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Abstract. This paperdescribesan agent-orientedequirement&ngineeringap-
proachthatcombinesnformal modelswith formal speci cationsin the mul-
tiagentsystemspeci cationformalism CASL. This allows the requirementen-
gineerto exploit the complementaryeaturesof the framavorks. canbeused
to modelsocialdependencielsetweeragentsandhow processlesignchoicesaf-
fectthe agents'goals.CASL canbe usedto modelcomplex processegormally.
We introducean intermediatenotationto supportthe mappingbetween mod-
elsandCASL speci cations.In thecombined -CASL framevork, agents'goals
andknowledgearerepresentedstheir mentalstateswhich allows for the for-
mal analysisandveri cation of, amongotherthings,comple agentinteractions
whereagentsnayhave differentgoalsanddifferent(incomplete knowledge.Our
modelscanalsosene ashigh-level speci cationsfor multiagentsystems.

1 Intr oduction

Modern software systemsare becomingincreasinglycomple, with lots of intricate
interactionsTherecentpopularityof electroniccommercewebservicesgtc.con rms
the needfor softwareengineeringnethoddor constructingapplicationghatareopen,
distributed, and adaptableo change.This is why mary researcherand practitioners
arelooking atagenttechnologyasa basisfor distributedapplications.

Agentsare active, social, and adaptablesoftware systementitiessituatedin some
ernvironmentand capableof autonomougxecutionof actionsin orderto achiese their
setobjectives[25]. Furthermoremostproblemsaretoo complec to be solved by just
oneagent;one mustcreatea multiagentsystem(MAS) with seseral agentshaving to
work togethetto achieve their objectvesandultimatelydeliver thedesiredapplication.
Thereforeadoptingtheagent-orientedpproacho softwareengineeringneanghatthe
problemis decomposeéhto multiple, autonomousinteractingagentseachwith their
own objectives (goals).Agentsin MAS frequentlyrepresentndividuals,companies,
etc. This meanghatthereis an“underlying organizationatontet” [7] in MAS. Like
humansagentseedto coordinateheir actiities, cooperaterequeshelpfrom others,
etc.,oftenthroughnegotiation.Unlike in object-orientedbr component-baseslystems,
interactionan multiagentsystemsoccurthroughhigh-level agentcommunicatiorian-
guagesso theseinteractionsare mostly viewed not at the syntacticlevel, but “at the
knowledgelevel, in termsof goaldelegation,etc” [7].



In requirementgngineeringdRE), goal-orientedapproades(e.g,KAOS[3]) have
becomeprominent.In Goal-OrientedRequirement&ngineering(GORE), high-level
staleholderobjectives are identi ed as goals and later re ned into ne-grained re-
quirementsassignableo agents/components the system-to-ber in its ernvironment.
Relianceon goalsmakes goal-orientedrequirementengineeringnethodsand agent-
orientedsoftwareengineeringa greatmatch.Moreover, agent-oriente@nalysisis cen-
tral to requirement&ngineeringsincethe assignmenbf responsibilitiefor goalsand
constraintamongthe componentsn the system-to-beindthe agentsin the erviron-
mentis themainresultof the RE processThereforejt is naturalto usea goal-oriented
requirementengineeringapproachwhendevelopingMAS. With GORE, it is easyto
malke the transitionfrom the requirementgo the high-level MAS speci cations.For
example,stratgic relationshipsamongagentswill becomehigh-level patternof inter-
agentcommunicationThus,it would be desirableto devise an agent-orientedRE ap-
proach with a formal componenthat supportsigorousformal analysis,includingrea-
soningaboutagents'goalsandknowledg.

In the above context, while it is possibleto informally analyzesmall systemsfor-
mal analysisis neededfor ary realistically-sizedsystemto determinewhethersuch
distributed requirementsmposedon eachagentin a MAS are correctlydecomposed
from thestaleholdergoals,consistenaind,if properlymet,achiezethesystemsoverall
objectives.Thus,theaim of thiswork is to deviseanagent-orientedequirementgngi-
neeringapproactwith aformal componenthatsupportseasoningaboutagents'goals
(and knowledge), therebyallowing for rigorousformal analysisof the requirements
expresseasthe objectivesof theagentsn a MAS.

In ourapproachweintegratethe modelingframeavork[27] with CASL[19, 18], a
formalagent-orientedpeci cationlanguageahatsupportshemodelingof agentmental
statesThis givesthemodelerthe e xibility andintuitivenesfthe notationaswell
asthepowerful formalanalysiscapabilityof CASL. To bridgethegapbetweerinformal

diagramsandformal CASL speci cationswe proposean intermediatenotationthat
canbeeasilyobtainedrom modelsandthenmappednto CASL. With our -CASL-
basedapproacha CASL modelcanbeusedbothasarequirementanalysisool andas
aformalhigh-level speci cationfor amultiagentsystenthatsatis estherequirements.
This modelcanbeformally analyzedusingthe CASLve[20, 18] tool or othertoolsand
theresultscanbefed backinto therequirementsnodel.

Oneof themainfeatureof this approachs thatgoals(andknowledge)areassigned
to particularagentsthus becomingtheir subjectve attributesasopposedo beingob-
jective systempropertiesasin mary otherapproachege.g., Tropos[1] andKAOS[3]).
This allows for the modelingof con icting goals,agentnegotiation,information ex-
changecomplex agentinteractionprotocols etc.

Therestof thepapelis organizedasfollows: Section2 brie y describesheconcepts
of andCASL, Section3 discusse®ur approachin detail,and Section4 concludes
thepaper



2 Background

2.1 The Framework

[27] is anagent-orientednodelingframenork thatis mostly usedfor requirements
engineering. centerson the notion of intentionalactor andintentionaldependency
Actors aredescribedn their organizationakettingand have attributessuchasgoals,
abilities, beliefs,etc. In , an actor can use opportunitiesto dependon other actors
in achieving its objecties, at the sametime becomingvulnerableif thoseactorsdo
not deliver. Dependencies1  areintentional sincethey appearasa resultof actors
pursuingtheir goals.

To illustrate the approachwe usea variant of the meetingschedulingproblem,
which hasbecomea popularexemplarin Requirement&ngineeringln the context of
the  modelingframavork a meetingschedulingprocesswas rst analyzedin [27].
We modi ed the meetingschedulingprocesgo make our modelseasietto understand.
For instancewe take thelengthof meetinggo be thewhole day. We alsointroduceda
legag softwaresystencalledtheMeetingRoomBooking System(MRBS) thathandles
thebookingof meetingrooms.The completecasestudyis presentedh [8].
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Fig.1.SD (A) andSR(B) modelsfor the meetingscheduleprocess

The framavork hastwo maincomponentsthe Strategic DependencySD)model
andthe Strategic Rationale(SR)model Theformerdescribeshe externalrelationships
amongactorswhile thelatterfocuseon exploringtherationalebehindthe processem
organizationgrom thepoint of view of participatingactors.SD modelsarenetworks of
actors(which canbe agentspositions,androles)anddependencieDependingactors
arecalleddependesanddepended-upoactorsarecalleddependeed herecanbefour
typesof dependenciebasedon whatis beingdelegated— a goal, a task,a resource,



and a softgoal.Softgoalsarerelatedto the notion of non-functionalrequirementg2]
andmodelquality constrainton the system.

Fig. 1A is the SD diagramshawving the computerizedVeeting Scheduler(MS)
agentin its ervironment.Here,therole MeetingInitiator (MI) dependn the MS for
schedulingneetingsandfor beinginformedaboutthe meetingdetails. The MS, in turn,
depend®nthe MP (MeetingParticipant)role for attendingmeetingsandfor providing
his/heravailabledatesto it. The MS usesthe bookingsystemto bookroomsfor meet-
ings. The Disruptoractorrepresentsutsideactorsthat causechangesn participants'
scheduleshusmodelingthe ervironmentdynamics.

SR modelsenablethe analystto assesalternatvesin the de nition of actor pro-
cesseso betteraddresgheir concernsFour typesof nodesareusedin SR models—
goals,tasks,softgoalsandresources— andthreetypesof links — means-endbnks,
task decompositiondinks, and softgoal contritution links. Means-enddinks specify
alternatve waysto achieve goals;taskdecompositiorinks connectaskswith compo-
nentsneededor their execution.For example,Fig. 1B is a simple SR modelshawing
somedetailsof theMI processTo schedulameetingstheMI caneitherdoit manually
or delggateit to the schedulerQuality requirementgsoftgoals) suchasMinimize-
Effort  in Fig. 1B, areusedto evaluatethesealternatves.Contritution links specify
how alternatvescontributeto quality constraints.

2.2 The Formal Foundations: CASL

TheCognitive AgentsSpeci cationLanguag€CASL)[19, 18] is aformalspeci cation
languagethatcombinegheoriesof action[15, 16] andmentalstateqd17] expressedn
the situationcalculus[10] with ConGolog[4], a concurrenthon-deterministi@agent-
orientedprogramminganguagewith a formal semanticsln CASL, agents'goalsand
knowledgearemodeledformally; communicatioractionsareprovidedto updatethese
mentalstatesandConGologis thenusedto specifythe behaiour of agentsThis com-
binationproducesa very expressie languagethat supportshigh-level reasoningabout
theagentsmentalstatesThelogicalfoundationsof CASL allow it to beusedto specify
andanalyzea wide variety of MAS including non-deterministicsystemsandsystems
with anincompletelyspeci edinitial state.

CASL speci cationsconsistof two parts: the model of the domainand its dy-
namics(the declaratve part) andthe speci cation of the agents'behaiour (the pro-
ceduralpart). The domainis modeledin termsof the following entities: 1) primitive
actions— all changedn the domainare dueto primitive actionsbeing executedby
agentsy) situations which are statesof the domainthat resultfrom the executionof
sequencesf actions(thereis a setof initial situations,with no predecessoicorre-
spondingto the waysagentsthink the world might be like initially); 3) uents, which
arepredicatesandfunctionsthatmay changevaluefrom situationto situation.The u-
entRoom(meetinglD,date,room,s) , wheres is a situationparametermodels
thefactthataroomhasbeenbookedon somedayfor somemeetingin a situations.

To specifythe dynamicsof an applicationdomain,we usethe following typesof
axioms:1) action preconditionaxiomsthatdescribeunderwhat conditionsactionscan
be performed;2) successostate axioms(SSA), which were introducedin [15] asa
solutionto theframeproblemandspecifyhow primitive actionsaffect uents; 3) initial



stateaxioms which describetheinitial stateof thedomainandtheinitial mentalstates
of theagents#) otheraxiomsthatincludeuniquenameaxiomsfor actionsanddomain
independentoundationabxioms.

Agents'behaviour is speci ed usingarich high-level programmindganguagewith
recursve proceduredpops,conditionalsnon-determinismgoncurrenyg, andinterrupts
[4]. Thefollowing tablelists mostof the availableconstructs:

primitive action

? wait for a condition(test)
sequence

nondeterministidranch
nondeterministichoiceof argument

nondeterministigteration

if  then else endIf conditional
while do endWhile while loop
for do endFor , for loop

concurreng with equalpriority
concurreng with  atahigherpriority

guard do endGuard, guard
until , interrupt
, procedurecall

Theguardoperator(de nedin [8]) blocksexecutionof theprogram until its condition

holds.For aninterruptoperatorwhenits condition holdsfor somevalueof |, the
interrupttriggersandthebody is executedAfterwards theinterruptmaytriggeragain
provided that the cancellationcondition doesnot hold. The “for loop” constructis
de nedin [18].

Also, CASL supportsformal modelingof agents'goalsandknowledge.The rep-
resentatiorfor both goalsandknowledgeis basedon a possibleworlds semanticsn-
corporatednto the situationcalculus,wheresituationsare viewed as possibleworlds
[11, 17]. CASL usesaccessibilityrelationsKk andWto modelwhatanagentknows and
whatit wantsrespectiely. K(agt,s',s) holdsif thesituations' is compatiblewith
whatthe agentagt knows in situations, i.e., in situations, the agentthinks that it
mightbein thesituations' . In this casethesituations’ is calledK-accessibleWhen
anagentdoesnotknow thevalueof someformula , it considergpossibleformally, K-
accessibleyomesituationswhere is trueandsomewhereit is false.An agentknows
someformula if istruein all its K-accessiblesituations:Know(agt, ,S)

s'(K(agt,s',s) [ST) . Constraintson the K relation ensurethat agents
have positive and negative introspection(i.e., agentsknow whetherthey know/don't
know something)and guaranteghat whatis known is true. Communicationactions
suchasinform areusedfor exchangingnformationamongagentsThepreconditions
for theinform actionensurethatno falseinformationis transmitted The changego
agents'knowledgedueto communicatiorand otheractionsare speci ed by the SSA
for the K relation. The axiom ensureghat agentsare aware of the executionof all ac-
tions. This formal framework is quite simpleandidealized.More complex versionsof
the SSAcanbespeci ed,for example,to handleencryptednessagefl 9] or to provide



belief revision [21]. For corvenienceabbreviations KWhether (agt, ,s) , which
meansthat the agentknows either or its negation,and KRef (agt, ,s) , which
indicateshattheagentknowsthevalueof , areused.

TheaccessibilityrelationW(agt,s',s) holdsif in situations anagentconsiders
thateverythingthatit wantsto betrueactuallyholdsin s' , whichis calledWaccessible.
Goal (agt, ,s) indicateghatin situations theagentagt hasthegoalthat holds.
Thede nition of Goal saysthat mustbetruein all Waccessiblsituationsthathave
a K-accessibleituationin their past.This way, while agentamaywantsomethinghey
know is impossibleto obtain,thegoalsof agentsmustbe consistentvith whatthey cur-
rently know. In our approachye mostly useachiezementgoalsthatspecifythedesired
statesof the world. We usethe formulaGoal (agt, Eventually ( ),s) to state
thatagt hasthegoalthat is eventuallytrue.Therequest andcancelRequest
actionsareusedto requestervicesandcanceltheserequestsRequestareusedto es-
tablishintentionaldependencieamongagentsThe dynamicsof the Wrelation,which
is affectedby request , etc.,arespeci ed by a SSA. Thereare constrainton the W
andK relationswhich ensurghatagents'goalsareconsistenandthatagentsntrospect
their goals.See[18, 19 for moredetailsaboutCASL, aswell as[8] for detailsabout
how we have adaptedt for usewith  for requirementgngineering.

3 The -CASL Process

3.1 IncreasingPrecisionwith iASR Models

Our aim in this approachs to tightly associateSR modelswith formal speci cations
in CASL. The standardSR diagramsare gearedto informal analysisand canbe very
ambiguousFor instancethey lack detailson whetherthe subtasksn taskdecomposi-
tions aresupposedo be executedsequentiallyconcurrently undercertainconditions,
etc.CASL, ontheotherhand,is a preciselanguageTo handlethis precisionmismatch
we uselntentionalAnnotatedSR (IASR) modelsthathelpin bridgingthe gapbetween
SRmodelsandCASL speci cations.Our goalis to make iIASR modelsprecisegraph-
ical representatioffor the proceduracomponenbf CASL speci cations.The starting
point for developinganiASR diagramfor an actoris the regular SR diagramfor that
actor(e.g.,seeFig. 1B). It canthenbe appropriatelytransformednto aniASR model
throughthe stepsdescribedelow.

Annotations. The main tool that we usefor disambiguatingSR modelsis anno-
tations Annotationsallow analyststo modelthe domainmore preciselyandto cap-
ture data/controldependencieamonggoalsand other details.Annotations proposed
in [24] for usewith SRmodelsandConGolog,aretextual constraintoniASR models
andcanbe of several types:compositionandlink annotationsandapplicability con-
ditions. Compositionannotationgspeci ed by in Fig. 2A) areappliedto taskand
means-enddecompositionandspecifyhow the subtasks/subgoatseto becombined
to execute/achiee the supertask/supgoal.Fourtypesof compositionareallowed: se-
quence(™;"), which is default for taskdecompositionsgoncurreng (" "), prioritized
concurreng (" "), andalternatve (" "), which is the default for means-enddecom-
positions.Theseannotationsare appliedto subtasks/subgoafsom left to right. The
choiceof compositionannotationsgs basedn thewaysactionsandprocedureganbe



composedogetherin CASL. In someapproachedpr example,the Trust-Con dence-
Distrustmethodof [6] thatalsouses , sequencingamongsubtasks/subgoals cap-
tured using precedencdinks. We believe that the arrangemenof nodesfrom left to

right basedbn their sequence/priority/etsimpli es theunderstandingf models.

request,

A Composition B - “ndogm, etc.
£ Annotation L= Declarative SN
[ o €X Link / LomprnEnt N
““““ . guard, \
\ Annotations CASL m
Agent

interrupt |/
/
\\
Fig. 2. SpecifyingannotationgA) andusingthemto synchronizeprocedurabnddeclaratve com-
ponentqB) in CASL speci cations

e

/
4

————— -

Link annotationg in Fig. 2A) areappliedto subtasks/subgoa{s andspecify
how/underwhat conditionsthey are supposedo be achieved/executed.Thereare six
typesof link annotationgcorrespondingo CASL operators)while andfor loops,theif
condition,the pick, the interrupt,andthe guard.The pick (pick(variableList,
condition) ) non-deterministicallypicksvaluesfor variablesin the subtaskhatsat-
isfy the condition. The interrupt (whenever(variableList,condition,
cancelCondition) ) res wheneer thereis a binding for the variablesthat sat-
is es the conditionunlessthe cancellationconditionbecomegrue. Guards(guard(
condition) ) blockthesubtasks executionuntil theconditionbecomesrue. Theab-
senceof alink annotationon a particulardecompositiorink indicatesthe absencef
ary conditionson the subgoal/subtask.

Thethird annotatiortypeis the applicability condition(ac(condition) ). It ap-
pliesto means-endbnks usedwith goalachievementalternatvesandspeci esthatthe
alternative is only applicablewhenthe conditionholds.

Agent Goalsin iIASR Models. A CASL agenthasprocedurabnddeclaratve com-
ponentsiASR diagramsnly modelagentprocesseandthereforecanonly be usedto
representhe proceduracomponenbf CASL agents.The presenceof a goal nodein
aniASR diagramindicatesthatthe agentknows thatthe goalis in its mentalstateand
is preparedo deliberateaboutwhetherandhow to achieve it. For the agentto modify
its behaiour in responseo the changego its mentalstate,it mustdetectthat change
and synchronizeits proceduraland declaratve componentgseeFig. 2B). To do this
we useinterruptsor guardswith their conditionsbeingthe presencef certaingoalsor
knowledgein the mentalstateof the agent.Procedurallya goal nodeis interpretedas
invokingthe meando achieveit.

In CASL, asdescribedn [19], only communicationactionshave effects on the
mentalstateof the agentsWe, on the otherhand,would like to let agentschangetheir
mentalstateon their own by executingthe actioncommit(agent, ) ,where isa



formulathatthe agent/modelewantsto hold. Thus,in iIASR diagramsall agentgoals
mustbe acquiredeither from intentionaldependenciesr by using the commit ac-
tion. By introducinggoalsinto the modelsof agentprocesseshe modelercaptureghe
factthatmultiple alternatvesexist in theseprocessesMoreover, the presencef goal
nodessuggestshatthe designerervisionsnew possibilitiesfor achiezing thesegoals.
By makingthe agentacquirethe goals,the modelemrmakessurethatthe agents mental
statere ects the above intention.By usingthe commit action,the modeleris ableto
“load” the goal decompositiorhierarchyinto the agents'mentalstates.This way the
agentswvould be ableto reasoraboutvariousalternatvesavailableto themor comeup
with new waysto achieve their goalsat runtime. This is unlike the approachn [24]
whereagentgoalshadto beoperationalizedbeforebeingformally analyzed.

Softgoals Softgoals(quality requirementsareimpreciseandthusaredif cult to
handlein aformalspeci cationdanguageThereforewe usesoftgoalgo helpin choos-
ing the bestprocessalternatves(e.g.,by selectingthe oneswith the bestoverall con-
tribution to all softgoalsin the model)andthenremove thembeforeiASR modelsare
producedAlternatively, softgoalscanbe operationalize@r metricized thusbecoming
hardgoals.Sincein this approaclsoftgoalsareremovedfrom iASR models,applica-
bility conditionscanbe usedto capturein a formal way the tness of the alternatves
with respecto softgoals(this tness is normally encodedy the softgoalcontribution
links in SRdiagrams)For example,onecanspecifythatphoningparticipantgo notify
themof themeetingdetailsis applicableonly in caseswith few participantgseeFig. 5),
while theemail optionis applicablefor any numberof participantsThis maybedueto
the softgoal“Minimize Effort” thathasbeenremovedfrom themodelbeforetheiASR
modelwasproduced.
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Fig. 3. AddingiASR-level agentinteractiondetails

Providing agentinteraction details. usuallyabstractérom modelingary details
of agentinteractionsCASL, ontheotherhand ,modelshigh-level aspect®f inter-agent
communicationBecauseof the importanceof agentinteractionsn MAS, in orderto
formally verify MAS speci cationsin CASL, all high-level aspect®f agentinteraction
mustbe providedin the iIASR models.This includesthe tasksthatrequestservicesor



informationfrom agentsn the systemthetasksthatsupplytheinformationor inform
aboutsuccessr failurein providing theservice etc. We assumehatthecommunication
links arereliable.

For example the SR modelwith the goaldependengRoomBooked (seeFig. 1A)
in Fig. 3A is re ned into theiASR modelin Fig. 3B shaving thedetailsof therequests,
theinterruptswith their trigger conditionsreferringto mentalstatesof the agentsegtc.
Here,the parametemid (“meetinglD”) is auniquemeetingidenti er. Sinceachieved
goalsremainin the mentalstateof anagent,all interruptsdealingwith the acquisition
of goalsthroughdependenciesustbetriggeredonly for new instance®f thesegoals.
We usuallyleave thesedetailsout in iIASR models.For instancewe have left out the
part of the interrupt condition that makes surethat only unachieed instancesf the
goalRoomBooked triggertheinterruptin Fig. 3B. We presentanexampleof thefully
speci edinterruptin thenext section.

3.2 Mapping iASR Diagramsinto CASL

Onceall the necessaryletailshave beenintroducedinto aniASR diagram,it canbe
mappedinto the correspondingormal CASL model, thus making the iASR model
amenabléo formal analysis.

The modelerde nes a mappingm that mapsevery element(exceptfor intentional
dependencieg)f aniASR modelinto CASL. Speci cally, agentsaremappednto con-
stantsthatsene astheir namesaswell asinto CASL procedureshatspecifytheir be-
haviour; rolesandpositionsaremappednto similar proceduresvith anagentparameter
sothatthey canbeinstantiatedy individual agentsFor concreteagentgplayinganum-
ber of roles,the proceduresorrespondingdo theseroleswill be combinedto specify
the overall behaviour of the agent.Theseproceduresare normally executedin paral-
lel. However, one may also useprioritized concurreng, which is availablein CASL,
to combineagents roles. Leaf-level tasknodesare mappednto CASL procedure®r
primitive actions;compositionandlink annotationsare mappedinto the correspond-
ing CASL operatorswhile the conditionspresentin the annotationsmapinto CASL
formulas.

Mapping TaskNodes A taskdecompositioms automaticallymappednto a CASL
procedurehatre ects the structureof the decompositiorandall the annotationsFig.
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Fig. 4. ExampleiASR taskdecomposition

4 showvs how a portionof the MeetingSchedules taskfor schedulingneetingscanbe



decomposedrhistaskwill bemappednto a CASL procedurewith thefollowing body
(it containsportionsstill to berecursvely mappednto CASL; they arethe parameters
of themappingm):

proc ScheduleMeeting(mid)

m(GetDateRangeFromMI(mid) );

guard m(KnowDates(mid) )do
m(RemoveWeekendDates(mid) )

endGuard ;

for p: m(Ptcp(mid) )do m(GetSchedule(p) )endFor ;

guard m(KnowSchedules(mid) )do
m(FindCompatibleDates(mid) )

endGuard ;

for d: m(CompatibleDate(d,mid) ) do
m(TryDate(d,mid) )

endFor ;

endProc

Note how the body of the procedureassociatedvith the ScheduleMeeting  taskis
composedf the resultsof the mappingof its subtaskswith the annotationgrovid-
ing the compositiondetails. This procedurecan be mechanicallygeneratedjiventhe
mappingfor leaf-level tasksandconditions.

Leaf-level tasksin our approachcan be mappedeitherinto primitive actionsor
CASL proceduresWhile mappingleaf-level tasksinto CASL proceduresnay reduce
model size and increasethe level of abstraction(sincein this way further details of
agentprocessewill behiddeninsidetheseprocedures)estrictingthe mappingof the
leaf-level tasksto primitive actionswith the samenameallows the CASL procedures$o
be automaticallyconstructedrom theseactionsbasedniASR annotations.

Mapping Goal Nodes In ourapproachaniASR goalnodeis mappednto a CASL
formula, which is the formal de nition for the goal, and an achievementprocedure,
which encodeshow the goal can be achiezed and is basedon the means-endsle-
compositionfor the goalin the iIASR diagram.For example,a formal de nition for
MeetingScheduled(mid,s) couldbe: d [AgreeableDate(mid,date,s)

AllAccepted(mid,date,s) RoomBooked(mid,date,s)] .Thissays
thattheremustbe a dateagreeabldor everybodyon which a roomis bookedandall
participantsagreeto meet.This de nition is too ideal sinceit is not alwayspossibleto
schedulea meeting.Onecandeidealize[22] MeetingScheduled  to allow for the
possibility of no commonavailable datesor no available meetingrooms.To weaken
the goal appropriatelyone needsto know whenthe goal cannotbe achiezed. Model-
ing an achiezementprocesdor a goalusinganiASR diagramallows usto understand
how that goal canfail andthusiASR modelscanbe usedto comeup with a correct
formal de nition for thegoal. Thefollowing is onepossibilityfor deidealizingthe goal
MeetingScheduled



MeetingScheduledIfPossible(mid,s)=
//1. Themeetinghasbeensuccessfullgcteduled
SuccessfullyScheduled(mid,s)
//2. No agreeable(suitablefor everybody)Xates
d[IsDate(d) AgreeableDate(mid,d,s)]
//3. For everyagreeabledateat leastoneparticipantdeclined
d[AgreeableDate(mid,d,s) SomeoneDeclined(mid,d,s)]
/l4.Noroomsavailable
d[SuggestedDate(mid,d,s) AllAccepted(mid,d,s)]
RoomBookingFailed(mid,date,s)]

The ability of CASL agentsto reasonabouttheir goals gives us an opportunity
to avoid maintainingagents'schedulegxplicitly in the meetingscheduleexample.In-
steadwerely onthepresencef goalsAtMeeting(participant,mid,date,s)
in theagents'mentalstatesasindicationsof the participantswillingnessandintention
to attendmeetingson speci ¢ dates(the absenceof meetingcommitmentsndicates
an availabletime slot). Then,we canusetheinitial stateaxiom belov (which canbe
shavn to persistin all situationsto make theagentknow thatthey canonly attendone
meetingpertime slot (day):

agtf Know(agt, p,midl,mid2, date[
AtMeeting(p,mid1,date,now) AtMeeting(p,mid2,date,now)
midl=mid2],S )]

SinceCASL preventsagentsrom acquiringcon icting goals,requestgrom the Meet-
ing Schedulethatcon ict with alreadyacquiredAtMeeting goalswill notbeaccom-
modated.

GeneratingGoal AchievementProcedures Theachiezementproceduresor goals
areautomaticallyconstructeasedon the meansfor achieving themandthe associ-
atedannotationgseefFig. 5). By default, thealternatve compositiorannotatioris used,
which meansthat someapplicablealternatie will be non-deterministicallyselected
(otherapproachesgre also possible).Note that the applicability condition (ac) maps
into a guardoperatorto preventthe executionof anunwantedalternatve.

Fig. 5. Generatingachiezementprocedures



Generally an agents meansto achieve its goalstypically work, but it is rarethat
they will alwayswork. Thus,we cannotguarante¢hatthemeandor achiezing thegoal
that arerepresenteth the achievementprocedurefor that goal are always capableof
achieving it. We thereforestatethatthe achierementprocedurewill sometimeschieve
the goal, insteadof sayingthatit will, in fact, alwaysachieve the goal. This semantic
constrainis expressedn thefollowing formula. |t saysthatthereexist situationss and
s' suchthatthe achievementprocedurestartsexecutingin s, terminatesuccessfully
ins' , andthe CASL formularepresentingheagentsgoalholdsin s' :

s,s'.  Do(AchievementProcedure,s,s’) GoalFormula[s']

However, if oneneedsmoreassuranc¢hatthegoalwill, in fact,be achieved,then
one mustuseagentcapabilitiesin placeof the regular proceduresTherehasbeena
lot of work on capabilitiesin the agentcommunity(e.g.,[13]). Here,we view goal ca-
pabilitiesasgoalachiezementprocedureshatareguaranteedo succeedindercertain
circumstancesGoal capabilities(task capabilitiesare also discussedn [8]) arerep-
resentedn iIASR modelsby specialnodes(seeFig. 6) thatare mappedinto a CASL
formula that representsghe goal of the capability the achievementprocedurethat is
constructecsimilarly to a goal achievementprocedurea context conditionthat must
hold whenthe capabilityis invoked,andthe speci cationof the behaiour of the other
agentdn theervironmentthatis compatiblewith the capability Thefollowing formula
describesheconstrainton goal capabilities:

s.ContextCond(s)
AllDo ((AchieveProc;GoalFormula?) EnvProcessesSpec,s)

Theformulastateghatif we startthe executionin a situationwherethe context condi-
tion of the capabilityholds,thenall possibleexecutionsof the goalachiezementproce-
durein parallelwith the allowableenvironmentbehaioursterminatesuccessfullyand
achieve the goal. The designemeedso determinewhatrestrictionsmustbe placedon
the processesxecutingconcurrentlywith the capability Oneextremecaseis whenno
concurrenbehaiour is allowed (EnvProcessesSpec = nil ). Theotherextreme
is to allow theexecutionof arny action.Of coursethespeci cationfor mostcapabilities
will identify concretebehaviours for the agentsin the environment,which assurethe
successfuexecutionof the achievementprocedureFor example,supposeanagenthas
agoalcapabilityto Il atankwith water It is guaranteedo succeedinlessthe tank’s
valve is openedHereis the correspondingpeci cationfor the outsideprocessesom-
patiblewith the capability (pick anaction;if the actionis notopenValve , executeit;
iterate):

EnvProcessesSpec =
( action.(action openValve)? ; action)

Here, represents boundedorm of nondeterministigterationwhere canbeexe-
cutedupto times( is alargeconstant)We mustboundthe numberof ervironment
actions otherwisethe processwill have nonterminatingexecutions.

Fig. 6 shavsthegraphicahotationfor capabilitiesHere, T1Cap is ataskcapability
that executesTask_1 , while G1Cap is a goal capability that achieves the goal G1



NotethatG1Cap showstheinternalsof the capability while T1Cap is anabbreviated
form that hidesall the detailsof the capability Detaileddiscussionof capabilitiesin
this approachs presentedh [8].

Fig. 6. Usinggoalandtaskcapabilitynodesn iASR models

Modeling Dependenciesintentionaldependenciearenot mappednto CASL per
se— they areestablishedby agentinteractionsiASR tasksrequestindhelpfrom agents
will generallybe mappedinto actionsof the type request(FromAgt, ToAgt,
Eventually ( )) for an achieementgoal . We add a special abbreviation
DoAL( ,s,s ) (Do At Least)to be usedwhen establishingtask dependenciedt
standsfor Do( ( a.a) ,s,s ), which meansthatthe program mustbe exe-
cuted but thatotheractionsmayoccur Thus,to askanagento executea certainknown
procedurethedependemustrequesit with: request(FromAgt, ToAgt, DoAL(
SomeProcedure))

In orderfor anintentionaldependengto beestablishedve alsoneeda commitment
from adependeagento actontherequestrom thedependerThus,thedependeenust
monitor its mentalstatefor newly acquiredgoals.Hereis aninterruptthatis usedby
the MP to checkfor arequesfor thelist of its availabledates:

mid:
Goal (mp, DoAL(InformAvailableDates(mi d,MS) ,now, then))
Know(mp, s,S'(s s' now

DoAL(InformAvailDates(mid,MS),s,s’ )
InformAvailDates(mid,MS)
until  SystemTerminated
Here, if the MP hasthe goal to executethe procedurelnformAvailDates and

knows that it hasnot yet executedit, the agentsendsthe available dates.The can-
cellationconditionSystemTerminated  indicatesthatthe MP alwaysmonitorsfor
this goal. Requestingagentsusesimilar interrupt/guardnechanismo monitor for re-
questednformationor con rmations. Cancellationconditionsin interruptsallow the
agentsto monitor for certainrequests/informsnly in particularcontets (e.g.,while
someinteractionprotocolis beingenacted).



The notation,evenif modi ed aspresentedh this paper maynotbethemostap-
propriategraphicalnotationfor representinggentinteractionprotocolssinceit usually
concentratesn stratgic dependencieanddoesnot have facilities for modelinglow-
level agentinteractiondetails.A notationlike AgentUML [12] may be more suitable
for this task.However, IASR modelsstill canbe usedfor modelingagentinteractions.
To illustratethis, we present simpli ed versionof aninteractionprotocolcalledNet-
Bill [26]. The protocoldescribeghe interactionshetweera customeranda merchant.
In NetBill, oncea customeiacceptsa productquote, the merchansendghe encrypted
goods(e.g.,software)andwaits for paymentfrom the customerOncethe paymentis
receved,the merchansendghereceiptwith the decryptionkey (seeFig. 7).

Fig. 7. The NetBill interactionprotocol

Fig. 8 shawvs a fragmentof a high-level iASR representationf the NetBill proto-
col (notethatwe omit goal/taskparametersor brevity) centerecbn the customerside.
Here,we specifya particularcontext for the useof the protocolby includingthe actor
Customethathasthe goal PurchaseProduct , which canbe achiezedby usingthe
NetBill interactionprotocol.Since, allows for creationof modulardiagramswhere
agentscanexhibit certainbehaiour by playing appropriateroles,we make useof the
protocolby deleggatingthetaskPurchaseProduct  toaroleNetBill Customeywhich
in turn interactswith anotherrole NetBill Merchant.While CustomemandNetbill Cus-
tomeraretwo separateolesin Fig. 8, they will mostlikely beplayedby thesameagent
(by concurrentlyexecutingthe proceduregor thetwo roles).

Inside the NetBill Customerrole, the task PurchaseProduct  is decomposed
into two tasks, request(KnowPrice) and EvaluateQuote , and the goal
SendPayment . Thesdasksandgoalrepresentheimportantchunksof thecustomers
behaviour in the NetBill protocol: the requestof a productquote,the evaluationand
possibleacceptancef the quote,andthe paymentfor the product.We useguardan-
notationsto make surethatthesesub-behgiours areonly executedwhenappropriate.
Note thatthe conditionsin the guardsreferto the mentalstateof the agent.Thus,the
requestfor productquoteis executedonly whenthe agentdoesnot know the quotes
value( KRef(Quote)) ), while theevaluationof thequoteonly takesplaceoncethe
agentknows it. Similarly, a paymentis madeonly after the agentknows that it has
recevedthe desiredproduct. The paralleldecompositior(notethe concurreng anno-
tation)togethemwith the useof the guardannotationsllow for the possibility of agents



Fig. 8.iIASR modelfor NetBill

executingtheir protocols e xibly. For example,in caseof NetBill, if the agentalready
knows the price for a product,the quoterequesistepwill be skipped.Similarly, if the
customeragentknows that someparticularmerchantalwayshasthe bestpricefor cer

tain productst canrequesthedelivery of the productright away. We now shov how

thecustomeipartof the NetBill protocolmodeledn Fig. 8 is representedth CASL:

proc PurchaseProduct(cust,merch,produ ct)
KRef (cust,Quote(product)) do
request(cust,merch, Eventually  (
KRef (cust,Quote(product))))
endGuard

guard KRef (cust,Quote(product)) do
if Know(cust,GoodPrice(Quote(product))) then
AcceptQuote(cust,merch,product)
endlIf
endGuard

guard Know(cust,ReceivedProduct(merch,p roduct )) do
Pay(cust,merch,product)
endGuard
endProc ,

wherethe procedurePay is de ned asfollows:

proc Pay(cust,merch,product)
commit(cust, Eventually (SendPayment (merch ,prod uct)) );
guard Goal (cust, Eventually (SendPayment( merch, produ ct))) do
SendPayment(merch,product)
endGuard



endProc

3.3 Formal Veri cation

OnceaniASR modelis mappednto the procedurakcomponenbf the CASL speci -
cationandafterits declaratve componen{e.g.,preconditionaxioms,SSAs,etc.) has
beenspeci ed, it is readyto beformally analyzedOnetool thatcanbe usedfor thatis
CASLve |20, 18], atheoremprover-basedseri cation ervironmentfor CASL. CASLve
providesa library of theoriesfor representingCASL speci cationsand lemmasthat
facilitate varioustypesof veri cation proofs.[18] shavs a proof thatthereis a termi-
nating run for a simpli ed meetingschedulersystemaswell as exampleproofs of a
safetypropertyandconsisteng of speci cations.In additionto physicalexecutability
of agentprogramspne canalsocheckfor the epistemidfeasibility [9] of agentplans,
i.e.,whetheragentshave enoughknowledgeto successfullyexecutetheir processes.

Otherapproachesouldbeusedaswell (e.g.,simulationor modelchecking).How-
ever, tools basedon thesetechniquesvork with muchlessexpressive languageghan
CASL. Thus,CASL speci cationsmustbesimpli ed beforethesemethodsanbeused
onthem.For example mostsimulationtools cannothandlementalstatespeci cations;
thesewould thenhave to be operationalizedeforesimulationis performed.The Con-
Gologinterpretercanbe usedto directly executesuchsimpli ed speci cations,asin
[24]. Model checkingmethodde.g.[5]) arerestrictedto nite statespeci cations,and
work hasonly begun on applying thesemethodsto theoriesinvolving mental states
(e.g.,[23]).

If expectedpropertiesof the systemarenot entailedby the CASL model,it means
thatthe modelis incorrectandneedso be x ed. The sourceof anerrorfound during
veri cation canusually be tracedto a portion of the CASL codeandto a part of its
IASR modelsinceour systematieanappingsupportdraceability

3.4 Discussion

Ourchoiceof CASL astheformal languagés basen thefactthatcomparedo other
formalisms(e.g.,[14]), it providesa richer languagefor specifyingagentbehaiour
(with supportfor concurreng), soit makesit easierto specifycomplex MAS. We use
aversionof CASL wherethe preconditionfor theinform  actionrequireshatthein-
formationbeingsentby anagentbeknownto it. This preventsagentdrom transmitting
falseinformation.Theremoval of this restrictionallows themodelingof systemawvhere
agentsare not alwaystruthful. This canbe usefulwhendealingwith securityand pri-
vagy requirements-However, dealingwith falseinformationmayrequirebeliefrevision
(see[21]). Similarly, the preconditionfor request makessurethatwhenrequesting
servicesrom otheragentsthe senderdoesnot itself have goalsthatcon ict with the
requestRelaxingthis constraintalsoallows for the possibility of modelingmalicious
agents Otherextensiongo CASL to accommodat@ariouscharacteristicef applica-
tion domainsarepossible(e.g.,a simpleway of modelingtrustis discussedh [8]). We
alsonotethatin CASL all agentsareawareof all actionsbeingexecutedn the system.
Often, it is usefulto lift thisrestriction but dealingwith theresultinglack of knowledge
aboutagents'mentalstatescanbe challenging.



4 Conclusion

In theapproaclipresentedh thispaperandin [8], we produceCASL speci cationsfrom

modelsfor formal analysisandveri cation. The approachs relatedto the Tropos
framawork in thatit is agent-oriente@ndis rootedin the RE conceptsOur methodis
not the rst attemptto provide formal semanticfor  models.For example,Formal
Tropos(FT) [5], supportsformal veri cation of  modelsthroughmodel checking.
Also, in the -ConGologapproach24], on which our methodis based, SR models
are associatedvith formal ConGologprogramsfor simulationand veri cation. The
problemwith thesemethodsis that goalsof the agentsare abstractecbut and made
into objective propertiesof the systemin the formal speci cations.This is because
theformal component®f theseapproachegthe modelchecler input languagdor FT
and ConGologfor the -ConGologapproach)do not supportreasoningaboutagent
goals(andknowledge).However, mostagentinteractionsnvolve knowledgeexchange
andgoal delegationsinceMAS are developedas social structuresso formal analysis
of goalsand knowledgeis importantin the designof thesesystemsWe proposea
framawvork wheregoalsarenotremovedfrom theagentspeci cations,but aremodeled
formally andcanbeupdatedollowing requestsThisallowsagentdo reasorabouttheir
objectives.Informationexchangemmongagentsarealsoformalizedaschangesn their
knowledgestate.In our approachgoalsare not system-widepropertiesput belongto
concreteagentsThe sameappliesto knowledge.This subjectie point of view provides
supportfor new typesof formalanalysisOur methods moreagent-orientedndallows
for precisemodelingof staleholdergoals.Modelingof con icting staleholdergoals,a
commontaskin RE, andagentnegotiationsis alsopossibleln futurework, we planto
developatoolkit to supportrequirement&ngineeringisingour approachto look into
handlingquality constraintgsoftgoals)in our approachaswell asto testthe method
onmorerealisticcasestudies.
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