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1 Intr oduction

Early requirementsengineeringis thephaseof thesoftwaredevelopmentprocessthatmodelsand
analyzesthe operationalenvironmentwherea software systemwill eventually function. In or-
der to analyzesuchenvironment,it is necessaryto investigatetheobjectives,businessprocesses,
andinterdependenciesof differentstakeholders.At leastin principles,theunderstandingof these
“strategic” aspectsof theoperationalenvironmentis necessaryto motivateanddirectthedevelop-
mentof thesoftwaresystem.Althougherrorsandmisunderstandingsatthisstagearebothfrequent
andcostly, earlyrequirementsengineeringis usuallydoneinformally (if atall).

Formalmethodshavebeensuccessfullyappliedto theveri�cation andcerti�cation of software
systems.In several industrial �elds, formal methodsarebecomingintegral componentsof stan-
dards[2]. However, theapplicationof formalmethodsto earlyrequirementsis by nomeanstrivial.
Mostformaltechniqueshavebeendesignedto work (andhavebeenmainlyapplied)in laterphases
of softwaredevelopment,e.g.,at thearchitecturalanddesignlevel. As aresult,thereis amismatch
betweentheconceptsusedfor early requirementsspeci�cations(suchasactors,goals,needs.. . )
andtheconstructsof formal speci�cationlanguagessuchasZ [15], SCR[12], TRIO [10, 14].

FormalTropos(hereafterFT) is a formal framework thatadaptsresultsfrom theRequirements
EngineeringandFormalMethodscommunitiesto facilitatethe precisemodelingandanalysisof
earlyrequirements.

The FT framework 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 developanagent-orientedsoftwareengineeringmethodology, startingfrom early
requirements.Themethodologyis to besupportedby a varietyof analysistoolsbasedon formal
methods.

TheFT languageoffersall theprimitiveconceptsof i* [17] (suchasactors,goals,anddepen-
denciesamongactors),but supplementsthemwith a rich temporalspeci�cationlanguageinspired
by KAOS[6, 7]. Thei* notationsallow for thedescriptionof the“structural” aspectsof theearly
requirementsmodel,for instancein termsof thenetwork of relationshipsanddependenciesamong
actors.FT permitsto representalsothe “dynamic” aspectsof themodel,describingfor instance
how the network of relationshipsevolvesover time. In FT onecande�ne thecircumstancesun-
der which a givendependency amongtwo actorsarises,aswell asthe conditionsthat permit to
considerthe dependency ful�lled. In our experience,representingandanalyzingthesedynamic
aspectsallowsfor amorepreciseunderstandingof theearlyrequirementsmodel,andrevealsgaps
and inconsistenciesthat areby no meanstrivial to discover without the help of formal analysis
tools.

A tool, calledT-Tool, hasbeendevelopedto supportthe analysisof FT speci�cations. The
T-Tool is basedon the state-of-the-artsymbolicmodelchecker NUSMV [4]. It translatesauto-
maticallyanFT speci�cationinto anIntermediateLanguage(hereafterIL) speci�cationthatcould
potentially link FT with different veri�cation engines. The IL representationis then automati-
cally translatedinto NUSMV, which canthenperformdifferentkindsof formal analysis,suchas
consistency checking,animationof thespeci�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
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the semanticof the IntermediateLanguage.In Section4 we will de�ne the formal semanticsof
FormalTroposin termsof its translationin theIntermediateLanguage.In Section5 we describe
thearchitectureandthefunctionalitiesof thetool namedT-Tool, developedto supporttheFormal
Troposmethodology. Finally in Section6 we will draw someconclusionsandwe brie�y discuss
theextensionswehave in mind.

2 Formal Tropos

Althougha graphicalnotationsuchasi* is valuablefor humancommunication,its modelsarenot
detailedenoughto beusedasa startingpoint for performingformal analysis.In this section,we
describea textual languagecalledFormal Tropos, which hasmoreexpressive power thani* , and
is amenableto formal analysis.

2.1 Syntaxof the FT Language

In this section,we explain thedifferentelementsof a FormalTroposspeci�cation. Thecomplete
grammaris givenin Figure1.

A speci�cation in Formal Troposconsistsof a sequenceof declarationsof entities, actors,
goals, tasks, resources, dependencies, and global properties. Declarationsfor entities,actors,
goals,resources,task,softgoalsanddependenciesarestructuredin two layers. An outer layer
declarestheir attributes,andis in a sensesimilar to a classdeclaration.Theinner layer expresses
constraintson theinstances,andthusimplicitly determinestheir evolution.

In theouterlayer, entities,actors,goals,tasks,resources,softogoalsanddependenciesarede-
claredasclasseswhich have anassociatedlist of attributesthatcharacterizetheir instances.Each
attributehasa correspondingsort (i.e., its type)andoneor morefacets. Sortscanbeeitherprim-
itive (integer, boolean,etc.) or correspondto otherclasses(entities,actors,goals,tasks,softgoals,
resourcesor dependencies)of thespeci�cation. Facetsrepresentfrequentlyusedpropertiesof at-
tributes.Theonly facetcurrentlysupportedis constant, that representsthe fact that thevalueof
theattributecannotchangeafterits initialization. Otherpossiblefacetsare:optional, whichmeans
thattheattributemight assumeno value;multi valued, which meansthattheattributecanassume
morethanonevalue(i.e., it representsasetof possiblevalues).

Entitiesrepresentnon-intentionalelementsof theenvironmentor organizationalsetting.Each
entity is identi�ed by a name, andconsistsof a setof attributes,a setof creation properties,and
a setof invariant properties.Thesepropertiesde�ne conditionsthatshouldhold, respectively, at
thecreationandduringthelife of eachinstanceof anentity.

Likeentities,actorshaveattributes,andcreation andinvariant properties.
Goals,task,resources,softgoalsanddependencieshaveamodeandasetof ful�llment proper-

ties,whichwill beexplainedshortly. If theactoris notableto ful�ll acertaingoalby itself, thenthe
goal shouldbe re�ned into sub-goals,operationalizedin tasksanddelegatedto other(dependee)
actorsvia dependencies.

Dependenciesrepresenttherelationshipsthatexist amongactorsin orderto ful�ll their objec-
tives. In a sense,the conceptof strategic dependency is re-i�ed in Formal Tropos,sincedepen-
denciesaredeclaredasclasses,andcanbe instantiatedjust asany otherobjectof thesystem.A
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/* Theouterlayer */

speci�cation:= (entity � actor � int-element� dependency� global-properties) �

entity:= Entity name[attributes] [creation-properties] [invar-properties]

actor := Actor name[attributes] [creation-properties] [invar-properties]

int-element := type name mode Actor name [attributes] [creation-properties] [invar-
properties] [ful�ll-pr operties]

dependency:= typeDependencynamemodeDependernameDependeename[attributes]
[creation-properties] [invar-properties] [ful�ll-pr operties]

type:= (Goal � Softgoal � Task � Resource)

mode:= Mode (achieve � maintain � achieve&maintain � avoid)

/* Attributes*/

attributes:= Attrib ute attribute�

attribute:= facetsname: sort

facets:= [constant] . . .

sort := name � integer � boolean � . . .

/* Theinner layer */

creation-properties:= Creationcreation-property�

creation-property:= property-categoryevent-category temporal-formula

invar-properties:= Invariant invar-property
�

invar-property:= property-category temporal-formula

ful�ll-pr operties:= Ful�llment ful�ll-pr operty�

ful�ll-pr operty:= property-categoryevent-category temporal-formula

property-category := [constraint � assertion � possibility ]

event-category := trigger � condition � de�nition

/* Globalproperties*/

global-properties:= Global global-property
�

global-property:= property-category temporal-formula

Figure1: TheFormalTroposgrammar.
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dependency describesan “agreement”betweentwo actors,the dependerandthe dependee. The
typeof thedependency describesthenatureof thisagreement:

� goaldependenciesareusedto representdelegationof responsibilityfor ful�lling agoal;

� softgoaldependenciesaresimilar to goaldependencies;thedifferencebeingthat,while it is
possibleto preciselydeterminewhena goal is ful�lled, the ful�llment of a softgoalcannot
be de�ned exactly (for instance,it canbe a matterof personaltaste,or the ful�llment can
occuronly to agivenextent);

� task dependenciesrepresentdelegationof responsibilityfor performingagivenactivity;

� resourcedependenciesdescribesituationsin which thedependeeshoulddeliver or provide
someresourceto thedepender.

Intentionalelementsarecharacterizedby a mode, which declarestheattitudeof the involved
actorswith respectto its ful�llment. Themodalitiescurrentlysupportedby FormalTroposarethe
following:

� achieve: ful�llment propertiesshouldbesatis�edat leastonce;

� maintain: ful�llment propertiesshouldbesatis�edin acontinuingway;

� achieve&maintain: asa combinationof theprevioustwo modes,it requirestheful�llment
propertiesto beachievedandthensatis�edin acontinuingway;

� avoid: theful�llment propertiesshouldbeprevented.

The evolution of an intentionalobject is controlledby threekinds of properties. Creation
propertiesdeterminethemomentin whichanew instanceof theobjectcanbecreated;ful�llment
propertiesmust hold in order to considerthat an intentionalobject is ful�lled; and invariants
representconditionsthat shouldbe true along the life of the object. We remarkagainthat the
meaningof the ful�llment conditionschangesaccordingto the modality of the corresponding
intentionalelement.For instance,in anachieve dependency, it de�nes theconditionthat should
holdonce;andin amaintain dependency it de�nesaconditionthatshouldholdcontinuouslyafter
thecreationof thedependency.

In additionto temporalformulas,propertieshavefacetsthatdeterminetheirmeaning.Onekind
of facetsgivewhatwecall propertycategories; they determinehow apropertyin�uencesthevalid
scenariosfor a speci�cation. Constraint propertiesareenforced; they areimplicitly de�ning the
valid scenariosfor therequirementsspeci�cation.On theotherhand,assertionsandpossibilities
aredesired propertiesof thespeci�cation; they arenot enforcedbut checked, aswe will show in
thenext chapter. While assertionsareexpectedto hold in all valid scenariosfor thespeci�cation,
possibility propertiesareonly expectedto hold in at leastonevalid scenario. If noneof these
facetsis present,weassumethatthepropertyis aconstraint.

In thecaseof creation andful�llment properties,facettrigger de�nes a suf�cient condition
for thecreationor ful�llment; facetcondition de�nesa necessarycondition;andfacetde�nition ,
anecessaryandsuf�cient condition.
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2.2 Temporal formulas

The temporalformulasusedfor specifyingpropertiesaregiven in a linear-time typed�rst-order
temporallogic. Wewill brie�y explain themin thissection;acompleteexplanationof theirunder-
lying semanticsis givenin Section3.

First of all, theformulascancontainpastandfuturetemporaloperators:
�����

X
�

� F
�

� G
�

�

�

U
�

� Y
�

� H
�

� P
�

�

�

S
�

�

JustFul�lled ���	� � JustCreated���	� � Ful�lled ���	�

(1)

Themeaningof theoperatorsis thefollowing:

� X
�

(next state)

� F
�

(eventually)

� G
�

(henceforth,alwaysin thefuture)

�

�

� U
�

� (until)

� Y
�

(previousstate)

� P
�

(sometimesin thepast)

� H
�

(alwaysin thepast)

�

�

� S
�

� (since)

In temporalformulaswe consideralsosomeprimitivepredicates,suchasJustCreated( � ) (an
instanceof object � is beingcreatedat thispoint in time),andJustFul�lled ( � ) (anobject � is being
ful�lled at thecurrentpoint in time). Anotherpredicate,Ful�lled ( � ) hasdifferentinterpretations
dependingonthemodalityof thedependency to which it belongs.For anachievedependency, it is
trueif thedependency hasbeenful�lled. ThismeansthatFul�lled ( � ) is madetrueat themoment
of the ful�llment andstaystrue forever. For a maintain dependency, Ful�lled ( � ) remainstrue
while the ful�llment propertieshold (i.e, it is truesincethe creationof the dependency). For an
avoid dependency, it its trueif theful�llment propertiesnever hold (neitherin thepastnor in the
future).

As �rst-order formulas,they maycontainexistentialanduniversalquanti�ers.Boundvariables
aretypedby a sort,whichcanbeeitherprimitive,or thenameof aclass.Theinterpretationof the
quanti�ers is over all existinginstancesof thesort. Therefore,if anobjecthasnot beencreatedat
acertainpoint in time, it will not betakeninto accountwhenevaluatingthequanti�ers.

�
���

Forall �

�

sort �

�

� � Exists �

�

sort �

�

� ��
�
�
 (2)

Theclassicalboolean,equalityandrelationaloperatorsarealsoavailable:

�����

�

�

�

�

� ���

�����

� ���

�

�

��� �

�

��� �

��
�
�
 (3)

�����

�

�

� �����

�

� ��
�
�
 (4)
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Termscanbeconstants( � ), variables( � ), attributesof anobject( ����� ).

�

���

� ��� ������� � self � actor � depender � dependee (5)

Valid formulasmustsatisfysomeconstraints.First, they mustbewell-sorted(e.g.,comparison
canbeperformedamongtermsof thesamesort).Second,eachvariable� thatappearsin aformula
mustrespectoneof thefollowing rules:

�

� is boundedby aForall �

�

sort or aExists �

�

sort quanti�er;

�

� is the nameof oneof the attributesof the entity, actor, or dependency that containsthe
property(not applicableto globalproperties);

�

� is the identi�er self (not applicableto globalproperties);self is usedto denotetheentity,
actor, goal,task,resourceor dependency thatcontainstheproperty;

�

� is theidenti�er dependeror theidenti�er dependee(only applicableto propertiesinside
adependency);

�

� is the identi�er actor (only applicableto propertiesinside a goal, softgoal,task or re-
source);this identi�er refersto theactorof thecurrentgoal,task,resource,softgoal.

2.3 ObsoleteSyntax

Thedeclarationof dependencyelementhaschangedin thenew versionof thelanguage.Theold
versionof thegrammarde�nition for dependencyis thefollowing:

dependency:= DependencynameType typemodeDepender nameDependeename[at-
tributes] [creation-properties] [invar-properties] [ful�ll-pr operties]

This syntaxis usedin several FT casestudiesandexamples,andthe T-Tool supportsit. In the
futuretheold versionof thesyntaxwill bedeprecated.

The facetsfor depender, for dependee, for domain, describedby thegrammarrulesbelow,
whichdenotetheorigin of aclassproperty, aresimply ignoredin thetranslation.

creation-properties:= property-categoryevent-category property-origintemporal-formula
invar-property:= property-categoryproperty-origintemporal-formula
ful�ll-pr operties:= property-categoryevent-category property-origintemporal-formula
property-origin:= [for depender � for dependee� for domain ]

Thesefacetswill probablyberemovedform futureversionof thelanguage.

3 The Intermediate Language

In this sectionwe presentanIntermediateLanguage,a smallerlanguage,which allows for a sim-
pler formal semantics.Furthermore,theIntermediateLanguagespeci�cationis moreamenableto
formal analysis,sinceit removesthestrategic �a vor of FormalTroposandshifts thefocusto the
dynamicaspectsof thesystem.
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3.1 The Syntaxof IL

An IntermediateLanguagespeci�cation consistsof a classsignature, which de�nes the classes
(or datatypes)of the system;anda logic speci�cation, which speci�es constraintsanddesired
propertieson thetemporalbehavior of theclassinstances.

A classsignatureconsistsof asequenceof classdeclarations,whereeachof themis asfollows:

CLASS c
�

� : �

�

. . .
��� : ���

c is thenameof theclass,andthe ��� 'sareits attributes;��� speci�esthesortof attribute ��� . Sorts
��� canbeeitherprimitive(integer, boolean, . . . ) or correspondto classnames.

Thelogic speci�cationconsistsof asetof formulasorganizedasfollows:

� CONSTRAINT formulas,which restrictthevalid executionsof thesystem;

� ASSERTION formulas,whichareexpectedto hold in all valid executionsof thesystem;

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

The formulasaregiven in a �rst order linear-time temporallogic with future andpasttime
operators.Objectscanbe createdduring execution,and thereforequanti�ers Forall �

�

� and
Exists �

�

� rangeover theobjectsof sort � that“exist” at a point in time. As a consequence,free
variablesdo not necessarily“exist” at all moments.Thefact thata variableexistsmight bestated
in our logic with a formulasuchas

�

�
	�� ������� �

��


�������

�

��� � .
Thelogic is describedby thefollowing rules:

�
���

X
�

� F
�

� G
�

�

�

U
�

� Y
�

� H
�

� P
�

�

�

S
�

(6)

�
���

Forall �

�

sort �

�

� � Exists �

�

sort �

�

� ��
�
�
 (7)

�����

�

�

�

�

� ���

�����

� ���

�

�

��� �

�

��� �

��
�
�
 (8)

�����

�

�

� �����

�

� ��
�
�
 (9)

�

���

� ��� ������� (10)

A modelfor a speci�cationconsistsof a sequenceof worlds, thatcorrespondto snapshotsof
thesystematdifferenttimes(weusethenaturalnumbersasthetimedomain).Eachworld provides
domainsfor the basicsortsandthe classesde�ned in the speci�cation. Also, eachworld hasto
respectthesignature,thatis, if �

�

� is anattributeof class� , theneachinstanceof � hasanattribute
� in thedomainof � .
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A valid modelmustsatisfyall CONSTRAINT formulas,sincethey areenforcedon all valid
executionsof the system.We saythat a speci�cation is non-emptyif it admitsat leastonevalid
model.Wesaythataspeci�cationis correctif theASSERTION formulashold in all valid models
of thespeci�cation,andthePOSSIBILITY formulashold in at leastonevalid model.

In thenext sections,we will introducea formal de�nition of thesyntaxandsemanticsof the
IntermediateLanguage.

3.2 Formal de�nition of the classsignature

3.2.1 Monotonic domains

We have to deal with domainsthat changeover time. This is a hard problemfor �rst-order
temporallogic, sinceit givesthepossibilityof mixing temporaloperatorsandquanti�ers(see[16]
for a technicalexplanationof thereasons).

Thesolutionthatweadoptis to forcedomainsto bemonotonic.Thatis, weallow new objects
to becreatedduringtheevolution of thesystem,but wedo not allow alreadycreatedobjectsto be
destroyed.

This solves the problemof combiningquanti�ers and future temporaloperators. If we say
Forall �

�

� � G � ��� �	� , where � ��� � is a formulathatde�nessomepropertyof � , thenwe know that
all theobjects� in thedomainassociatedto sort � thatexist at thepresenttime, will alsoexist in
all futuresnapshots.Therefore,� ��� � makessensein all suchsnapshots.

However, we do have problemswhenwe mix quanti�ers andpasttemporaloperators.For
instance,for theformulaForall �

�

� � H � � � � � , if � is anobjectin thecurrentdomainof � , weare
not guaranteedthat � alsoexistedin all pastsnapshots.Theinterpretationthatwe give to formula
Forall �

�

� � H � � � � � is hencethefollowing: “for all theobjects� of sort � in thecurrentsnapshot,
formula � ��� � holdsonly in thepastsnapshotswhereobject � existed”. In this way, we restrictthe
scopeof aH � ��� � formulato thepastsnapshotswhereall theobjectsreferredin � existed.

The interpretationthat we give to formula Forall �

�

� � P� � � � � is as follows: “for all the
objects� of sort � in thecurrentsnapshot,thereis someprevioussnapshotwhereobject � existed
andformula � � � � held”. That is, in P� we require � to have held in a pastsnapshotwhereall the
objectsreferredin � existed.

The strongprevious stateoperatorY � is true only if all the objectsreferredin � exist in the
previoussnapshot(and � holdsin thatsnapshot).

3.2.2 Basicsorts

Basicsortscorrespondto the elementarydatatypesusedin the IntermediateLanguage,suchas
integer, booleans,etc. We assumethata givenset ��� of basicsortsis de�ned anda �x edinterpre-
tationdomain���

�

is associatedto eachbasicsort ���	�
� .
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3.2.3 Classsignature

A classsignaturespeci�es the classesthat arepresentin a speci�cation, togetherwith their at-
tributes.

A classsignatureis apair �

���������
	���

�������

, where:

�

�

is asetof classidenti�ers;

� for eachclass� �

�

, set
	��

describestheattributesof class� .

All attributesmusthavea valueall alongthelife of their corresponding
Thesorts ��� for a signature� arethebasicsorts �
� andtheclassidenti�ers

�

; namely, ���

�

� ���

�

(weassumethat � � and
�

aredisjoint).
In thefollowing, we will oftenreferto setsof objects� thatare ��� -sorted.This meansthata

sort � � ��� is associatedto eachobject � ��� . We write �

�

� whenever � is thesortof object
� ; moreover, we denotewith �

�

thesubsetof � whoseobjectsareof sort � . We alsoassumethat
sortsareassociatedto the attributesof a class,that is, the sets

	��

of the attributesof class � are
��� -sorted.In particular, wedenotewith

	

�

�

theattributesof class� of sort � .
An interpretation(or world) for aclasssignature� is atuple �

�����

� �




�

�! �"#�$�&%'��( )�

�����*( )&��+-,��

,
where:

�

� � is the interpretationdomainfor eachsort � in the set ��� of sortsof the signature.We
requirethat ���

�

� �

�

for eachbasicsort � . If � �

�

, then �

�

de�nes theexisting instances
of class� in theworld.

� If �

�

� is anattributeof class� , then
%���( ) �

�

�

�

� � is a functionthat,givenaninstanceof
a class� , returnsa valueof theattribute � . This de�nes the interpretationfor attribute � of
all theinstancesof class� in theworld. Thefunctionmustbetotal.

We denoteas ./� thesetof all thepossibleworldsfor classsignature� . Givena ��� sortedset
of variables0 andaworld �

�1���

�

�2

���������&%'��( )�

��( )3�

in ./� , avaluationof 0 in � is a function 4

thatassociatesto eachvariable5 �60
� of sort � avaluein �

� .

3.3 Formal de�nition of the logic speci�cation

3.3.1 Terms

We now de�ne thesetof terms 7#�

( 8

on theclasssignature� andon the ��� -sortedsetof variables
0 . As termsaresorted,we ratherde�ne theclasses7 �

�

( 8

of termsof sort � �	�'� .

� If � �90�� then � �:7 �

�

( 8

.

� If � �

�

is aclasssort, � �

	

�

�

is anattributeof � of sort � , and � �:7

�

�

( 8

, then ����� �:7
�

�

( 8

.

Givena term � �:7
�

�

( 8

, aninterpretation� �;./� , andavaluation 4 of 0 in � , wecande�ne
aninterpretationof

%'<=( >'?

�A@ of term � asanelementof ��� .
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� If � �90 � then
%�<=( >'?

�#@

�

4 ��� � .

� If � �

�

is aclasssort, � �

	

�

�

is anattributeof � of sort � , and � �:7

�

�

( 8

, then

–
%�< ( >�?

����� @

� %'��( )

�

%�<=( >'?

�A@ � , if
%�< ( >�?

�A@ is de�ned.

–
%�< ( >�?

����� @ is unde�nedif
%'<=( >'?

�A@ is unde�ned.

3.3.2 Formulae

Theformulae
�

�

( 8

on theclasssignature� andon the ��� -sortedsetof variables0 arede�ned as
follows:

�����

�

�

�

( 8

.

� If � � 7����	�	
��

)

�

�

( 8

, then � �

�

�

( 8

.

� If �

�

�

�

�

�:7 �

�

( 8

for somesort � , then �

�

�

�

�

�

�

�

( 8

.

� If
� � �

�

� �

�

�

�

�

( 8

, thenalso �

� � �

�

� �

�

�

�

�

( 8

.

� If
� � �

�

� �

�

�

�

�

( 8

thealsoX
� �

Y
� � �

� U
�

�

� �

� S
�

�

�

�

�

( 8

.

� If
�

�

�

�

( 8�


with 0
�

�

0

?

�

�

�!@ thenForall �

�

� �

�

� �

�

�

( 8

.

In thede�nition above, we have representedwith 0

?

�

�

��@ the ��� -sortedsetobtainedfrom 0 by
settingthesortof variable� to � .

We de�ne as ��0

�

thefreevariablesof a formula
�

, i.e., thesetof thevariables� thatappear
in

�

outsidethescopeof a Forall �

�

� quanti�er. Theclosedformulae
�

� for signature� arethe
formulaein

�

�

( �

.
Thefollowing syntacticabbreviationsarealsode�ned:

���������

�

�

���

�

�

�

�

�

�

�����

�

��� �

�

�

�

�

�

�

�

�

�

�

� �

�

�����

�

�

�

�

�

�

�

�

�

�

� �

�

�����

�

�

�

�

� �

�

�

�

�

�

�

� �

�

�

� Exists �

�

� �

�

�

�����

�

��� Forall �

�

� � �

�

�	�

� F
�

�����

�

��� U
�

� G
�

�����

�

� F �

�

� P
�

�����

�

��� S
�

� H
�

�����

�

� P �

�

12



Formulaeareinterpretedonruns. A run � is anin�nite sequenceof worlds � �

�

�

�

�

� � � . Since
domainsaremonotonic,if � �

��� �

�

�

�



�2���&%

�

( �A( )!

��( ) �

, then �

�

���

�

�

�

�

� for all 	 .
Let �

�

� �

�

�

�

�

� � � be a run. Now we de�ne whena formula
�

holdsat position 	 of � ,
accordingto valuation4 , written �

�

	

�

4 �

� �

.

�

�

�

	

�

4 �

�

��� .

�

�

�

	

�

4 �

�

� for � �:7

���	�	
��

)

�

�

( 8

if andonly if
%'<�� ( >�?

�A@

�����	��


.

�

�

�

	

�

4 �

�

�

�

�

�

� for �

�

�

�

�

� 7 �

�

( 8

if andonly if
%�<�� ( >�?

�

�

@

� %�<�� ( >�?

�

�

@ , and
%�<�� ( >�?

�

�

@ and
%�<�� ( >'?

�

�

@ arede�ned.

�

�

�

	

�

4 �

�

�

�

if not �

�

	

�

4 �

� �

.

�

�

�

	

�

4 �

� �

�

� �

� if �

�

	

�

4 �

� �

� and �

�

	

�

4 �

� �

� .

�

�

�

	

�

4 �

�

X
�

if �

�

	
���

�

4 �

� �

.

�

�

�

	

�

4 �

���

� U
�

� if thereis some� , with 	���� , suchthat �

�

�

�

4 �

���

� and,for each� with
	�������� , �

�

�

�

4 �

� �

� .

�

�

�

	

�

4 �

�

Y
�

if 	���� , 4 � 5 � � � �

���

� for each5

�

� � � 0 �

�

� , and �

�

	�� �

�

4 �

� �

.

�

�

�

	

�

4 �

� �

� S
�

� if thereis some� , with �!� 	 , suchthat �

�

�

�

4 �

� �

� and,for each� with
���"�#� 	 , it holdsthat �

�

�

�

4 �

� �

� . Furthermore,4 � 5 � � �

�

$ , and 4 � 5 � � �

�




for each
5

�

� � � 0 �

�

� .

�

�

�

	

�

4 �

�

Forall �

�

� �

�

� if, for each% � ���

�

, �

�

	

�

4

?

�

���

% @ �

� �

.

In the de�nition above we have representedwith 4

?

�

���

% @ the valuationobtainedfrom 4 by
assigningvalue % to variable� .

We saythatformula
�

holdsfor � , accordingto valuation 4 , written �

�

4 �

���

, if andonly if
�

�

�

�

4 �

� �

.
If

�

is a closedformula,thenwe saythat
�

holdsat position 	 of � , written �

�

	 �

� �

, if and
only if �

�

	

�'&

�

� �

.
Finally, if

�

is a closedformula,thenwe saythat
�

holdsfor � , written � �

� �

, if andonly if
�

�

�

�'&

�

� �

.

3.4 Formal de�nition of an Intermediate Languagespeci�cation

Having de�ned all theappropriateelements,wecannow givetheformalde�nition for anInterme-
diateLanguageSpeci�cation.

A speci�cationin theIntermediateLanguageis a tuple (

���

�

��) �+*;�-, �

, where:

�

� is aclasssignature;

�

)

is asetof closedformulaeonsignature� , thatspecifytherunsthatareallowedin thevalid
models;
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�

*

is asetof closedformulaeonsignature� , thatspecifypropertiesthatareexpectedto hold
onall runsof thevalid models.

�

,

is asetof closedformulaeonsignature� , thatspecifypropertiesthatareexpectedto hold
onat leastonerunof avalid model.

A modelfor speci�cation (

� �

�

��) �-*;�-,=�

is a run � suchthat,for each
�

�

)

, �

�

	 �

� �

at
all times 	 .

A speci�cation ( is empty(or unsatis�able)if it admitsnomodel.
An assertion

�

�

*

is correct if �

�

	 �

� �

holds for each model � of ( at all times 	 . If
assertion

�

is not correct,thenacounterexamplefor
�

is amodel � of ( suchthat �

�

	�� �

� �

.
A possibility

�

�

,

is correct if �

�

	 �

� �

holds for a model � of ( at sometime 	 . If
possibility

�

is correct,thenanexamplefor
�

is amodelsuchthat �

�

	 �

� �

.
A speci�cation ( is correctif all its assertions

�

�

*

, andall its possibilities
�

�

,

arecorrect.
Clearly, weareinterestedin speci�cationsthatarebothnon-emptyandcorrect.

4 From Formal Troposto the Intermediate Language

In thissection,wepresentthetranslationfrom FormalTroposinto theIntermediateLanguage.The
resultingspeci�cationis a formalizationof thesemanticsof aFormalTroposspeci�cation.

4.1 From the Formal Troposouter layer

4.1.1 Classsignature

EachFormalTroposclass(entity, actor, goal,softgoal,resource,task,or dependency) is translated
to a correspondingIntermediateLanguageclassasfollows:

Rule 1 (classsignature) For each Formal Troposclassof name
�

, addthefollowing classto the
IntermediateLanguageclasssignature

CLASS
�

�

� : �

�

. . .
��� : ���

where each variable ��� correspondsto someattributeof theFormalTroposclass,andeach sort � �

denotesthetypeof theattribute.

Wealsoaddotherattributeswhich,althoughnotpresentin theFormalTroposspeci�cation,are
necessaryfor the formalizationof its semantics.In particular, for eachclasscorrespondingto an
intentionalelement(goal,softgoal,task,resource,or dependency) , we addthebooleanattribute
ful�lled . Theintuitivemeaningis that this attributebecomestruewhentheintentionalelementis
ful�lled. For eachclasscorrespondingto agoal,softgoal,task,or resourceweincludetheattribute
actor. The sort of this attribute is the actor mentionedin the Actor clauseof the class. For
eachdependency we includethe attributesdepender anddependee. Their sortsarethe actors
mentionedin theDependerandDependeeclausesof thedependency class.
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Rule 2 (ful�lled attrib ute) For each goal,softgoal,task,resource, anddependencyof theFormal
Troposspeci�cation,addtheattributeful�lled of sort booleanto thecorrespondingIntermediate
Languageclass.

Rule 3 (actor attrib ute) For each goal, softgoal,task,and resourceof the Formal Troposspec-
i�cation containingclause“ Actor � ”, add the attribute actor of sort � to the corresponding
IntermediateLanguageclass.

Rule 4 (dependerand dependeeattrib utes) For each dependencyof theFormal Troposspeci�-
cationcontainingclauses“ Depender��� ” and“ Dependee��� ”, addtheattributesdepender of
sort ��� anddependee of sort ��� to thecorrespondingIntermediateLanguageclass.

4.1.2 Logic speci�cation

An IntermediateLanguageclasssignatureis not able to capturethe completesemanticsof the
FormalTroposouterlayer. Thefollowing rulesformalizethoseaspectsof thesemanticsof classes
thatareimplicit in FormalTropos.

In thefollowing rule, themeaningof theconstantfacetin givenby appropriateconstraintsin
theIntermediateLanguagelogic speci�cation.

Rule 5 (constantfacet) For each constantattribute � of type � declared in class
�

, we add the
IntermediateLanguageconstraint

Forall �

� �

� Forall 5

�

� � � ���

�

5

�

X � � ���

�

5 � � �

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

Rule 6 (additional attrib utesareconstant) For each class
�

that correspondsto a goal, soft-
goal, task,or resource declaration in the Formal Troposspeci�cationcontainingclause“ Actor

� ” weaddtheIntermediateLanguageconstraint

Forall �

� �

� Forall �

�

� � � ��� � �����

�

�

�

X � � ��� � �����

�

� � � �

For each class
�

that correspondsto a dependencydeclaration in the Formal Troposspeci�ca-
tion containingclauses“ Depender��� ” and“ Dependee��� ” weaddtheIntermediateLanguage
constraints

Forall �

� �

� Forall %

�

��� � � � %��
	��
� %��
�

�

%

�

X � � � %��
	��
� %��
�

�

% �	� �

and
Forall �

� �

� Forall %

�

����� � � %��
	��
� %����

�

%

�

X � � � %��
	��
� %����

�

% � � �

In the next rule we formalize the assumptionthat, onceful�lled, goals,softgoals,tasks,re-
sources,anddependenciesremainin that stateforever, regardlessof the future evolution of the
system.

Rule 7 (ful�llment forever) For each class
�

thatcorrespondsto a goal,softgoal,task,resource,
or dependencydeclaration in theFormalTroposspeci�cation,weaddthefollowingconstraint

Forall �

� �

� � �

���

�

�

	 � ����%

�

X � �

���

�

�

	 � ����% �
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4.2 From the Formal Troposinner layer

Wenow explainthetranslationof thepropertiesof aFormalTroposspeci�cationinto Intermediate
Languageformulas.

In a preliminarystep,we replaceall Formal Troposprimitive predicatesby variablesof the
IntermediateLanguage.In particular, we replacetheprimitivepredicateFul�lled by thevariable
ful�lled introducedin theclasssignature;andtheprimitivepredicatesJustFul�lled andJustCre-
ated by appropriateIntermediateLanguagetranslations.Noticethatwe will continueusingJust-
Ful�lled andJustCreatedin theIntermediateLanguageformulas,but they shouldbeconsidered
asjustmacros.

Rule 8 (substitutions for primiti vepredicates) For everyFormalTroposformula,

� everyoccurrenceof predicateFul�lled ���	� , is replacedby ���

���

�

�

	 � ����% ;

� everyocurrenceof predicateJustFul�lled � �	� , is replacedby:

���

���

�

�

	 � ����%

�

� Y���

���

�

�

	 � ����%��

� everyoccurrenceof predicateJustCreated� �	� , is replacedby � �

�

�

�

� Y ���

�

�	� ���

Globalpropertiesonly requirethesubstitutionsdescribedin rule8.

Rule 9 (global properties) For everyformula
�

correspondingto a Formal Troposglobal prop-
erty, add formula

�

�

to the IntermediateLanguage speci�cation,where
�

�

is the formulaobtained
byapplyingrule 8.

UnlikeFormalTropos,theformulasof theIntermediateLanguagearenolongerassociatedto a
particularclass,andarenotanchoredtoaparticulareventin thelife of theclass.Thisdifferencehas
to betakeninto accountfor thetranslationof classproperties(i.e.,propertiesthatarenot global).
Thefollowing rulesdescribethetranslationof theseproperties.In particular, theformulaeobtained
after thetranslationrefer to a new variable � correspondingto theFormalTroposclassthey refer
to. Class� universallyquanti�ed if thepropertycorrespondsto a constraint or anassertion, and
existentiallyquanti�ed if it correspondsto apossibility.

Rule 10 (closurew.r.t. the class) For veryformulacorrespondingto a propertyof a Formal Tro-
posclass

�

:

� everyoccurrenceof self is replacedwith variable � ;

� everyoccurrenceof a freeattribute ��� , i.e., everyattribute ��� that is not in thescopeof some
��� pre�x, is replacedwith � ����� ;

In therestof this section,we denotewith
�

�

theformulaobtainedfrom
�

via thesubstitutions
of rules8 and10.

In thecaseof invariants,thetranslationis de�ned by thefollowing rule.
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Rule 11 (invariant property) For every formula
�

correspondingto an invariant property of
class

�

, addthefollowing formula:

Forall �

� �

�

�

�

� if
�

is a constraintor assertion
Exists �

� �

�

�

�

� if
�

is a possibility

Thetranslationof creation andful�llment propertiesof actors,dependencies,andactorgoals
is guidedby the modality (e.g.,achieve, maintain) andthe propertycategory (e.g.,necessary,
trigger).

For acreationcondition, theFormalTropospropertyis simplyapreconditionfor thecreation
of aninstance,andis translatedin thefollowing way.

Rule 12 (creation condition property) For every formula
�

correspondingto a creationcondi-
tion property, addtheformula:

Forall �

� �

� JustCreated� � �

�

�

�

� if
�

is a constraintor assertion
Exists �

� �

� JustCreated� � �

�

�

�

� if
�

is a possibility

The translationfor creation trigger s is more complicated,sincewe cannotreferencethe
attributesof instancesthat do not exist yet. In the next section,we explain the rationalefor this
rule in detail.

Rule 13 (creation trigger property) For each formula
�

correspondingto a creation trigger of
class

�

, we add the following formula, where �

�

�

�

�

�

� � �

�

��� are the free variablesof
�

and
�

�

�

�

�

�

� � �

�

� � are their sorts:

Forall �

�

�

�

�

� Forall �

�

�

�

�

� Forall ���

�

� � �

� �

Exists �

� �

� � ���

�

�

�

�

�

� ���

�

�

�

�

� � � � �����

�

��� � �	� �

Thetranslationfor creationde�nition propertiesis acombinationof theprevioustwo rules.

Rule 14 (creation de�nition property) For each creation de�nition property, add the formulas
of Rules12and13 to theIntermediateLanguagespeci�cation.

Sinceobjectsalreadyexist whentheir ful�llment propertiesareevaluated,we do not run into
theproblemsjust explainedfor creation trigger s. In fact,ful�llment trigger s arejust suf�cient
conditions,in thesameway astheconditions arenecessaryconditions.The rulesfor de�nition
propertiesis a combinationof therulesfor condition andtrigger. On theotherhand,modalities
do play a substantialrole in the translationof ful�llment properties,andwe will give particular
rulesfor eachof them.

A ful�llment propertybelongingto anachievedependency is translatedasfollows.

Rule 15 (achieve ful�llment property) For each formula
�

correspondingto a ful�llment prop-
ertyof a class

�

with achievemodality, weaddtheformula

Forall �

� �

� JustFul�lled � � �

�

�

�

� � if
�

is a constraintcondition
or assertioncondition

Forall �

� �

�

�

���

� �

���

�

�

	 � ����% � � if
�

is a constrainttrigger
or assertiontrigger

Exists �

� �

� JustFul�lled � � �

�

�

�

� � if
�

is a possibility
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Formulasof amaintain dependency aretranslatedin thefollowing way

Rule 16 (maintain ful�llment property) For each formula
�

of a ful�llment propertyof a class
�

with maintain modality, weaddtheformula

Forall �

� �

� � �

���

�

�

	 � ����%

�

� G � H �

�

�

� if
�

is a constraintcondition
or assertioncondition

Forall �

� �

� � G � H �

�

���

� �

���

�

�

	 � ����% � if
�

is a constrainttrigger
or assertiontrigger

Exists �

� �

� � �

���

�

�

	 � ����%

�

� G � H �

�

�

� if
�

is a possibility

Formulasfor avoid dependenciesareobtainedfrom thepreviousruleby simply negating
�

Rule 17 (avoid ful�llment property) For each ful�llment property
�

of a class
�

with avoid
modality, weaddtheformula

Forall �

� �

� � �

���

�

�

	 � ����%

�

� G � H � �

�

�

� if
�

is a constraintcondition
or assertioncondition

Forall �

� �

� � G � H � �

�

���

� �

� �

�

�

	 � � ��% � if
�

is a constrainttrigger
or assertiontrigger

Exists �

� �

� � �

���

�

�

	 � ����%

�

� G � H � �

�

�

� if
�

is a possibility

Theachieve&maintain modality is a combinationof therulesfor achieve andfor maintain.
Theformulashouldholdat thepresentstate(”achieve” part),andforever in thefuture(”maintain”
part). Notice that,unlike themaintain modality, the formuladoesnot necessarilyhold from the
beginning.

Rule 18 (achieve& maintain ful�llment property) For each formula
�

of a ful�llment property
of a class

�

with achieve& maintain modality, weaddtheformula

Forall �

� �

� � �

���

�

�

	 � ����%

�

G
�

�

� if
�

is a constraintcondition
or assertioncondition

Forall �

� �

� G
�

���

� �

���

�

�

	 � ����% � if
�

is a constrainttrigger
or assertiontrigger

Exists �

� �

� � �

� �

�

�

	 � � ��%

�

G
�

�

� if
�

is a possibility

Theformulasobtainedaccordingto thepreviousrulesshouldbetreateddifferentlyaccording
to whetherthey correspondto aconstraint, assertionor possibility of theFormalTroposspeci�-
cation.

Rule 19 (constraints,assertions,and possibilities) . Let
�

be a formula of a Formal Tropos
speci�cationandlet

�

�
bethecorrespondingformulaaddedto theIntermediateLanguagespeci�-

cationaccording to Rules9 or 11–18.
� If

�

belongsto a propertywhich hasthe facetconstraint (or no property-category facet),
then

�

�
�

)

, where
)

is thesetof all constraintsof thespeci�cation.
� If

�

belongsto a propertywhich hasfacetassertion, then
�

�
�

*

, where
*

is thesetof all
assertionsaboutthespeci�cation.

� Finally, if
�

belongsto a propertywith possibilityfacet,then
�

�
�

,

, where
,

is thesetof
all possibilitiesfor thespeci�cation.
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4.3 Discussionon the translation

Therearesomeaspectsof thetranslationthatdeserve furthercomments.
To startwith, possibility condition propertiesthatarelocal to a classhave a differenttransla-

tion thanconstraintsandassertions. In particular, while theformeruseexistentialquanti�cation,
the latter employ universalquanti�cation. As we explainedin Section3.4, the interpretationof
possibility propertiesis by de�nition existential.This is becausewe de�ne a correctpossibility

�

asonesuchthatExists � � � �

� �

, where� is amodelof thespeci�cation.Therefore,it is natural
to imposeanexistentialsemanticsto thepossibility propertiesthatareattachedto aclass.

Another point is that creation trigger propertiesare not translatedby adding the formula
Forall �

� �

�

�

���

JustCreated� � �	� , whichwouldbeanalogousto thetheonefor creationcondi-
tion s. Thereasonis thatit is notpossibleto referencetheattributesof aninstance� whichdoesnot
exist yet. Thesolutionthatwe adoptedis to universallyquantifyon theattributesof the instance
ratherthanon theinstanceitself. Accordingto Rule13, for eachcreation trigger of class
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We do not useJustCreated� � � in the formulabecausewe want to allow casesin which only the
existenceof aninstanceneedsto beenforcedwhenthetriggerpropertyholds,but not necessarily
thecreationof anew instance.

As a �nal note, we remarkthat he translationto the IntermediateLanguagemakes it clear
which aspectsof Formal Troposhave a characterizedmeaning,andwhich not. For instance,all
dependenciesaretreatedin thesameway, regardlessof their type(resource, softgoal, etc.).

5 The T-Tool

In this sectionwe describetheT-Tool, a tool thatsupportstheanalysisof FT speci�cations.The
T-Tool is availableat theURL http://dit.unitn.it/˜ft/ .

The T-Tool is basedon �nite-state modelchecking[5]. The advantagesof modelchecking
with respectto other formal techniques(e.g., theoremproving; see[11] for a comparison)are
that it allows for anautomaticveri�cation of a speci�cationandthat(counter-)exampletracesare
producedaswitnessesof the validity (or invalidity) of the speci�cation. A limit of �nite-state
modelcheckingis that it requiresa modelwith a �nite numberof states.This forcesto de�ne an
upperboundto thenumberof classinstancesthatcanbecreatedduringmodelchecking.

The T-Tool input is an FT speci�cationalongwith parametersthat specifythe upperbounds
for theclassinstances.On thebasisof this input, theT-Tool builds a �nite modelthat represents
all possiblebehaviors of the domainthat satisfythe constraintsof the speci�cation. The T-Tool
thenveri�es whetherthismodelexhibits thedesiredbehaviors. TheT-Tool providesdifferentveri-
�cation functionalities,includinginteractiveanimationof thespeci�cation,automatedconsistency
checks,andvalidationof thespeci�cationagainstpossibilityandassertionproperties.Theveri�-
cationphaseusuallygeneratesfeedbackon errorsin theFT speci�cationandhintson how to �x
them. The veri�cation phaseiterateson each�x ed versionof the model,possiblywith different
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upperboundsof thenumberof classinstances,until a reasonablecon�denceon thequality of the
speci�cationhasbeenachieved.

5.1 T-Tool functionalities

5.1.1 Animation

An advantageof formal speci�cationsis thepossibility to animatethem. Throughanimation,the
usercanobtainimmediatefeedbackontheeffectsof constraints.An animationsessionconsistsof
an interactive generationof a valid scenariofor the speci�cation. Stepwise,the T-Tool proposes
to the usernext possiblevalid evolutionsof the animationand,oncethe userhasselectedone,
thesystemevolvesthestateof theanimation.Animationallows for a betterunderstandingof the
speci�eddomain,aswell asfor theearlyidenti�cation of trivial bugsandmissingrequirementsthat
areoftentakenfor granted,andarethereforedif�cult to detectin aninformal setting.Animation
alsofacilitatescommunicationwith stakeholdersby generatingconcretescenariosfor discussing
speci�c behaviors.

5.1.2 Consistencychecks

Consistency checksarestandardcheckstoguaranteethattheFTspeci�cationisnotself-contradictory.
Inconsistentspeci�cationsoccurquiteoftendueto complex interactionsamongconstraintsin the
speci�cation,andthey arevery dif�cult to detectwithout thesupportof automatedanalysistools.
Consistency checksareperformedautomaticallyby theT-Tool andareindependentof theappli-
cationdomain. The simplestconsistency checkveri�es whetherthereis any valid scenariothat
respectsall the constraintsof the FT speci�cation. Anotherconsistency checkveri�es whether
thereexists a valid scenariowhereall the classinstancesspeci�ed by input parameterswill be
eventuallycreated.This checkaimsat verifying whethertheseparametersviolateany cardinality
constraintin thespeci�cation.TheT-Tool alsocheckswhetherthereexistsa valid scenariowhere
all theinstancesof aparticulargoalor dependency will beeventuallycreatedandful�lled, i.e., the
ful�llment conditionsfor that goalor dependency are“compatible”with otherconstraintsin the
speci�cation.Not all theconsistency checksmayberelevantfor a givenmodel.For instance,in a
modelit maybeperfectlyreasonablethatthereis nosinglescenariowhereinstancesaregenerated
for all classes.In this case,this consistency checkis excludedfor themodelunderinvestigation.

5.1.3 Possibility checks

Possibilitychecksverify whetherthe speci�cation is over-constrained,that is, whetherwe have
ruledout scenariosexpectedby thestakeholders.Whena Possibility propertyof theFT speci�-
cationis checked,theT-Tool veri�es thattherearevalid tracesof thespeci�cationthatsatisfythe
conditionexpressedin thepossibility. Theexpectedoutcomeof a possibilitycheckis anexample
tracethatcon�rms thatthepossibilityis valid. In a sense,possibilitychecksaresimilar to consis-
tency checks,sincethey bothverify thattheFT speci�cationallows for certaindesiredscenarios.
Their differenceis that consistency is a genericformal propertyindependentof the application
domain,while possibilitypropertiesaredomain-speci�c.
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Figure2: TheT-Tool framework.

5.1.4 Assertionchecks

The goal of Assertion propertiesis dual to that of possibilities. The aim is to verify whether
the requirementsare under-speci�ed and allow for scenariosviolating desiredproperties. Un-
surprisingly, thebehavior of theT-Tool in thecaseof assertionchecksis dual to thebehavior for
possibilitychecks,namely, thetool exploresall thevalid tracesandcheckswhetherthey satisfythe
assertionproperty. If this is not thecase,anerrormessageis reportedandacounter-exampletrace
is generated.Suchcounter-examplesfacilitatethe detectionof problemsin the FT speci�cation
thatcausedtheassertionviolation.

5.2 The T-Tool architecture

TheT-Tool performstheveri�cation of anFT speci�cationin two steps(seeFigure2). In the�rst
step,the FT speci�cation is translatedinto an IntermediateLanguage(IL) speci�cation. In the
secondstep,theIL speci�cationis givenasinput to theveri�cation engine,which is built on top
of theNUSMV modelchecker [4].

5.2.1 The role of IL

The IL playsa fundamentalrole in bridging the gapbetweenFT andformal methods.First, IL
is muchmorecompactthanFT, and thereforeallows for a muchsimpler formal semantics.In
fact, in theprevioussectionswe showedhow theformal semanticsof FT is de�ned on thetop of
thesemanticsof IL, via thetranslationrulesthatmapanFT speci�cationinto anIL speci�cation.
Second,IL, while moresuitableto formal analysis,is still independentof theparticularanalysis
techniquesthat we employ. For the moment,we have appliedonly modelcheckingtechniques;
however, weplanto alsoapplytechniquesbasedonsatis�ability or theoremproving. Finally, IL is
ratherindependentof theparticularconstructsof FT. By moving to differentdomains,it will prob-
ably becomenecessaryto “tune” FT, for instanceby addingnew modalitiesfor thedependencies.
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Theformalapproachdescribedin thispapercanbealsoappliedto thesedialectsof FT, at thecost
of de�ning a new translation.Furthermore,the IL canbeappliedto requirementslanguagesthat
arebasedon adifferentsetof conceptsthanthoseof FT, suchasKAOS[6, 7].

5.2.2 The model checkingveri�cation engine

Theactualveri�cation is performedby NUSMV [4]. NUSMV implementsseveralstate-of-the-art
modelcheckingalgorithms.It alsoprovidesanopenarchitecturethat facilitatesthe implementa-
tion of new algorithmsandthecustomizationof theveri�cation processto thespeci�c application
domain.

NUSMV is basedon symbolicmodelcheckingtechniques.Symbolic techniqueshave been
developedto reducethe effectsof the state-explosionproblem,therebyenablingthe veri�cation
of large designs[5, 13]. NUSMV adoptssymbolicmodelcheckingalgorithmsbasedon Binary
DecisionDiagrams(BDD) [3] andon propositionalsatis�ability (SAT) [1]. BDD-basedmodel
checkingperformsan exhaustive traversalof the modelby consideringall possiblebehaviors in
a compactway. Suchexhaustive explorationallows BDD-basedmodelcheckingalgorithmsto
concludewhethera givenpropertyis satis�ed (or falsi�ed) by themodel.On theotherhand,this
exhaustiveexplorationmakesBDD-basedmodelcheckingveryexpensive for largemodels.SAT-
basedmodelcheckingalgorithmslook for a traceof a given lengththat satis�es (or falsi�es) a
property. SAT-basedalgorithmsareusuallymoreef�cient thanBDD-basedalgorithmsfor traces
of reasonablelength,but, if notraceis foundfor agivenlength,thenit maystill bethecasethatthe
propertyis satis�edby a longertrace.Thatis, SAT-basedmodelcheckingveri�es thesatis�ability
of apropertyonly up to a givenlength,andis hencecalledBoundedModelChecking(BMC) [1].
TheT-Tool exploitsbothBDD-basedandSAT-basedmodelchecking.

6 Conclusionsand Futur eWork

The FT languageis continuouslyevolving to allow for capturingnew requirements.Among the
severalextensionswe areconsideringwe list, theintroductionof theoptional facetfor attributes,
thesupportfor sets,andextensionsof thelanguageto bettercharacterizegoaldecompositionand
means-endanalysis.
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