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Abstract

In thisdocumentve provide adescriptiorof theFormalTroposlanguagexndits semantics.
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1 Intr oduction

Early requirementgngineerings the phaseof the softwaredevelopmentprocesshatmodelsand
analyzesthe operationalervironmentwherea software systemwill eventually function. In or-
derto analyzesuchernvironment,it is necessaryo investigatethe objectves,businesgprocesses,
andinterdependenciesf differentstaleholders.At leastin principles,the understandingf these
“strategic” aspect®f theoperationakrnvironmentis necessaryo motivateanddirectthe develop-
mentof thesoftwaresystem Althougherrorsandmisunderstandingst this stagearebothfrequent
andcostly, earlyrequirementgngineerings usuallydoneinformally (if atall).

Formalmethodshave beensuccessfullyappliedto theveri cation andcerti cation of software
systems.In severalindustrial elds, formal methodsare becomingintegral component®f stan-
dardg2]. However, theapplicationof formal methoddo earlyrequirementss by no meangrivial.
Mostformaltechniquetave beendesignedo work (andhave beenmainly applied)in laterphases
of softwaredevelopmentg.g.,atthearchitecturabnddesignlevel. As aresult,thereis amismatch
betweenthe conceptausedfor early requirementspeci cations(suchasactors,goals,needs..)
andthe constructof formal speci cationlanguagesuchasZ [15], SCR[12], TRIO [10, 14].

FormalTropos(hereaftefT) is aformal framewnork thatadaptgesultsfrom the Requirements
Engineeringand Formal Methodscommunitiesto facilitate the precisemodelingand analysisof
earlyrequirements.

The FT framewnork supportsthe automaticveri cation of early requirementsspeci ed in a
formal modelinglanguage. This framework is part of a wider on-goingproject called Tropos
whoseaim is to develop anagent-orientedoftwareengineeringnethodologystartingfrom early
requirementsThe methodologyis to be supporteddy a variety of analysistools basedon formal
methods.

The FT languageoffersall the primitive conceptof i* [17] (suchasactors,goals,anddepen-
denciesamongactors) but supplementthemwith arich temporalspeci cationlanguagenspired
by KAOSI6, 7]. Thei* notationsallow for the descriptionof the “structural” aspect®of the early
requirementsnodel,for instancan termsof the network of relationshipsanddependenciesmong
actors. FT permitsto represenalsothe “dynamic” aspectf the model,describingfor instance
how the network of relationshipsavolvesover time. In FT onecande ne the circumstancesin-
derwhich a givendependenc amongtwo actorsarises,aswell asthe conditionsthat permitto
considerthe dependengful lled. In our experience representingand analyzingthesedynamic
aspectallows for amorepreciseunderstandingf the earlyrequirementsnodel,andrevealsgaps
andinconsistencieshat are by no meanstrivial to discover without the help of formal analysis
tools.

A tool, called T-Tool, hasbeendevelopedto supportthe analysisof FT speci cations. The
T-Tool is basedon the state-of-the-arsymbolicmodel checler NUSMV [4]. It translatesauto-
maticallyanFT speci cationinto anIintermediatd.anguagghereafteil) speci cationthatcould
potentially link FT with differentveri cation engines. The IL representatiofs then automati-
cally translatednto NUSMV, which canthenperformdifferentkinds of formal analysis suchas
consistenyg checking,animationof the speci cation,andpropertyveri cation.

In this documentwe formally de ne the syntaxand the semanticsof the FT andof the IL
languages. This documentis structuredas follows. Section2 will describethe grammarand
the conceptsof the Formal Troposlanguage. In Section3 we will describethe grammarand



the semanticof the Intermediatd_anguage.In Section4 we will de ne the formal semanticof

Formal Troposin termsof its translationin the Intermediatd_anguage.In Section5 we describe
the architectureandthe functionalitiesof the tool namedT-Tool, developedto supportthe Formal

Troposmethodology Finally in Section6 we will drav someconclusionsandwe brie y discuss
theextensionsve have in mind.

2 Formal Tropos

Althougha graphicalnotationsuchasi* is valuablefor humancommunicationits modelsarenot
detailedenoughto be usedasa startingpoint for performingformal analysis.In this section,we
describea textual languagecalled Formal Tropos which hasmoreexpressve power thani* , and
is amenabldo formal analysis.

2.1 Syntaxofthe FT Language

In this section,we explain the differentelementsof a Formal Troposspeci cation. The complete
grammaitis givenin Figurel.

A speci cationin Formal Troposconsistsof a sequenceof declarationsf entities actors,
goals tasks resouces dependenciesand global properties Declarationsfor entities, actors,
goals,resourcestask, softgoalsand dependencieare structuredin two layers. An outer layer
declaregheir attributes,andis in a sensesimilar to a classdeclaration.Theinner layer expresses
constrainton theinstancesandthusimplicitly determinesheir evolution.

In the outerlayer, entities,actors,goals,tasks resourcessoftogoalsanddependenciearede-
claredasclassesvhich have anassociatedist of attributesthatcharacterizeheirinstancesEach
attribute hasa correspondingort (i.e., its type) andoneor morefacets Sortscanbe eitherprim-
itive (integer, booleangtc.) or correspondo otherclassegentities,actors,goals,tasks,softgoals,
resource®r dependencies)f the speci cation. Facetsrepresenfrequentlyusedpropertiesof at-
tributes. The only facetcurrentlysupporteds constant thatrepresentshe factthatthe value of
theattributecannotchangeafterits initialization. Otherpossiblefacetsare: optional, whichmeans
thatthe attribute might assumeno value; multi valued, which meanghatthe attribute canassume
morethanonevalue(i.e., it represents setof possiblevalues).

Entitiesrepresenhon-intentionaklementf the ervironmentor organizationaketting. Each
entity is identi ed by a name andconsistsof a setof attributes,a setof creation propertiesand
asetof invariant properties.Thesepropertiede ne conditionsthatshouldhold, respectrely, at
thecreationandduringthelife of eachinstanceof anentity.

Lik e entities,actors have attributes,andcreation andinvariant properties.

Goals task,resourcessoftgoalsanddependencidsaze amodeandasetof ful lIment proper
ties,whichwill beexplainedshortly If theactoris notabletoful Il acertaingoalby itself, thenthe
goal shouldbere ned into sub-goalspperationalizedn tasksanddelegatedto other(dependee)
actorsvia dependencies.

Dependenciesepresentherelationshipghatexist amongactorsin orderto ful Il their objec-
tives. In a sensethe conceptof stratgic dependengis re-i ed in Formal Tropos,sincedepen-
denciesaredeclaredasclassesandcanbe instantiatequst asary otherobjectof the system.A



[* Theouterlayer*/
speci cation:= (entity actor int-element dependencyglobal-propertieg
entity := Entity name[attributeg [creation-piopertieg [invar-propertie$
actor := Actor nameJattributeg [creation-popertieg [invar-propertie$

int-element:= type name mode Actor name [attributeg§ [creation-popertie§ [invar-
propertieg [ful [l-pr opertieg

dependency= type DependencynamemodeDependernameDependeename|attributeg
[creation-popertieg [invar-propertieg [ful ll-pr opertied

type:= (Goal Softgoal Task Resource)

mode:= Mode (achieve maintain achieve&maintain avoid)
I* Attributes*/

attributes:= Attrib ute attribute

attribute:= facetsname: sort

facets.= [constant] ...

sort:=name integer boolean ...

[* Theinnerlayer*/
creation-poperties.= Creation creation-poperty
creation-poperty:= property-catgory event-catgory tempoal-formula
invar-properties.= Invariant invar-property
invar-property:= property-catgory tempoal-formula
ful ll-pr operties.= Ful llment ful ll-pr operty
ful ll-pr operty:= property-catgory event-catgory tempoal-formula
property-catgory := [constraint assertion possibility ]
event-catgory :=trigger condition de nition

/* Global properties*/
global-properties.= Global global-property

global-property:= property-catgory tempoal-formula

Figurel: TheFormalTroposgrammar




dependeng describesan “agreement’betweentwo actors,the dependerandthe dependeeThe
typeof thedependengcdescribeshe natureof this agreement:

goal dependencieareusedto representelegationof responsibilityfor ful lling agoal,

softgoaldependenciearesimilarto goaldependencieshedifferencebeingthat,while it is
possibleto preciselydeterminewhenagoalis ful lled, theful liment of a softgoalcannot
be de ned exactly (for instancejt canbe a matterof personataste,or the ful lment can
occuronly to a givenextent);

task dependenciesepresentlelegationof responsibilityfor performinga givenactuity;

resouice dependenciedescribesituationsin which the dependeshoulddeliver or provide
someresourceo thedepender

Intentionalelementsare characterizedby a mode which declareghe attitudeof the involved
actorswith respecto its ful Iment. Themodalitiescurrentlysupportedy Formal Troposarethe
following:

achieve: ful llment propertieshouldbesatis edatleastonce;
maintain: ful Iment propertieshouldbesatis edin acontinuingway;

achieve&maintain: asa combinationof the previoustwo modes,t requirestheful liment
propertiedo beachievedandthensatis edin acontinuingway;

avoid: theful llment propertieshouldbe prevented.

The evolution of an intentionalobjectis controlledby threekinds of properties. Creation
propertiedeterminghe momentin which a new instanceof the objectcanbe createdful liment
propertiesmusthold in orderto considerthat an intentional objectis ful lled; andinvariants
representconditionsthat shouldbe true alongthe life of the object. We remarkagainthat the
meaningof the ful lIment conditionschangesaccordingto the modality of the corresponding
intentionalelement. For instancejn anachieve dependeny it de nes the conditionthat should
holdonce;andin amaintain dependengit de nesaconditionthatshouldhold continuouslyafter
the creationof thedependeng

In additionto temporaformulas propertiehave facetshatdetermingheirmeaning.Onekind
of facetgyive whatwe call propertycategories they determinehow apropertyin uencesthevalid
scenariogor a speci cation. Constraint propertiesareenforced they areimplicitly de ning the
valid scenariogor therequirementspeci cation. On the otherhand,assertionsandpossibilities
aredesied propertiesof the speci cation;they arenot enforcedbut chedked aswe will show in
the next chapter While assertionsareexpectedo holdin all valid scenariogor the speci cation,
possibility propertiesare only expectedto hold in at leastone valid scenario. If noneof these
facetds presentwe assumehatthe propertyis a constraint.

In the caseof creation andful liment propertiesfacettrigger de nesasufcient condition
for thecreationor ful llment; facetcondition de nesanecessargondition;andfacetde nition ,
anecessargndsufcient condition.



2.2 Temporal formulas

Thetemporalformulasusedfor specifyingpropertiesaregivenin alineartime typed rst-order
temporalogic. Wewill brie y explainthemin this section;acompleteaxplanationof their under
lying semanticss givenin Section3.

Firstof all, theformulascancontainpastandfuturetemporaloperators:

X F G U Y H P S (1)
JustFul lled JustCreated Ful lled

Themeaningof the operatorss thefollowing:

X (next state)

F (eventually)

G (henceforthalwaysin thefuture)
U (until)

Y (previousstate)

P (sometimesn the past)

H (alwaysin the past)
S (since)

In temporalformulaswe consideralsosomeprimitive predicatessuchasJustCreated( ) (an
instanceof object is beingcreatedatthis pointin time),andJustFul lled () (anobject is being
ful lled atthecurrentpointin time). AnotherpredicateFul lled () hasdifferentinterpretations
dependingpnthemodality of thedependengto whichit belongs.For anachieve dependeng it is
trueif thedependenchasbeenful lled. ThismeanghatFul lled () is madetrueatthemoment
of the ful Iment and staystrue forever. For a maintain dependeng Ful lled () remainstrue
while the ful llIment propertieshold (i.e, it is true sincethe creationof the dependeng). For an
avoid dependeng it its trueif theful llment propertiesever hold (neitherin the pastnorin the
future).

As rst-order formulas,they maycontainexistentialanduniversalquanti ers. Boundvariables
aretypedby a sort,which canbeeitherprimitive, or thenameof a class.Theinterpretatiorof the
guanti ersis over all existinginstance®f the sort. Thereforejf anobjecthasnot beencreatedat
acertainpointin time, it will notbetakeninto accountwhenevaluatingthe quanti ers.

Forall  sort Exists  sort (2)

Theclassicabooleangqualityandrelationaloperatorsarealsoavailable:
3)
(4)



Termscanbeconstantg ), variableg ), attributesof anobject( ).

self actor depender dependee (5)

Valid formulasmustsatisfysomeconstraintsFirst, they mustbewell-sorted(e.g.,comparison
canbeperformedamongtermsof thesamesort). Secondeachvariable thatappearsn aformula
mustrespecobneof thefollowing rules:

isboundedby aForall ~ sortoraExists sortquanti er;

is the nameof one of the attributesof the entity, actor or dependeng that containsthe
property(not applicableto globalproperties);

is theidenti er self (not applicableto global properties)selfis usedto denotethe entity,
actor goal,task,resourceor dependengthatcontainshe property;

is theidenti er dependeror theidenti er dependeg(only applicableto propertiesnside
adependeng);

is the identi er actor (only applicableto propertiesinside a goal, softgoal,task or re-
source)thisidenti er refersto theactorof the currentgoal, task,resourcesoftgoal.

2.3 ObsoleteSyntax

Thedeclaratiorof dependencyelementhaschangedn the new versionof thelanguage Theold
versionof thegrammarde nition for dependencyis thefollowing:

dependency= DependencynameType type modeDepender nameDependeename[at-
tributeg [creation-popertieg [invar-propertie§ [ful ll-pr opertieg
This syntaxis usedin several FT casestudiesand examples,andthe T-Tool supportsit. In the
futuretheold versionof the syntaxwill bedeprecated.

Thefacetsfor depender, for dependeefor domain, describedoy the grammarrulesbelow,
which denotethe origin of a classproperty aresimply ignoredin thetranslation.

creation-poperties.= property-catgory event-catgory property-origintempoal-formula
invar-property:= property-catgory property-origintempoal-formula

ful ll-pr operties.= property-catgory event-catgory property-origintempoal-formula
property-origin:= [for depender for dependee for domain ]

Thesefacetswill probablyberemovedform future versionof thelanguage.

3 The Intermediate Language

In this sectionwe presentan Intermediatd_anguagea smallerlanguagewhich allows for a sim-
pler formal semanticsFurthermorethe Intermediatd.anguagespeci cationis moreamenabldo
formal analysis sinceit removesthe stratgic avor of Formal Troposandshiftsthe focusto the
dynamicaspect®f the system.



3.1 The Syntaxof IL

An IntermediateLanguagespeci cation consistsof a classsignatue, which de nes the classes
(or datatypes)of the system;anda logic speci cation, which speci es constraintsand desired
propertieson thetemporalbehaior of the classinstances.

A classsignatureconsistf asequencef classdeclarationswhereeachof themis asfollows:

CLASSc

c isthenameof theclassandthe 'sareits attributes; speci esthesortof attribute . Sorts
canbeeitherprimitive (integer, boolean ...) or correspondo classnames.
Thelogic speci cationconsistof a setof formulasorganizedasfollows:

CONSTRAINT formulas,whichrestrictthe valid executionsof the system;
ASSERTION formulas,which areexpectedo holdin all valid executionsof the system;

POSSIBILITY formulas,which areexpectedto hold in at leastonevalid executionof the
system.

The formulasare givenin a rst orderlineartime temporallogic with future and pasttime
operators. Objectscan be createdduring execution,and thereforequanti ers Forall and
Exists rangeover the objectsof sort that“exist” atapointin time. As aconsequencédree
variablesdo not necessarilyexist” at all moments.Thefactthata variableexists might be stated
in our logic with aformulasuchas

Thelogic is describedy thefollowing rules:

X F G U Y H P S (6)
Forall  sort Exists  sort (7)
(8)
9)
(10)

A modelfor a speci cationconsistof a sequenc®f worlds, that correspondo snapshot®f
thesystematdifferenttimes(we usethe naturalnumbersasthetime domain).Eachworld provides
domainsfor the basicsortsandthe classesle ned in the speci cation. Also, eachworld hasto

respecthesignaturethatis, if is anattributeof class , theneachinstanceof hasanattribute
in thedomainof .



A valid modelmustsatisfyall CONSTRAINT formulas,sincethey areenforcedon all valid
executionsof the system.We saythata speci cationis non-emptyif it admitsat leastonevalid
model.We saythata speci cationis correctif theASSERTION formulasholdin all valid models
of the speci cation,andthe POSSIBILITY formulasholdin atleastonevalid model.

In the next sectionswe will introducea formal de nition of the syntaxand semanticf the
Intermediatd_anguage.

3.2 Formal de nition of the classsignature

3.2.1 Monotonic domains

We have to dealwith domainsthat changeover time. This is a hard problemfor rst-order
temporallogic, sinceit givesthe possibility of mixing temporaloperatorsandquanti ers(see[16]
for atechnicalexplanationof thereasons).

Thesolutionthatwe adoptis to forcedomainsto be monotonic.Thatis, we allow new objects
to be createdduringthe evolution of the system put we do not allow alreadycreatedbjectsto be
destryed.

This solvesthe problemof combiningquanti ers and future temporaloperators. If we say
Forall G , Where is aformulathatde nessomepropertyof , thenwe know that
all theobjects in thedomainassociatedo sort thatexist atthe presentime, will alsoexistin
all futuresnapshotsTherefore, malkessensan all suchsnapshots.

However, we do have problemswhenwe mix quanti ers and pasttemporaloperators. For
instancefor theformulaForall H ,If isanobjectin thecurrentdomainof , weare
notguaranteethat alsoexistedin all pastsnapshotsTheinterpretatiorthatwe give to formula
Forall H is hencethefollowing: “for all theobjects of sort in thecurrentsnapshot,
formula holdsonly in the pastsnapshotsvhereobject existed”. In this way, we restrictthe
scopeof aH formulato the pastsnapshotsvhereall the objectsreferredin  existed.

The interpretationthat we give to formula Forall P is asfollows: “for all the
objects of sort in thecurrentsnapshotthereis someprevioussnapshotvhereobject existed
andformula held”. Thatis,in P werequire to have heldin apastsnapshotvhereall the
objectsreferredin  existed.

The strongprevious stateoperatorY is trueonly if all the objectsreferredin  exist in the
previoussnapshofand holdsin thatsnapshot).

3.2.2 Basicsorts

Basicsortscorrespondo the elementarydatatypesusedin the IntermediateLanguagesuchas
integer, booleansetc. We assumdhata givenset  of basicsortsis de ned anda x edinterpre-
tationdomain is associatedo eachbasicsort

10



3.2.3 Classsignature

A classsignaturespeci esthe classeghat are presentin a speci cation, togetherwith their at-
tributes.
A classsignaturds a pair , Where:

is asetof classidenti ers;

for eachclass ,set describesheattributesof class .

All attributesmusthave avalueall alongthelife of their corresponding
Thesorts for asignature arethebasicsorts andtheclassidenti ers ; namely
(weassumghat and aredisjoint).
In thefollowing, we will oftenreferto setsof objects thatare -sorted.Thismeanghata
sort is associatedo eachobject . We write wheneer is the sortof object
; morewer, we denotewith  thesubsebf whoseobjectsareof sort . We alsoassumehat
sortsareassociatedo the attributesof a class,thatis, thesets  of the attributesof class are
-sorted.In particular we denotewith  theattributesof class of sort .
An interpretation(or world) for aclasssignature isatuple ,
where:

is the interpretationdomainfor eachsort in theset  of sortsof the signature.We
requirethat for eachbasicsort . If ,then  de nestheexisting instances
of class in theworld.

If is anattributeof class , then is afunctionthat,givenaninstanceof
aclass , returnsavalueof theattribute . This de nestheinterpretatiorfor attribute of
all theinstance®f class in theworld. Thefunctionmustbetotal.

We denoteas thesetof all the possibleworldsfor classsignature . Givena  sortedset
of variables andaworld in ,avaluationof in isafunction
thatassociateto eachvariable of sort avaluein

3.3 Formal de nition of the logic speci cation
3.3.1 Terms

We now de ne thesetof terms ontheclasssignature andonthe -sortedsetof variables
. As termsaresorted we ratherde ne theclasses of termsof sort

If then
If is aclasssort, is anattributeof of sort , and , then
Givenaterm , aninterpretation ,andavaluation of in ,wecande ne
aninterpretatiorof of term asanelemenif

11



If then

If is aclasssort, is anattributeof of sort , and , then
—  if is de ned.
— is unde nedif is unde ned.

3.3.2 Formulae

Theformulae ontheclasssignature andonthe -sortedsetof variables arede nedas
follows:

If , then

If for somesort , then

If , thenalso

If thealsoX Y U S

If with thenForall
In the de nition above, we have representeavith the -sortedsetobtainedfrom by
settingthesortof variable to .

We de ne as thefreevariablesof aformula , i.e.,the setof thevariables thatappear

in outsidethe scopeof a Forall qguanti er. Theclosedformulae  for signature arethe
formulaein

Thefollowing syntacticabbreviationsarealsode ned:

Exists Forall
F U

G F

P S

H P

12



Formulaeareinterpretecbnruns A run isanin nite sequencefworlds . Since
domainsaremonotonic,if , then forall .
Let be arun. Now we de ne whena formula holdsat position of

accordingto valuation , written

for if andonly if
for if andonly if , and and
arede ned.
if not
if and
X if
U if thereis some , with , suchthat and,for each with
Y if , for each ,and
S if thereis some , with , suchthat and,for each with
, it holdsthat . Furthermore, , and for each
Forall if, for each ,
In the de nition above we have representedvith the valuationobtainedfrom by
assigningvalue to variable .
We saythatformula holdsfor , accordingto valuation , written , if andonly if
If is aclosedformula,thenwe saythat holdsatposition of , written , If and
only if .
Finally, if is aclosedformula,thenwe saythat holdsfor , written , if andonly if

3.4 Formal de nition of an Intermediate Languagespeci cation

Having de ned all theappropriateelementsywe cannow give theformalde nition for aninterme-
diateLanguageSpeci cation.
A speci cationin the Intermediatd_anguages atuple , Where:

is aclasssignature;

is asetof closedformulaeonsignature , thatspecifytherunsthatareallowedin thevalid
models;

13



is asetof closedformulaeonsignature , thatspecifypropertieshatareexpectedo hold
onall runsof thevalid models.

is asetof closedformulaeonsignature , thatspecifypropertiegshatareexpectedo hold
on at leastonerun of avalid model.

A modelfor speci cation iIsarun suchthat,for each , at
all times .

A speci cation is empty(or unsatis able)if it admitsno model.

An assertion is correct if holdsfor each model of atall times . If
assertion is notcorrectthenacounter@amplefor isamodel of suchthat

A possibility is correctif holdsfor a model of atsometime . If
possibility is correctthenanexamplefor is amodelsuchthat

A speci cation is correctif all its assertions , andall its possibilities arecorrect.

Clearly, we areinterestedn speci cationsthatarebothnon-emptyandcorrect.

4 From Formal Troposto the Intermediate Language

In this sectionwe presenthetranslationfrom FormalTroposinto thelntermediatd.anguageThe
resultingspeci cationis a formalizationof the semantic®f a Formal Troposspeci cation.

4.1 Fromthe Formal Troposouter layer
4.1.1 Classsignature

EachFormal Troposclass(entity, actor goal,softgoal resourcetask,or dependeng) is translated
to a correspondingntermediatd_anguageclassasfollows:

Rule 1 (classsignature) For ead Formal Troposclassof name , addthefollowing classto the
IntermediateLanguage classsignatue

CLASS

whee ead variable correspond$o someattribute of the Formal Troposclass,andead sort
denoteghetypeof theattribute

We alsoaddotherattributeswhich, althoughnot presentn the Formal Troposspeci cation,are
necessaryor the formalizationof its semanticsIn particulay for eachclasscorrespondindgo an
intentionalelement(goal, softgoal,task,resourcepr dependeng , we addthe booleanattribute
ful lled . Theintuitive meaningis thatthis attribute becomegrue whenthe intentionalelements
ful lled. Foreachclasscorrespondingo agoal,softgoaltask,or resourceve includetheattribute
actor. The sort of this attribute is the actor mentionedin the Actor clauseof the class. For
eachdependengwe includethe attributesdepender anddependee. Their sortsarethe actors
mentionedn the DependerandDependeeclausef thedependengclass.

14



Rule 2 (ful lled attrib ute) For ead goal, softgoal task,resouce anddependencygfthe Formal
Troposspeci cation,add the attributeful lled of sort booleanto the correspondingntermediate
Languageclass.

Rule 3 (actor attrib ute) For eat goal, softgoal,task,and resouce of the Formal Troposspec-
i cation containingclause® Actor ", add the attribute actor of sort  to the corresponding
Intermediate_anguaye class.

Rule 4 (dependerand dependeaeattrib utes) For ead dependencyf the Formal Troposspeci -
cationcontainingclauses' Depender ” and“Dependee ”, addtheattributesdepender of
sort anddependee ofsort  tothecorrespondingntermediatd_anguae class.

4.1.2 Logic speci cation

An IntermediateLanguageclasssignatureis not able to capturethe completesemanticof the
FormalTroposouterlayer. Thefollowing rulesformalizethoseaspect®f the semantic®f classes
thatareimplicit in Formal Tropos.

In thefollowing rule, the meaningof the constantfacetin givenby appropriateconstraintsn
the Intermediatd_anguagdogic speci cation.

Rule 5 (constantfacet) For eat constantattribute of type declaedin class , we addthe
Intermediate_anguaye constrint

Forall Forall X

Also the attributesactor, depender, anddependee addedby rules3 and4 areconstantat-
tributes.

Rule 6 (additional attrib utesare constant) For ead class that corresponddo a goal, soft-
goal, task, or resouce declamtion in the Formal Troposspeci cation containingclause” Actor
” weaddthe Intermediatd_anguaye constaint

Forall Forall X

For eadh class that corresponddo a dependencyeclamtion in the Formal Troposspeci ca-
tion containingclauses' Depender ” and” Dependee " weaddthelntermediatd.anguae
constaints

Forall Forall X

and
Forall Forall X

In the next rule we formalize the assumptiorthat, onceful lled, goals,softgoals,tasks,re-
sourcesand dependencieseemainin that stateforever, regardlessof the future evolution of the
system.

Rule 7 (ful lment forever) For eadhclass thatcorrespondso a goal,softgoaltask,resouce
or dependencygeclamationin the Formal Troposspeci cation,we addthefollowing constrint

Forall X
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4.2 Fromthe Formal Troposinner layer

We now explainthetranslatiorof the propertief a Formal Troposspeci cationinto Intermediate
Languagdormulas.

In a preliminary step,we replaceall Formal Troposprimitive predicatedy variablesof the
Intermediatd_anguage.In particular we replacethe primitive predicateFul lled by thevariable
ful lled introducedn theclasssignatureandthe primitive predicateslustFul lled andJustCre-
ated by appropriatdntermediatd_anguagdranslations Notice thatwe will continueusingJust-
Ful lled andJustCreatedin the Intermediatd_anguagdormulas,but they shouldbe considered
asjustmacros.

Rule 8 (substitutions for primiti ve predicates) For every Formal Troposformula,
everyoccurrenceof predicateFul lled , isreplacedby ;

everyocurrenceof predicateJustFul lled , is replacedby:

Y

everyoccurrenceof predicateJustCreated |, is replacedby Y

Globalpropertiesonly requirethe substitutionsgdescribedn rule 8.

Rule 9 (global properties) For everyformula correspondingo a Formal Troposglobal prop-
erty, addformula to the IntermediateLanguage speci cation,whee is theformulaobtained
by applyingrule 8.

Unlike FormalTropos,theformulasof the Intermediatd.anguagearenolongerassociatetb a
particularclass andarenotanchoredo aparticulareventin thelife of theclass.Thisdifferencehas
to betakeninto accountfor the translationof classpropertieq(i.e., propertieghatarenot global).
Thefollowing rulesdescribehetranslatiorof thesepropertiesin particular theformulaeobtained
afterthetranslationreferto a new variable correspondingo the Formal Troposclassthey refer
to. Class universallyquanti ed if the propertycorresponds$o a constraint or anassertion and
existentiallyquanti ed if it correspond$o a possibility.

Rule 10 (closure w.r.t. the class) For veryformulacorrespondingo a propertyof a Formal Tro-
posclass

everyoccurrenceof selfis replacedwith variable ;

everyoccurrenceof a freeattribute |, i.e., everyattribute thatis notin thescopeof some
_pre x, is replacedwith ;

In therestof this section,we denotewith theformulaobtainedfrom via the substitutions
of rules8 and10.
In the caseof invariants thetranslations de ned by thefollowing rule.
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Rule 11 (invariant property) For every formula correspondingto an invariant property of
class , addthefollowingformula:

Forall if isaconstraintor assertion
Exists if isapossibility

Thetranslationof creation andful llment propertiesof actors,dependenciegndactorgoals
is guidedby the modality (e.g.,achieve, maintain) andthe propertycateyory (e.g., necessary
trigger).

For acreation condition, the Formal Tropospropertyis simply a preconditiorfor the creation
of aninstanceandis translatedn thefollowing way.

Rule 12 (creation condition property) For everyformula correspondingo a creation condi-
tion property addtheformula:

Forall JustCreated if isaconstraintor assertion
Exists JustCreated if isapossibility

The translationfor creation trigger s is more complicated,since we cannotreferencethe
attributesof instanceghatdo not exist yet. In the next section,we explain the rationalefor this
rulein detail.

Rule 13 (creationtrigger property) For eat formula correspondingo a creationtrigger of
class , we add the following formula, whee are the free variablesof and
aretheir sorts:

Forall Forall Forall Exists
Thetranslationfor creation de nition propertiess acombinationof the previoustwo rules.

Rule 14 (creationde nition property) For ead creationde nition property add the formulas
of Rules12 and 13to theIntermediatd_anguaye speci cation.

Sinceobjectsalreadyexist whentheir ful llment propertiesareevaluatedwe do notruninto
the problemgust explainedfor creationtrigger s. In fact,ful lIment trigger s arejustsufcient
conditions,in the sameway asthe conditions arenecessargonditions. The rulesfor de nition
propertieds a combinationof the rulesfor condition andtrigger. Onthe otherhand,modalities
do play a substantialole in the translationof ful lment propertiesandwe will give particular
rulesfor eachof them.

A ful llment propertybelongingto anachieve dependengis translatedasfollows.

Rule 15 (achieve ful llment property) For ead formula correspondingo a ful llment prop-
ertyofaclass with achieve modality weaddtheformula

Forall JustFul lled if isaconstraintcondition
or assertioncondition
Forall if isaconstrainttrigger
or assertiontrigger
Exists JustFul lled if isapossibility
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Formulasof a maintain dependengcaretranslatedn thefollowing way

Rule 16 (maintain ful Iment property) For each formula of aful llment propertyof a class
with maintain modality we addtheformula

Forall G H if isaconstraintcondition
or assertioncondition
Forall G H if isaconstrainttrigger
or assertiontrigger
Exists G H if isapossibility

Formulasfor avoid dependencieareobtainedrom the previousrule by simply negating

Rule 17 (avoid ful llment property) For ead ful llment property of a class with awid
modality weaddtheformula

Forall G H if isaconstraintcondition
or assertioncondition
Forall G H if isaconstrainttrigger
or assertiontrigger
Exists G H if isapossibility

Theachieve&maintain modalityis a combinationof the rulesfor achieve andfor maintain.
Theformulashouldhold atthe presenstate("achieve” part),andforeverin thefuture ("maintain”
part). Notice that, unlike the maintain modality, the formula doesnot necessarilyhold from the
beginning.

Rule 18 (achieve & maintain ful llment property) Foread formula ofaful Iment property
ofaclass with achieve & maintain modality weaddtheformula

Forall G if isaconstraintcondition
or assertioncondition
Forall G if isaconstrainttrigger
or assertiontrigger
Exists G if isapossibility

The formulasobtainedaccordingto the previous rulesshouldbe treateddifferently according
to whetherthey correspondo a constraint, assertionor possibility of the Formal Troposspeci -
cation.

Rule 19 (constraints, assertions,and possibilities) . Let be a formula of a Formal Tropos
speci cationandlet bethecorrespondingormulaaddedto the Intermediatd_anguaye speci -
cationaccodingto Rules9 or 11-18.
If belongsto a property which hasthe facetconstraint (or no property-catgory facet),
then , Where isthesetof all constaintsof thespeci cation.

If belongsto a propertywhich hasfacetassertion then , whee isthesetof all
assertionsaboutthespeci cation.

Finally, if belongsto a propertywith possibilityfacet,then , Where is thesetof
all possibilitiesfor the speci cation.
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4.3 Discussionon the translation

Therearesomeaspect®of thetranslationthatdesere furthercomments.

To startwith, possibility condition propertieghatarelocal to a classhave a differenttransla-
tion thanconstraints andassertions In particular while the formeruseexistentialquanti cation,
the latter employ universalquanti cation. As we explainedin Section3.4, the interpretationof
possibility propertiess by de nition existential. This is becausave de ne a correctpossibility
asonesuchthatExists , Where isamodelof thespeci cation. Thereforejt is natural
to imposean existentialsemanticgo the possibility propertiegshatareattachedo aclass.

Another point is that creation trigger propertiesare not translatedby addingthe formula
Forall JustCreated , whichwould beanalogougo thetheonefor creation condi-
tion s. Thereasons thatit is notpossibleto referenceheattributesof aninstance whichdoesnot
exist yet. The solutionthatwe adopteds to universallyquantify on the attributesof the instance
ratherthanon theinstancatself. Accordingto Rule 13, for eachcreationtrigger of class , we

addthefollowing formula,where arethefreevariablesof and are
their sorts:
Forall Forall Forall
Exists

We do notuseJustCreated in the formulabecauseve wantto allow casesn which only the
existenceof aninstanceneedgo be enforcedwhenthetrigger propertyholds,but not necessarily
thecreationof anew instance.

As a nal note, we remarkthat he translationto the IntermediateLanguagemalesit clear
which aspectof Formal Troposhave a characterizeaneaning,andwhich not. For instanceall
dependenciearetreatedn the sameway, regardlesf theirtype (resource softgoal etc.).

5 TheT-Tool

In this sectionwe describethe T-Tool, a tool that supportshe analysisof FT speci cations. The
T-Tool is availableatthe URL http://dit.unitn.it/"ft/

The T-Tool is basedon nite-state modelchecking[5]. The ad\antagesof model checking
with respectto otherformal techniquege.g., theoremproving; see[11] for a comparison)are
thatit allows for anautomaticveri cation of a speci cationandthat(counter)exampletracesare
producedas witnessef the validity (or invalidity) of the speci cation. A limit of nite-state
modelcheckingis thatit requiresa modelwith a nite numberof states.This forcesto de ne an
upperboundto the numberof classinstanceshatcanbe createdduringmodelchecking.

The T-Tool inputis an FT speci cationalongwith parametershat specifythe upperbounds
for the classinstancesOn the basisof this input, the T-Tool builds a nite modelthatrepresents
all possiblebehaiors of the domainthat satisfythe constraintof the speci cation. The T-Tool
thenveri es whetherthis modelexhibitsthedesiredbehaiors. The T-Tool providesdifferentveri-
cation functionalities,ncludinginteractve animationof thespeci cation,automatedonsisteng
checksandvalidationof the speci cationagainstpossibility andassertiorproperties.The veri -
cationphaseusuallygenerate$eedbackon errorsin the FT speci cationandhintson how to x
them. The veri cation phaseterateson each x ed versionof the model, possiblywith different
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upperboundsof the numberof classinstancesuntil areasonableon denceon the quality of the
speci cationhasbeenachiered.

5.1 T-Tool functionalities
5.1.1 Animation

An adwantageof formal speci cationsis the possibility to animatethem. Throughanimation the
usercanobtainimmediatefeedbaclon theeffectsof constraintsAn animationsessiorconsistof
aninteractve generatiorof a valid scenaridfor the speci cation. Stepwisethe T-Tool proposes
to the usernext possiblevalid evolutions of the animationand, oncethe userhasselectedone,
the systemevolvesthe stateof the animation.Animation allows for a betterunderstandin@f the
speci eddomainaswell asfor theearlyidenti cation of trivial bugsandmissingrequirementghat
areoftentakenfor grantedandarethereforedif cult to detectin aninformal setting. Animation
alsofacilitatescommunicatiorwith staleholdersby generatingconcretescenariodor discussing
speci ¢ behaiors.

5.1.2 Consistencychecks

Consisteng checksarestandaraheckgo guarante¢hattheFT speci cationis notself-contradictory
Inconsistenspeci cationsoccurquite oftendueto complec interactionsamongconstraintsn the
speci cation,andthey arevery dif cult to detectwithout the supportof automatednalysistools.
Consisteng checksare performedautomaticallyby the T-Tool andareindependenof the appli-
cationdomain. The simplestconsisteng checkveri es whetherthereis ary valid scenaricthat
respectsall the constraintsof the FT speci cation. Another consisteng checkveri es whether
thereexists a valid scenariowhereall the classinstancesspeci ed by input parametersvill be
eventuallycreated.This checkaimsat verifying whethertheseparametersiolate ary cardinality
constraintin the speci cation. The T-Tool alsocheckswvhetherthereexistsa valid scenariovhere
all theinstance®f a particulargoalor dependengwill beeventuallycreatedcandful lled, i.e.,the
ful lment conditionsfor that goal or dependeng are“compatible” with otherconstraintan the
speci cation. Not all the consisteng checksmayberelevantfor a givenmodel. For instancejn a
modelit maybeperfectlyreasonabléhatthereis no singlescenariovhereinstancesregenerated
for all classesin this casethis consisteng checkis excludedfor the modelunderinvestigation.

5.1.3 Possibility checks

Possibility checksverify whetherthe speci cationis over-constrainedthatis, whetherwe have
ruled out scenariosxpectedby the staleholders.Whena Possibility propertyof the FT speci -
cationis checled,the T-Tool veri es thattherearevalid tracesof the speci cationthatsatisfythe
conditionexpressedn the possibility. The expectedoutcomeof a possibility checkis anexample
tracethatcon rms thatthe possibilityis valid. In a sensepossibility checksaresimilar to consis-
teng/ checkssincethey bothverify thatthe FT speci cationallows for certaindesiredscenarios.
Their differenceis that consisteng is a genericformal propertyindependenbdf the application
domain,while possibility propertiesaredomain-speci c.

20



ﬁ T-Tool
# |

- N N
— LI e

N~

-
_|

——nN =T

<wncZ

<ZSwmwNr—

@ E

. ILS i ot -
FT Scenario Ce”af'o: Verification Engine

Figure2: TheT-Tool frameavork.

5.1.4 Assertionchecks

The goal of Assertion propertiesis dual to that of possibilities. The aim is to verify whether
the requirementsare underspeci ed and allow for scenariosviolating desiredproperties. Un-

surprisingly the behaior of the T-Tool in the caseof assertiorchecksis dualto the behaior for

possibilitychecksnamely thetool exploresall thevalid tracesandcheckswvhetherthey satisfythe
assertiorproperty If thisis notthecaseanerrormessagés reportedanda counterexampletrace
is generated.Suchcounterexamplesfacilitate the detectionof problemsin the FT speci cation
thatcausedheassertiorviolation.

5.2 The T-Tool architecture

TheT-Tool performstheveri cation of anFT speci cationin two steps(seeFigure?2). In the rst
step,the FT speci cationis translatednto an IntermediateLanguage(lL) speci cation. In the
secondstep,the IL speci cationis givenasinput to the veri cation engine,which is built on top
of theNUSMV modelchecler[4].

5.2.1 TheroleofIL

TheIL playsafundamentakole in bridging the gapbetweenFT andformal methods.First, IL
is much more compactthan FT, and thereforeallows for a much simpler formal semantics.In
fact,in the previous sectionsve shaved how the formal semanticof FT is de ned on the top of
thesemanticof IL, via thetranslatiorrulesthatmapan FT speci cationinto anlL speci cation.
Second/L, while moresuitableto formal analysis,is still independenof the particularanalysis
techniqueghatwe employ. For the moment,we have appliedonly modelcheckingtechniques;
however, we planto alsoapplytechniquedasecdn satis ability or theorenproving. Finally, IL is
ratherindependenof the particularconstructof FT. By moving to differentdomainsjt will prob-
ably becomenecessaryo “tune” FT, for instanceby addingnewv modalitiesfor the dependencies.
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Theformal approachdescribedn this papercanbealsoappliedto thesedialectsof FT, atthe cost
of de ning a new translation.Furthermorethe IL canbe appliedto requirementsanguageshat
arebasedn a differentsetof conceptghanthoseof FT, suchasKAOSI6, 7].

5.2.2 The modelcheckingveri cation engine

Theactualveri cation is performedoy NUSMV [4]. NUSMV implementsseveralstate-of-the-art
modelcheckingalgorithms. It alsoprovidesan openarchitecturghatfacilitatesthe implementa-
tion of new algorithmsandthe customizatiorof theveri cation procesgo the speci ¢ application

domain.

NUSMYV is basedon symbolic model checkingtechniques.Symbolictechniqueshave been
developedto reducethe effects of the state-&plosion problem,therebyenablingthe veri cation
of large designg5, 13]. NUSMV adoptssymbolicmodelcheckingalgorithmsbasedon Binary
DecisionDiagrams(BDD) [3] andon propositionalsatis ability (SAT) [1]. BDD-basedmodel
checkingperformsan exhaustve traversalof the modelby consideringall possiblebehaiorsin
a compactway. Suchexhaustve exploration allows BDD-basedmodel checkingalgorithmsto
concludewhethera givenpropertyis satis ed (or falsi ed) by the model. On the otherhand,this
exhaustve explorationmakesBDD-basednodelcheckingvery expensve for large models.SAT-
basedmodel checkingalgorithmslook for a traceof a given lengththat satis es (or falsi es) a
property SAT-basedalgorithmsareusuallymoreef cient thanBDD-basedalgorithmsfor traces
of reasonabléength,but, if notraceis foundfor agivenlength,thenit maystill bethecasehatthe
propertyis satis ed by alongertrace.Thatis, SAT-basednodelcheckingveri es the satis ability
of apropertyonly upto agivenlength,andis hencecalledBoundedModel Checking(BMC) [1].
TheT-Tool exploits bothBDD-basedand SAT-basednodelchecking.

6 Conclusionsand Futur e Work

The FT languagds continuouslyevolving to allow for capturingnewn requirements Amongthe
severalextensionsve areconsideringwe list, theintroductionof the optional facetfor attributes,
the supportfor sets,andextensionsof the languagdo bettercharacterizggoaldecompositiorand
means-enanalysis.
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