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Abstract
Formal Troposis a speci�cation language for early re-

quirements.It is basedon conceptsfroman agent-oriented
early requirementmodelframework (i*) and extendsthem
with a rich temporal speci�cation language. In earlier
work, we demonstrated through a small casestudy how
modelchecking couldbe usedto verify early requirements
written in Formal Tropos. In this paperwe addressissues
of methodologyandscalabilityfor our earlier proposal.In
particular, we proposeguidelinesfor producinga Formal
Troposspeci�cation from an i* diagram and for deciding
what modelchecking techniqueto usewhena particular
formal property is to be validated. We also evaluatethe
scopeand scalability of our proposalusinga tool, the T-
Tool, thatmapsFormalTroposspeci�cationsto a language
that can be handledby NUSMV, a state-of-the-artmodel
checker. Our experimentsare basedon a coursemanage-
mentcasestudy.

1. Intr oduction

Early requirementsengineering[18] is concernedwith
the analysisof the operationalenvironmentwherea soft-
ware system will eventually function. For organiza-
tional software, this environment consistsof stakehold-
ers and their objectives, businessprocesses,and inter-
dependencies.Early requirementsengineeringis usually
doneinformally (if at all), anderrorsor misunderstandings
at this stageareboth frequentandcostly. We areworking
on the developmentof a formal framework for modeling
andanalyzingearly requirements.Our framework adapts
resultsfrom theformal methodscommunityto offer means
for the precisemodelingandanalysisof an organizational
environment.

Formal methodshave beensuccessfullyappliedto the
veri�cation andcerti�cation of softwaresystems. In sev-
eralindustrial�elds, formalmethodsarebecomingintegral
componentsof standards[5]. Generally, formal methods
have beenappliedto later phasesof the developmentpro-
cess,e.g.,at thearchitecturalor detaileddesignphase.This
is basicallydueto mismatchesbetweentheconstructssup-
portedby formal speci�cation languagesandthe concepts

usedin (early)requirements.
Theframework we proposesupportstheautomaticveri-

�cation of early requirementsspeci�ed in a formal model-
ing language.This framework is part of a wider on-going
project called Tropos, whoseaim is to develop an agent-
orientedsoftwareengineeringmethodology, startingfrom
earlyrequirements.Themethodologyis to besupportedby
a varietyof analysistoolsbasedon formal methods.In this
paperwe focuson theapplicationof modelcheckingtech-
niquesto earlyrequirementspeci�cations.

The Formal Tropos (hereafterFT) speci�cation lan-
guage[10, 11] hasintegratedconceptsfrom i* [18] with a
temporalspeci�cationlanguage.In [10, 11] theformalver-
i�cation of an FT speci�cationwasperformedusingstan-
dardmodelcheckingtechniques.A simplecasestudywas
usedto illustratethebene�ts of the formal analysisduring
early requirementanalysis,e.g., by revealing incomplete-
nessor inconsistenciesthat werenot trivial to discover in
aninformal setting.

In thispaperwetackletheproblemof applyingthetech-
niquesof [10, 11] to a casestudyof moresubstantialsize
thantheexampleusedin [10, 11], anddiscussextensions,
re�nementsand improvementswe have developedto this
purpose.We alsointroducea prototypetool, calledthe T-
Tool, which is basedon thestate-of-the-artsymbolicmodel
checker NUSMV [8]. The T-Tool automaticallytranslates
an FT speci�cation into an IntermediateLanguage(IL)
speci�cation that could potentially link FT with different
veri�cation engines. The IL representationis then auto-
matically translatedinto NUSMV, which performsdiffer-
entkindsof formal analysis,suchasconsistency checking,
animationof thespeci�cation,andpropertyveri�cation.

In addition,wede�ne somegeneralheuristictechniques
for rewriting an i* diagraminto a correspondingFT speci-
�cation. We alsooffer guidelineson how to usetheT-Tool
effectively for formal analysis,e.g., by suggestingwhat
modelcheckingtechniqueto usewhena particularformal
propertyis to bevalidated.Finally, we reporttheresultsof
a seriesof experimentsthatwe have conductedin orderto
evaluatethescopeandscalabilityof theapproach.

Thepaperis structuredasfollows. Section2 showshow
to build anFT speci�cationfrom ani* model.In Section3



Figure 1. Annotated i* model of the cour se exam management case stud y

we presentthe T-Tool, focusingon its functionalities,ar-
chitecture,andusageguidelines.Section4 presentstheex-
perimentswecarriedout. Section5 discussesrelatedwork,
drawsconclusions,andoutlinesfuturework.

2. From i* to Formal Tropos– A casestudy

In this sectionwe usea courseexam managementcase
studyto describehow an FT speci�cationcanbe obtained
from ani* model.

2.1. Strategicmodelingwith i*

Thei* framework [18] supportsgoal-andagent-oriented
modelingof early requirementsof complex systems.It of-
fers threemain categoriesof concepts:actors,intentional
elements,andintentionallinks. An actor is anactiveentity
thatcarriesoutactionsto achieveits goals.Figure1 depicts
thei* modelof acourseexammanagementcasestudywith
its two mainactors— aStudentandaTeacher. Fromthei*
diagram,we canseethateachactorhasherown high-level
goals/tasksandalternativewaysto re�ne andoperationalize
them.Moreover, thegoalhierarchiesof theactorsareinter-
connectedthroughdependency/delegationrelationships,in
termsof whichindividualactorsform socialandoperational
networks.

Intentionalelementsin i* includegoals, softgoals, tasks,
and resources, and can either be internal to an actor, or
de�ne dependency relationshipsbetweenactors. A goal
(roundedrectangle)is a conditionor stateof affairs in the
world that the stakeholderswould like to achieve. For ex-
ample,a student's objective to passa courseis modeled
as goal Pass[Course]. A softgoal (irregular curvilinear

shape)is typically a non-functionalattribute,with noclear-
cut criteriaasto whenit is achieved. For instance,thefact
that a studentmay want that the marking of her exam is
fair is modeledas softgoalFairMarking[Exam] . A task
(hexagon)speci�es a particularcourseof action that pro-
ducesa desiredeffect. In our example,all intentionalele-
mentsof Teacheraremodeledastasks.A resource (rect-
angle)is a physicalor informationentity. Thus, Instruc-
tions[Exam], Answer[Exam], andMark[Exam] aremod-
eledasresources.In Figure1 a boundarydelimits the in-
tentionalelementsinternalto anactor. Intentionalelements
outsidetheboundariescorrespondto goals,softgoals,tasks
and resourceswhoseresponsibilityis delegatedfrom one
actorto another.

Intentional links include means-ends, decomposition,
contribution and dependencylinks. Each elementcon-
nectedto a goal by a means-endslink ( ) is an alterna-
tiveway to achievethegoal.For instance,in orderto passa
course(Pass[Course]), a studentcanpassall theexamsof
the course(Pass[Exam]), or cando a researchproject for
thecourse(DoResearchProject[Course]). Decomposition
links ( ) de�ne a re�nement for a task. For instance,if
thestudentwantsto passanexam(Pass[Exam]), sheneeds
to attendtheexams(Take[Exam]), andgeta passingmark
(GetPassingMark[Exam]). A contribution link ( ) de-
scribestheimpactthatanelementhasonanother. This can
be negative or positive (FairMarking[Exam] ), andits ex-
tent can be partial or suf�cient. Dependencylinks ( )
describeinter-agentdependencies.For example, the stu-
dent dependson her teacherfor Instructions[Exam] and
Mark[Exam] , while theteacherdependson thestudentfor
Answer[Exam] andHonesty.

In Figure 1 we have annotatedthe i* model with ad-



ditional constraintson the valid dynamicsof the domain.
Prior-to links ( ) can be used to representthe tem-
poral order of tasks. For example, a studentcan only
write a report after studyingfor the course,andcan only
get a passingmark after she actually takes the exam.
The numberslabeling the links de�ne cardinality con-
straints. For instance,for eachPass[Course]goal there
must be at least one Pass[Exam] subgoal,while to sat-
isfy the student's expectationon the fairnessof marking
(FairMarking[Exam] ) theremaybezeroor morepetitions
(PostExamDiscussion[Exam,Mark]). Linkswithoutnum-
bersuggestone-to-oneconnections.

2.2. Formal Troposspeci�cations

An FT speci�cation extendsan i* model with annota-
tions in an expressive temporalspeci�cationlanguagethat
permitsto restrict the valid behaviors of the model. With
anFT speci�cation,onecanaskquestionssuchas:Canwe
constructvalid operationalscenariosbasedon the model?
Is it possibleto ful�ll theprimarygoalsof actorsin thecur-
rent model? Do the decompositionlinks and the prior-to
constraintsinduceameaningfultemporalorderfor goalful-
�llment? Do thedependenciesrepresenta valid synergy or
synchronizationbetweenactors?

An FT speci�cationconsistsof a sequenceof classdec-
larationssuchasentities,actors,intentionalelements,and
dependencies.Eachdeclarationassociatesasetof attributes
to theclassandcharacterizesits instances.Moreover, class
declarationscontain temporal constraintsexpressedin a
typed �rst-order linear time temporallogic (LTL). These
constraintsdescribethe valid lifetime evolutions of the
classinstancesandde�ne synchronizationbetweendiffer-
entclassesinstances.A full de�nition of theFormalTropos
languagecanbefoundin [10, 11].

Figure 2 is an excerpt of the FT speci�cation of the
courseexam example. The initial FT speci�cation skele-
ton canbe obtainedfrom the i* modelby mappingactors
andintentionalelementsinto correspondingFT classesand
by addingnon-intentionalentitiesof thedomainif any (e.g.,
CourseandExam).

Most of the attributes in FT are referencesto other
classes. For example,goal PassExamrefers to the spe-
ci�c exam to be passed(attribute exam), andto the Pass-
Coursegoalthatmotivatesthestudentto passtheexam(at-
tribute passcourse). Similarly, dependency Mark refers
to the exam that hasto be marked (attribute exam) andto
GetPassingMark goalof thestudentthatmotivatestheex-
pectationof having a mark (attributegpm). Therearealso
attributesof elementarytype, which de�ne relevant states
of a class. For instance,Booleanattribute passedof de-
pendency Mark determineswhethera mark is passingor
not. In mostcasesattributesthat refer to otherclassesare
constant, i.e., their valuesdo not changeover time, while
thevaluesof user-de�ned attributessuchaspassedusually
changeduringthelifetime of classinstances.

Entity Course
Entity Exam

Attribute constant course: Course
Actor Student
Actor Teacher
Goal PassCourse

Actor Student
Mode achieve
Attribute constant course: Course

Goal PassExam
Actor Student
Mode achieve
Attribute constant exam: Exam

constant passcourse: PassCourse
Goal GetPassingMark

Actor Student
Mode achieve
Attribute constant exam: Exam

constant passexam: PassExam
Softgoal Integrity

Actor Student
Mode maintain

Task GiveExam
Actor Teacher
Mode achieve
Attribute constant exam: Exam

Resource Dependency Mark
Depender Student
Dependee Teacher
Mode achieve
Attribute constant exam: Exam

constant gpm : GetPassingMark
passed: boolean

Figure 2. Excerpt of FT class declaration

SinceactorStudent is theownerof goalPassExamand
of softgoalIntegrity , the FT speci�cationhasStudent as
theActor attributeof the two goals. Similarly, Depender
andDependee attributesof dependenciesrepresentthetwo
partiesinvolvedin adelegationrelationship.Intentionalele-
mentsalsohaveaMode attribute,whichde�nesthemodal-
ity of theful�llment of thegoal. For instance,themodeof
goal PassExamis achieve, which meansthat the student
wantsto reacha statewheretheexamhasbeenpassed,and
thereforethe goal is ful�lled. SoftgoalIntegrity , instead,
hasa maintain mode,sincetheconditionof no cheatingis
to becontinuouslymaintained.

Figure3 containssomeexamplesof constraintson the
lifetime of classinstances.Invariant constraintsde�ne con-
ditions that shouldbe true throughoutthe lifetime of class
instances.Typically, invariantsde�ne relationson thepos-
sible valuesof attributes,or cardinalityconstraintson the
instancesof a given class. For instance,the �rst invariant
of Figure3 bindsa Mark objectwith its associatedGet-
PassingMark object,while thesecondinvariantimposesa
cardinalityconstraintfor Mark objects.

Two critical momentsin the lifecycle of intentionalel-
ementsanddependenciesarethe instantsof their creation
and ful�llment. The creationof a goal is interpretedas
themomentin which theowneror dependerexpectsor de-
sires to achieve the goal, while its ful�llment is the mo-



Resource Dependency Mark
Depender Student
Dependee Teacher
Mode achieve
Attribute constant exam: Exam

constant gpm : GetPassingMark
passed: boolean

Invariant
gpm.exam= exam � gpm.actor = depender

Invariant
��� m : Mark ((m �

� self) � (m.gpm = gpm))
Creation condition

� Ful�lled (gpm)
Ful�llment condition

� im : InitialMarking (im.exam= exam �

im.actor = dependee � Ful�lled (im))
Ful�llment trigger

G (Changed (passed) �

� r : ReEvaluation ((r .mark = self) �

JustFul�lled (self)))

Figure 3. Example of FT constraints

ment in which the goal condition is actuallyachieved. In
FT, creationandful�llment constraintscanbe usedto de-
�ne conditionsfor thesetwo momentsin the life of inten-
tional elements. Creation constraintsshouldbe satis�ed
whenever a new object is created,while Ful�llment con-
straintsshouldhold whenever a goal or softgoal is satis-
�ed, a taskis performed,a resourceis madeavailable,or a
dependumis delivered. Typically, primary intentionalele-
ments,(e.g.,Integrity , PassCourse) have ful�llment con-
straints,but nocreationconstraints:wearenot interestedin
modelingthereasonswhy a studentwantsto passa course
andto maintainher integrity. Subordinateintentionalele-
ments(e.g.,PassExam, GetPassingMark) typically have
constraintsthat relatetheir creationwith the stateof their
parentintentionalelements.For instance,Figure3 shows
that a creationcondition for an instanceof dependency
Mark is that the parentgoal GetPassingMark is not yet
ful�lled: if the studenthasreceived a passingmark, there
is no needto ask for anothermark. Creationand ful�ll-
mentconstraintsarefurtherdistinguishedassuf�cient con-
ditions (keyword trigger), necessaryconditions(keyword
condition), and necessaryand suf�cient conditions(key-
word de�nition ) (see[10, 11] for details). We note that
the creationconditionof dependency Mark togetherwith
theful�llment conditionof taskGetPassingMarkelaborate
the delegationrelationshipbetweenStudent andTeacher
in thecorrespondingi* diagram.Goaldecompositionrela-
tionshipscanbespeci�edin asimilar fashion.

In anFT speci�cationwealsoneedto specifyproperties
desiredto hold in the domain. Thesepropertiesare then
veri�ed againstthemodelwe built. Figure4 presentssuch
propertiesfor the courseexam casestudy. We distinguish
betweenassertion properties(A1-4) that shouldhold for
all valid evolutionsof theFT speci�cation,andpossibility
properties(P1-4)thatshouldhold for at leastone. Proper-
tiesA1, A2, A3, andP3are“anchored”to someimportant

eventin thelifetime of aclassinstance.For example,asser-
tion A2 requiresthatwheneveraninstanceof PassExamis
created,no otherinstanceof PassExamexistscorrespond-
ing to thesameexamandthesamestudent.PropertiesA4,
P1, P2, and P4 are “global”, i.e., they expressconditions
on theentiremodel,andarenot attachedto any particular
event.

2.2.1. From i* to FT: Translation guidelines

It is usuallyhardto developa satisfactoryformalspeci�ca-
tion of asystem,evenwhenonestartsfrom agoodinformal
speci�cation. In our experience,the dif�culties of writing
anFT speci�cationcanbesubstantiallyreducedif oneex-
tractsasmuch informationaspossiblefrom the i* model
to producea “reasonable”initial FT model.In fact,mostof
theconstraintsof anFT speci�cationalreadyappearimplic-
itly in thei* model.For instance,in dependency Mark (see
Figure3), the two invariantconditions,thecreationcondi-
tion andthe ful�llment conditionsexpressconstraintsthat
arerelatedto goaldelegationandto cardinalityconstraints
in the i* model. Theseconstraintscanall be derivedfrom
the i* modelautomaticallyby applyingspeci�c translation
rules. The additionalnon-standardconstraintsthat should
bemanuallyaddedto theFT speci�cationarenecessaryto
capturethenatureof theapplicative domain.For instance,
thelastconstraintin dependency Mark expressesthatasuf-
�cient conditionfor theful�llment of thedependency is that
wheneveramarkchangestatustheremustbeacorrespond-
ing reevaluationjust ful�lled.

Thefollowing aresomeof therulesthatwehavede�ned
for generatingFT speci�cationbasedon i* model:

� Thedefault creationconditionof a sub-goalis thatthe
parentgoal exists,but hasnot beenful�lled yet. The
default creationconditionfor a dependency is that the
dependergoalexistsbut hasnotbeenful�lled yet.

� Theful�llment conditionof aparentgoal(or task)usu-
ally dependsontheful�llment of thesub-goals(tasks).
If thesub-goalsareconnectedto theparentgoalwith
means-endslinks, thenthe ful�llment of at leastone
of the subgoalsis necessaryfor the ful�llment of the
parentgoal(ORdecomposition).If they areconnected
with decompositionlinks thentheful�llment of all the
subgoalsis necessary(AND decomposition).

� Parentgoalsand sub-goalstypically sharethe same
entity and owner. So, an invariant condition should
beaddedto thesub-goalin orderto force thebinding
betweentheattributesof the two goals. For instance,
PassExamandTakeExamreferto thesameExam.

� Whenthereis a prior-to constraintbetweentwo sub-
goalswith a commonparent,an extra creationcon-
dition needsto be addedto the goal that comeslater.
Suchconstraintsstatethatanecessaryconditionfor the
creationof the latergoal is that thepreviousgoal has
alreadybeenful�lled.



Goal PassExam
Creation assertion condition /* A1: A studentcanonlypassanexamonce. */

�

p : PassExam(p.actor = actor � p.exam= exam � p.passcourse= passcourse � p = self)
Resource dependency Mark

Ful�llment assertion condition /* A2: For each marktherewasananswercorrespondingto it. */
� a : Answer (a.dependee = depender � a.depender = dependee � a.exam= exam � Ful�lled (a))

Resource dependency Mark
Ful�llment assertion condition /* A3: A markcanonlybechangedif there is a petition.*/

� passed� F passed� F � ped : PostExamDiscussion(ped.mark = self)
Global Assertion /* A4: If thestudentwantsto maintainher integrity, shecannotpassanexamwithoutstudying. */

�

h : Honesty(Ful�lled (h) �

�

k : KnowCorrectAnswer((k.actor = h.dependee) �

(k.exam= h.give exam.exam � Ful�lled (k) �

� s : Study ((s.actor = k.actor) �

(s.course= k.exam.course) � Ful�lled (study)))))
Global Possibility /* P1: It is possiblefor a studentto passa course. */

� pc : PassCourse(Ful�lled (pc))
Global Possibility /* P2: It is possiblethata studentpasseda coursewithoutpassingtheexam.*/

� pc : PassCourse(Ful�lled (pc) �

� � pe : PassExam((pe.passcourse= p) � Ful�lled (pe))
Goal PassExam

Ful�llment possibility condition /* P3: It is possiblethata studentpassedanexam,but still thinksthat themarkingis not fair. */
� f : FairnessBeDecided(f.passexam= self � Ful�lled (f) �

� f.satis�ed)
Global Possibility /* P4: It is possiblethata teacher expectsanexamanswerfroma studentwhois never committedto theexam.*/

� a : Answer (G � � p : PassExam(p.exam= a.exam � p.actor = a.dependee))

Figure 4. Example of Formal Tropos proper ties

Theserulesarenot meantto be de�niti ve andexhaustive,
but their intelligentapplicationleadsto a quick generation
of a reasonableinitial FT model,thatcanthenbecorrected
and improved using the techniquesdescribedin the next
sections.We arecurrentlydevelopinga tool to supportthe
designerin theautomaticextractionof aninitial FT speci�-
cationstartingfrom ani* diagram.

3. The T-Tool

TheT-Tool is basedon�nite-statemodelchecking[9]. It
takesasinputanFTspeci�cationalongwith parametersthat
specifywhichpartsof thespeci�cationto considerand,for
theselectedclasses,anupperboundto thenumberof class
instancesthatcanbeinstantiated.TheT-Tool buildsa �nite
modelthat representsall possiblebehaviors of thedomain
that satisfytheconstraintsof the speci�cation,andchecks
themodelto ensurethat it exhibits desiredbehaviors. The
tool providesdifferentveri�cation functionalities,including
interactive animationof the speci�cation, automatedcon-
sistency checks,andvalidationof thespeci�cationagainst
possibilityandassertionproperties.Theveri�cation phase
usuallycomesout with feedbackon errorsin theFT speci-
�cation andwith hintsonhow to �x them.Theveri�cation
phaseiterateson each�x ed versionof the model, possi-
bly with differentupperboundsof thenumberof classin-
stances,until a reasonablecon�denceon thequality of the
speci�cationhasbeenachieved.

3.1. T­Tool functionalities

3.1.1. Animation

An advantageof formal speci�cationsis the possibility to
animatethem. Throughanimation,theusercanobtainim-

mediatefeedbackon theeffectsof constraints.An anima-
tion sessionconsistsof an interactive generationof a valid
scenariofor the speci�cation. Stepwise,the T-Tool pro-
posesto theusernext possiblevalidevolutionsof theanima-
tion and,oncetheuserhasselectedone,thesystemevolves
thestateof theanimation.Animationallowsfor abetterun-
derstandingof thespeci�eddomain,aswell asfor theearly
identi�cation of trivial bugsandmissingrequirementsthat
areoftentakenfor granted,andarethereforedif�cult to de-
tect in an informal setting.Animationalsofacilitatescom-
municationwith stakeholdersby generatingconcretesce-
nariosfor discussingspeci�c behaviors.

3.1.2. Consistencychecks

Consistency checksare standardchecksto guaranteethat
the FT speci�cation is not self-contradictory. Inconsistent
speci�cationsoccurquiteoftendueto complex interactions
amongconstraintsin the speci�cation, and they are very
dif�cult to detectwithout the supportof automatedanaly-
sis tools. Theconsistency checksareperformedautomati-
cally by theT-Tool andareindependentof the application
domain. The simplestconsistency checkveri�es whether
thereis any valid scenariothat respectsall the constraints
of theFT speci�cation.Anotherconsistency checkveri�es
whetherthereexistsa valid scenariowhereall theclassin-
stanceswill beeventuallycreated.This checkaimsat ver-
ifying whetherthe currentupperboundsof the numberof
classinstancesarereasonable,andwhetherthey violateany
cardinalityconstraintin the speci�cation. The T-Tool also
checkswhetherthereexists a valid scenariowhereall the
instancesof aparticulargoalor dependency will beeventu-
ally createdandful�lled, i.e., theful�llment conditionsfor
that goal or dependency are“compatible” with othercon-
straintsin thespeci�cation.



3.1.3. Possibility checks

Possibilitychecksverify whetherwe areover-constraining
the speci�cation, that is, whetherwe have ruled out sce-
nariosexpectedby the stakeholders. When a possibility
propertyof theFT speci�cationis checked,theT-Tool ver-
i�es that therearevalid tracesof thespeci�cationthatsat-
isfy theconditionexpressedin thepossibility. Theexpected
outcomeof a possibilitycheckis anexampletracethatwit-
nessesthefact that thepossibility is valid. If no suchtrace
is found, an error messageis reported. In a sense,possi-
bility checksaresimilar to consistency checks,sincethey
both verify that the FT speci�cationallows for certainde-
sired scenarios. Their differenceis that consistency is a
genericformal propertyindependentof theapplicationdo-
main,while possibilitypropertiesaredomain-speci�c.

3.1.4. Assertion checks

The goal of assertion propertiesis dual to that of possi-
bilities. The aim is to verify whetherthe requirementsare
under-speci�edandallowing for invalid scenarios.Also the
behavior of theT-Tool in thecaseof assertionchecksis dual
to thebehavior for possibilitychecks,namely, the tool ex-
ploresall the valid tracesandcheckswhetherthey satisfy
theassertionproperty. If this is not thecase,anerrormes-
sageis reportedanda counter-exampletraceis generated.
Suchcounter-examplesfacilitatethedetectionof problems
in the FT speci�cation that causedthe assertionviolation.
For instance,in the courseexam casestudy, an assertion
that we wish to hold is “a studentcannever passa course
without takingall theexamsof thecourseandwithout do-
ing a researchproject”. If this (quite reasonable)assertion
is false,the T-Tool will producea tracethat shows under
whatcircumstancesthestudentcanpassthecoursewithout
passingexamsanddoing a researchproject. Discussions
with thestakeholdermaythenclarify whetherthetracepro-
ducedcorrespondsto a valid scenario(andhencetheasser-
tion hasto bechanged)or whethertheFT speci�cationhas
to bestrengthenedin orderto prohibit thecounter-example.

3.2. T­Tool architecture

The T-Tool performsthe veri�cation of an FT speci�-
cation in two steps(seeFigure 5). In the �rst step, the
FT speci�cationis translatedinto anIntermediateLanguage
(IL) speci�cation.In thesecondstep,theIL speci�cationis
given in input to the veri�cation engine,which is built on
topof theNUSMV modelchecker [8].

3.2.1. From FT to IL

IL canbeseenasasimpli�ed versionof FT, wherethesyn-
tacticsugarof theFT speci�cationis removed.Thefocusof
IL is on thedynamicaspectsof theapplicationdomain.An
IL speci�cation consistsof four parts: classdeclarations,

F
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Verification Engine

T-Tool

IL Scenario
FT Scenario

Figure 5. The T­Tool frame work

temporalspeci�cations,possibilities,and assertions.The
classdeclarationsin IL correspondto theentity, actor, goal,
anddependency declarationsof an FT speci�cation. The
distinctionamongthesedifferenttypesof classesis ignored
andall the specialattributesaretransformedinto standard
attributes. Temporal speci�cationsin IL restrict the valid
temporalbehaviorsof theobjectsin thespeci�cation.As in
FT, assertions(resp. possibilities) in IL describeexpected
propertiesthatshouldbeexhibitedby all (resp.by someof)
thevalid scenariosof thespeci�cation. Unlike FT, tempo-
ral speci�cations,assertionsandpossibilitiesareall global
in IL, that is, they arenot anchoredto the relevant “strate-
gic” componentsanymore.1

TheFT2IL architecturalblock takescareof thetransla-
tion of an FT speci�cationto thecorrespondingIL. More-
over, it translatesbackin FT thecounter-examplesscenarios
producedby theveri�cation engine.Thus,the internalsof
theveri�cation enginearehiddento theuser.

In thisarchitecture,IL playsanimportantrole in provid-
ing theT-Tool with an openarchitectureanda �e xible ap-
proachfor linking requirementsspeci�cationlanguagesand
thelanguagesusedby avarietyof formalveri�cation tools.
Ononehand,it allows for theadoptionof existingveri�ca-
tion techniquesfor differentspeci�cationlanguages,at the
costof writing new translatorsto IL. On theotherhand,it
allowsthetool to belinkedwith otheranalyzers,by writing
translatorsfrom IL to thenative languageof theseanalyz-
ers.

3.2.2. The modelcheckingveri�cation engine

The actual veri�cation is performed by NUSMV [8].
NUSMV is a state-of-theart modelcheckerbasedon sym-
bolic model checking techniques. Symbolic techniques
have been developed to reducethe effects of the state-
explosionproblem,thusenablingthe veri�cation of large
designs[9, 16]. NUSMV adoptssymbolicmodelchecking
algorithmsbasedon Binary DecisionDiagrams(BDD) [6]
andon propositionalsatis�ability (SAT) [4]. BDD-based
model checking performs an exhaustive traversal of the
modelby consideringall possiblebehaviors in a compact
way. SuchexhaustiveexplorationallowsBDD-basedmodel
checkingalgorithmstoconcludewhetheragivenpropertyis
satis�ed(or falsi�ed) by themodel.On theotherhand,this

1For lackof space,wereferto [10,11] for amoreelaboratedescription
of IL andits semantics.



exhaustive explorationmakesBDD-basedmodelchecking
very expensive for largemodels.SAT-basedmodelcheck-
ingalgorithmslook for atraceof agivenlengththatsatis�es
(or falsi�es) a property. SAT-basedalgorithmsareusually
moreef�cient thanBDD-basedalgorithmsfor tracesof rea-
sonablelength,but, if no traceis found for a given length,
then it may still be the casethat the property is satis�ed
by a longertrace.Thatis, SAT-basedmodelcheckingveri-
�es thesatis�ability of apropertyonly up to agivenlength,
andis hencecalledBoundedModel Checking(BMC) [4].
As we will discussin Section3.3, theT-Tool exploits both
BDD-basedandSAT-basedmodelchecking.

Several extensionshave beenapplied to the NUSMV
model checker to allow for the veri�cation of IL speci�-
cations. An IL2SMV modulehasbeenadded. It takes
an IL speci�cationandbuilds a �nite statemachinein the
NUSMV format. Giventhe IL speci�cationandtheupper
boundsof thenumberof classinstances,IL2SMV synthe-
sizesa modelfor thespeci�cation.Thestatesof themodel
respecttheclasspartof theIL speci�cation,while its tran-
sitionsarethosethatrespectthetemporalspeci�cationcon-
straints. Sincethe NUSMV formalismdoesnot allow for
the creationof new objectsat run-time, to deal with in-
stancecreation,a special�ag is addedto eachclassduring
the translation. Quanti�ers in IL are interpretedover the
numberof classinstancesthatexist in thecurrentstate.To
constructthe model, IL2SMV adoptsthe synthesisalgo-
rithm for LTL speci�cationprovidedby NUSMV.

To handle the different facetsof an FT speci�cation,
NUSMV hasalsobeenextendedwith new functionalities:
for instance,theBMC enginehasbeenextendedwith past
operators[2], anda new more�e xible interactivesimulator
hasbeenadded.

3.3. Heuristics for modelconstructionandproperty
veri�cation

The T-Tool needsto build a �nite statemodel from an
in�nite statespeci�cation. An upperboundof thenumber
of classinstanceshasto be speci�ed in the FT speci�ca-
tion. The choiceof the upperboundplays a critical role
in the veri�cation step. Therecan be bugs that only ap-
pearwhena certainnumberof classinstancesareallowed,
as well as valid scenariosthat requirea given numberof
classinstances. Therefore,the checksperformedby the
T-Tool only guaranteethe correctnessof the speci�cation
with theconsiderednumberof classinstances.In practice,
it is convenientto generateandcheckvariousmodelswith
differentnumberof classinstances,so that a larger setof
possiblecasesis coveredin theveri�cation. As we setthe
upperboundof classinstances,threebasicapproachesare
used.First,auniformupperboundcanbesetfor all classes,
e.g.,a 1-instanceor a 2-instancecase. Second,according
to thecardinalityconstraintsin the i* model,differentup-
per boundscanbe setfor differentgroupsof classes,e.g.,
thereis 1 teachervs. 2 students,1 coursevs. 2 exams,etc.

Third, a subsetof the classescanbe selectedfor instanti-
ation, basedon the propertyto be veri�ed. No instanceis
allowedfor theclassesthatarenot selected.This approach
is referredto asthereducedcase.

For complex FT speci�cations,veri�cation of properties
againsta given model can take a very long time and can
requireconsiderableeffort. For this situation,we provide
someguidelinesfor aneffectiveapplicationof theveri�ca-
tion methodssupportedby theT-Tool.

For possibility (and consistency) checks, SAT-based
boundedmodelcheckingtechniquesarepreferable,asthey
are very effective in �nding scenariosof boundedlength
thatsatisfya givenproperty. Sincemostscenariosareactu-
ally short,if no scenariois foundwithin reasonablelength
(typically 5 to 10 steps),thenit is likely the casethat the
possibility cannotbe satis�ed. In this case,direct inspec-
tions of the speci�cation and interactive simulationshave
shown to beeffective meansfor �nding theproblemin the
FT speci�cation.

For assertionchecks,SAT-basedboundedmodelcheck-
ing techniquescanonly beusedto givepreliminaryresults.
In fact, thesetechniquesareableto �nd counter-examples
if the given assertionis false, but are able to prove the
truth of theassertiononly up to a given lengthof the pos-
siblecounter-examples.To guaranteethatanFT speci�ca-
tion satis�esa given assertion,BDD-basedtechniquesare
a must,sincethey allow for an exhaustive analysisof the
model. A strategy that canhelp whencheckingassertions
usingBDD-basedtechniquesis to consideronly asubsetof
theconstraintsin theFT speci�cation.Therationalebehind
this is that whenever we checkan assertion� on a spec-
i�cation composedof a �nite set � of constraints��� with

���

� , we arelooking for solutionsto the following prob-
lem: �

�
	��

�
��


� . If we can derive a positive answer
usingasubset����� of constraints,thejob is done.Indeed,
themoreconstraintswe add,themorerestrictedis thebe-
havior of the system.Sincewe areinterestedin verifying
thatall possiblescenarioscompatiblewith thespeci�cation
satisfy � , if we prove that � holdsin anunder-constrained
system, � must hold in the more constrainedsystem. If
we fail in checkingthepropertywe needto considera new
set of constraints� , suchthat ��������� , and iterate.
The counter-exampleproducedfor subset� canguidethe
selectionof new constraintsto be addedto � , sinceit ex-
hibits a possiblebehavior that violatesrelevantconstraints
not yet considered.This iterative processwill eventually
terminatesincethe setof constraints� is �nite. While in
theorythe initial setof constraintscanbe chosenarbitrar-
ily (e.g., it canbe the emptyset), in practicestartingwith
a goodguessfor � is very importantto reducethenumber
of iterations. In mostpracticalcases,theuserhasin mind
thereasonwhy a givenassertionneedsto hold andhow to
exploit suchknowledgeto choosea suitableset � . We re-
mark that the “abstraction”techniquesdescribedhereare
commonpracticein themodelcheckingcommunity[3].



PossibilityChecks
1 instance 1..2instances 2 instances

BMC BDD BMC BDD BMC BDD
P1 Valid[3] Valid[3] Valid[3] Undecided Valid[3] Undecided

9.4sec/ 29Mb 1786sec/ 64Mb 55.7sec/ 77Mb T.O. 860sec/ 295Mb M.O.
P2 Valid[3] Valid[3] Valid[3] Undecided Valid[3] Undecided

9.3sec/ 29Mb 1719sec/ 63Mb 55.6sec/ 77Mb T.O. 842sec/ 295Mb M.O.
P3 Valid[4] Valid[5] Valid[4] Undecided Valid[4] Undecided

14.2sec/ 38Mb 1979sec/ 64Mb 94.9sec/ 96Mb T.O. 1629sec/ 375Mb M.O.
P4 Undecided[10] Invalid Undecided[10] Undecided Undecided[4] Undecided

105sec/ 84Mb 1626sec/ 64Mb 2143sec/ 237Mb T.O. T.O M.O.

Table 1. Results for possibility checks

AssertionChecks
1 instance 1..2instances

BMC BDD BDD-reduced BMC BDD BDD-reduced
A1 NoBug[10] Valid Valid NoBug[10] Undecided Valid

100sec/ 83Mb 1298sec/ 64Mb 0.3sec/ 2Mb 1086sec/ 237Mb T.O. 30.8sec/ 4.2Mb
A2 NoBug[10] Valid Valid Invalid[3] Undecided Invalid[7]

111sec/ 84Mb 1295sec/ 64Mb 44sec/ 17Mb 57.6sec/ 77Mb T.O. 757sec/ 100Mb
A3 NoBug[10] Valid Valid NoBug[10] Undecided Undecided

107sec/ 83Mb 2110sec/ 64Mb 2.5sec/ 4Mb 2837sec/ 234Mb T.O. T.O.
A4 NoBug[10] Valid Valid NoBug[9] Undecided Undecided

114sec/ 83Mb 1297sec/ 63Mb 0.1sec/ 2Mb T.O. T.O. T.O.

Table 2. Results for asser tion checks

4. Experimental results

Following the guidelinesdescribedin the previous sec-
tions,we have conductedseveral iterationsof experiments.
During eachiteration, an FT speci�cation was validated
by humaninspection,animation,consistency checking,and
possibility/assertionveri�cation. Whenever a bug wasde-
tected, the FT speci�cation (and, in somecases,the i*
model) was revised, and a new iteration was performed.
This iterative re�nement of the speci�cation has ended
whenall checkson theFT speci�cationweresuccessful.

4.1. Setupof the experiments

In order to illustrate the performanceof the tool, and
the veri�cation process,we presentthe experimentsre-
sults of an intermediateversion of the FT speci�cation
that still containssomebugs. Moreover, we report the
resultsonly for some of the assertionsand possibilities
that are presentin the model, namely for assertionsA1-
4 andfor possibilitiesP1-4 in Figure4. More resultscan
be found at the URL http://sra.itc.it/tools/
t-tool /experiments/cm .

To stressthescalabilityof theproposedveri�cation tech-
niques,we have performedthe testsconsideringmodels
of differentsize. More precisely, we have considereddif-
ferent upperboundsto the numberof instancesfor each
class.We reportherethecaseof 1 and2 instancesfor each
class,andoneintermediate1..2casewherewe allow 2 in-
stancesfor someclasses(in particular, the studentand its
goalsandtasks),but only 1 instancefor otherclasses(the
teacherand its tasks,and the course). Moreover, we ex-
perimentedwith the differentmodel checkingtechniques,

namelySAT-basedboundedmodelchecking(“BMC” in the
tables),BDD-basedmodelchecking(“BDD”), and, in the
caseof assertions,BDD-basedmodelcheckingon reduced
models,asdescribedin Section3.3 (“BDD-reduced”).The
casestudy is composedof 33 classesand229 constraints
The modelwith 1 instanceper classrequires477 Boolean
statevariables,while the2 instancerequires1077Boolean
statevariables. Thus, the statespacegrows from ������� to

�

���

�	� stateswhile moving from the 1 instanceto the 2 in-
stanceperclass.

4.2. Results

Theresultsof theexperimentscarriedoutarereportedin
Table1 andTable2. The experimentswereexecutedon a
PC PentiumIII, 700 MHz, 6GB of RAM, runningLinux.
All the veri�cation testshave beenexecutedwith a time
limit of 3600seconds(1 hour) andmemorylimit of 1GB.
For eachproblemwe reportthe CPU time in secondsand
theamountof memoryin MB. With “T.O.” wemarktheex-
perimentsthatdid notcompletewithin thetime limit, while
with “M.O.” we markthoseexperimentsthatexceedmem-
ory limits. The maximumlengthconsideredfor bounded
modelcheckingexperimentsis 10.2 Theexperimentsshow
that:

1. PossibilitiesP1-3arevalid, andwitnessscenariosof
length3, 3 and4 respectively areproducedby the T-
Tool.

2. PossibilityP4is invalid. No witnessscenariois found
up to length10 for the 1 and1..2 instancesandup to

2Theexperimentscon�rm thatthis is areasonablebound:all generated
witnessscenariosandcounter-examplesareof length5 or shorter.



length 4 for 2 instances.An analysisof the speci�-
cation shows that possibility P4 (“A teacherexpects
an exam answerfrom a studentthat doesnot intend
to passtheexam”) cannotoccur, becausewe have as-
sumedthat the teacherknows which studentswant to
passthe exam (e.g., by requiring them to register).
This possibilityhasbeenremovedin the �nal version
of theFT speci�cation.

3. AssertionsA1, A3, andA4 arecorrect. No counter-
examplescenariosarefoundin theperformedchecks.

4. AssertionA2 is false. No counter-exampleis found
in 1 instancecase,but a counter-exampleof length3
is found in the 1..2 instancescase. This is due to a
missingcreationconditionfor dependency Mark that
allowstheteacherto assignmarksto studentsthathave
not providedexam answers.This bug hasbeen�x ed
in the �nal versionof the FT speci�cation. We re-
markthatin thecaseof 1 instancenocounter-example
is found since,accordingto the FT speci�cation, the
teacheronly startsmarkingif at leastonestudenttakes
theexam.

4.3. Discussion

4.3.1. Effectiveness

For our casestudy, the proposedapproachwas effective
in producingan FT speci�cation of good quality. It also
led to animprovedunderstandingof thedomainby reveal-
ing several tricky aspectsof thecasestudy. Thevalidation
techniquesprovidedby theT-Tool have beenusefulin de-
tectingbugs,while animationwasusefulduringearly val-
idationstepsby identifying trivial bugs. For instance,due
to a missingcreationconditionfor the studentgoal Take-
Exam, a studentwasallowedto try to take anexamevenif
no teacherwasgiving it. Likewise,theconsistency checks
have beenableto detecta trivial error in thecreationcon-
dition of student's goal Study, which doesnot allow two
studentsto studythesamecourse.Thevalidationof asser-
tions andpossibilitieshasrevealedsubtlebugsdueto the
interactionof differentgoals,dependenciesandconstraints.
For instance,dueto anerror in theful�llment conditionof
ReceiveAnswers, a studentcouldpreventtheteacherfrom
ful�lling the taskGiveExam by declaringher intentionto
taketheexamandby never takingit. In anothercase,astu-
dentcouldnot decideon the fairnessof marking(softgoal
FairMarking ) even after shereceived a Mark , sinceshe
wasexpectinga markingschemefrom the wrong teacher.
This wasdueto a missingcreationconditionin thedepen-
dency FairMarkingScheme. In both cases,the T-Tool's
ability to generatecounter-exampleshelpedin pinpointing
theproblems.

The experimentsshow that the usageof the abstraction
techniquesdescribedin Section3.3for checkingassertions
ona reducedmodelis verypromising.For mostproperties,
theuseof thesetechniqueshasresultedin speed-upsof one

to two ordersof magnitudewith respectto the caseof the
whole model. This allows us to checkthe correctnessof
assertionsfor the1..2 instancescase,but is not enoughfor
the2-instancescase.

A limiting factorof thecurrentframeworkconsistsin the
fact thatcorrectnessof thespeci�cationcanbeassertedup
to the consideredupperboundsof the numberof classin-
stances.We arecurrentlyinvestigatingheuristicsandtech-
niquesfor choosingupperboundsthat guaranteethe cor-
rectnessof the FT speci�cationsregardlessof the upper
bounds.

4.3.2. Performance

Performanceresultson the T-Tool are encouraging,even
thoughfurtherwork is neededin orderto allow for a black
box usageof thesetechniques.Thefact that theT-Tool al-
lows for the usageof differentveri�cation techniquesis a
very important factor for its effectiveness. In particular,
BDD-basedandBMC-basedmodelcheckingcomplement
eachother. BMC-basedveri�cation is ef�cient in check-
ing possibilityproperties.On average,a valid scenariofor
a possibility propertycan be producedin a few seconds.
BMC-basedveri�cation is alsogoodfor a preliminaryver-
i�cation of assertionproperties.On theotherhand,BDD-
basedmodelcheckingdoesnot work in practicefor large
modelswith big statespaces.The heuristicsproposedfor
reducingthemodelpoint out a promisingdirectionfor the
veri�cation of assertionproperties,evenif they donot (yet)
completelysolve theperformanceproblem.Theanimation
of thespeci�cationwasuseful,but it shouldbeimprovedby
reducingthesetuptimeandby improving its usability, e.g.,
allowing theautomatedgenerationof a scenariogivena set
of targetstates.

5. Relatedwork and conclusions

In earlierwork [10, 11] we have proposeda framework
for thespeci�cationandveri�cation of earlyrequirements.
This paperpresentsthe T-Tool, a prototypetool that sup-
portstheprocessof veri�cation, anddemonstratesthrough
experimentsthattheframework canscaleupandserveasa
usefulbasisfor theveri�cation of early requirements.The
T-Tool permitsthegenerationof �nite modelsfrom an FT
speci�cationandsupportsmodelcheckingonsuchmodels.
The T-Tool is basedon NUSMV, an openarchitecturefor
modelchecking. In our experience,the possibility of ex-
tendingNUSMV with new functionalities(e.g.,anew input
language,pastoperators,enhancedsimulator)hasbeencru-
cial for its effectiveapplicationto theanalysisof FT speci-
�cation.

Formal analysisis often usedto verify correctnessof
speci�cations,but, it is usuallyappliedin laterphases.For
instance,in [1, 12] formalveri�cation techniqueswereused
for theanalysisof speci�cationsexpressedin theSCRfor-
malism, and in [7] NUSMV is usedfor the veri�cation



of RSML speci�cations. The works that are most rele-
vant to oursareAlcoa/Alloy [14, 13], KAOS[15], andthe
work on “Topoi Diagrams”[17]. Alcoa [14] is a tool for
analyzingobject modelsthat describethe architecturalor
structuralpropertiesof a systemdesign. It hasbeenused
to verify variousarchitecturalframeworks, protocols,and
schemes.The input language– Alloy [13] – is a notation
basedonZ, but hasbeentailoredto �t objectmodelsandis
amenableto automaticanalysis.Similarly to theT-Tool,Al-
coausesSAT-basedboundedmodelcheckingfor assertion
analysis(under-specifychecking)and possibility analysis
(over-specifychecking).ThemaindifferencesbetweenAl-
coaandthe T-Tool is their focuson differentapplications
(object vs requirementsmodels). Moreover, the T-Tool
supportsa broadersetof veri�cation techniques,including
BDD-basedmodelcheckingandheuristicsfor reducingthe
modelsizefor proving assertionproperties.KAOS[15] is
a framework thatsupports(early)requirementsanalysis.It
shareswith FT thegoal-oriented�a vor. Also thedesignof
the temporallogic componentin FT hasbeeninspiredby
KAOS. The main differencebetweenthe two frameworks
is in the analysistechniquesused. The T-Tool supports
model checking veri�cation techniques,while KAOS is
basedon theoremproving techniques.Topoi diagrams[17]
representstatementsof gradualin�uence betweenvariables
(e.g.,the moreX, the moreY) andcanbe usedin system
requirementsto describehow designersbelieve in�uence
shouldpropagatethrougha system.Topoi diagramsarere-
latedto i* diagrams,whereintentionallinks describein�u-
encesbetweenthe intentionalelementsof a domain. On
topof thetopoi diagrams,temporallogic formulasdescrib-
ing a propertyof the model can be checked. The focus
of this approachis limited to formulasof a speci�c form
thatcheckwhethera giveninput resultsin anexpectedout-
put. Moreover, the framework in [17] is basedon explicit
statemodel checkingtechniques[9], ratherthan on sym-
bolic techniques.

Thereareseveral directionsfor further research.First,
we are investigatingthe useof techniquesthat guarantee
that an FT speci�cation is correctregardlessof the upper
boundsof thenumberof classinstances.We arealsowork-
ing to there�nementandtheautomationof theveri�cation
approachproposedin this paper, by de�ning heuristicsto
chooseand re�ne the set of constraintsconsideredwhile
proving aproperty, andby alternatingautomaticallyphases
in which the tool tries to prove thevalidity of a modeland
phaseswherethe tool tries to �nd bugs. Optimizationsof
the model generatorand advancedabstractiontechniques
thatexploit, for instance,possiblesymmetriesin thespec-
i�cation arealsounderinvestigation.Finally, we areplan-
ningto developagraphicalfront endto theT-Tool, thatwill
allow theuserto write theFT speci�cationsasannotations
of an i* model, and to seethe scenariosproducedby the
T-Tool asanimationsof thei* diagrams.
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