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Abstract. Troposis a novel agent-orientedgoftware developmentmethodology
foundedontwo key features(i) thenotionsof agentgoal,planandvariousother
knowledgelevel conceptarefundamentaprimitivesuseduniformly throughout
the software developmentprocessand (ii) a crucialrole is assignedo require-
mentsanalysisandspecificationwhenthe system-to-bés analyzedwith respect
to its intendedervironment.This paperprovidesa (first) detailedaccountof the
TroposmethodologyIn particular we describehebasicconceptonwhich Tro-
posis foundedandthe typesof modelsone builds out of them.We alsospecify
the analysisprocesghroughwhich designflows from externalto systemactors
througha goalanalysisanddelegation.In addition,we provide anabstracsyntax
for Troposdiagramsandotherlinguistic constructs.

1 Introduction

New applicationareasuchaseBusinessapplicationserviceprovisionandpeerto-peer
computingcall for software systemswhich have open,evolving architecturespperate
robustly and exploit resourcesvailablein their environment.To build suchsystems,
practicingsoftwareengineersare discoveringtheimportanceof mechanismgor com-
munication,negotiation, and coordinationbetweensoftware componentsWe expect
that mary will be turning to multi-agentsystemtechnologiesand methodologiegor
guidanceandsupportin building the softwaresystemsof thefuture.

We aredevelopingacomprehensie softwareengineeringnethodologynamedTro-
pos for multi-agentsystems.

In a nutshell thetwo key featuresof Troposare: (i) the useof knowledgelevel [9]
conceptssuchasagent,goal, plan and otherthroughall phaseof software develop-
ment,and (ii) a pivotal role assignedo requirementsanalysiswhenthe ervironment
andthe system-to-bés analyzed.

Thephasesoveredby the proposednethodologyareasfollows.

Early Requirements: duringthis phasethe relevantstaleholdersareidentified,along
with their respectie objectives;staleholdersarerepresenteasactors,while their ob-
jectivesarerepresentedsgoals;



L ate Requirements: the system-to-bés introducedasanotheractorandis relatedto

staleholderactorsin termsof actordependenciesheseindicatethe obligationsof the

systemtowardsits ervironment,also what the systemcan expectfrom actorsin its

ervironment;

Architectural Design: more systemactorsareintroducedandthey areassignedsub-
goalsor subtask®f the goalsandtasksassignedo the system;

Detailed Design: systemactorsaredefinedin furtherdetail,includingspecification®f

communicatiorandcoordinationprotocols;

Implementation: duringthis phasethe Troposspecificationproducedduringdetailed
design,is transformednto a skeletonfor the implementationThis is donethrougha

mappingfrom the Troposconstructgdo thoseof an agentprogrammingplatform such
asJACK [2]; codeis addedo the skeletonusingthe programmindanguagesupported
by the programmingplatform.

The Troposmethodologyhasbeenmotivatedandillustratedwith casestudies see
for instance[11,12]. The purposeof this paperis to presenthemethodologyin further
detail. The rest of the paperis structuredas follows. Section2 presentgshe Tropos
primitive knowledgelevel conceptsisedfor building thedifferenttypesof models.and
illustratesthem with examples.Section3 describeghe analysisprocessthat guides
modelevolution throughdifferentdevelopmeniphasesThe Troposmodelinglanguage
is thendefinedin Sectiond in termsof UML diagramswhile relatedwork is discussed
in Section5. Conclusionsanddirectionsfor furtherresearclarepresentedn Section6.

2 Conceptsand Models

TheTroposconceptuamodelsanddiagramsaredevelopedasinstance®f thefollowing
intentionalandsocialconceptsactor, goal,dependeng plan,resourcecapability and
belief. Below we discussachonein turn.

Actor. The notionof actormodelsan entity that hasstrateyic goalsandintentionality
An actorrepresents physicalagent (e.g.,a person,an animal,a car), or a softwae
agentaswell asarole or aposition A roleis anabstractharacterizationf thebehaior
of anactorwithin somespecializeccontet, while a positionrepresents setof roles,
typically playedby oneagent An agentcanoccupy aposition,while apositionis saidto
coverarole. Noticethatthenotionof actorin Troposis ageneralizatiorof the classical
Al notionof softwareagent.

Goal. A goal representshe stratgyic interestsof actors.Our framework distinguishes
betweerhardgoalsandsoftgoalsthelatterhaving no clearcutdefinitionand/orcriteria
asto whethetthey aresatisfied Softgoalsareusefulfor modelingsoftwarequalities|3],
suchassecurity performanceandmaintainability

Dependency. A dependeng betweentwo actorsindicatesthat one actor dependson
anotherin orderto attain somegoal, executesomeplan, or deliver a resource.The
formeractoris calledthe dependerwhile thelatteris calledthe dependeeThe object
(goal, plan resource)aroundwhich the dependeng centersis called dependumBy
dependingon other actors,an actoris able to achieve goalsthat it would otherwise
be unableto achieve on its own, or not as easily or not aswell. At the sametime,
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Fig. 1. Actor diagramof the staleholdersof theeCulture System.

the dependebecomesrulnerable.If the dependedails to deliver the dependunthe
dependewould be adwerselyaffectedin its ability to achieveits goals.

Plan. A planrepresents way of satisfyinga goal.

Resource. A resourcerepresentsa physicalor an informationalentity that one actor
wantsandanothercandeliver.

Capability. A capabilityrepresenttheability of anactorto define,chooseandexecute
aplanto fulfill agoal,givena particularoperatingervironment.

Belief. Beliefsareusedto represeneachactor's knowledgeof theworld.

Noticehow thenotionsof belief, goal (or desire)andplan(or intention)arethekey
conceptof the BDI framewnork. The notionof dependeny; insteadjs quiteinteresting
andnovel, andit turnsout to be very importantwhenmodelingthe intentionalinter-
dependencieketweeractors

Theseconceptsanbe usedto build differenttypesof modelsthroughoutthe de-
velopmentprocessWe illustratethesewith examplesextractedfrom a substantiaboft-
waresystenmdevelopedfor thegovernmenbf Trentino(Provincia Autonomadi Trento,
or PAT), andpartially describedn [11]. The system(which we will call throughout
the eCultule system is a web-basedroker of cultural information and servicesfor
the province of Trentino,including information obtainedfrom museumsexhibitions,
andothercultural organizationsandeventsto be usedby a variety of users,ncluding
Trentinocitizensandvisitors.

We considerin turn, examplesof actor dependeng goal and plan models.Other
typesof modelsarenot discussedherefor lack of spaceseg[12] for moreexamples.



use internet
technology

eCulture
System

extensible
eCulture

==
=

| eCulture
System

provide
eCultural
services

usable

make
reservations
educational
services

b -
< -
______
-------

Fig. 2. An actordiagramincluding PAT andeCulture System anda goaldiagramof theeCul-
ture System.

2.1 Actor and Dependency models

Actor anddependeng modelsresultfrom the analysisof socialand systemactors,as
well asof theirgoalsanddependenciefor goalachiesement.Thesetypesof modelsare
built in the early requirementphasewhenwe focuson characterizinghe application
domainstaleholderstheir intentionsandthe dependenciethatinterlease them.Actor
anddependeng modelsare graphicallyrepresentedhroughactor diagramsin which
actorsaredepictedascircles,theirgoalsasovalsandtheir softgoalascloudshapesThe
network of dependeng relationshipsamongactorsare depictedastwo arroved lines
connectedy a graphicalsymbolvaryingaccordingto the dependumagoal,a planor
aresourceFigurel shavstheactor diagramfor the eCulturedomainasresultingfrom
a first early requirementnalysis.In particular the actor Citizen is associatedvith a
singlerelevantgoal:get cultural information, while theactorVisitor hasanassociated
softgoalenjoy visit. Along similarlines,theactorPAT wantsto increase internet use
for Trentinocitizens,while theactorMuseum wantsto provide cultural services.

Actor modelsareextendedduringthelaterequirementphaseby addingthesystem-
to-beasanotheractor, alongwith its inter-dependenciewith socialactors.For exam-
ple, in Figure 2 the actor PAT delegatesa setof goalsto the eCulture System actor
throughgoal dependencieramely provide eCultural services, which is a goalthat
contributesto the maingoal of PAT increase internet use andsoftgoalssuchasex-
tensible eCulture System, flexible eCulture System, usable eCulture System,
anduse internet technology.

Actor modelsat the architecturaldesignlevel provide a more detailedaccountof
the system-to-bectorandits internalstructure.This structureis specifiedin termsof
subsystenactors,interconnectedhroughdataand control flows that are modeledas



dependencieslhis model providesthe basisfor capabilitymodeling,an activity that
will startlater on during the architecturaldesignphase,along with the mappingof
systemactorsto softwareagents.

2.2 Goal and Plan models

Goalandplanmodelsallow the designeito analyzegoalsandplansfrom the perspec-
tive of a specificactorby usingthreebasicreasoningechniqguesmeans-endénalysis

contribution analysis and AND/ORdecompositionFor goals,means-endnalysispro-

ceeddy refiningagoalinto subgoalsn orderto identify plans,resourceandsoftgoals
that provide meansfor achieving the goal (the end). Contrikbution analysisallows the

designetto point out goalsthat cancontribute positively or negatively in reachingthe

goal beinganalyzed.n a sensecontribution analysiscanbe consideredas a special
caseof means-endinalysiswheremeansare always goals.AND/OR decomposition
allowsfor acombinatiorof AND andOR decompositionsf arootgoalinto sub-goals,
therebyrefiningagoalstructure.

Goalmodelsarefirst developedduring early requirementsisinginitially-identified
actorsandtheirgoals Figure3, shovsportionsof thegoalmodelfor PAT, relativeto the
goalsthatCitizen hasdelegatedto PAT throughanearliergoalanalysis Goalandplan
modelsaredepictedthroughgoal diagramsthatrepresenthe perspeciie of a specific
actor as a balloon that containsgraphswhosenodesare goals (ovals) and /or plans
(hexagonalshape)and whosearcsrepresentshe differenttypesof relationshipshat
canbeidentifiedbetweernits nodes.In Figure 3, the goalsincrease internet use and
eCulture System available arebothwell sened(througha contributionrelationship)
by the goalbuild eCulture System. Within anactorballoon,softgoalanalysisis also
performeddentifying positive or negative contributionsfrom othergoals.The softgoal
taxes well spent getspositive contributionsfrom the softgoalgood services, andthe
goalbuild eCulture System

Goalmodelsplay ananalogousole in identifying (andjustifying) actordependen-
ciesduring late requirement@ndarchitecturabesign.Figure 2 shavs a goal diagram
for theeCulture System, developedduringlaterequirementsnalysisin theexample
we concentrat®n thegoalprovide eCultural services andthesoftgoalusable eCul-
ture System. The goal provide eCultural services is AND-decomposednto four
subgoalanake reservations, provide info, educational services andvirtual visits.
The goal (provide info) is further decomposednto (the provision of) logistic info,
concerningimetablesandvisiting informationfor museumsandcultural info. Virtual
visits are servicesthat allow Citizen to pay a virtual visit to a city of the past(e.g.,
Romeduring Caesass time!). Educational services include presentatiorof historical
andculturalmaterialat differentlevelsof detail(e.g.,atahigh schoolor undegraduate
university level) aswell ason-line evaluationof the students graspof this material.
Make reservations allows Citizen to make resenationsfor particularculturalevents,
suchasconcertsexhibitions,andguidedmuseunvisits.
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3 TheDevelopment Process

In this sectionwe focus on the genericdesignprocessthroughwhich thesemodels
areconstructedThe processds basicallyone of analyzinggoalson behalfof different
actors andis describedn termsof anondeterministicconcurrenglgorithm,including
a completenessriterion. Note that this processs carriedout by softwae enginees
(ratherthansoftwareagentsit design-timgratherthanrun-time).

Intuitively, theprocesdeginswith anumberof actors eachwith alist of associated
root goals(possiblyincluding softgoals) Eachroot goalis analyzedrom the perspec-
tive of its respectie actor andas subgoalsare generatedthey are delegatedto other
actors,or theactortakeson theresponsibilityof dealingwith themhim/her/itself.This
analysisis carriedout concurrentlywith respecto eachroot goal. Sometimeghe pro-
cesgequiregheintroductionof new actorswhich aredelegatedgoalsand/ortasks.The
processs completewhenall goalshave beendealtwith to the satishctionof theactors
who wantthem(or thedesignershereof.)

Assumethat actorListincludesa finite setof actors,alsothat the list of goalsfor
actor is storedin goalList(actor) In addition,we assumeahat agenda(actor)includes
thelist of goalsactor hasundertalento achieve personally(with no helpfrom otherac-
tors), alongwith the planthathasbeenselectedor eachgoal. Initially, agenda(actor)
is empty dependencyLisincludesa list of dependencieamongactors,while capa-
bilityList(actor) includes< goal, plan > pairsindicatingthe meansby which the ac-
tor canachieve particulargoals.Finally, goalGraph storesa representationf the goal
graphthat hasbeengeneratedo far by the designprocessinitially, goalGraph con-
tainsall root goalsof all initial actorswith no links amongthem.We will treatall of
theabove asglobalvariableswhich areaccessednd/orupdatedoy the proceduregpre-



sentecbelow. For eachprocedureywe useasparametershosevariablesusedwithin the
procedure.

dlobal actor List, goal List, agenda, dependency List, capability List, goal Graph;
procedure rootGoal Analysis(actor List, goal List, goal Graph)
begin
rootGoal List = nil;
for actor in actorList do
for rootGoal in goal List(actor) do
rootGoal List = add(rootGoal, rootGoal List);
rootGoal.actor = actor;
end;
end;
end;
concurrent for
rootGoal in rootGoal List do
goal Analysis(rootGoal , actor List)
end concurrent for ;
if not[satis fied(rootGoal List, goalGraph)] then fail;
end procedure

TheprocedureootGoalAnalysi€onductoncurrengoalanalysisfor everyrootgoal.
Initially, root goal analysisis conductedor all initial goalsassociatedvith actorsin
actorList Lateron, morerootgoalsarecreatechsgoalsaredelgyatedto existing or new
actors Notethattheconcurrent for statemenspavnsaconcurrentallto goalAnalysis
for every elementof the list rootGoalList Moreover, more calls to goalAnalysisare
spavn as more root goalsare addedto rootGoalList concurrent for is assumedo
terminatesvhenall its threaddo. The predicatesatisfiedcheckswhetherall root goals
in goalGrapharesatisfied.This predicateis computedn termsof alabel propagation
algorithm such as the one describedin [8]. Its details are beyond the scopeof this
paperrootGoalAnalysisucceed# thereis asetof non-deterministiselectionsvithin
the concurrenexecutionsof goalAnalysigproceduresvhich leadsto the satishctionof
all rootgoals.

TheprocedurggoalAnalysicconductoncurrengoal analysisfor every subgoalbf
agivenrootgoal.|nitially, therootgoalis placedin pendingList Then,concurrent for
selectsconcurrentlygoalsfrom pendingListandfor eachdecidesnon-deterministically
whetherit will be expanded,adoptedas a personalgoal, delegatedto an existing or
new actor or whetherthe goalwill be treatedasunsatisfiablg’ denied). Whena goal
is expandedmore subgoalsareaddedto pendingListand goalGraphis augmentedo
includethenew goalsandtheir relationshipgo their parentgoal. Notethatthe selection
of an actorto delegatea goal is also non-deterministicand so is the creationof a
new actor Thethreenon-deterministioperationsn goalAnalysisarehighlightedwith
italic-bold font. Thesearethe pointswherethe designersf the software systemwill
usetheir creative in designingthe system-to-beFinally, we have to specifytwo of the
sub-procedureasedin goalAnalysisFor the lack of spacewe leave theseandothers
to theimaginationof thereader



During early requirementsthis processanalyzesnitially-identified goalsof exter-
nalactory("stakeholders”) At somepoint (laterequirementsthesystem-to-bés intro-
ducedasanotheractorandis delegatedsomeof the subgoalghathave beengenerated
from this analysis During architecturadesign,more systemactorsareintroducedand
aredelegatedsubgoaldo system-assignegoals.Apart from generatingyoalsandac-
torsin orderto fulfill initially-specifiedgoalsof externalstaleholdersthe development
processncludesspecificatiorstepsduring eachphasewhich consistof further specify-
ing eachnodeof a modelsuchasthoseshownn in Figure3. Specificationsaregivenin
aformal languaggFormal Tropog describedn detailin [7]. Thesespecificationsadd
constraintsinvariants pre-andpost-conditionsvhich capturemoreof the semantic®f
thesubjectdomain.

procedur e goal Analysis(rootGoal, actor List)
pendingList = add(rootGoal, nil);
concurrent for goal in pendingList do
decision = decideGoal (goal)
case of decision
expand :
begin
newGoal List = expandGoal(goal, goalGraph);
for newGoal in newGoal List do
newGoal.actor = goal.actor;
add(newGoal, pendingList);
end;
end;
solve : acceptGoal(goal, agenda(goal .actor));
delegate :
begin
actor = selectActor (actor List);
delegateGoal(goal, actor, rootGoal List, dependency List);
end;
newActor :
begin
actor = newActor(goal);
actor List = add(actor, actor List);
delegateGoal(goal, actor, rootGoal List, dependencyList);
end ;
fail : goal.label ='denied';
end case of ;
end concurrent for ;
end procedure

4 The Tropos Modeling L anguage

The modelinglanguagsés at the coreof the Troposmethodology The abstractsyntax
of the languageis definedin this sectionin termsof a UML metamodelFollowing



Table 1. Thefour level architectureof the Troposmetamodel.

| Levd [ Description  [Examples ]
meta Basiclanguage |Attribute,

metamodel | structuralelementsEntity

metamodel| Knowledgelevel |Actor, Goal,

notions Dependeng
domain |ApplicationdomainPAT, Citizen,
entities Museum

instance Domainmodel |Mary: instance
instances of Citizen

standardapproachefl 0], themetamodehasbeenorganizedn four levels,asshavnin
Tablel. Thefour-layerarchitecturenakesthe Troposlanguagesxtensiblein the sense
that new constructscan be added.Semanticdor the languageis handledin [7] and
won't bediscussedhere.

The meta-metamodel level providesthe basisfor metamodekxtensions.n par
ticular, the meta-metamodealontaindanguageprimitivesthatallows for theinclusions
of constructsuchasthoseproposedn [7]. The metamodel level providesconstructs
for modelingknowledgelevel entitiesandconceptsThe domain modellevel contains
a representationf entitiesand conceptsf a specificapplicationdomain,built asin-
stance®f themetamodelevel constructsSo,for instancetheexamplesusedn section
2 illustrate portionsof the eCulturedomainmodel. The instance modellevel contains
instance®f thedomainmodel.

We focusbelow only the metamodelgor goals.#

The conceptof goalis representedby the classGoal in the UML classdiagram
depictedin Figure4. Thedistinctionbetweerhardandsoftgoalsis capturedhrougha
specializatiorof Goal into subclasseblardgoal andSoftgoal respectiely.

Goalscanbe analyzedfrom the point of view of anactor, performingmeans-end
analysiscontributionanalysisandAND/OR decompositiorglistedin orderof strength).
Let usconsidertthesein turn.

Means-ends analysis is aternaryrelationshipdefinedamongan Actor, whosepoint
of view is representeth theanalysisa goal (the end),anda Plan, Resource or Goal
(the means) Means-endnalysisis a weakform of analysis,consistingof a discovery
of goals,plansor resourceghat can provide meansfor reachinga goal. Means-end
analysiss usedin themodelshavn in Figure3, wherethe goalseducate citizens and
provide eCultural services, aswell asthesoftgoalprovide interesting systems are
meandor achieving thegoalincrease internet use.

Contribution analysisis aternaryrelationshipbetweeran Actor, whosepoint of view
is representedandtwo goals.Contribution analysisstrivesto identify goalsthat can
contribute positively or negatively towardsthefulfillment of a goal (seeassociatione-

4 The metamodelsoncerningthe other conceptsare definedanalogouslywith the partial de-
scription reportedhere.A completedescriptionof the Troposlanguagemetamodelcan be
foundin [12].
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lationshiplabelledcontributes to in Figure4). A contribution canbe annotatedvith a
qualitatve metric,asusedin [3], denotedby +, ++, —, ——. In particular if the goal
g1 contributespositively to thegoalg2, with metric++ thenif g1 is satisfiedsois g2.

Analogouslyif theplanp contributespositively to thegoalg, with metric++, thissays
thatp fulfills g. A + labelfor a goal or plan contribution represents: partial, positive

contribution to the goal beinganalyzedWith labels——, and — we have the dual sit-

uationrepresenting sufficient or partial negative contribution towardsthe fulfillment

of a goal. Examplesof contritution analysisare shavn in Figure 3. For instancethe
goalfunding museums for own systems contributespositively to boththe softgoals
provide interesting systems andgood cultural services, andthelattersoftgoalcon-
tributespositively to the softgoalgood services.

AND-OR decomposition is alsoaternaryrelationshipivhich definesan AND- or OR-

decomposition of arootgoalinto subgoalsThe particularcasewvheretherootgoalgl

is decomposethto a singlesubgoalg?, is equivalentto a ++ contribution from g2 to

gl.

5 Redated Work

As indicatedin the introduction,the mostimportantfeatureof the Troposmethodo-
logy is that it aspiresto spanthe overall software developmentprocessfrom early
requirementso implementationThis is representeth Figure5 which shovstherela-
tive coverageof Troposaswell asi* [14], KAOS[5], GAIA [13], AAll [4], MaSE][6],
andAUML [1].

While Troposcoversthefull rangeof softwaredevelopmenphasesit is atthesame
time well-integratedwith other existing work. Thus, for early and late requirements
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analysisjt takesadvantageof work donein the Requirement&ngineeringcommunity
andin particularof Eric Yu'si* methodology[14]. It is interestingto notethatmuch
of the Troposmethodologycan be combinedwith non-agenie.g., object-orientecbr
imperative)softwaredevelopmenparadigmskor example onemaywantto useTropos
for early developmentphasesand then use UMLfor later phasesAt the sametime,
work on AUML [1]allows usto exploit existing UML techniquegiuring (our version
of) agent-orientedoftwaredevelopmentAs indicatedin Figure5, ourideais to adopt
AUML for the detaileddesignphase An exampleof how this canbe doneis given
in [11].

Themetamodepresentedn Section4 hasbeendevelopedin the samespirit asthe
UML metamodefor classdiagramsA comparisorbetweenJML classdiagramsand
thediagramspresentedn Section4 emphasizethe distinctrepresentationandonto-
logical levelsusedfor classdiagramsandactordiagramgtheformerbeingat the soft-
warelevel, the latter at the knowledgelevel). This contrastalsodefinesthe key differ-
encebetweenobject-orientecand agent-orientedlevelopmentmethodologiesAgents
(and actor diagrams)cannotbe thoughtas a specializationof objects(and classdia-
grams)asarguedin previouspapersThedifferences rathertheresultof anontological
andrepresentationaghift. Finally, it shouldbe notedthatinheritancea crucial notion
for UML diagramsplaysnorole in actordiagrams.

6 Conclusion

This paperprovidesa detailedaccountof Tropos,an agentorientedsoftwaredevelop-
mentmethodologywhich spanghe softwaredevelopmentprocessrom early require-
mentsto implementatiorfor agentorientedsoftware. The papempresentanddiscusses
(in part) the five phasessupportedby Tropos,the developmentprocesswithin each
phasethemodelscreatedhroughthis processandthe diagramausedto describehese
models.

Throughoutwe have emphasizethe uniform useof a smallsetof knowledgelevel
notionsduringall phase®f softwaredevelopmentWe have alsoprovidedaniterative,



actorandgoalbasedrefinementalgorithmwhich characterizethe refinemeniprocess
duringeachphaseThis refinemenprocesspf coursejs instantiatedlifferentlyduring
eachphase.
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