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Abstract

This paper reports on the developments with the projectledt’Combining
Cognitive and Utilitarian Coordination in a Layered Agentchitecture”, supported
by CNPg/ProTeM-CC and the NSF. It focuses on an initial ideeatds that goal,
which is to use the Design-To-Criteria (DTC) scheduler idesrto produce an ef-
ficient intention selection function for AgentSpeak(XLh extension we have pro-
posed to a known BDI agent oriented programming languagethignpaper, we
concentrate on the particular extensions to the languadésmterpreter that were
necessary so that the integration with DTC was possibles iftiudes the way in
which an agent’s set of intentions (in the extended versfdheointerpreter) is trans-
lated into a TAEMS task structure, in order for DTC to schedlbse intended plans.
We also mention some future work on alternative ways to hetidit integration and
the assessment of this unified framework.

1 Introduction

In the course of attempting to develop a powerful and inneeatgent framework based
on a two-level agent architecture combining cognitive aregislon-theoretic frame-
works, several ideas have occurred to the research grouplv@d in this project which

only partially achieve that goal. This paper presents on¢hote ideas which, al-
though not fully integrating a Beliefs-Desires-IntensqiBDI) [Rao and Georgeff, 1995]



framework with the Generalized Partial Global Planning GEP coordination mech-
anisms [Decker and Lesser, 1995] in a two-level agent achite, it significantly
contributes to the performance of the BDI framework we hawerb developing
[Machado and Bordini, 2001], based on Rao’s AgentSpeak() &ent oriented pro-
gramming language [Rao, 1996a].

The referred idea is to use the DTC scheduler [Wagner et@8]1 which is part
of the GPGP framework, to improve the performance in intetipg BDI programming
languages, in particular concerning issues such as iotesglection, on which we con-
centrate in this paper. In fact, this idea is being appliesvimdifferent BDI frameworks;
we are using a variation of AgentSpeak(L) and another grottipivthe Brazilian team
is using the X-BDI framework [Moéra et al., 1999]. This papeports specifically the
experiences with the former. The latter is being considergiflora and Vicari, 2001].

Pursuing this more quickly achievable goal has helpedfglag several aspects of
the technologies we have at hands and pointing to futurettbres on how to pursue our
more ambitious project goals.

This paper is structured as follows. The next section prewithe necessary back-
ground on AgentSpeak(L) and GPGP. Section 3 presents thmalrideas underlying
this project, whereas Section 4 presents the specific ideasevpursuing at the moment.
It presents AgentSpeak(XL), an extension we have propas@géntSpeak(L), both for
improving that language in various aspects and in partidolaccommodate the on-the-
fly use of DTC for generating an efficient intention selectionction.

2 Background

2.1 AgentSpeak(L) and the SIMSpeak Interpreter

In [Rao, 1996a], Rao introduced the AgentSpeak(L) progrargritanguage. In that pa-
per, not only has he defined formally the operation of an abstnterpreter for it, but he
has also defined a proof theory for that language in which)diened, known properties
that are satisfied by BDI systems using BDI Logics [Rao, 19%#igh et al., 1999] could
also be proved; further, he claimed that there is an onea®eamrrespondence between
his interpreter and the proof system. In this way, he progagkat can be considered
as the first viable approach to bridging the ever so quotedogpeen BDI theory and
practice: an old worry of the BDI community.

Also, AgentSpeak(L) has many similarities with traditiblogic programming, which
is another characteristic that would favour it to become puter language: it should
prove quite intuitive for those familiar with logic programing. Besides, it has a neat
notation and provides quite elegant specifications of B[Enag This could contribute
for its being considered also for the production of formadhalevel specification of BDI
systems.

Further formalisation of the AgentSpeak(L) abstract ipteter and missing details
were givenin [d’'Inverno and Luck, 1998] using the Z formagsfication language; most
of the elements in that formalisation had already appearfdilnverno et al., 1998]. This
highlights the fact that AgentSpeak(L) is strongly basedranexperience with Kinny’s
dMARS [Kinny, 1993].



However, until recently there was no implemented integrefor AgentS-
peak(L). We have presented the very first working interprédbe AgentSpeak(L) in
[Machado and Bordini, 2001], which we called Si&peak. This was a prototype inter-
preter based on Sloman’s SIMGENT toolkit [Sloman and Poli, 1996]. For this project,
we are developing an efficient interpreter in C++, and wereeel the language so as to
integrate with DTC (see Section 4).

We are presently using SIMpeak in practical applications of multi-agent systems. In
[Rossetti et al., 2001], we proposed a new approach to teaffialation, where drivers are
endowed with cognitive decision-making capabilities. Humfiactors such as personality
and its influence on route choice are not accounted for intioa@l traffic simulation. In
the paper, we provided a reasoning mechanism for driverghwihere modelled as inten-
tional entities through the use of a BDI architecture. WedusgentSpeak(L) to specify
such agents, which decide on particular departure timesands to take, based on their
specific goals for each simulated day and according to theirqular past experiences
with the routes they know. In that way, that paper contriduteshowing a practical way
to represent and assess driver behaviour, and the adeqtiasing AgentSpeak(L) as a
modelling language, as it provides clear and elegant spatidns of BDI agents. Those
specifications are presently being used for running sinaraton SIMSpeak.

The next section gives an overview of the AgentSpeak(L) ranogning language and
its abstract interpreter, as presented in [Machado andiBip&001].

2.1.1 AgentSpeak(L) Syntax and Informal Semantics

This section covers the basics of the syntax and informaks¢ios of AgentSpeak(L)
first given in [Rao, 1996a], the paper which introduced itthalugh in this section the
formal definitions of the AgentSpeak(L) syntax are repraglalmost like the ones given
in that paper (except that we have improved some of them ftligpresentation is indis-
pensable, together with the presentation of SMBENT in the next section, for the under-
standing of the reminder of the paper. As we mentioned bebmeides [Rao, 1996a], the
reader can refer to [d’'Inverno and Luck, 1998] for detailethialisation of the language.

An AgentSpeak(L) agent is created by the specification ot afdease beliefs and a
set of plans. The definitions below introduce the necessatipms for the specifications
of such sets. Those familiar with Prolog, when reading dexsamples of AgentSpeak(L)
programs (e.g. in [Rao, 1996a] and [Rossetti et al., 2001])netice many similarities,
including the convention of using uppercase initials faiatle identifiers, and the issues
related to predicates and unification.

Definition 1 If b is a predicate symbol, and, . . ., ¢,, are terms them(¢y, ..., ,) or b(t)
is abelief atom A ground belief atom is hase belief A belief atormb(t) or its negation
—b(t) are belief literals Belief literals arebeliefs If ¢ and are beliefsy A ¢ is also a
belief.

AgentSpeak(L) distinguishes between two types of gaathievement goaBndtest
goals Achievement goals are predicates (as defined for beliefgegtprefixed with the
‘I" operator, while test goals are prefixed with théoperator. Achievement goals state
that the agent wants to achieve a state of the world wheresweeted predicate is true.



Test goals state that agents wants to test whether the assbpredicate is a true belief
(i.e., whether it can be unified with that agent’s base b&lief

Definition 2 If ¢ is a predicate symbol, and, . .., ¢, are terms therg(¢,,...,t,) or
lg(t)and?g(ty,...,t,) or 7g(t) are goals

Next, the notion of triggering event is introduced. It is aywenportant concept in
this language, as it is a triggering event that starts offetkecution of plans. There are
two types of triggering events: those related toldeition(‘+’) and those related to the
deletion(* —’) of mental attitudes (beliefs or goals, in fact).

Definition 3 If b(t) is a belief atomlg(t) and?¢(t) are goals, then-b(t), —b(t), +!g(t),
—lg(t), +7¢(t), and—"?g(t), aretriggering events

Clearly, from the usual model of agents (see, e.g., the dmgused in
[Wooldridge, 2000]), in regard to their acting on a enviramt) one sees that plans need
to refer to the basic actions that an agent is able to perfarritsoenvironment. Such
actions are defined below.

Definition 4 If a is an action symbol and,,...,¢, are first-order terms, then
a(ty,...,t,) Oora(t) is anaction

We now round off the presentation of AgentSpeak(L) syntathwhe definition of
plans. Recall that the designer of an agent using Agent$pedkes so by specifying a
set of base beliefs and a set of plans only. An AgentSpeaklér) ipas a head which is
formed of a triggering event (the purpose for that plan), aednjunction of belief literals
forming a context that needs to be satisfied if the plan is texeeuted (the context must
be a logical consequence of that agent’s set of base belfefdan has also a body, which
is a sequence of basic actions or (sub) goals that the ageitd aahieve (or test).

Definition 5 If e is a triggering event},, . .., b,, are belief literals, anch,, ..., h, are
goals or actions, thea: by A ... A b, < hy;...;h, isaplan The expression to the left
of the arrow is referred to as thieeadof the plan and the expression to the right of the
arrow is referred to as theodyof the plan. The expression to the right of the colon in the
head of a plan is referred to as tlwwntext For convenience, we shall rewrite an empty
body with the expressiontiue”.

We now turn to providing the basics on the interpretation geAtSpeak(L) programs.
For that, we need a few more definitions.

Intentions are particular courses of actions (in the forra etack of partially instanti-
ated plans) to which an agent has committed in order to ael@garticular goal, and are
represented as defined below.

Definition 6 Eachintentionis as stack ofpartially instantiated plans.e., plans where
some of the variables have been instantiated. An intensiaenoted byp; f ... I p.],
wherep;, is the bottom of the stack anpd is the top of the stack. The elements of the stack
are delimited byt. For convenience, we shall refer to the intentjorl t rue: true <-

t rue] as thetrue intention



Events, which may start off the execution of plans, can beraal, when originating
from perception of the agent’s environment, or internalewigenerated from the agent’s
own execution of a plan (e.g., a subgoal in a plan is an adddfogoal which may be
a triggering event). In the latter case, the event is accaomegaby the intention which
generated it.

Definition 7 Eacheventis a tuple(e, i), wheree is a triggering event and is an inten-
tion. If the intention is thetrue intentionthe event is called aexternal eventotherwise
it is an internal event.

We can now formally define an AgentSpeak(L) agent, as follows

Definition 8 Anagentis given by atupléF, B, P, I, A, S¢, So, S1), whereE is a set of
events,B is a set of base beliefd; is a set of plans/ is a set of intentions, and is

a set of actions. The selection functiSp selects an event from the géf the selection
functionSy selects an option or an applicable plan from a set of appliegidans; and
St selects an intention from the skt

We have devised a diagram which explains informally the fioming of an
interpreter for AgentSpeak(L) (note that this is formadisen [Rao, 1996a] and
[d'Inverno and Luck, 1998]). The pictorial description afch interpreter, given in Fig-
ure 1, greatly facilitates the understanding of the intetgrfor AgentSpeak(L) proposed
by Rao. In the figure, sets (of beliefs, events, plans, arghtiins) are represented as
rectangles. Diamonds represent selection (of one elemamtd set). Circles represent
some of the processing involved in the interpretation of A§@eak(L) programs.

At every cycle of execution of an agent program, AgentSpealipdates a list of
events, which may be generated from perception of the emviemt, or from the ex-
ecution of intentions (when subgoals are specified in theybafdplan). Note that
we have introduced a Belief Revision Function (BRF) in thehdecture which is im-
plicit in Rao’s interpreter (but normally made explicit ihg generic BDI architecture
[Wooldridge, 1999]). It is assumed that beliefs are updétech perception and when-
ever there are changes in the agent’s beliefs, this imgliestdition of an event in the
set of events. We have made this process explicit in the fidarencluding the BRF
component.

It is important to remember thas, Sp, andS; (see Definition 8) are part of the
definition of an agent. Neither Rao nor d’Inverno and Lucloelate on how users specify
such functions, but they are assumed to be agent-specitier &f has selected an event,
AgentSpeak(L) has to unify that event with triggering egentthe heads of plans. This
generate a set of alelevant plans When unifying the context part of heads of plans in
that set with the agent’s base beliefs, AgentSpeak(L) deters a set ohpplicable plans
(plans that can actually be used for the event to be handldtBnS, chooses a single
applicable plan from that set, and either pushes that pldhetop of an existing intention
(if the event was an internal one), or creates a new intemtidime set of intentions (if the
event was external, i.e., generated from perception of tkeament). An intention is,
therefore, a stack of partially instantiated plans.

All that remains to be done at this stage is to select a simgéntion to be executed
in that cycle. Note that each external event for which themmniapplicable plan generates
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Figure 1. Interpreting AgentSpeak(L) Programs [Machadd Bardini, 2001]

an independent stack of partially instantiated plans withe set of intentions. Th&;
function selects one intention from the ones which stay eridb of all those independent
stacks within the set of intentions. This intention is thereaited, which implies that
either a basic action is performed by the agent on its enmet, an internal event is
generated (in case the subgoal is an achievement goal)est gdal is performed (which
means that the set of beliefs need to be consulted). If tleatioin is a basic action or
a test goal, the set of intention needs to be updated. In the @ftest goals, further
variable instantiation will occur in the partially instétted plan which contained that
test goal (and the test goal itself is popped from the statk)the case where a basic
action is selected, the necessary updating of the set oftiates is to pop that action from
the intention stack. When a popped intention marks the erad safbplan, the subgoal
that generated it (which therefore stays immediately betepreviously pushed subplan
within the stack) is also popped from the stack, or the whialerition is removed from
the set if the initial plan (i.e., the plan triggered by anezwtl event) is the one that
finished execution. This ends a cycle of execution, and Afmedk(L) starts all over
again, checking the state of the environment after agents hated on it, generating
events, and so forth.



2.2 GPGP, TEMS, and DTC

Generalized Partial Global Planning (GPGP) has its rootBunfee’s Partial Global
Planning (PGP) work on the Distributed Vehicle Monitoringgstbed (DVMT)
[Durfee and Lesser, 1991], and von Martial’'s work on recagrg and taking advantage
of a “favors” relationship [von Martial, 1992]. It is one dfi¢ best known coordination
mechanisms in the MAS research community, and sprang oubdf YActor Lesser’s re-
search group. The key insights that led to the GPGP approandt \{1) that coordination
activities like communicating meta-information, recaging relationships, and updating
scheduling criteria could be separated from the actualgg®of local scheduling; and
(2) that specific relationships that showed important inMMT domain actually had
generic counterparts that could appear in any domain. Thergetask relationships iden-
tified include both hard relationships such as the resutis fone task enabling another
task, and soft relationships such as facilitation.

GPGP was developed as a domain-independent framework todioating real-
time activities of small teams of agents [Decker, 1996, [Reckd Lesser, 1995]. This
framework supports a set of coordination mechanisms whaih recognize the fea-
tures of the agent’s subjective view of a given problem-sgvprocess, trigger in-
formation gathering actions when needed, and handle reshoydas well as soft
and hard relationships appropriately. The gathered in&dion is used by agents to
commit themselves to the execution of certain methods angdeadlines and char-
acteristics (e.g. a given quality level). Over the last ¢hsyeears, the framework
has been extended based on the experience acquired whefningpiplto a number
of applications which included: distributed situation essment, information gather-
ing and management, coordination of concurrent engingeaictivities, and hospi-
tal scheduling [Decker, 1998, Decker and Li, 1998, NageRdesad and Lesser, 1996,
Oates et al., 1997]. This led to the creation of the GPGP2dvennk [Lesser et al., 1998,
Lesser, 1998, Lesser et al., 1999, Vincent et al., 2001].tNex make a brief discussion
of GPGP and how it permits the implementation of coordimastrategies for a wide
range of multi-agent systems.

The basic idea behind GPGP is that each agent constructaritsocal view of the
activities (that it intends to pursue in the short-to-mediterm time frame), and the rela-
tionships among these activities. This view can be augnddmntenformation from other
agents, thus becoming a view that is not entirely local. Viadial coordination mecha-
nisms that are part of GPGP help to construct these partalsjiand to recognize and
respond to particular task structure relationships by mgkbmmitments to other agents.
These commitments result in a more coherent, coordinateaMi@ by affecting the tasks
an agent will execute, when they will be executed, and whaan thsults will be transmit-
ted to. The set of mechanisms are: (1) communicate non-aeats; (2) communicate
appropriate results; (3) avoid redundancy; and (4,5) lahdrd and soft coordination
relationships which exist between tasks of two differerdrdg.

GPGP uses the TAEMS (Task Analysis, Environment Modelingy 8mula-
tion) domain-independent framework to represent formalg coordination aspects
of problems. Unlike many systems, this framework deals withrth-oriented
[Rosenschein and Zlotkin, 1994] environments where a goalot either fully achiev-
able or not at all, but rather has a degree of achievementiassd with it. In TAEMS,



this is represented by tracking a quantitative vector df tdmaracteristics or criteria over
which some utility preference may be expressed [WellmanZaoyle, 1992]. We also al-
low many task structures to be active at once, represengweral objectives all of which
must be achieved to some degree. The agent’s task stru¢tuwvemay change over time
due to uncertainty, or due to a dynamically changing envirent. TAEMS also provides
ways to model scenarios where tasks have deadlines andypartkinds of results must
be achieved. In that case, we say that a certain task’s ghaigt been accrued.

The central representation in TAEMS, which drives all of theGF coordination
mechanisms is that of the local (and non-local) sets of iietsvcalled task structures.
Several important pieces of information are captured intdis& structure. These include:
(a) the top-level goals/objectives/abstract-tasks thatgent intends to achieve; (b) one or
more of the possible ways that they could be achieved, espdess an abstraction hierar-
chy whose leafs are basic action instantiations, calledhotsst; (c) a precise, quantitative
definition of the degree of achievement in terms of measarabhracteristics such as
solution quality, cost, and time; (d) task relationshipattimdicate how basic actions or
abstract task achievement affect task characteristiesvbksre in the task structure. The
quality of a task group depends on what and when its subtaskthair methods are exe-
cuted. Beside the local effects of the execution of method$ie quality and duration of
their supertasks, there exist non-local effects (NLE) ékables, facilitates, and so on. A
task T may enable a method M in the sense that the quality ofriiatebe accrued until T
is completed, i.e. the earliest start time of M is the finishetiof T. Therefore, enables is a
hard relationship, which means it must be observed in ai€ad/hen a task T1 facilitates
another task T2, the duration and/or quality of T2 is affdct®it may not necessarily be
observed since facilitates is a soft relationship. Anothgyortant set of NLE applies to
methods and their use of resources. Uses, replenishesgret®lLE’s running from one
method to one resource and altering its state. Conversaligetl, exclusive access, etc.
are NLE’s running from one resource to a method.

Besides using TAEMS as a representation language, GPGRésciliso the Design-
To-Criteria Scheduler (DTC). It uses a domain-independeii-time, flexible computa-
tion approach to task scheduling. DTC efficiently reasomaiathe quality, cost, duration
of interrelated methods, and constructs a set of satisfyaingdules for achieving high-
level goals.

The GPGP approach uses the basic TAEMS task structure refatse and adds two
important extensions: partial representations of the &skctures in other agents, and
local and non-local commitments to task achievement. EgGScoordination mech-
anism is specified with respect to features in these dyndinid@anging task structures,
and so provides flexible coordinated responses acrossatiffproblem domains.

3 Project Overview

The CUCLA project (Combining Cognitive and Utilitarian Qoation in a Layered
Agent Architecture) is financed by CNPg’s ProTeM-CC initiatand the National Sci-
ence Foundation. Itis being developed by a cooperationd®mtthe multi-agent systems
research groups based at the Federal University of Rio @rdodsul (Brazil) and at the
University of Massachusetts at Amherst (United States oéAca). The Brazilian group



is coordinated by Rosa Vicari, while the group based in thasJ®ordinated by Victor
Lesser.

CUCLA aims at augmenting an agent language based on méictatistaphors with
a decision-theoretic approach to agent coordination, ¢thegting a powerful, innovative
multi-agent framework. A two-level agent architecturease developed that combines
concurrently operating subsystems; at the higher levelsistesystem that reasons about
symbolic information — an extended version of a BDI arcliiteg, while a lower level is a
subsystem that reasons about quantitative informationexeamded version of the GPGP
(Generic Partial Global Planning) architecture. In thiswiji the lower layer pertains to
feasibility and implementation operations, i.e., the dethanalysis of candidate tasks
and actions, the formation of detailed temporal/resoggecific commitments between
agents, and the balancing of non-local and local problelwirgpactivities. In contrast,
the upper layer pertains to domain-specific coordinati@kgasuch as the formation of
high-level goals and objectives for the agent, and decssatiout whether or not to coor-
dinate with other agents to achieve particular goals oritogatbout particular objectives.
Detailed domain knowledge is used at this level to make thiggelevel coordination de-
cisions. In contrast, decisions at the lower level do notinteeeason about this detailed
domain state. However, reasoning about detailed modeleqgi¢rformance characteris-
tics of activities, such as their temporal scope, quality affects of resource usage on
performance is necessary at this level.

In this view, the layers are interdependent activities tparate asynchronously. The
upper layer provides the performance criteria and the setnotlidate tasks for consid-
eration by the lower layer; whereas the lower layer, as tseltef its deliberation (in
constructing the detailed commitments and temporal sezjngmecessary to implement
the desired objectives) may provide feedback to the uppger labout the feasibility of
certain tasks. In response to this feedback, the upper taggralter the set of candidate
tasks or the performance objectives. Many theoretical tipeson each level, as well as
in the integration of these levels, should also contribudenfthe research to be carried
out in this international cooperation of research teams.

The development of this two-level agent architecture, aptdogramming language
based on it, will result in making it significantly easier tevélop multi-agent systems
that can function effectively in open environments suchhaslhternet where the set of
goals to achieve, the set of resources available, and thef s¢ther agents are dynami-
cally changing. In fact, such framework could be used in teeetbpment of complex
applications of any kind. Multi-agent systems have nowadagrked its presence in the
development of highly successful systems in areas whichblead considered too com-
plex for computational management. This is the reason $fopiiesent popularity. The
range of application for MAS techniques are really quite @vidrom major industrial
applications to the simulation of organizations and comitnes

Using this resulting programming language we also aim ag¢ld@ing two application
scenarios of interest to the research teams involved irptioigect. The main objective for
such development, inasmuch as the project is concerndx e/aluation of the joint cog-
nitive and decision-theory framework to be developed dutire first part of the project.
One of the application scenarios is on Intelligent Homesraa of application for which
the U.S. research teams has marked international recognifihe other application area



is Distance Learning, similarly an area for which the Briazilresearch team has a long
standing recognition. Besides the use in the evaluatioh@ftoject results, these ap-
plication areas also have, respectively, a huge potemtigthe production of industrial
products and in social terms (regarding access to edugat#dso, we expect to test the
prototype initially in scenarios related to the Internet,which interesting issues arise,
e.g., similar or conflicting intentions of agents leadinggdundant tasks.

With the specification and construction of the system pyqetve expect the coordi-
nation module of GPGP to be capable of dealing with commitseneated by an analysis
of team work, integration of efforts to solve a given taskd afthe multiple plans avail-
able. This would mean an improvement in the GPGP capacityaifiation of plans of
actions, since currently only the environment-centredamst are considered. Also, the
mechanisms we expect to provide would not only be used in@uat framework, but
also be of interest for BDI-based research generally, &priesents further work towards
a current limitation of these formalisms, namely the indalig of practically dealing
with quantitative choices.

In summary, this section has outlined possible ways towheldevelopment of a joint
framework based on BDI (beliefs, desires, intentions) négpies and the GPGP frame-
work. The BDI level can establish commitments based on kedgé about the states of
the agents (e.g. their beliefs, intentions), letting thargilative aspects (cost-benefit of
actions when resource or other types of constraints ardadenesl) for the GPGP frame-
work and its coordination mechanisms, which proved to beiefit in many scenarios.
This joint work has the benefit of dealing with agents’ plasreéted on its turn by agents’
mental states), while the actual actions are evaluatedrumdeore quantitative analy-
sis. This way, the work tackles a drawback of pure intentigraotivated formalisms
and agent architectures, namely their weakness to perfaantgative analysis and thus
make choices efficiently, given resources and other canssravhich appear in dynamic
scenarios.

In the remainder of the paper, we concentrate on a simplifiediem, which is how-
ever akin to the philosophy of the project, and can produgeifsicant improvements to
a BDI agent oriented programming language. It does not lfalfithe ambitions of this
project, but significantly contributes to the area and hamnteslpful in providing us with
a deeper knowledge of the technologies we have at handshanttigyive further insights
into how to fully integrate the frameworks produced by the teoperating teams.

4 Integrating AgentSpeak(XL) and the DTC Scheduler

This section outlines the major changes that we have proptséhe AgentSpeak(L)

language and its abstract interpreter, both for adding g peogramming features, and
in particular for accommodating DTC as a on-the-fly generatschedules for intended

means (i.e., plans), so that an efficient intention seledimction can be used as part
of the interpreter. This extended version of the languagé&samterpreter was called

AgentSpeak(XL).
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4.1 Language Extensions

We have been working on some extensions to AgentSpeak(Lhpoove various de-
ficiencies of the language for practical programming. Thiestude, for example, the
absence of basic arithmetic and relational operators. rQtbBciencies are more sig-
nificant in the conceptual level of multi-agent systems. @egous disadvantage of
AgentSpeak(L) in comparison to other abstract agent aggbptogramming languages,
e.g. 3APL [Hindriks et al., 1999], is that it does not providays for dealing with plan
failure. In fact, Rao pointed out to AgentSpeak(L) eventgjimal deletion, syntactically
represented as!g(t) and—7¢(t), which supposingly were intended for dealing with plan
failures, but he did not include that in the semantics of #mglage.

We have defined a precise mechanism for allowing programioenise such events
in order to handle plan failures. Another significant impgment that we have done is in
respect to agent communication. We have devised the meankibly AgentSpeak(XL)
agents can communicate using KQML [Mayfield et al., 1996¢ awe have defined also
the changes in the abstract interpreter that have to be noadegénts’ mental state to
reflect the communications in which they engage. We empbdsa, although these ex-
tensions are well defined, the formal semantics of thesasixtes is not as yet specified.
We do not give even informal accounts of these extensiores hsrthe main focus of this
paper is the integration with DTC.

For the integration with DTC, we need to specify labels whidequivocally identify
each individual plan in the plan library. Plan labels areesafed from the rest of the plan’s
syntactic structure by a‘>" symbol. This was the first syntactic change we introduced
in AgentSpeak(XL). A plan is now defined as:

label - > event(E) : by(T1) & ... &b, (T,) <- a1; ... ; an

In order to allow AgentSpeak(XL) programmers to use fundat@econstructs in any
programming languadesuch as basic arithmetic and relational operators, we bave
tended the language with a construct we aatiérnal actions They allow the access to
user-defined, extensible libraries of procedures, whidikkemmgent's basic actions (here
also referred to asxternal actiony do not affect the environment shared by all agents
in a society. The fact that they do not affect the environmemin essential part in the
semantics of internal actions: this means that they can stantaneously executed (as
they cause no effects in the environment, and thereforertepéon). Because these ac-
tions are executed instantaneously, unlike external metighich require the interpreter
to proceed to a next cycle (performing the action in the emriment and then providing
the agent with new perceptions), it means that we can effdgtuse them in the context
part of plans, as well as in the body. Recall that the contaxtqf a plan has to be fully
evaluated when the interpreter is checking for applicatd@gpfor a specific event (this
cannot way for another interpretation cycle). Also, thegioiity of using internal actions
in the context of plans is quite important, as programmerg quate often need to have
access to those library procedures for actually deciding/logther a plan is applicable or

Ut is important to note, however, that AgentSpeak(L) is mtended as a general programming lan-
guage, but for the specification of the high-level reasomh{BDI) agents. Nevertheless, certain basic
programming constructs are quite helpful in that task, ediog to our experience in programming with
AgentSpeak(L), e.g. in [Rossetti et al., 2001].
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not. For example, an internal action which implements refeti operators may need to
be used in the context part of the plan to make sure that itnetlleven be considered as
applicable (executing that action in the body of the plan Mdisst allow the plan to be
applicable, possibly chosen as intended means, and oahféging; in that case it would
have to be treated with plan failure operators).

Syntactically, internal actions have a ‘.’ in their namesieh is used to separate the
name of the library from the name of the action (as with C+s&és and methods). This
has two advantages: (i) the interpreter can differentiatmiilee in the context of a plan
which are predicates that need to be checked for logicaleoprence of the belief base
from internal actions (recall that their semantics asstinas they can be performed in
that same interpretation cycle), or differentiate, in tloely of plans, internal from basic
actions (which are dealt with by the environment and whofextf are only perceived in
the next interpretation cycle); and (ii) programmers cayaoise newly defined actions in
various libraries.

A standard libraryis provided with AgentSpeak(XL), which define useful operat
(e.g., relational and arithmetic ones). This is the onlyrfiegess” library, so one can
use.gte(X,Y) to access thgte internal action defined in the standard library. Using
somethinglike®.. & (X >=Y) & ...” in a plan context is automatically translated into
‘oo &.gte(X,Y) & ...”, which in turn makes access to the standard library.

This definition of internal actions has also been quite handiie aimed integration
with DTC. Besides the standard one, another library is glediby AgentSpeak(XL),
which is called the task structure library. This is the esten of main interest in this
paper, as it allows the use of DTC in intention selection sTirary is presented in Sec-
tion 4.3, as we need first to define the changes we had to irdeoduhe AgentSpeak(L)
interpreter so as to be able to use DTC.

4.2 Extensions to the Interpreter

This section mentions exclusively the changes we proposieet@gentSpeak(L) inter-
preter in order to integrate with DTC. Other extensions, &g allowing agent commu-
nication, are not discussed in this paper.

In order to have an efficient intention selection functiéh (n Definition 8 and Fig-
ure 1, in Section 2.1.1), the idea that we are presently jngss the following. The DTC
scheduler (briefly mentioned in Section 2.2) produces, foivan TAMS task structure,
alternative sequences in which an agent should executedtieods in that task structure
S0 as to best satisfy the criteria (quality, duration, angt)cgpecified for them in the task
structure of interrelated methods. Therefore, if we crealeEMS task structure where
the method labels are in fact the labels that uniquely ifietitie plans that are on the
top of the intention stacks, and the programmer can setfspealues for the scheduling
criteria for each plan as well as the (TAEMS-like) relatiofiach plan to the others,
then applying DTC to this task structure generates an orderhich the plans that are
candidate for intention selection would be best chosenXecation.

Further defining the translation of the set of intention® IMEMS task structure,
a TZEMS method label will in fact be a reference (through pkels) to the intended
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means$ on the top of the stacks forming the agent’s set of intentidftse labels of the
intended means that are beneath the top of the stacks, wiltée as intermediate task
labels. The root task will have a conjunction of subtask® fum each of the stacks of
instantiated plans in the set of intentions. This providssple algorithm for translating
an agent’s current set of intentions into a TAEMS task strectu

One important alteration is needed in the data structured tesstore the set of inten-
tions. We now need to store the current scheduling criteribralations for each intended
means together with it in the set of intentions, so as to be @bjenerate the TAEMS task
structure representing the particular state of the settehitons. Note that the criteria
and relations can change during the execution of a plan,easiaghe next section; that
is why they have to be stored in the set of intentions.

Considering that we can translate the set of intentionsanToEMS task structure,
and we can run DTC on it, it is easy to create an efficient imbergelection function for
the AgentSpeak(XL) interpreter: it suffices to read the dcihes of plan labels produced
by DTC. All the intention selection function has to do is stlie first formula (e.g., an
action or a subgoal) in the body of the intended plan whosel liskin the beginning of
a schedule provided by DTC. When the formula being executattsrithe end of a plan,
that plan’s label is also removed from the schedule.

4.3 The Task Structure Library

In this initial version of the Task Structure library of imtel actions, which is accessed
by the s library name, we do not consider the possibility of a methadifg more
than oneoutcome and we define specific values rather ttdistributionsfor each of
the DTC scheduling criteria (i.e., we consider tthensityto be the maximum one for
each of these values). For the precise meaning of these TAEMS t please refer to
[Wagner et al., 1998].

Each of the methods which represent intended means on tayerttion stacks will
have a single outcome (which can be associated to whethptahdinished successfully
or not). Therefore, when the parameters for the scheduhitgria of that intended means
are set (in the plan itself), they can only refer to that smmitcome. In order to inform the
AgentSpeak(XL) interpreter of the specific values for the¢hDTC scheduling criteria,
we use the following internal actions (defined within thdibrary):

ts.Criteria(quality value, duration_value, cost_value)
or the programmer can use these specific actions to set otieutercriterion:
ts.Quality(value)

ts. Duration(value)
ts.Cost(value)

Note that the parameters to these internal actions can Ietbles if they have been pre-
viously instantiated in the plan.

2Recall that an intended means is a partially instantiatad l the agent’s set of intentions.

13



Also, the first version of the AgentSpeak(Xty library shall not make use of TAEMS
guality accumulation functions other tharsum.

The following internal actions are used for specifying ti&EWSfacilitatesandhin-
dersrelations between the plan that executes the action and thesn as parameter (we
are investigating whether the other relations should aéscdmsidered):

ts.Facilitates(Py, . .., P,)

ts.Hinders(Py, ..., P,)

It is interesting to note that, because these criteria aladioas can be specified not
only in the context but also in the body of plans, they can kenged dynamically by
AgentSpeak(XL) programmers. The internal actions actually change the plan sched-
ule criteria and plan relations that are associated withititanded means in the set of
intentions.

There are two ways in which the TAMS task structure genefabed the agent’s set
of intentions can change: either when a plan executes actiom thets library, which
change the criteria and relations among plans, or when am@nded means is inserted
in the set of intentions, which means that there is a new TAM&HKod” to be considered
for scheduling). Both of them trigger the generation of a Ae&MS task structure for
the current set of intentions and the execution of DTC on thsk structure in order to
get a new schedule of plan labels to be used by the intentleatsmn function.

5 Conclusion

We have presented some ideas on how to integrate the DTC wdehedith an
AgentSpeak(L)-like programming language, which we cakagentSpeak(XL). Some
new constructs were added to the language, for its gene@biement and to accom-
modate the DTC-based selection function. This allows theratic conversion of the
agent’s set of intentions into a TAEMS task structure so tisaDIrC schedules define
efficient intention selection functions. At this moment, stél do not have any quanti-
tative evaluation of the improvement on the interpreteeg@rmance resulting from this
extension, but we expect a significant one. It is clearly meesonable than, e.g., the
simple one we used in [Machado and Bordini, 2001]. That gtaive evaluation should
be reported in a paper soon.

The very next steps in this project are precisely relatedith gjuantitative evaluation.
There are also a number of questions to be answered, whibbnljlbe possible when we
have the experimental data on which to make specific quémétavaluations. We have to
assess whether our decisions to schedule whole plans thtrebasic (external) actions
was a good one. We also have to investigate the use of DTCen sgection functions, in
particular the one that selects among the options that thes¢for applicable plans of a
particular event. Improvements in the event selectiontionalso have to be considered,
either with DTC or by some other means.

Pursuing the specific ideas presented here, has been duitgniating about the
frameworks which we have been trying to integrate. In thg&rierm, we have to recon-
sider, preferably in a meeting between the Brazilian and é#s, our more ambitious
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goals so as to set the agenda for working towards a full iateggr of GPGP and a BDI
programming language in a two-level agent architecture.
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