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Abstract. This chapter tackles the relation between declarative languages and
multi-agent systems by following the dictates of the five Ws (and one H) that
characterize investigations. The aim is to present this research fieldy Wwag

a long-term tradition, and discuss about its future. The first questionswean

is “What? What are declarative agents and multi-agent system$®erefore,

we will introduce the history of declarative agent systems up to the stateof th
art by answering the questid/hen? When did research on them beginWe

will, then, move to the questioWhere? Where can it take place?in which

kind of real applications and for which kind of problems declarativeneggand
MAS have already proven useful? Connected to wher&ly? Why should

it happen?”. We will discuss the benefits of adopting the abstractions offered
by declarative approaches for developing communication, interactgmpera-
tion mechanisms. We will compare with other technologies, mainly sendseeb
and object-oriented one&Vho? Who can be involved?’in order to exploit this
kind of technology what sort of background does a specialist haveqgoira?

We address this question by looking at the Italian landscape of Compduter Sc
ence research and education. Finally, with the questimw? How can it hap-
pen?”we will shortly report some examples of existing declarative languawgs a
frameworks for the specification, verification, implementation and prptogyof
agents and MAS.

1 What? Declarative Agent Systems

The notion ofdeclarative agent systeshould be taken as a conventional one, to be
used in order to focus on an essential theme in agent-odexputing, rather than
to clearly delimit the boundaries of a well-defined reseanabfield. In fact, given the
ever-lasting relationship between agents and MAS, on tleehamd, and declarative
approaches, languages and technologies, on the othearalda agent systems are not
so easily distinguishable from the notion of MAS themsel¥es instance, by adopting



the strongnotion of agency as promoted by [181], mentalistic notidiks, beliefs and
desires, with an obvious declarative taste are at the cotieeofery notion of agent.
More specifically, they are at the core of the notion of ifgelht agent.

Of course, when adopting weaker notions of agent, such als agets in [181], or
the autonomy-grounded definition of agent in the A&A metaridd33], declarative
approaches and techniques are no longer strictly requateal first glance. Whenever
MAS are adopted to build up non-trivial systems, howeveclatative technologies
are typically the only viable approach, mainly due to thehHigvel of abstraction over
complexity they promote [134].

Declarative Agents.Historically, one landmark of declarative agent systenejzre-
sented by Shoham's AgentSpeak [156], the pioneering framefor agent-oriented
programming (AOP) promoting a mentalistic view of agentsdahon components such
as beliefs, decisions, capabilities, and obligations,winere the mental state of agents
is described formally in an extension of standard epistéogics. According to [182]

AOP may be regarded as a kind of “post-declarative” progragm .. In
AOP, the idea is that, as in declarative programming, we siat goals, and
let the built-in control mechanism figure out what to do ina@rdo achieve
them. In this case, however, the control mechanism implésngzme model
of rational agency ... Hopefully, this computational mocdelresponds to our
own intuitive understanding of (say) beliefs and desires] s0 we need no
special training to use it. Ideally, as AOP programmers, wednnot be too
concerned with how an agent achieves its goals.

Even more so, languages ranging from AgentSpeak(L) [14TptDn [26], based on
the AOP framework, clearly show how declarative and procaldachniques cannot be
but combined when building intelligent agents. In parepyivhen declarative knowl-
edge, required to represent the mentalistic structures biftalligent agent, needs to be
properly combined with procedural knowledge so as to résah effective process of
practical reasoning. More practically, Prolog-like synéad operators for beliefs, rules,
goals, and plans in Jason provide a clear example of howrd¢iela and logic-based
technologies are the most suitable approach for the emggeef intelligent agents,
covering some of the essential intra-agent aspects of MAS.

Declarative Multiagent Systems.Individual aspects, however, are far from covering
all the issues of declarative agent systems. In fact, a hpgeesfor declarative and
logic-based approaches is represented by agent sociatigively, the social level is
where the complexity of MAS typically grows [134]. HandlisgMAS composed by
hundreds or thousands of agents, as an open system wherknogth and unknown
agents coexist and interact in an unpredictable way, isooisly more than a challenge
to MAS engineers. For this very reason, the social level ésahe where declarative
models and technologies are likely to provide the most eglecontribution: for in-
stance, by allowing system properties to be assessed ghdese, and then enforced
at run time by suitable declarative technologies, indepatig of the MAS dynamics,
and of the MAS environment as well.

Agent communication languages (ACL) have representedbteafid most imme-
diate representatives for the use of declarative techiedag the construction of agent



societies. In particular, it is well-known that languagesk@ML [108] and FIPA ACL
[77] represent the first and the current standards, respégtfor inter-agent commu-
nication. However, while it is simple to understand how gfeact communication can
be based on a declarative approach, ACL are only the first gheaofi declarative tech-
niques adopted for the construction of agent societies.

Even though it was not meant to address the problem of MASdiaation, one
of the milestones of declarative technologies for MAS isrespnted by the work on
Shared Prolog [31], a Linda-based language for the codidmaf Prolog agents.
There, for the first time, a logic-based language was useddodinate a number of
concurrent agents, thus exploiting a declarative techgyoio order to govern interac-
tion within an agent society. Subsequently, other dedleraind logic-based languages
were conceived and developed for the construction of agmi¢tses based on coordi-
nation abstractions, such as the coordination lang&af&pecT: there, both the mes-
sages and the social rules of are specified in terms of fidgrdogic tuples hosted in
distributed logic-based tuple centres [132].

A step further is represented by the notion of social intggronstraints [7], which
formalizes social concepts such as violation, fulfilmewiial expectation within a
logic-based framework, concepts that can be enforced aimenthrough a suitably-
defined logic-based infrastructure. At the infrastrudtiewel, declarative technologies
are essential in the definition of the concept of MAS insititait This is the case of Basic
Institutions, formally defined in [39], and founded on theisbinterpretation of agent
communicative acts, and of Logic-based Electronic Institis [172], first-order logic
tools aimed at the specification of open agent organizations

Declarative Agent Systems

Overall, it is apparent that declarative languages andnigoks are essential in the
design and development of modern MAS, where they are tyipicesled to address
most critical aspects. Both intra- and inter-agent issireact, are more and more
faced by adopting declarative approaches, the most relevavhich are presented in
the remainder of this chapter. So, in the end, it would beegaiitificial to draw a line
between declarative and non-declarative agent systeme @asily, it is typically the
case that one should devise those portions of (nearly) an$ khat exploit declarative
and logic-based technologies.

2 When?

The history of declarative agent systems partially coiesiavith that of intentional
systems in Atrtificial Intelligence: the notion of an intgint agent as an entity which
appears to be the subject of beliefs, desires, commitmantspther mental attitudes
[156] is well known and accepted by many researchers. THesapher Dennett coined
the termintentional systento denote systems of this kind [50]. In that period (after
STRIPS), Artificial Intelligence posed a great emphasistmn use of formal repre-
sentations, often associated with deductive forms of r@ago[180], and logic pro-
gramming developed very fast, producing languages thavdlhr writing executable
specifications [160].



Since intelligent software agents must be programmed usinguages that can
be compiled or interpreted, as any other piece of softwheeneed for programming
languages that could fill the gap between the logical theoxy the practical issues
concerned with software agents’ development arose very.S6omputational logic
emerged as a natural tool for developing approaches antis@uin regards to many
aspects. First of all, for the formalization of state-rethinformation knowledgebe-
liefs, goals environment Moreover, for the formalization diehavior and therefore,
of the skill of reasoning in order to find new information, aké decisions, to build
plans. Generally, to produce proper reactions to the emwriemt and to other agents.

The first real implementation of an intentional system wa$sSRrocedural Rea-
soning System, PRS [82,97], developed to represent andrusepert’s procedural
knowledge for accomplishing goals and tasks, based on sieareh on procedural rea-
soning carried out at the Artificial Intelligence Center,IS3Rernational. Procedural
knowledge amounts to descriptions of collections of strwedd actions for use in spe-
cific situations. PRS supported the definition of real-tic@tinuously-active, intelli-
gent systems that make use of procedural knowledge, sudagrsodtic programs and
system controllers. In order to formalize intentional sys$, different logics were de-
veloped, among which the theory of intentions [38], the 8elbesire-Intention (BDI)
logic [142], and that of Knowledge-Abilities-Results-Qptunity [168]. The success of
these first implementations gave new impulse to the use @f bggproaches for repre-
senting and giving a semantics to agents and to their befsaicnoteworthy example
in this respect is Wooldridge’s Ph.D. thesis [178], whickgzhthe way to research on
agent theories, architectures and languages [129].

Shoham'’s papeAgent-Oriented Programminfl.56] describes one of the first at-
tempts to define a programming language based on intentimigns. The mental
categories upon which Agent-0 is based laeefandobligation (or commitment De-
cision (or choicg is treated as obligation to oneself. Relevant is also dMARSE,
implemented at the Australian Al Institute under the di@tif Georgeff, which was
a kind of second generation PRS, implemented in C++ and wsambmmercial agent
development projects [83].

These first attemps bear the ambition of developing an apprt@at more fully
draws from the experience of computational logic. A firstgmsal in this direction
is METATEM [66]. So in the '90s, there was, on the one hand,raisttowards the
engineering of agents and agent systems in order to meetqo@ements of commer-
cialization. To this respect it is important to mention AAfipun out of Agentis In-
ternational to address the commercialization of the developed teclyypbnd Agent
Oriented Software (AOS), formed by a number of ex-AAll staffpursue agent tech-
nology developing JACK Intelligent Agents [35].

On the other hand, METATEM proved the importance of componal logic for
the feasibility of the verification of properties, like inbgperability, of complex (agent)
systems. New themes started to be tackled. In order to redmmrt systems of agents it
is in fact necessary to represent also the other agentsfbalnd goals, and to represent
in a declarative way the rules that govern their interacti@mnd the communication. It is
also important to introduce processes of negotiation amtk&d with possibly conflict-
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ing sets of goals. This led to the proposal of languages lidd®@[114] and ConGolog

[48], of approaches for the representation of interactiatqzols like those of Singh

[157], and proposals like AgentSpeak(L) [141] which aimedh¢lp the understanding
of the relation between practical implementations of thd Bighitecture such as PRS
and the formalization of the ideas behind the BDI architextising modal logics [143].

It is important to notice how, in the same years, the revanragramming languages
exploiting garbage collection, such as Java, and the grefiteéiency of hardware due

to the technological advancements brought a renovatedtiatteonto declarative pro-

gramming languages due to their ability of dealing with tpemness, the dynamicity,
and the flexibility that characterize complex systems.

3 Where? Applications

The exploitation of declarative agent systems for indabjriojects and applications has
along and successful history dating back to the early anchineties. In the following,
we provide some meaningful examples coming from differgmiiaation domains—
some of which developed and tested in real, safety-crisicaharios. In the overall, they
show that an agent-oriented solution adopting declaragigkniques can be fruitfully
exploited to satisfy concrete industrial needs, and detnatesas well the success of
declarative agent technologies and systems outside theladas of academia.

Among the oldest applications of declarative agents we mamgtion a re-imple-
mentation of TEAM-CPS [175] where agents used the PRODIGihg system
[122] for local network planning, and the Agent-Orientafdgramming framework
for communication and control. In 1997, Leckie et al. [11@eloped a prototype
agent-based system for performance monitoring and faadfrdisis in a telecommuni-
cations network, where agents were implemented using C§|,[bésed on the OPS5
rule language [75], and communicated using KQML.

ARCHON (ARchitecture for Cooperative Heterogeneous Qi¢-lsystems [99])
was Europe’s largest ever project in the area of Distribitgdicial Intelligence. It
was employed for monitoring and controlling the cycle of giexting, transporting and
distributing electrical energy to industrial and domestistomers, for the lberdrola
company, one of the world’s leading private energy groug3CAON’s Planning and
Coordination Module was implemented as a rule-based system

In [152], Schroeder et al. describe a declarative and readiagnostic agent based
on extended logic programming. Both the inference engimel dier computing diag-
noses and the reactive layer that implements a meta-ietergior the agent were im-
plemented in Prolog extended with communication fac8itie

The IMPACT agent framework [12] integrates concepts fromndie logic and was
used to develop real applications. They include combatinéion management where
IMPACT was used to provide yellow pages matchmaking sesvicel aerospace appli-
cations where IMPACT technology led to the development ofudtiagent solution to
the “controlled flight into terrain” problem.

Moving to nowadays, [154] describes Space Shuttle Groundd2sing with Mon-
itoring Agents. JESS, the Java Expert System Shell [78]se&duo realize a system
that helps the monitoring of all the processes, instruntemtaand data flows of the



Kennedy Space Center’s Launch Processing System. Thersysaled NESTA, helps
to monitor and above all to discover problems concerningdheund process”, i.e. the
set of operations carried out in the weeks before the Spaatl&s launch. NESTA au-
tonomously and continuously monitors shuttle telemettty dend automatically alerts
NASA shuttle engineers if it discovers predefined situation

Daimler A.G. is exploiting BDI-agent features to developgaél-context” model-
ing technique for describing and executing agile businessgsses. The goal-context
approach aims at (i) having a modular process model thatilesahe process’ steps
separate from the process’ goals and contexts; and (iipbalifferent modeling levels,
for the different parts of the process model. The goal-cdrapproach was used for
the engineering change management process of Daimlerades [P9] was employed
for developing a running prototype [34]. The change managgmeal application is
currently being implemented using the Whitestein agenfquiak [147,33]. Go4Flex
is a follow-up of these activities, where the goal-contgxpr@ach will be applied to
another area at Daimler.

Other applications of Jadex include a prototype developedifcompany to use
semantic Web Technologies for improving the search [17#,tavo simulations based
on real (company) data. The first one dealt with logistics loigapacket delivery com-
pany [146]. In the second scenario Jadex was used to buildenpacheduling system
evaluated using statistical data from over 3000 patieresasllected at the Klinikum
Kulmbach hospital [186].

In a recent project that involved DISI, the Computer Sciebepartment of Genoa
University, and Ansaldo Segnalamento Ferroviario, thieahdeader in design and con-
struction of signalling and automation systems for conesal and high speed railway
lines, a MAS prototype was developed which monitors praegssnning in a railway
signalling plant, detects functioning anomalies, and jgles support to the early noti-
fication of problems [30]. The prototype was implemented tstied using DCaseLP
[117]. Due to the intrinsic rule-based nature of monitoragents, Prolog proved ex-
tremely suitable for their implementation.

In the past, DCaselLP and its ancestor, CaseLP, were usedafor immdustrial re-
search projects: the Kicker project, based on a previoegjtiit train traffic” application
[42], was developed within the framework of the EUROPE-TRI8ject as a result of
an industrial collaboration with the Information Systemigi§lon of Italian Railways
(Ferrovie dello Stato s.p.a.), and dealt with the train aishing problem. CaseLP was
employed for the design and development of a working prp®iyf a vehicle moni-
toring system, which was carried out in collaboration witkdg) s.p.a. [11]. Finally, a
prototype of a multimedia, multichannel, personalized si@novider [49] was devel-
oped using CaseLP in collaboration with Ksolutions s.psapart of the ClickWorld
project, a national, Ministry-funded research project.

2APL has been employed for virtual training systems in theOTildsearch orga-
nization in the Netherlands. In [88] 2APL is used as an exanplillustrate how a
virtual training system can be modeled, whereas in [89] sexperiments are reported
in which 2APL agents are used to generate explanationstimabitraining systems.

2http://jadex.informatik. uni-hanburg. de/ go4f | ex/



Descriptions of industrial applications of commercial B&yle agent systems in-
clude [61] and [21] which cover the JACK and Agentis agentfptans, respectively.
Whitestein’s Living Systems technologyhas been applied in scenarios spanning from
telecommunications to logistics, supply chain managenasmt manufacturing.

4 Why? Benefits

The reasons of the success of the agents and declarativapnmgng binomial is that
declarative approaches are particularly suitable to teatidi complexity of agent sys-
tems. Agent systems are dynamic, in the sense that at ruityy@ets can enter and
exit the system and they can be modified at any moment. Theaatieg are hetero-
geneous, they have their own goals and they may need to defireraents for co-
operating. Declarative languages abstract away from teewtion mechanisms and,
by merging semantics and computation, they allow the stddy solution and of its
properties in the world of concepts. Although in the indyslrere seems to be a mi-
nor interest towards declarative languages, many conéejptsiuced by declarative
approaches are adopted by more widely spread languagesaatytecodescript-
ing, assertionspattern matchingdestructuring correctnessre a few examples. Agent
and multi-agent systems based on declarative approacpply siery effective mecha-
nisms for communication, interaction, and cooperation tiaa be used to implement
choreographies, interaction protocols and orchestrsition

These are particularly useful in addressing computing Iprob which share with
multi-agent systems the properties of openness, dynaméeid flexibility, involving
a large number of heterogeneous components that are plyslisdributed and that
interoperate. Some examples are Web Services [184,9], Wagi00], SOA [151],
Sensor Networks [106], Middleware [98], Distributed compots [138]. These devel-
opments require the specification of proper interfacesrtize components accessible
through standard protocols and make it possible to devet@papplications by com-
bining and integrating existing components. To this ainmponents should bear some
public information about themselves, their structure, wasy in which they are sup-
posed to be used, and so forth. This information should beesepted according to
some conventional formalism which relies on well-foundeddels, upon which it is
possible to define access and usage mechanisms. In theifglowe briefly highlight
some areas in which the declarative approach is clearlygnteas predominant w.r.t.
other approaches.

Exemplary is the case of the Semantic Web, where declaratngiages are be-
coming very important in the Semantic Web, and where thedatarted to shift from
the ontology layerto thelogic layer, with a consequent need of expressing rules and
of applying various forms of reasoning [2], an interest aldtmessed by the RULE
Markup Language initiative, by the creation of a W3C workimgup to define a Rule
Interchange Format [3].

The Internet itself provides interesting hooks to the detize languages commu-
nity. For instance, OASIS, with the language BPEL4AWS [130Q]€dacto standard for

Shttp://ww. whitestein.conlaut onomi c-technol ogy- pl at f or i
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the specification of single services, allowing the represen of a local view of the
interaction that should take place, i.e. the interactiomfthe point of view of the pro-
cess), has emphasized the need of a language that can beatkesk an execution
language for specifying the actual behavior of a participara business interaction,
and noticeably as anodelinglanguage, for specifying the interaction at an abstract
level. The need of aabstract representatiothat can be reasoned about emerged even
more notably for theeompositiorof services. Here it is crucial to have tools that allow
the verification at design time of properties regarding thlegvioral aspects of the com-
posed system. Although proposals have been made for cotgposiles and models,
like BPMN [176] and WS-CDL [102], a comprehensive solutiorcigrently lacking
(BPEL4WS is not enough) and research is moving towards censgldeclarative ap-
proaches [167,137,123].

For instance, the work by Zaremski and Wing on software carepts matching,
based on a logic representation of their preconditions #edte [185], inspired most
of the work on semantic matchmaking for Web Service disgov@emantic Web ap-
proaches commonly describe services in terms of inputputsitpreconditions and ef-
fects [1,153]. Inputs and outputs are usually expressedtptagical terms, while pre-
conditidons and effects are often expressed by means aflegiesentations. Amongst
the works on semantic matchmaking, Paolucci et al. [135ppse four degrees of
match (exact, plugin, subsumes, and fail). These matcledetaepresentations, in
which services are described by means of inputs and outgpesijfically, matches are
computed on the ontological relations of the outputs of aredtsement for a service
and a query. The advantage of these kinds of match is thaveesetescription does
not need to exactly correspond to the request: this fleiditisters the re-use of Web
Services. The work by Zaremski and Wing also influenced thb B&rvice Modeling
Ontology proposal [62], an organizational framework fonatic Web Services.

On the other hand, often services are not sought to be usaddunally but rather
to be usedointly for executing tasks that none of them alone can accompleshagtic
annotations of the kind “inputs, outputs, preconditiony] affects” are not sufficient
in this case: it becomes useful to introduce a notiogadl [139,171,14], which can
be used to guide both the selection and the composition efcesr The introduction
of goals strengthens the need of adopting declarative agAgents, in fact, include
the ability of dealing with goals and performing goal-driierms of reasoning; agents
also feature autonomy and proactivity, which help whenidgalith open environ-
ments, allowing for instance a greafeult toleranceand an easy approachdgception
handling[119,140,28].

Besides being used as modeling languages and for reasorgngoial-driven man-
ner, declarative approaches are starting to gain atteatgmas a means for designing
behaviors replacing more traditional (in the area of Business Prod¢anagement)
procedural approaches and languages, like Petri nets §idtPl-calculus [121]. The
reason (see [137]) is that systems which allow users to manewithin the process
model or change it while working are considered as the matsttda for dynamic pro-
cess management. Traditional approaches, having an itiygamature, appear to be too
rigid as they strictly prescribe how to work, often forcing averspecification, which
as a side effect compromises dinamicity. Opposed to therimtige approaches, Pesic



and van der Aalst [137] have propos€dnDeg a language for modeling and enacting
dynamic business processes. A ConDec model mainly comsiatset of activities and
a set of relationships that constrain the way activitiestmaexecuted, and are referred
to asconstraints Constraints can be interpretedmdicies/business ruleand may re-
flect different kinds of knowledge, e.g., external regaasi and norms, internal policies
and best practices, service/choreography goals. Diffigréman in the prescriptive ap-
proaches, where what is not explicitly modeled is forbiddemnDec models are open:
activities can be freely executed, unless they are sulgjeziristraints. This choice has
two implications. First, a ConDec model accommodates méiffigreint possible exe-
cutions, improving flexibility. Second, the language pd®s abstractions to explicitly
capture not only what is mandatory, but also what is forbidde this way, the set
of possible executions does not need to be expressed exiatigiand models remain
compact. Agent research too explored similar approach@stéin openness, flexibility,
and heterogeneity. Yolum and Singh [183] propose to ad@phtiion of commitment
to provide a declarative semantics to the interaction jpai an agent (the debtor)
makes a commitment to another agent (the creditor) to birgiaa certain property.
Commitments capture and handle mutual obligations whitdteénteracting agents,
giving a meaning to the exchanged messages in terms of the#dt on commitments.
The adoption of commitments allows a greater flexibilitpiotrespects: the interacting
parties can be heterogeneous in their implementationsigal®they have the ability of
understanding the social commitments and of reasoning altxen; their executions do
not have to attain to a rigidly encoded behavior, but justoeiolate the commitments.
The commitment approach has been studied also by othersasueh,86].

A social approach, closer to Logic Programming, has beeeldpgd within the
SOCS EU Project (see also Section “How?”) where global &uions protocols are
specified by means of the SCIFF language [6] and its Abduttbgic Programming
(ALP) semantics [101]. Protocols are specified only by adeisng the external observ-
able behavior of interacting entities, and by the concepixpfectation about desired
events and interaction. Events and expectations are liblgegtay of forward rules.
The SCIFF language comes with an associated proof proceaked to verify at run-
time (or a posteriori, by analyzing a log of the interactiar)ether interacting agents
conform to the interaction protocols defined. The SCIFF apgh is starting to attract
the attention of researchers working on Web Services becaluthe its potential as
a tool for verifying the interoperability and for giving arexutable semantics to lan-
guages like ConDec [124]. The SCIFF framework has also bsed to implement
commitments [164] via a reactive version of the event cale(iB7]. A discussion of
commitments and expectations together is proposed in [166]

Another issue in which agents’ declarative approacheseatdveir usefulness and
that also gained attention in other fields is trust negatiafl rust negotiation [18,22,93]
is an approach to security and privacy preserving intesastin open networked envi-
ronment. In such scenarios peers often interact withoutpaeyious relationship and
without sharing any common security domain. As a conseqdraditional authenti-
cation is sometimes undesirable and frequently impossialeess control policies and
privacy policies are based on user properties. Such pieparan be encoded in vari-
ous ways, including digital credentials, unsigned detiana, and reputation measures



[23]. Some proposals for declarative languages that abh@wvepresentation of different
kinds of policies (e.g. XACML [131] and P3P [173]) have beead®a by standardiza-
tion committees and for reasoning about them [24].

Bordering with Trust Negotiation is Argumentation theoB8], where logic mod-
els for debate and negotiation are used for modeling ageisoréng and dialogue.
The possibility of structuring rational discussion aimedeaching mutually accept-
able conclusions, and the potential for intuitive, modalad tractable implementations
are promising tools in all those fields where there is the réedsting the validity of
certain kinds of evidence.

5 Who? Required Background

In 1987, while GULP was founded and IJCAIl was held in Italg thain Italian ICT and
consumer electronics event, SMAU, was just discovering1®][ The heterogeneous
mix of Al promoters included small enterprises of acadenoiats, such as Delphi,
a University of Pisa’s spin-off then based in Viareggio, dmgl actors such as IBM,
and included many more in between. Back then Al mainly meapeE Systems, and
the use of Prolog inference engines and the adoption of idgisla technologies in
general was considered a very promising approach. Nixdali&) involved in Esprit-
2 research projects and in the development of air fleet opditiain tools for Alitalia,
was using a development environment written in Prolog.edallwaice [120]. IBM,
Unisys, Pirelli Informatica and Datitalia Processing, ammothers, were all promoting
expert systems for configuration and diagnosis which madeiisnowledge bases and
declarative rules. IBM was pushing expert systems teclyiesdy announcing a series
of Al courses.

As discussed in [149] the interest for declarative soligiseemed to fade in the
years that preceded 2000. In spite of that, declarativerpmming started to being
taught at Italian universities and a growing number of Aktred courses put a sig-
nificant emphasis on Prolog and rule-based languages. A, ZBOLP ran a survey
to evaluate the extent of computational logic teaching altalh universities. It turns
out that nowadays declarative programming is being taugt20i Italian universities
at around 50 courses, at various levels in computer sciemt@mgineering curricula.
Some of these courses have been running for as long as 20 Yhaysare sometimes
elective courses attended by small classes. In many casesyér, they are fundamen-
tal courses (programming methodologies, Al, logics) atéehby large classes with as
many as 150 students. In 80% of the cases, the syllabus axfudctical lab sessions
that teach students how to use SWI Prolog, SICStus, ECLIPS8ther Prolog engines,
ASP solvers such as DLV, SAT solvers and model checkers.yBrear, around 1500
university students over the country attend on average R6shaf lectures on compu-
tational logic topics, 80% of which focus on logic programini This is an immense
heritage. Many graduates who join the labour market maktebasics of declarative
languages and technologies.

In more recent times, a number of applications of logic progning have been
developed, mainly by academic actors, and most of them werer fiully fledged [43].
However, even if the majority of Italian software companie®se not to endorse the



declarative paradigm, most of Italian programmers andwso# engineers do have the
necessary background to start working with rules, knowdeloigses and inference en-
gines. The effects of this situation are cultural rathentpeactical. Declarative tech-

nologies do not play a major role in implementing systemsthey nevertheless in-

fluence the way many programmers and software engineergigertbe systems they

implement. Or, at least, they have the potential to do so.

Agent technologies can bring this potential to the surfakheelp exploit it. As dis-
cussed in Section “What”, declarative agent systems arelectioh of paradigms and
ways of thinking about software systems, rather than a wnigell-defined engineer-
ing solution. Although younger than logic programming assigline, autonomous
agents and multi-agent systems also started to being tatiihtian universities. These
are sometimes a part of software engineering and Al coursealso live as stand-alone
coursed.

Who can be involved in declarative agent and MAS technolotiies, and what
kind of background is required to do so? The answer to thenskqaestion is easy:
today’s graduates already have such a background, or timegasaly acquire it since it
is already a part of academic curricula. Then, who can orlghmiinvolved?

In our opinion, the ability to think in terms of declarativgemt and MAS tech-
nologies should be mastered by all software engineers whd tredevelop systems of
some complexity. With a warning. The research effort in tlosnain is considerable
and steady, and we hope to see a constant improvement inethig/ thnd in the tools.
However, in approaching the world of agents, today’s saftvesngineers should neither
seek for revolutionary solutions nor expect to find out thiath&@y have being using so
far has become obsolete. That would be a wrong approacleabhsthey should con-
sider declarative agents as a way of thinking that shouldegoiany separate aspects of
a system’s design.

The ideas of goals, capabilities, action, interactionegation, commitment, trust,
artifact and so on could be exported to so many concrete aftengineering prob-
lems. This does not necessarily mean that one should used;rGpia or West2East for
requirements elicitation and system design, DCaseLP, §&@8E or DyLog for imple-
menting the components, CArtAgO for the middleware and $GtF monitoring their
execution. But we suggest that these be considered as safrgespiration, because
a deep understanding of such technologies will help pradusoftware solutions that
are more correct and thus safer, and at the same time moebkgadasier to maintain
and monitor, and more suited to integration and interopmrat

6 How? Tools and Languages

In this section we briefly survey (without the presumptioteing exhaustive) the tools
and the languages that exploit declarative approachesti¢fige the presentation in
two parts. The former presents the most noticeable BDEgixbposals, while the latter
presents approaches based on computational logic. Fooé#uod main proposals, we

4 The Universities of Palermo, Genova, L'Aquila, Torino, Bologna, ke Pavia, Roma La
Sapienza, Trento, Bari, Modena e Reggio Emilia, Pisa, Milano’s Polite@ridanany other
ones offer such courses.



describe the same four facets, so to facilitate a compar&emanticsimplementation
ExtensionsandPurpose of useThe last part of the presentation is mainly devoted to
Italian research.

6.1 BDI-style tools and languages

AgentSpeak(L) [141] takes as its starting point PRS and its dMARS impleaon.

It is based on a restricted first-order language with evemtisagtions. Beliefs, desires
and intentions of the agent are not represented as modalifasnbut they are ascribed
to agents, in an implicit way, at design time. The currertesththe agent can be viewed
as its current belief base; states that the agent wantsrtg dbiout can be viewed as de-
sires; and the adoption of programs to satisfy such stinaulitee viewed as intentions.
Semantics: At run-time, an agent consists of a set of beliefs, a set aigpla set of
intentions, a set of events, a set of actions, and a set afteldunctions. The opera-
tional semantics is driven by the rules for selecting plaa®pting them as intentions,
and executing the adopted intentions [55].

Implementation: There are many implementations of the AgentSpeak(L) lagpgua
among which:(a) SIM_Speak [115] (the first AgentSpeak(L) interpreter), whichsu
on Sloman’s SIMAGENT toolkit, a testbed for cognitively rich agent arcloiigres
[158]; (b) Jason [27] that implements, in Java, the operational sécsasftan extended
version of AgentSpeak(Lh¢ t p: //j ason. sour cef or ge. net).

Extensions: The community working on AgentSpeak(L) is, and has been énpthst,
very active. Many extensions exist, among which: coopenatirough plan exchange
[10]; ontological reasoning [126]; belief revision [8]a® formation [96]; combination
with the Semantic Web [107].

Purpose of use:The main application of AgentSpeak(L) is in formal verificat Bor-
dini et al. [25] developed model-checking techniques tpalyadirectly to multi-agent
programs written in AgentSpeak(L). AgentSpeak(L) mufieat systems are translated
into either Promela or Java models, and then, respecti@iN or JPF are used as
model checkers.

3APL - “An Abstract Agent Programming Language” [90] — suppohis design and
construction of intelligent agents for the developmentahplex systems through the
concepts beliefs and procedural goals (also often termeaushl In turn, these can be
used to describe and understand the computational systemmaiural way. Beliefs
represent the issues the agent must deal with, while gdals @#ie agent both to focus
on what it must achieve and to represent the way in which ichieve it. The practical
reasoning rules provide the agent with planning capadslito find an appropriate plan
to achieve a goal, capabilities to create new goals to dehlayparticular situation, and
capabilities to use the rules to revise a plan.

Semantics:3APL semantics was originally specified by means of Plositife transi-
tion semantics [91] and has been re-specified in Z later on [BBA5], the specification
of a programming language for implementing the deliberatigcle of cognitive agents
is shown, and 3APL has been used as the object language.



Implementation: Both a Java version and an Haskell version of 3APL can be down-
loaded fromht t p: // www. cs. uu. nl / 3apl /. More recently, a simplified version
has been implemented in the Maude term rewriting languag@] [1

Extensions:The newest incarnation of 3APL is 2APL (A Practical Agentdgteonming
Language) [44]. It can be downloaded framt p: / / www. ¢s. uu. nl / 2apl /.

Purpose of use:The 2APL platform which provides a set of tools designed tapsuit

the implementation, execution, and testing of multi-aggstems. Its application in the
field of virtual training has been discussed in Section 3.

Among the other proposals, it is worthwhile to mention Agérity Shoham [156],
which exploits a declarative approach and is the first prapog an agent-oriented
approach to programming. For Shoham, a complete AOP systttmalude three pri-
mary componentga) A restricted formal language with clear syntax and semarfitic
describing mental states, the mental state will be definégluety by several modal-
ities, such as belief and commitmengb) An interpreted programming language in
which to define and program agents, with primitive commanis asREQUESTand
INFORM; (c) An “agentification process” to treat existing hardware desior soft-
ware applications like agents. Agent-0 is targetted tos/éind second component. Two
prototype interpreters were developed: one implement&bmmon Lisp, and another
developed by Hewlett Packard as part of a joint project toriporate AOP in the New
Wave' M architecture. Agent-0 has two extensions, PLACA [162] agent-K [46].

Another interesting tool is Jadex [29], which brings togetBDI-style reasoning
and FIPA-compliant communication [64] and extends theitiathl BDI-model (e.g.
with explicit goals). Jadex agents have beliefs, goalg, daha implicit or explicit de-
scriptions of states to be achieved, and plans. The Jadearadsproject is conducted by
the Distributed Systems and Information Systems Groupeatttiiversity of Hamburg.
The developed software framework is available under GNURILGcensé. It allows
for programming intelligent software agents in XML and Jawal can be deployed
on different kinds of middleware such as JADE, a softwarm@aork implemented in
Java that facilitates development of interoperable iigetit multi-agent systems and
that is distributed under an Open Source License [20].

Finally, Dribble [169] is a propositional language that stitutes a synthesis be-
tween the declarative features of the language GOAL [92],tha procedural features
of 3APL. GOAL agents do not provide planning features, beytto offer the possi-
bility to use declarative goals to select actions. The lagguDribble thus incorporates
beliefs and goals as well as planning features. Also wortlevt mention MYWORLD
[179], in which agents are directly programmed in terms digfi@and intentions; ViP
[105], a visual programming language for plan executioesys with a formal seman-
tics based upon an agent process algebra; CAN [177], a cwademtation for agents
with procedural and declarative goals; NUIN [52], a Javaieavork for building BDI
agents, with strong emphasis on Semantic Web aspects; SPARK that builds on
PRS and supports the construction of large-scale, praagent systems; and JAM
[95] that combines ideas drawn from the BDI theories, the BgFem and its UMPRS
and PRS-CL implementations, the SRI International’s ACanghterlingua [128], and

Shttp://sourceforge. net/projects/jadex/



the Structured Circuit Semantics (SCS) representatioh][1tlalso addresses mobility
aspects from Agent Tcl [87], Agents for Remote Action (ARABB], Aglets [109] and
others. A survey of languages for programming BDI-stylergean be found in [116].

6.2 Computational logic-based tools and languages

The IMPACT Agent Language [12] is a relevant example of use of deontic logic to
specify agents.

Semantics: The paper [60] provides a series of successively more reBeathntics
for action programs that compute the set of all action statams that are true with
respect to an agent prograi) the current staté and the sef C of underlying integrity
constraints on agent states.

Implementations: The implementation of an IMPACT agent program consists af tw
major parts, both implemented in Jaya) the IMPACT Agent Development Environ-
ment which is used by the developer to build and compile agamd(b) the run-time
part that allows the agent to autonomously update its “resle status set” and execute
actions as its state changes.

Extensions:Many extensions to the IMPACT framework are discussed id]Which
analyses meta agent programs to reason about other ageet$ dra the beliefs they
hold; temporal agent programs to specify temporal aspéetstions and states; proba-
bilistic agent programs to deal with uncertainty; and se@agent programs to provide
agents with security mechanisms. Agents able to recovar &o integrity constraints
violation and able to continue to process some requestgwhiltinuing to recover are
discussed in [59]. The integration of planning algorithmshe IMPACT framework is
discussed in [56].

Purpose of useIMPACT’s purpose is to allow the integration of heterogamemfor-
mation sources and software packages for solving real @mudl

Golog [114] is a logic-programming language based on situatidcudas, that allows
for reasoning on both atomic and complex actions. ConGol@j i the concurrent
extension of Golog, and it includes facilities for priazitig the concurrent execution,
interrupting the execution when certain conditions bectome, and dealing with ex-
ogenous actions. Golog is an alternative to traditionah [@gnthesis, since it allows
forms of procedural planning.

Semantics:The semantics of ConGolog and Golog is based on situatiaulceal and
is in the style of transition semantics.

Implementations: Interpreters have been developed in SWI-Prolog and for ESEIP
aswell htt p: //wwv. cs. t or ont 0. edu/ cogr obo/ mai n/ syst ens/ ).
Extensions: Many extensions exist: Legolod EGO MINDSTORM in (Con)Golog
[113]), IndiGolog (ncremental Deterministic (Con)Goldg7]), CASL (Cognitive A-
gent Specification Languad#55]), and an extension of ConGolog with sensing actions
[145]. More recently, Golog has been exploited to reprefiexible templates of Web
service composition and integrate user preferences incitmpasition process [159]. In
[79], the compilation of ConGolog into Basic Action Theafer planning is discussed.



Purpose of useGolog and ConGolog allow the design of flexible controllensdgents
living in complex scenarios. IndiGolog provides a pradticamework for real robots
that must sense the environment and react to changes oxurit. CASL is an envi-
ronment based on ConGolog which provides a verificationrenwment.

Concurrent METATEM [66] is a programming language for distributed artificial in
telligence, based on first-order linear temporal logic [65]Concurrent METATEM
system contains a number of concurrently executing agehishware able to com-
municate through message passing. Each agent executesadas temporal logic
specification of its desired behavior.

Semantics: METATEM semantics is the one defined for first-order lineanperal
logic.

Implementations: Two implementations have been produced. The first is a proto-
type interpreter for propositional METATEM implementedScheme. A more robust
Prolog-based interpreter for a restricted first-orderiearef METATEM has been used
as a transaction programming language for temporal dazaljé3].

Extensions: Single Concurrent METATEM agents have been extended wilibbete
ation and beliefs [68] and with resource-bounded reasopifiy Compilation tech-
niques for MASs specified in Concurrent METATEM are analyzelLl03]. Concur-
rent METATEM has been proposed as a coordination languafd®#j. The definition
of groups of agents in Concurrent METATEM is discussed in{8R The research
on single Concurrent METATEM agents converged with the asge on Concurrent
METATEM MAS:Ss in the paper [72] where “confidence” is added wtbsingle and
multiple agents. The development of teams of agents is sksclin [94].

Purpose of useiln [67] a range of sample applications of Concurrent METAT B
lizing both the core features of the language and some okieneions are discussed.
They include bidding, problem solving, process controyltfaolerance. Concurrent
METATEM has the potential of specifying and verifying amgaliions in all of the areas
above [74], but it is not suitable for the development of s3aitems.

SCIFF is a framework, developed within the EU-funded SOCS prdjehbught to
specify and verify interaction in open agent societies [6].

The SCIFF language is equipped with a semantics based oncAbellLogic Pro-
gramming (ALP) [101]. Interaction is modeled by way of ru(@ocial integrity con-
straint9, which associate the current state of affairs, includilhghe relevant events
detected so far, with a number of alternative possible &tuorlds, characterized in
terms of what is expected or not expected of them. SCIFF'satip@al component
is an ALP proof procedure for reasoning with expectationdyinamic environments.
The SOCS approach to the specification and verification aftegyeecieties [4], iDpen
aimed at minimally restricting the operation of system comgnts, and it is inspired
by the deontic notions of prohibitions and permission.

5 Societies Of ComputeeS (SOCS, IST-2001-32530): a computatiorialroadel for the de-
scription, analysis and verification of global and open societies of lggasmus computees.
http://lia.deis.unibo.it/research/ SOCS/



Semantics: The semantics of SCIFF is given as a mapping to ALP, augmenitid
a notion of consistency of expectations. SCIFF is sound angptete under realistic
domain assumptions [6].

Implementations: SCIFF is implemented using Constraint Handling Rules [BOlins
on SICStus Prolog and on SWI Prolog. SCIFF is also embedde@ @3S, a Java tool
for runtime monitoring and verification of agent interacti®].

Extensions:Recent extensions of SCIFF are an efficient implementatidgheoEvent
Calculus for Commitment tracking [165,37], extensionsstatic verification of declar-
ative models [125], its integration with Tropos [32], itstemsion for constraint opti-
mization [81], and a number of extensions for several appba domains described in
the SCIFE and CLIMB® Web sites.

Purpose of use:SCIFF is used for interaction specification and verificatitsn main
application domains, beside multi-agent systems, arsbsasiprocesses, Web service
choreographies, and medical guidelines.

DCaselLP is a multi-language development environment for Multi-Ag8ystems. It
provides tools and languages for modelling and implemgraiMAS prototype fol-
lowing a set of steps which guide the developer from the latgirement analysis to
the prototype implementation. The languages and toolsDi@dseLP integrates are
UML and an XML-based language for the analysis and desiggestalava, JESS and
TuProlog [51] for the implementation stage, and JADE for ¢iiecution stage. Soft-
ware libraries for translating UML class diagrams into ceael for integrating JESS
and TuProlog agents into the JADE platform are also provided

Semantics:No unifying formal semantics of the agents and the MAS, dedpk lan-
guage they are modeled or implemented in, have been defined.

Implementations: DCaseLP is implemented on top of JADE and provides librddes
seamless integration of agents implemented in TuProlog=&SJand enriched with
FIPA-compliant communication capabilities. It can be dtaded from the web sife
Extensions:A translator from UML sequence diagrams to Prolog agenteskek that
can be embedded into DCaseLP has been developed and iatkgittin the computer-
aided Agent-Oriented Software Engineering West2Eastdveonk [36].

Purpose of useDCaselLP main purpose is fast prototyping of agent systemappli-
cations in industrial research projects have been disdissgection 3.

Dynamics in Logic [17,13] is a programming language for reasoning about astio
that can be used for specifying agents and for executingtagpetifications. The au-
thors adopt a modal action theory, in which actions are sged by modalities. The
adoption of Dynamic Logic or a modal logic to deal with the lgeon of reasoning
about actions and change is motivated by the fact that modad &llows a very natural
representation of actions as state transitions, througjadhessibility relation of Kripke

"http://lia.deis.unibo.it/research/sciff/
Shttp://lia.deis.unibo.it/research/clinb/

Shttp://ww. disi.unige.it/person/Mascardi V/ Sof t war e/ DCaseLP.
ht m



structures. Since the intentional notions (or attitudek)ch are used to describe agents,
are usually represented as modalities, the proposed motiah aheory is well suited
to incorporate them. The language can represent incomipddief states and can deal
with sensing actions as well as with complex actions.

Semantics.The logical characterization @fynamics in Logids provided in two steps:
(a) a multimodal logic interpretation of a dynamic domain dgs@n which describes
the monotonic part of the language is introdudg@jan abductive semantics to account
for non-monotonic behavior of the language is provided [THe language relies on
such abductive semantics to provide a nonmonotonic solutiche frame problem;
when there are no ramifications, it has been proved to be @guivto the languag4d.
Implementation. A goal-directed proof procedure for reasoning about comatgions
(including sensing actions), which can be considered astarpreter of the language, is
supplied. This procedure can be extended for construdtiegd and conditional plans
to achieve a given goal from an incompletely specified ihdiate. The interpreter was
implemented in Sicsuts Prolog; it is a straightforward iempéntation of its operational
semantics and is available on request.

Extensions.In [13] the language was extended to represent beliefs @i @bents in
order to reason about conversations. A communication kiuding a primitive set
of speech acts, a set of special “get message” actions, whaslad, allowing for the
specification of conversation protocols. Other proposalk & causality operator are
presented in [84,85].

Purpose of useThe languag®ynamics on Logits suitable for building agents acting,
interacting and planning in dynamic environments. A webnaggstem calledVLog
[15], supplying adaptive services in a web-based apptinatontext, has been devel-
oped to demonstrate the language potential in developiagtative web applications as
software agents. More recently, the language has been Isgeldagiving a declarative
interpretation to web services [14,16].

DALI language and agent architecture [41]. DALI is an agent programming lan-
guage encompassing basic patterns for reactivity, praggtinternal thinking, and
memory. A DALI agent is a logic program that contains reactiules, aimed at in-
teracting with an external environment. The reactive adgtive behavior of a DALI
agent is triggered by several kinds of events: externarial, present and past events.
Semantics:The declarative and procedural semantics of DALI is defireedraevolu-
tionary semantics in order to cope with the evolution of aaragorresponding to the
perception of events. The semantics has been generalizeiteanclude the commu-
nication architecture by resorting to the general fram&RCL (Reflective Computa-
tional Logic) based on the concept of reflection principle.

Implementations: The DALI interpreter has been implemented in SICStus Praad
includes a FIPA-compliant communication library. The DAhtierpreter is in principle
able to interoperate with other FIPA-compliant platforimseroperability with JADE is
already guaranteed. DALI agents can be distributed on tle agthe implementation
of the communication primitives is based on TCP/IP.

Purpose of use:DALI is suitable to implement reactive agents, embeddednirina
teractive environment. Cultural heritage applicationgehaeen proposed, where DALI



agents discover the users’ movements via a Galileo satsifinal and proactively learn
and enhance user profiles to competently assist users dhaimgisits [40].

Finally, for more information on computational logics and\Bl, we forward the in-

terested reader to a number of comprehensive surveys algaiable in the literature,
among which [150,163,118,70].
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