACLs) (Searle,
1969),environment-based coordination (Parunak et al., 2003;Bonabeau et al., 1999;Weyns et al.,
2005) is emerging as an interesting alternative for structuring interactions in multiagent systems
(MASs). In particular, Ricci et al. (2003) propose the notion of coordination artifact as an
engineering methodology to build runtime abstractions effectively providing collaborating agents
with given coordination tasks.

Unlike a middle agent (Sycara, 2001), a coordination artifact is not a rational entity: its
behaviour is not understood in terms of achieving a goal in autonomy. Rather, it is an entity
realizing a specific coordination task without the freedom of autonomy, but exporting a specific
usage interface, some operating instructions for agents and a coordinating behaviour that can be
flexibly adapted by a human/agent manager according to emerging needs. Most relevant here,
coordination artifacts neglect proactivity, which significantly affects the way agents interact with
them: instead of sending and receiving messages, agents execute actions over artifacts that
eventually complete, possibly involving a perception.

In order to study how agents can rationally exploit coordination artifacts to achieve their goals,
we study a semantics for the interaction of agents with coordination artifacts, conceptually playing
the same role of existing ACL semantics (Labrou & Finin, 1997; Singh, 1998; Verdicchio &



Colombetti, 2003;van Eijk et al., 2000;Parsons et al., 2004).Our approach is rooted on the notion
of operating instructions for coordination artifacts, which—as with an operating manual for a
human using a device—describes the interaction protocols that an agent is allowed to follow when
exploiting the artifact, along with the mentalistic/rational meaning of each single interaction. In
particular, our semantic approach is based on the idea that following some operating instructions
basically means intending to execute the associated interaction protocol on a step-by-step basis, and
relying on mentalistic preconditions/effects to connect mind to interaction so as to maximize the
benefits of coordination.

We develop our approach formally. Operating instructions are given process-algebraic semantics
similarly to concurrent languages such as CCS by Milner (1989).As the use of process algebras in
the context of MASs is relatively new and unexplored—see Viroli & Omicini (2005) for a deeper
discussion on this—we rely on it because it easily deals with the step-by-step descriptive character
of operating instructions. The operational semantics of operating instructions is then naturally
defined and is used by rational agents for practical reasoning. The abstract architecture of rational
agents following operating instructions is described by relying on an operational semantics as well,
serving as a specification of the rational viewpoint over interactions.

The remainder of the paper is organized as follows. Section 2 motivates this research line,
discusses the role of the environment and describes the framework of coordination artifacts. Section
3 provides an abstract model for coordination artifacts and Section 4 formally presents our
semantic approach to agent interaction with coordination artifacts. Section 5 provides examples
showing the usefulness of our approach, Section 6 discusses related work in the context of ACL
semantics and finally Section 7 concludes by providing closing remarks.

2 Environment and artifacts

2.1 Motivation

One of the key principles of the research on agent-based systems is the intentional stance (Dennett,
1987):as far as the complexity of MAS design is concerned, agent behaviour is better understood,
predicted and analysed in terms of mental properties—such as beliefs, desires and intentions (fears,
hopes, and so on)—instead of just relying on the actual agent design. This approach has then
promoted a connection between the agent abstraction and human behaviour (and between MASs
and social groups of people), which drove a number of typical design choices in the agent field.
Most notably, these include the idea of basing agent communications on the speech act theory
(Searle, 1969): each communication act is directed to another agent and is an utterance whose
meaning is associated to a human-like kind of speech, also called performative—for example, it can
be an inform, a request or a propose. This model also made into the agent mainstream: in the FIPA
standard, agents interact with each other through direct communication via speech acts, exploiting
the so-called FIPA ACL (FIPA, 2000).

However, direct communication is not the only viable approach: new models are emerging in
different research areas of MASs, for example, in environment-based coordination such as
stigmergy and, more generally, mediated-interaction frameworks and infrastructures based on
forms of coordination/cooperation without direct communication (Parunak et al., 2003;Fenster
et al., 1997;Ciancarini et al., 2000;Bonabeau et al., 1999;Odell et al., 2003).Even if we stick to
human behaviour, we observe that direct speaking is not the only way of cooperating.

Rather, as emphasised in the Activity Theory (AT)—(a social-psychological theory about
dynamics in human activity), see for instance Nardi (1996)—humans often use mediating artifacts
such as blackboards, semaphores, mailboxes, form sheets and maps to make cooperation
easier, more flexible and effective. So it is clear that other forms of interactions might be interesting,
forms that do not involve two directly communicating agents but rather an agent acting through
an environmental abstraction that provides a suitable mediation for agent interactions—an
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abstraction that might not be fruitfully understood in terms of the intentional stance, and which is
natural to be seen as part of the agent environment.

Also, AT suggests a meta-model where MAS entities are essentially of two different sorts: agents,
featuring autonomy and possibly being proactive, and artifacts, providing functions and services to
agents and essentially reactive (Ricci et al., 2005).Coordination artifacts, therefore, do not imply
that MAS coordination does not, in principle, require deliberation, intention or autonomy anyway.
Instead, they are the instrument for automating MAS coordination whenever a law of coordination
can be conceived as a computable service provided by some suitably-engineered component (Viroli
& Omicini, 2003)—so, whenever an agent is not required, in a sense.

2.2 Related literature

While the study of environment has only recently become a key issue in the MAS field (Weyns
et al., 2005), it has often and generally traversed a number of related research fields such
as Robotics, Artificial Intelligence (AI), Computer-Supported Cooperative Work (CSCW),
Human–Computer Interaction (HCI), as well as Cognitive and Social Sciences.

It was the work by Brooks (and the so-called ‘behaviour-based AI’ view) that first put the
environment at the core of the studies on intelligent systems (Brooks, 1991).There, intelligence is
not ‘conceptually contained’ within an artificial agent, but is rather the result of agent interaction
with the environment. In this acceptation, the ability to shape the space of agent interaction is an
essential pre-condition to make intelligence emerge (Omicini & Papadopoulos, 2001).

In the AI field, this departure from the ‘classic AI’ paradigm has generated the ‘representations
versus no representations’ argument (Agre, 1995):that is, should agents maintain a representation
of their environment or should they instead interact and behave without a mental representation of
the environment? The two corresponding streams of research either implicitly or explicitly referred
to two extreme views of environment, where cognitive agents either interact in a trivial setting where
they represent the only source of disruption, or live ‘in the wild’—that is, in a mostly unstructured,
unpredictable and even hostile environment. Only recently, it was finally recognized that agents
more often live in complex yet well-structured environments, where ‘the structure of the world
compensates for the weaknesses of cognitive architectures’ (Agre, 1995,page 13). Therefore, in a
huge number of real-world application scenarios, the environment is a potential subject of the
engineers’ work, aimed at structuring the agents’ surroundings so as to support their goal-oriented
activity.

From the field of Cognitive Sciences also comes the notion of ‘adapting the environment instead
of oneself’ (Kirsh, 1996). This roughly corresponds to the idea that the environment is not
something that should be taken as it is by agents that have thus to adapt in order to survive and
possibly achieve their own goals: instead, the environment is something that can be suitably
designed and engineered according to the agents’ purposes (Kirsh, 1995).

This is more than understood in the field of CSCW, where authors such as Schmidt have
matched ‘articulation of work’ (Schmidt & Bannon, 1992)with ‘coordinative artifacts’ (Schmidt &
Simone, 2000), converging to a reflection on the role of the environment in supporting and
promoting collaboration activities (Schmidt & Wagner, 2004). From these works the need for
shaping the environment in order to make it fit for individual and social activity clearly emerges:
human organizations largely depend on the structuring of the working space, supporting/
compensating the cognitive (in)abilities of intelligent agents participating in the organization
activities.

Once it is conceived as a workplace (Kirsh, 1995),or a field of work (Susi & Ziemke, 2001),the
environment for cognitive agents can be seen as articulated in artifacts—for example, coordinative
artifacts and representation artifacts in Schmidt & Wagner. Artifacts encapsulate the environment
responsibilities to support individual and social activities within a collaboration setting, and
embody a history of social practise within an organization.
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In the field of MAS, the idea that the environment is the place where to establish the laws
regulating agent behaviours and MAS interactions is the basis of both research on Coordination
Models and Languages (Omicini & Papadopoulos, 2001),situated MASs (Ferber & Müller, 1996),
and also stigmergy-coordinated MASs (Parunak, 1997).When encapsulated in suitably expressive
abstractions, rules and laws are usually enforced by MAS infrastructures (Omicini et al., 2004a), as
in the case of field-based coordination (Mamei et al., 2003).Infrastructures are in fact the most
systematic way for MAS engineers to shape agent environment and provide appropriate solutions
to recurring MAS application problems.

Research on computational institutions—such as electronic institutions (Noriega & Sierra,
2002), logic-based institutions (Vasconcelos, 2004)and normative MAS (Boella & van der Torre,
2003)—is developing the notion of regulating infrastructure along this very line. Computational
institutions allow MAS engineers to super-impose laws and norms to agents of a MAS. Norms can
be enacted in a prescriptive way (only admissible behaviours are possible) or unruly behaviours can
be simply detected and sanctioned by the infrastructure. Computational institutions can then be
seen as a possible peak along the line of structuring MAS environment for cognitive agents: there
are in fact, laws and norms governing the life of agents in the structured environment that can either
be made explicitly available for agent reasoning, or be induced by agent interpretation—as in Boella
& van der Torre (2003).

2.3 The coordination artifact abstraction

Ricci et al. (2003) introduce the notion of coordination artifacts to model persistent entities
specialized in providing a coordination service in a MAS (Ricci et al., 2003;Omicini et al., 2004b).
The term coordination should be here understood according to its more general acceptation as the
management of dependencies among separate activities (Malone & Crowston, 1994),shaping and
constraining the (agent) interaction space (Ciancarini et al., 2000). Coordination artifacts are
infrastructure abstractions meant to improve coordination activities automation; they can be
considered then as basic building blocks for creating effective shared collaborative working
environments, alleviating the coordination burden for the involved agents.

Basically, a coordination artifact entails a form of mediation among the agents using it, and
effectively embeds and enacts some coordination policies. Accordingly, two basic aims can be
identified: constructive, as an abstraction essential for creating/composing social activities, and
normative, as an abstraction essential for ruling social activities.

Coordination artifacts are first-class entities specialized in automating a coordination task, and
are therefore used by software engineers to directly design, develop and support the coordination
inside a system at execution time. Accordingly, the engineering of agents and coordination artifacts
can be conceptually separated: on the one hand, individual agents are designed and developed for
achieving some specific goal and for executing some specific task, on the other hand, coordination
artifacts are useful to support agent coordination and achieve the global tasks of the systems.

The basic properties of the agent abstraction have been extensively described in literature, in
terms of autonomy, pro-activeness, reactivity, social ability and so on (Wooldridge & Jennings,
1995).Analogously, it is possible to sketch the basic properties of coordination artifacts as well,
which are indeed different from the agent properties. First, coordination artifacts realize a
coordination activity by applying some kind of (coordination) laws ruling agent interactions. To
this end, they typically adopt a computational model suitable for effective and efficient interaction
management, whose semantics can be easily expressed with concurrency frameworks such as
process algebras, Petri nets, or Event–Condition–Reaction rules. In other words, they are
specialized in effectively specifying and applying pre-designed interaction rules: their behaviour is
not characterized as ‘pro-actively achieving a goal in autonomy’ like for the agent abstraction, but
to react to agent actions and apply forms of synchronization, scheduling, knowledge mediation,
workflow management and so on. Then, coordination artifacts are meant to be fully inspectable and
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controllable: they provide interfaces for inspecting as well as controlling (testing, debugging,
diagnosing, etc.) their internal state in order to support runtime management. Also, malleability is
an important property for coordination artifacts exploited in open agent systems characterized by
unpredictable events and dynamism: they provide the means for dynamically adapting and
changing their coordinating behaviour, either by engineers (humans) willing to sustain the MAS
behaviour or by agents responsible of managing the coordination artifact. In principle, this allows
for flexibly facing possible coordination breakdowns or evolving/improving the coordination
service provided.

Finally, infrastructures play a key role in supporting the coordination artifact framework at
runtime. As mentioned previously, coordination artifacts are meant to be not only tools for the
design of MAS, but first-class entities populating the MAS environment. The aim of keeping the
abstraction alive (from design to execution time) is essential for governing the complexity of system
engineering, reducing the gap between the various engineering stages and being able to identify and
manipulate directly design abstractions—such as agents and coordination artifacts—at runtime
(Omicini et al., 2004a). In order to give some concreteness to the abstract notion of coordination
artifacts, we conclude the section with an example of an existing model/infrastructure (TuCSoN1)
implementing most of the coordination artifact framework.

2.4 Coordination artifacts in practise: TuCSoN

TuCSoN is an infrastructure for MAS coordination (Omicini & Zambonelli, 1999).TuCSoN agents
interact by exchanging tuples—ordered collections of heterogeneous information chunks—through
coordination artifacts called tuple centres. As with Linda tuple spaces (Gelernter, 1985), tuple
centres are accessed by agents via simple communication operations (out, rd, in, inp, rdp) writing,
reading and consuming tuples. Unlike tuple spaces, tuple centres are programmable: their behaviour
in response to communication events can be programmed through specification tuples so as to
encapsulate coordination laws—for all the details on tuple centres, we forward the interested reader
to Omicini & Denti (2001).

Then, tuple centres can be conceived as general-purpose coordination artifacts, which can be
customized (programmed, tuned) dynamically to entail a specific coordinating behaviour. Gener-
ally speaking, tuple centres exhibit the properties that characterize coordination artifacts: they
provide different levels of inspectability—both the communication and the coordination state can
be inspected at runtime—and different levels of malleability and controllability, both by dynami-
cally changing their coordinating behaviour and by controlling its execution by means of proper
infrastructure tools (Denti et al., 2002).

3 An abstract model

According to Omicini et al. (2004b), the basic abstract model for coordination artifacts features:

• a usage interface, defined in terms of a set of operations;
• a set of operating instructions, describing how to use the artifact in order to exploit its

coordination service;
• a coordinating behaviour specification, describing the coordinating behaviour of the artifact, in

terms of coordination rules required for enacting the coordination service.

In this section, we will focus on usage interface and operating instructions, which are central for
defining a semantics for agent interactions through coordination artifacts—the reader interested in
a more comprehensive treatment of coordination artifacts can refer to Omicini et al. (2004b).

1 TuCSoN technology is available as an open-source project at the TuCSoN Web site http://
tucson.sourceforge.net.
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3.1 Usage interface

Each coordination artifact defines a usage interface describing the allowed interactions with agents.
This is expressed as a set of operations, which can be executed by the agent and eventually complete
providing information on the action outcomes. Thus, the coordination service provided by an
artifact is exploited by the agent in two steps: (i) an action is executed by the agent over the artifact,
specifying which operation is involved, and (ii) eventually the execution of the operation ends,
causing the agent to perceive the completion to the executed action. Correspondingly, information
flows from the agent to the coordination artifact are taken into account by actions over the artifact,
while information flows from the coordination artifacts to the agent are carried by (perceptions of)
completions.

From the agent viewpoint, coordination artifacts are very much like physical resources: they
reside into its environment, and the agent acts upon and senses them. Thus, actions over
coordination artifacts are more similar in nature to physical acts rather than communicative acts
(Omicini et al., 2004c): an agent can execute an action only if the corresponding operation is
allowed by the coordination artifact. After execution, the agent will later perceive that the operation
is completed: this perception possibly carries a reply information from the artifact—for example,
information on the action outcome, on success, failure and so on.

The reason for this specific interaction schema is that coordination artifacts are not proactive
entities, thus they are always seen as the target of an interaction and never as its source. In other
words, action and perception are modelled in a conceptually atomic way supporting the idea that
the agent acts upon the artifact and never the opposite—which would indeed clash with the very
notion of agent autonomy.

3.2 Operating instructions

Other than usage interface, coordination artifacts introduce the idea of operating instructions, or
sometimes instructions for short, which is at the root of the semantic approach described in this
paper. An agent can take part to a collaborating group through a coordination artifact by playing
one of the specific roles—in the broad use of the term—that the artifact supports. With any of these
roles, operating instructions are associated—inspired by what a manual does for physical
devices—that describe all the details about how an agent playing the role can/has to exploit the
artifact.

On the one hand, operating instructions specify the interaction protocol to be used, namely, the
precise sequences of actions and perceptions allowed to the agent. Notice that at any given time the
agent might be allowed to execute more than one action, each involving a different protocol
continuation—naturally, since a protocol is not simply a rigid sequence of actions but rather the
prescription of a set of admissible sequences.

On the other hand, operating instructions are also used to connect interactions to agent
rationality, which is a necessary tool to achieve semantic interoperability (Bergenti, 2003)—to let
agents understand the rational meaning of interactions. Inspired by purely mentalistic approaches
to ACL semantics, such as FIPA ACL (FIPA, 2000) and KQML (Labrou& Finin, 1997), but
overcoming some of their drawbacks, as discussed in Section 6.2, by annotating actions and
perceptions by preconditions and effects respectively, both expressed in terms of mental states. In
particular, preconditions to actions specify the beliefs that the agent should have when the action
is executed, and conversely, effects to perceptions specify the beliefs that should be added to the
agent’s mental state as the completion is sensed.

However, in a departure from the above mentioned ACL semantics, we do not consider
preconditions and effects as prescriptive and subject to compliance verification. Instead, they are
better understood as suggestions for the individual agent, with the goal of maximizing its (social)
advantages when using the coordination artifact: adhering to preconditions and effects guarantees
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the agent participating meaningfully in the collaboration. Prescription can be instead applied to the
interaction protocol, its compliance can be not only verified but also enforced by the
infrastructure—exploiting, for example, the agent coordination context (ACC) abstraction
introduced by Omicini (2002)and widely discussed by Ricci et al. (2004).

It is worth mentioning here how an agent can become aware of its operating instructions, even
though this issue is almost orthogonal to our semantic discussion. In a closed scenario, we may
assume that the information on coordination artifacts—which coordination artifacts populate the
agent environment, which roles they support and which operating instructions are associated to
each role—is hard-coded inside the agent. In the more interesting case of an open environment, we
suppose that agents negotiate with the infrastructure for the visibility/creation of some coordination
artifacts (and for the permission to access them), and can then inspect an artifact to understand its
operating instructions.

4 Semantics

In general, the semantics of agent interaction concerns both subjective and objective aspects
(Omicini et al., 2004c). While the former has to do with the individual agent viewpoint, and is
typically tackled by connecting interactions with the agent rationality (mental state), the latter is
more concerned with social aspects, involving issues related to interaction protocols, semantic
compliance (Singh, 1998)and checking for runtime violations.

A key feature of our approach is that these two aspects are both considered but are also clearly
separated. Objective aspects of the semantics are tackled by the interaction protocol specified into
operating instructions, which is enforced by the coordination artifact or by the MAS infrastructure
supporting it: the agent is correctly participating to the coordination task if it is interacting
according to one of the admissible sequences of interactions—namely, if it is following the
operating instructions. Subjective aspects are instead dealt with by preconditions and effects, which
relate interactions to agent beliefs. As the need for one such division has somehow emerged in
previous work criticising FIPA ACL semantics (Singh, 1998;Pitt & Mamdani, 1999),we believe
that the novelty of the coordination artifact framework plays a crucial role in making this property
fully effective.

4.1 A model for operating instructions

According to the typical approach used in the distributed systems field, where interaction is one of
the main subjects of investigation, we introduce a process algebra that can act as a specification
language for operating instructions. As the language abstract syntax is given by a formal grammar
as usual, operational semantics is given in terms of a labelled transition system (Glabbeek, 2001),
which precisely describes the step-by-step interactive behaviour allowed to agents by the coordi-
nation artifact. This language can be seen as a process algebra since instructions represent a true
abstract process—an interactive behaviour that the agent should adhere to. A specification in this
process algebra can be used, both by the agent and by the coordination artifact, to represent the
state of operating instructions at a given time, and to know the next available actions and
perceptions. In our semantic study, we address the case where the agent is exploiting one
coordination artifact, the extension with more artifacts being a mere adaptation with semantic
insights that are not crucial here.

4.1.1 Notation and syntax
Let t be a meta-variable over first-order logical terms, built over functions, variables and constants
ranged over by meta-variables f , v and c respectively. Meta-variable � ranges over variable-to-term
substitutions: write �t for the term obtained from t by applying substitution � to all the variables
in it. As usual, a term t′ is said to be an instance of t if and only if there exists a substitution � such
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as �t=t′, and a substitution � is said to be more general than �′ if and only if there exists a
substitution �″ such as �•�″ =�′ (operator • being usual function composition). Notation [t′/t] is
used for the most general substitution � that applied to t yields t′: this is seen as a partial function,
so that symbol [t′/t] makes sense only if the most general substitution actually exists. The notation
is then abused by writing [t′1/t1, . . . ., t′n/tn] for the most general substitution of t1, . . . ., tn to
t′1, . . . ., t′n.2

Among all the function names, we let op and cm be meta-variables over functions, and
correspondingly introduce the meta-variables � and � as follows:

�::=op(t1, . . . ., tn), �::=cm(t1, . . . ., tn).

A term � is used to model an agent action towards the coordination artifact, where its function
name op is the name of the operation invoked; the term � is the perception of the completion of a
previously executed action, and cm represents the name of the completion. Notice that it is not our
goal to introduce a new complete theory of agent actions; rather, we aim at providing the few
hypotheses over which our formal framework for interaction with artifacts can be defined—an
exhaustive comparison with existing proposals is left as future work.

We define operating instructions as the terms defined by the grammar

O::=0 � !�.O � �.O �?�.O � O+O � (O�O) � (t1, . . . ., tn)

thus, we see 0 as a constant, !./2, ./2, ?./2,+/2, �/2 as functions, and as a meta-variable over a
subset of functions called definition names.

Instructions O2 are defined inductively from atomic instructions through structured instruc-
tions. Atomic instructions include the void behaviour (0), the execution of an action � followed by
continuation O (!�.O), an action � just executed but not yet completed followed by continuation O
(�.O) and a perception � of action completion followed by continuation O (?�.O). Structured
instructions are the choice between two instructions (+) and the parallel composition of two
instructions (�).

Also, to support recursive behaviours, for example, we rely on the definition mechanism of
standard calculi such as CCS (Milner, 1989).3 We write a definition (v1, . . . .,vn):=O to mean that,
in given operating instructions, the use of term (v1, . . . ., vn) is to be interpreted as instructions
O—modulo substitution of the variables v1, . . . ., vn, which typically occur in O as well. We shall
define the semantics of this mechanism so that, for example, given the definition (v)
:=!o(v).?c(v).0, then instructions (t)+ (t′) are to be interpreted as !o(t).?c(t).0+!o(t′).?c(t′).0.

For the sake of simplicity, and with no risk of ambiguity, we avoid the ‘.0’ notation representing
void continuation, writing for example, !�.?� for !�.?�.0.

Simple examples of operating instructions are given below.

!�1.?�1—means first executing action �1 and then perceiving its completion �1.
!�1.?�1.!�2.?�2—means executing �1, then perceiving its completion �1, then executing �2 and then
perceiving its completion �2.
!�1.(?�1.O1+?�2.O2)—means first executing �1, then if �1 is perceived O1 carries on, if �2 is perceived
O2 carries on.
!�1.?�1�!�2.?�2—means concurrently executing the two sub-instructions !�1.?�1 and !�2.?�2.

2 The reader familiar with logics might see differences between this setting and the usual logic one. In
particular, we rely on a notion of substitution instead of unification. This is because the notion of
substitution is more standard for the process-algebraic approach we take here.
3 This mechanism is better known as ‘agent definition’—a terminology we shall not use in the MAS context!
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—(with the recursive definition :=!�1.?�1. ) means indefinitely executing the sequence of
interactions !�1 and ?�1 (!�1,?�1,!�1,?�1,!�1,?�1, . . . .)—in this case the definition name has arity
zero.

(t)—(with the recursive definition (v) :=!op(v).?�. (v)) means indefinitely executing action
op(t) and then perceiving the completion [t/v]�—in this case the definition name has arity
one.

4.1.2 Operational semantics
Semantic aspects of this language are described by three inter-related ingredients: the set of
well-formed initial instructions, a congruence relation for instructions and a transition system
semantics for instructions.

The set of well-formed initial states for operating instructions basically amounts to the surface
language that has to be used to define the operating instructions for a given artifact. This is defined
by the syntax

OI ::=0 � !�.(?�1.O1
I +· · ·+?�k.Ok

I ) � O+O � (O�O) � (t1, . . . ., tn)

where k>0, n≥0, and definitions are of the kind (v1, . . . ., �n) :=OI . In particular, it is worth
noting that the �.O construct does not belong to this language, it can be temporarily produced as
instructions evolve—see the operational semantics below. Moreover, each prefix !� must be
followed by a choice of instructions, or possibly just one instruction (k=1), each prefixed by a
perception �.

We then introduce a congruence relation equating operating instructions that, as far as the
operational semantics are concerned, have to be considered syntactically equivalent—the term
‘congruence’ means such rules can be applied wherever one side of the equation appears inside
instructions (Glabbeek, 2001).The congruence relation for instructions is defined as the smallest
congruence relation satisfying the rules:

0+O≡O O+O′≡O′ +O O+(O′ +O″)≡(O+O′) +O″

0�O≡O O�O′≡O′�O O�(O′�O″)≡(O�O′)�O″

(t1, . . . ., tn)≡[t1/v1, . . . ., tn/�n]O if (v1, . . . ., �n) :=O.

In particular, the above formulation states commutativity and associativity of ‘ +’ and ‘�’, makes
both absorbing 0, and provides the semantics of definition invocation: invoking a definition by

(t1, . . . ., tn) is considered equivalent to executed instructions [t1/v1, . . . ., tn/vn]O, given that the
definition (v1, . . . .,�n) :=O has been provided. Notice that, since operating instructions are terms,
substitutions can be applied to them in the standard way, for example, �(O+O′) is equal to
(�O)+(�O′).

The language for operating instructions described so far can be given an operational semantics,
describing: (i) what are the interactions allowed to an agent at a given time according to the current
state of instructions, and (ii) how instructions evolve as the agent interacts with the coordination
artifact. The set � of interactions, ranged over by meta-variable �, is formed by the terms with the
syntax

� ::=� � �:�.

Namely, interactions are either of the kind �, meaning execution of action �, or �:�, meaning
perception � of the completion of action �. Operational semantics is then formalized by a

labelled transition system 〈 , → , �〉, where the notation Ods
�

O′ is used as a shorthand for
〈O, �, O′〉 ∈→ , and means that instructions O ∈ move to new state O′ ∈ by the occurrence of
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interaction � ∈ �. The transition relation → is the smallest relation satisfying the following
operational rules:

Each rule defines the semantics of a different operator or construct of the language. The [ACT] rule
is responsible for executing actions and handling instructions of the kind !�.O. Any instance �′ of
� can be actually executed, and the resulting state of operating instructions is obtained by the prefix
�′, meaning the completion to action �′ is pending, followed by the continuation O to which
substitution [�′/�] is applied. Note that �′ is guaranteed to be an instance of � since the notation

[�′/�] makes sense only in that case. For instance, we have that !a(v).Ods
a(1)

a(1).[v/1]O.
Similarly, the [COM] rule deals with perceptions, and handles instructions of the kind

�.((?�.O)+O′), namely, a pending action � followed by a choice. An interaction ds
�:�

(completion
�′ to previously executed action �) is allowed if one of the available choices is guarded by a
perception � such that �′ is an instance of it. In this case this choice can be taken and the
others are excluded, moving to state [�′/�]O. For instance, we have that a(1).(?b(v).I1+?c(v).I2)
ds
a(1):b(2)

[v/2]I1, while for example an interaction a(1):d(2) would simply not be allowed.
The [CHO] rule defines the semantics of exclusive choice: if one choice allows for an action

selected for execution, then the other choices are automatically excluded. The [PAR] rule sets
interleaving as the concurrency model (Glabbeek, 2001):in the case of several parallel instructions,
only one is allowed to execute at a given time and the others remain unchanged. Finally, the [CGR]
rule is used to have the congruence relation making into the operational semantics. Owing to this
rule, for instance, we do not require symmetric versions for rules [COM], [CHO] and [PAR], for
congruence states commutativity of operators ‘�’ and ‘ +’.

The correctness of the semantics is stated by the following result, saying that from any
well-formed initial state of operating instructions no (non-void) deadlock state is reached.

T For any well-formed initial state of operating instructions O0
I and for any allowed sequence

of transitions

either On≡0 or for some On+1 we have On ds
�

On+1.

Proof. Because of rules [CGR], [PAR] and [CHO], any operating instructions are either void or
allow for a transition due to prefixed instruction (either !�.O, �.O or ?�.O). For the initial state of
operating instructions O0

I , this is of the kind !�.(?�1.O1
I +. . . .+?�k.Ok

I ) by construction. Therefore,
for any substitutions � and �′ and for any i, two transitions are surely allowed, labelled �� and
�� : (�•�′)�i. Because of rules [ACT] and [COM], in particular, this couple of transitions lead to
instructions (�•�′)Oi

I, which is a well-formed initial state of operating instructions again.

4.1.3 Examples
We provide here some examples of operating instructions specification, emphasizing the corre-
sponding sequences of interactions allowed by means of the operational semantics. In the following,
we denote function names by typetext fonts (as in a, b, etc.).

Specification !a(v).?b(v) means that the agent can execute an action of the kind a(v) and then
perceive the corresponding completion b(v)—that is, b(v) is precisely the completion to action a(v),
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modulo substitution. In particular, any instance of a(v) can be actually executed, where variable v
is substituted by a term, for example, a(val) for some constant val. Hence, due to rule [ACT],
action a(val) can, for example, be executed (� stands for a(v), �′ for a(val) and O for ?b(v))
leading to the following transition:

!a(v).?b(v)ds
a(val)

a(val).?b(val).

The new state of instructions a(val) .?b(val) means that action a(val) has just been executed,
and the perception b(val) is expected. To model perception b(val) consider rule [COM] (with
� as a(val), � and �′ as b(val), O and O′ as 0 and notice that �.�≡�.(�.0+0)): we have the
transition

a(val).?b(val)ds
a(val):b(val)

0

meaning that as completion b(val) to action a(val) is perceived, the instructions move to the
terminated state 0.

A more interesting example is given through the definition

:=!ask(vq).(?fail. +? rep(vr).!ack(vq, vr).?end).

Now consider the operating instructions specified as (invocation of the above definition), an
agent can issue a specific query q towards the coordination artifact by an action ask(q) as seen
before:

ds
ask(q)

ask(q).(?fail. +?rep(vr).!ack(q, vr).?end).

Notice that variable vq has been substituted throughout the continuation with term q. Now the
agent can either perceive a failure by fail or a reply by rep. In the case of a failure we have

ask(q).(?fail. +?rep(vr).!ack(q, vr).?end)ds
ask(q):fail

in that the continuation to ?fail carries on by excluding the other choice (see rule [COM]): the
instructions move to the new state so that the whole protocol can be executed again. If, on the
other hand, the agent perceives a reply r to the query (rep(r)) we have

ask(q).(?fail. +?rep(vr).!ack(q, vr).?end)ds
ask(q:rep(r)

!ack(q, r).?end

that is, the continuation !ack(q, r).?end carries on (�r being substituted by r): the agent should
acknowledge the reply by a new action ack and then perceive its completion end as usual. Note
that no completions other than rep(vr) and fail are allowed by these operating instructions, by
construction.

Finally, the parallel composition operator allows for those cases where more actions are
concurrently executed, with the perceptions later arriving in any order. This is obtained, for
example, by the operating instructions

!a1(v).?b1(v)�!a2(�).?b2(�)

which allows, for example, the evolution
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4.2 Agent operational semantics

Different frameworks can be used to formally express the relationship between agents with a mental
state of beliefs and intentions and the occurrence of interactions—actions and perceptions. A
standard framework in the MAS community is the framework of logic, which allows for an abstract
reasoning about behaviour. A notable example is Propositional Dynamic Logic and Beliefs and
Intentions (PDL-BI) introduced by Paurobally et al. (2005),which allows to express the dynamics
of beliefs and intentions. In the KARO logic by van Linder et al. (1996),similarly, formulas include
modalities for knowledge ability, opportunity and selected wishes, along with an operator of
achievement of results by actions—such actions being true protocols featuring sequential compos-
ition, choice, repetition and so on.

Another possible framework is that of operational semantics, expressing some rules of the
step-by-step evolution of an agent state, relying on abstract operations on mental properties
(queries and updates). In this paper we adopt the latter approach, which despite being less standard
fits the semantics of operating instructions well—exploiting the framework of logics is an interesting
direction for future work.

The mental state of an agent, ranged over by meta-variable �, is here expressed as a first-order
logic formula featuring modalities for beliefs (B) and intentions (I ). Similarly to FIPA SL content
language (FIPA, 2000),we use the syntax

�::=p(t1, . . . ., tn) � ¬ � � �o� � �n� � B� � I�

where p is a meta-variable over predicate names and ti are terms.
The existence of a binary operator • over formulas is assumed, which abstracts away from

details of mental state updates and queries. The �•�′ notation is used to both denote the mental
state including the formula �′ (querying for �′) and for the mental state obtained from � by adding
formulas in �′ (updating with �′). The actual definition of operator • is intentionally neglected here
as it involves aspects related to the internal agent machinery and is therefore out of the semantic
scope of operating instructions.

We introduce the predicates instr/1, done/1 and comp/2, so that, for example, B instr(O) means
that the agent believes O to be the current state of operating instructions, I done(�) means that the
agent intends action � to be executed and B comp(�, �) means that the completion � to action � has
been perceived. As for operator •, the logic semantics of such predicates is neglected for it involves
inner details of the agent behaviour: their impact on operational semantics is instead reported as
follows. We write Bif � for B� n B¬ �.

Analogously to FIPA ACL, or agent languages such as 3APL (Hindriks et al., 1999),we fill the
gap between agent interactions and mental state by assuming that operating instructions attach
preconditions and effects to agent actions and perceptions. A precondition function Pre is defined
that takes an action � and yields a formula �, which represents a condition on beliefs that should
hold in the agent when the action is executed. Similarly, an effect function Eff is defined that takes
a perception � and yields a formula � representing agent beliefs that are applied when the
perception occurs.

Accordingly, the following operational rules describe the admissible behaviours of the rational
agent exploiting the coordination artifact, in terms of how the mental state (beliefs and intentions)
evolves as interactions occur:
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The [A-SNS] rule describes agent sensing: when an action � reaches a completion � (ds
�:�

), the agent
mental state is updated by adding the formula B comp(�, �). Then, such an event is managed by the
agent as described by rule [A-PER]: the current knowledge about the state of operating instructions

moves from O to O′ according to the perception occurred (Ods
�:�

O′), and its effects Eff (�) on the
agent beliefs are applied as well. On the proactiveness side, rule [A-INT] deals with the generation
of intentions from operating instructions: given the current instructions O, the agent can produce
any intention I done(�) provided that action � is allowed by O. Notice that, in this case, instructions
do not yet move from O to O′, for this is the case only when the action is actually executed.
Accordingly, rule [A-ACT] says that when an agent intends to execute action �, and its

preconditions Pre(�) hold, then the action can be actually executed (ds
�

), causing the update on the
current operating instructions as well as the agent believing done(�).

This model captures the main relationships between mental states and interactions, as well as the
way agents could rely on operating instructions to meaningfully exploit coordination artifacts.
Moreover, it abstracts away from most issues concerning proactiveness, which—even though they
are relevant to an agent designer—do not have to make into semantics of interaction. These include,
for example, the choice of which intention is to be generated, that is, which instance of rule [A-INT]
is to be applied. This aspect in fact concerns internal planning and scheduling activity and can, for
example, leverage agent intelligence—an agent could choose an action by taking into account the
effects that can be obtained later in the interaction protocol.

5 Application examples

5.1 A request/response scenario

As a first, simple use case for our semantics we consider an interaction protocol resembling the
usage of query-if FIPA performative. For this purpose, a coordination artifact is conceived
supporting two roles, which we here call client and server: the former is played by an agent willing
to receive information about the validity of a formula � of interest, the latter by an agent willing
to provide information about its beliefs on such formulas.

Allowed actions and perceptions, along with their preconditions and effects are summarized in
Figure 1. The coordination artifact provides three kinds of action.

• The ask(�) action is used by the client to query the artifact about the validity of formula �, and
has the precondition ¬ Bif�: the agent should execute the action if it neither believes � nor ¬ �.

Figure 1 Operating instructions for the Query-if coordination artifact: preconditions and effects
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By the corresponding completion ask_rep(�′), the agent perceives the validity of formula �′,
hence we have the effect B�′: the agent should believe the formula �′ perceived.

• The get action is used by the server to ask for a new pending query about the validity of a
formula (with no precondition). The corresponding perception (with no effect) is of the kind
get_ rep(�), where � is a formula whose validity has previously been questioned.

• Finally, the tell(�) action is used by the server to state it believes the validity of formula �, and
is hence given precondition B�. Its corresponding perception is tell_rep (with no effect).

Operating instructions for the two roles are expressed by the definitions below:

The client agent issues the request for information about the validity of a formula �, eventually
receiving a reply specifying validity of � or ¬ �; in both cases the client agent keeps executing the
protocol c. On the other hand, a server agent first issues a request for receiving information on
any pending query: as this is perceived the server can either notify validity of the formula !tell(�),
notify validity of the negation !tell(¬ �) or simply ignore the request and proceed with the next
request (by recursive invocation to s). As the whole protocol is composed in parallel with s, the
server is allowed to handle multiple requests concurrently.

Actions and perceptions of the operating instructions also account for the relationship with
agent beliefs, through preconditions and effects—as expressed above. The client should ask for the
validity of a formula � by action ask(�) only if it has no information about � (¬ Bif�), and should
believe the reply it receives (B�′). The server gets information about a request automatically—by
virtue of the interaction protocol and without any rational effect/cause. However, it may provide
information about the validity of a formula � by using the action !tell(�) only if it believes the
formula � (B�).

This choice for preconditions and effects can be shown to allow agents with the operational
semantics described in Section 4.2 to carry on these interaction protocols in a meaningful way.
Suppose that for a given formula f , a client agent (willing to play instructions c) initially intends
to believe either f or ¬ f , and a server agent (willing to play instructions s) believes ¬ f . The client
agent can schedule any action ask(�): by looking at the expected effects of doing so, as reported
in its instructions, it can notice that it will eventually come to believe either � or ¬ �. Hence, it is
rational for the agent to execute action ask(f) and wait for a perception. On the other hand, the
server has the only possibility of executing action get: the coordination artifact will match the two
requests and make the server perceive the pending query through completion get_rep(f). Now the
server has three possibilities: execute tell(f), execute tell(¬ f) or simply ignore the request.
Supposing it is social enough to be willing to reply to pending queries, it can however only execute
tell(¬ f), since only this action’s preconditions are currently verified. Again, the coordination
artifact matches the client request with the server reply, and lets the client perceive the completion
ask_rep(¬ f). By applying the corresponding effects, the client now believes ¬ f , so that its initial
intentions have been satisfied.

The actual behaviour of the coordination artifact is not reported for brevity, but its details are
of no concern for the interaction semantics of agents. In fact, as promoted by the engineering
approach underlying coordination artifacts (Ricci et al., 2003; Omicini et al., 2004b), the
coordination rules inside the artifact could be adapted and accommodated because of emerging
needs without the agents being necessarily aware of them. For instance, the artifact could itself
handle a local knowledge base and reply to requests, keep track of previous replies, notify requests
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to more servers applying majority voting and so on. Interestingly, these adaptations never concern
the client and server agents, even though they could be known by inspection.

5.2 A Contract-Net scenario

The value of our approach can be better understood by considering a more complex coordination
pattern, such as, for example, the well-known Contract-Net scenario (Smith, 1980): here, a
coordination artifact mediates the interactions between an initiator and a number of participants.
We assume that at the beginning the initiator and the participants negotiate with the infrastructure
for a coordination artifact realizing the Contract-Net protocol. Therefore, they receive information
about the operating instructions they have to use, and then simply start following them rationally.

The initiator issues call for proposals (CFP) by specifying an action it wants to be executed. To
simplify our discussion without loss of generality, we suppose that such an action is a term with two
variables: (i) one is bounded by the participant with information about its proposal, and is used
by the initiator to evaluate which proposals have to be accepted, and (ii) the other is bounded
by the participant after executing the action, and will contain the result of the execution. For
instance, suppose a participant gets aware of a CFP for buying goods, due to the perception
newCFP(buy(good_name, v_price, v_qty)); it makes a proposal (with 1000 as price) by action
propose(buy(good_name, 1000, v_qty)), and later notifies the result of buying five items by
result(buy(good_name, 1000, 5)). This allows us to specify the operating instructions for the
participant with the general sequence ? newCFP(v).!propose(v).!result(v) as the variable v can
get specialized further by substitution of variables to terms at each step, thanks to the operational
rules [ACT] and [COM].

Figure 2 reports the detailed definitions of the operating instructions, where p and i are the
instructions for participants and initiator, Figure 3 reports preconditions and effects to actions and
perceptions.

5.2.1 Participant protocol
The participant first executes action getCFP, in order to receive information about a currently
pending CFP: the completion newCFP(v) is eventually perceived, where variable v holds infor-
mation on the requested proposal. As the CFP has been received, the agent may either refuse the
CFP by the action refuse, or make a proposal through the action propose. In the latter case,
the proposal can either be accepted or rejected, which is perceived by completions accepted and
rejected. In the case of acceptance, the participant is meant to execute the requested action,
eventually notifying the result by action result, or a failure by failure. For the sake of
simplicity, we assume that at the end of this protocol instance the whole protocol is not iterated
again, that is the operating instructions prevent any other actions—for example, new operating
instructions have to be negotiated with the infrastructure.

Figure 2 Operating instructions for the Contract-Net Coordination Artifact: Interaction Protocols
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5.2.2 Initiator protocol
The initiator issues a CFP by executing action CFP(v), specifying the requested proposal. Then, the
recursive invocation to the reply handler h causes a number of proposals to be considered. h is
meant to receive two (initially equal) terms as arguments; one is used to bound the current proposal
with its result, the other is left fresh to later iterate a similar handler. In particular, each time the
initiator asks for a new proposal by executing the getProp action, waiting for its completion. If
the finished completion is perceived, no more proposals will be processed for this CFP. Instead,
if a proposal is perceived by completion newProp, the initiator executes two processes in parallel:
on the one hand the current proposal is served, on the other hand by using ! stop.?ok+ h(w, w)
either the reception of proposals is aborted or the handler for a new proposal is created. We use this
schema to stress the idea that the initiator may even decide not to respond to a proposal without
invalidating the protocol, since—as we see later—the coordination artifact can automatically reject
a proposal. In this case, the initiator instead decides to handle a proposal, it can either accept or
refuse the proposal (executing actions acceptProp or refuseProp), and if it accepts the
proposal it will receive either a failure or the result (perceiving failure or result(v)).

5.2.3 Mentalistic semantics
The execution of actions by participants and initiator is not only driven by the requirement to
follow the operating instructions—which would hardly be sufficient to make the agent meaningfully
carry on the protocol—but again it also leverages preconditions and effects. Notice that in our
approach, since intentions are driven by operating instructions and preconditions/effects relate
interactions only to agent beliefs, then such preconditions and effects are sensibly simpler and
cleaner than, for example, the semantics of FIPA performatives involved in the Contract-Net
protocol (FIPA, 2000).More specifically, an action is attached a precondition only if it involves the
communication of some information from the agent to the coordination artifact, in which case it
should be properly connected to the agent beliefs. For the sake of simplicity, we denote by B
done(a) the fact that the agent believes action a has already been executed, and by B
feasible(a) that it might be able to execute action a. In our case of the Contract-Net protocol,
a participant: (i) refuses to make a proposal if it believes it cannot execute the action
(B¬ feasible(v)), (ii) makes a proposal if it believes it can execute its action (B feasible(v)),
(iii) produces a failure message if it no longer believes the action can be executed (¬ B
feasible(v)), and (iv) it provides a result only if it believes the resulting action has been executed
(B done(v)). Notice, for example, that without this last precondition, it would have been impossible
for the agent to understand from the operating instructions what to inform, which is now clear from
the conjunction of preconditions, effects and operating instructions.

Figure 3 Operating instructions for the Contract-Net Coordination artifact: preconditions and effects
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Analogously, effects have to be specified only when the interaction protocol reaches a point
where the agent is receiving some information that should change its perception of the world—not
all the times it changes its assumptions about the protocol state as, for example, in FIPA ACL.
Therefore, for the Contract-Net protocol case, effects have to be specified only when the initiator
perceives the positive completion to the acceptProp: in this case the operating instructions tell the
agent to believe the result.

5.2.4 Role of the coordination artifact
Finally, it is interesting to point out the role played by the coordination artifact in this coordination
scenario. As far as providing a coordination task is concerned, the coordination artifact can be
understood in terms of an interactive behaviour (Viroli & Omicini, 2003),namely allowing agents
to execute actions and providing the proper perceptions consistently with respect to the operating
instructions of each agent. This is obtained by means of the proper coordination rules stored and
realized in the artifact. Provided that such coordination rules are quite fundamental to implement
an effective and efficient Contract-Net protocol scenario, one should notice that they are not
included in our semantics of interaction, since the agent only perceives their effect through the
operating instructions. In particular, in our framework, agents participate in a collaboration
without a necessary knowledge about the identity (and even the presence) of other agents: their
viewpoint over coordination is rather subjective, for the artifact has the burden of the objective part
of coordination (Ricci et al., 2003).

This is not a limitation but rather a feature of our approach, for the artifact encapsulates and
hides a significant coordination burden that would otherwise charge each involved agent. In our
example, for instance, the initiator is not required to reply to each incoming proposal (and in
principle, it could be even completely released from this burden): the coordination artifact can
simply keep track of each such proposals and refuse them within a given timeout.

Other useful features of the coordination artifact for the Contract-Net protocol include its
intrinsic decoupling properties. On the one hand, it decouples the information flow from
participants and initiator, for example, the initiator could handle a large amount of participants
without significant design changes: indeed, our approach scales well with the size of the
collaborating group. On the other hand, the initiator is not required to initially know the identity
(and even the number) of participants: the coordination artifact is in charge of making participants
perceiving CFPs, allowing the initiator to perceive only meaningful proposals—for example,
automatically refusing late ones, bad ones, proposals from agents with bad reputation and so on.

6 Discussion

6.1 Comparison with mentalistic semantics

In spite of the fact that this work has many relationships with existing ACL semantics, it should be
noted that it is not in competition with them—or of other related researches such as those on
argumentation (Parsons & McBurney, 2003)—and that the particular structure of interactions
between agents and artifacts calls for a new framework. Notable differences include the facts that:
(i) interactions are not ACL (speech) acts, but rather action/completion couples, (ii) agents interact
with artifacts, that are non-intentional entities, and (iii) the protocol to be used is reified in
operating instructions, and agents can reason about them.

Indeed, we believe that our approach based on artifacts and operating instructions can be used
to restructure some agent collaborations, resulting in new architectural solutions (see the examples
in previous section) enjoying some advantages over speech-act based interactions. This is true in
particular for ACLs with a purely mentalistic semantics, such as those of FIPA ACL (FIPA, 2000)
and KQML (Labrou & Finin, 1997),which were initially evaluated for a standardization but are
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now criticized for their inadequate support to interaction protocols and compliance verification
(Pitt & Mamdani, 1999;Singh, 1998).

We take FIPA ACL as a case study. Feasibility preconditions (FPs) and rational effects (REs)
are associated to each communicative act based on its performative, and are expressed in terms of
beliefs and intentions (and uncertain beliefs). Since they are the only means by which an agent can
rationally carry on an interaction protocol, their specification can easily become complicated and
hard to apply in practise—especially as far as complex protocols are concerned. To show the
advantages of our approach, we compare our example in Section 5.1with the corresponding FIPA
ACL solution. We consider the performative query-if executed by client agent c towards server
agent s, and the communicative act a= 〈c, query-if(s, �)〉. For c, the only RE is Icdone(b) where
b= 〈s, inform-if(c, �)〉, that is, c should intend s to perform the reply. In general, this is not sufficient
to motivate c to execute a: indirectly, c should also intend the REs to b, which are Bifc�. With a
similar result but a more coherent deliberation, we observe that by exploiting the coordination
artifact, instead, the agent c executes the ask(�) action since—due to the structure of operating
instructions c—it entails either Bc� or Bc¬ �, i.e. Bifc�. In some sense, the motivational part is
encoded in the protocol of operating instructions, which resembles an actual plan for the agent.

Moreover, in FIPA ACL there are two kinds of FPs that apply to a: (i) BcAgent(s,b), c must
believe that s is the agent that will execute b, and (ii) ¬ BcIsdone(b), c does not believe that s is
already willing to execute b. The former should entail that s may be willing to execute b (Bergenti
et al., 2003); again, by virtue of the coordination artifact, the same property is achieved in a
more coherent way. First, c is not aware of any specific agent providing the reply. Second, the
intention of any server s to provide replies is not to be checked, since it is ensured by the fact that
s accepted to play the server role in the collaboration. On the other hand, the latter FP is used
to avoid c executing action a indefinitely: we enforce this condition since the operating
instructions make c wait for a reply before issuing the next request, by the time c will already believe
� or ¬ �.

6.2 Comparison with other semantic approaches

In practise, one of the main advantages of our approach is that it is intrinsically protocol-driven.
Instead of relying on a fixed set of primitive actions composed so that the resulting semantics fit a
given interaction goal—for example, composing a request and an inform-if to obtain a query-if—the
approach in nature is quite different. Agent interactions are handled by a specific coordination
artifact—either derived as the result of the MAS design, or dynamically constructed by cooperating
agents. Such a coordination artifact specifies operating instructions that the agent can become
aware of by inspection, and that can be used to more clearly understand the relation-effect cause of
given actions. To this extent, our approach is similar to that by Pitt & Mamdani (1999), where
incoming messages are connected to the corresponding admissible replies: however, our operating
instructions are more flexible as protocols are expressed using powerful process-algebraic con-
structs. Moreover, dealing with coordination artifacts ensures those decoupling properties that
simplify the need to connect interactions and mental states.

Currently, one of the most promising approach to ACL semantics is based on social
commitments (Verdicchio & Colombetti, 2003; Pitt et al., 2001),where communicative acts are
understood as a manipulation of agent commitments relative to other agents. Therefore, since
communicative acts are observable, an agent’s behaviour can be checked for compliance,
supporting interceptions of violations. Indeed, the framework of coordination artifacts is capable
of addressing similar issues. An agent interacting with a coordination artifact can be considered as
committed, relative to the artifact, to follow its operating instructions. Commitments are also
dynamically adapted/refined, since executing a new action means to commit to follow the
corresponding continuation of the instructions. Executing actions not allowed by the coordination
artifact can be intercepted, tracked and pursued as violations of legality (Viroli & Ricci, 2004).
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Unlike purely mentalistic approaches, in our semantics we do not mean preconditions and effects
to be normative, i.e., to be subject to compliance verification. Rather, they are meant to be used by
an agent so as to exploit the coordination service provided by the artifact in a meaningful way with
respect to its own goals. Whereas adhering to them allows an agent to correctly interpret
perceptions and to provide a significant service to others through actions, failing to do so never
impacts the safety of the whole coordination task. Interactions are to be judged as correct or wrong
based solely on their admissibility according to the operating instructions.

7 Conclusion and future works

In this paper, we introduce a semantic framework for the interaction of agents with coordination
artifacts, based on the notion of operating instructions. Our framework combines a process-
algebraic approach to specify interaction protocols—enforced by means of operating instructions—
and modal logics for beliefs to connect interactions and the agent mental state. Even though our
semantics is not meant to compete with existing ACL semantic approaches—for it applies to a
mediated-interaction scenario rather than a direct, ACL-based scenario—it tackles in an effective
way most of the basic issues they raise, including protocols and social commitments support.

Future work along this line will be devoted to the extension of operating instructions with the
notion of timeout violations and guarantees, and to better evaluate the applicability of our
framework to complex negotiations and existing agent architectures supporting intelligence.
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