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The Formal TroposProject

TheTroposprojectaimsto thedevelopmentof andAgent-Orientedsoftware
engineeringmethodology, theTroposSoftwareDevelopmentProcess, supported
by a varietyof analysistools.

Late Requirements

Implementation

Architectural Design

Early Requirements

Detailed Design

TheFormalTroposprojectaimsto aneffective integrationandharmonizationof
FormalMethodsin theTroposSoftwareDevelopmentProcess.It buildson.. .

i* , a framework for modelingsocialsettings,basedon thenotionsof actors,
goals,dependencies...
KAOS, agoal-orientedrequirementsframework thatprovidesa rich temporal
speci�cationlanguage.
NUSMV, a (symbolic)modelchecker initially developedfor theveri�cation
of hardwaresystems.
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Model CheckingEarly Requirements[RE01]

FormalMethods(FM) areusuallyappliedin advancedstagesof thedevelopment
process,andtheirapplicationin EarlyRequirementsis by nomeanstrivial:

FM amountsto validateanimplementationagainstrequirements;
FM requirea detaileddescriptionof thebehavior of thesystem;
FM conceptsarenotappropriatefor EarlyRequirements.

FormalMethods,andin particularModelCheckingcannotbeusedto prove
correctnessof thespeci�cation.
However they can.. .

show misunderstandingsandomissionsin therequirementsthatmightnotbe
evidentin aninformal setting;
assisttherequirementselicitationby helpingin theinteractionwith the
stakeholders;
addexpressivepower to therequirementsspeci�cationformalism;
enableproofof correctnessin advanceddevelopmentphases.
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Outline

Theoriginal contribution.
Themethodology.
TheT-TOOL

Theexperimentalanalysis.
ConclusionsandFutureWork.
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Our contribution

In thispaperwefocusonapplyingmodelcheckingin earlyrequirementsanalysis.
Webuild on theresultsin [RE01].
Theoriginal contribution:

Enrichedthei* notation(e.g.,Prior-to links, cardinalityconstraints)
Heuristicrulesto automaticallyextractaFormalTroposmodelfrom the
enrichedi* model
A methodologyto usethemosteffectivemodelcheckingtechniquesfor the
analysisof FT speci�cations
A tool supportingthemethodology(T-TOOL).
Experimentalevidenceof theeffectivenessof theapproach.
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therearedifferentinstancesof actors,goals,dependencies,andrelationsamong
theseinstances
strategic dependencieshavea temporalevolution (they arise,they areful�lled,
thereis anorder,...)
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The course-exammanagementcasestudy
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The course-exammanagementcasestudy (II)

Entity Course
Entity Exam

Attribute constant course: Course
Actor Student
Goal PassCourse

Mode achieve
Actor Student
Attribute constant course: Course

Actor Teacher
Task GiveExam

Mode achieve
Actor Teacher
Attribute constant exam: Exam

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

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

passed: boolean
Softgoal Integrity

Mode maintain
Actor Student

FT emphasisis in modelingthe“strategic” aspectsof theevolution elements.
FT focusis on thecreationandful�llment centralmomentsof elements.
FT allows thedesigner:

to specifydifferentmodalitiesfor theful�llment of elements.
to specifytemporalconstraintson thecreationandful�llment of elements.
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The course-exammanagementcasestudy (III)

Goal PassCourse
Mode achieve
Actor Student
Attribute constant course: Course
Ful�llment de�nition

/* OR decomposition*/
((

�

e : Exam (e.course= course)

�

�

e : Exam ( e.course= course �

(

�

p : PassExam( p.exam= e

�

p.pass_course= self
�

Ful�lled (p)))))

�

(

�

r : DoResearchProject (r .pass_course= self

�

Ful�lled (r ))))
/* cardinalityconstraint*/

�

( �

�

p : PassCourse((p

���

self)

�

(p.actor = actor)
�

(p.course= course)

�

Ful�lled (p)))
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Formal Analysisof Early Requirements

Oncea “satisfactory”FormalTroposmodelof therequirementsis availablewecan
performthefollowing formalanalysis:

consistency check: “the speci�cationadmitsvalid scenarios”
possibilitycheck: “thereis somescenariofor themodelthatrespectscertain
possibility properties”
assertionvalidation: “all scenariosfor themodelrespectcertainassertion

properties”
animation: theusercaninteractively explorevalid scenariosof themodel:

givesimmediatefeedbackon theeffectsof theconstraints;
makesit possibleto catchtrivial errors;
is aneffectivewayof communicatingwith thestakeholder.
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Possibility Checksin Formal Tropos

A possibility:
describesexpected,valid scenariosof thespeci�cation;
is usedto guaranteethatthespeci�cationdoesnot ruleoutany wanted
executionof thesystem.

Global Possibility

�

p : PassCourse(Ful�lled (p))

Theresultof theveri�cation is:
A witnessscenarioif thepossibilityis veri�ed.

t0 t1 t2 t3 t4 t5

Fulfilled
Created

Fulfilled
CreatedMark(m1)

True
False

 
CreatedExam(e1)

Mark(m1).passed

PassExam(pc1)

PassCourse(pc1) Created
Fulfilled

A negativeanswerif thereis noscenariosatisfyingthepossibility.
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AssertionValidation in Formal Tropos

An assertion:
describesexpectedconditionsfor all thevalid scenarios;
is usedto guaranteethatthespeci�cationdoesnotallow for unwanted
scenarios.

Global Assertion

�

a : Answer (F

�

pe : PassExam(pe.exam= a.exam
�

pe.actor = a.dependee))

Theresultof theveri�cation is:
A positiveanswerif thepropertyis satis�ed,
A counter-examplescenarioif theassertionis not satis�ed.

Fulfilled
Created

Fulfilled
Created

Fulfilled
Created

Fulfilled
Created

Fulfilled
CreatedGiveExam(ge1,t1)

PassExam(pe1,s1)

PassExam(pe2,s2)

Answer(a1,s1)

Answer(a2,s2)

t5t4t3t2t1t0
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The Supporting Tool: T-TOOL
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The Model CheckingVeri�cation Engine

It is basedon theNUSMV symbolicmodelchecker.
NUSMV adoptssymbolicmodelcheckingalgorithmsbasedon:

BinaryDecisionDiagrams(BDDs):
performsanexhaustive traversalof themodelby consideringall thepossible
behaviors in acompactway;
becauseof theexhaustivenessthey arecomplete;
veryexpensive for largemodels.

PropositionalSatis�ability (SAT), known asBoundedModelChecking(BMC).
Looksfor a traceof givenlengththatsatis�es/falsi�es a property;
moreef�cient thanBDD for tracesof reasonablelength;
completeup to theconsideredlength;a longertracecouldfalsify theproperty.

NUSMV hasbeenextendedto allow for theveri�cation of FT speci�cations:
An IL2SMV moduleto interfacetheIL with theNUSMV system;
SAT basedBMC hasbeenextendedto dealwith pastoperators;
An improved�e xible interactiveanimator.
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Which Veri�cation Techniquefor What?

Possibility(Consistency) checksamountsto identify a witnessscenariofor a
givenproperty.

Thesekind of propertiesappearto bemoreamenableto SAT basedBMC
techniques.
Thelengthof thewitnessesis usuallyreasonable(

�

��

).
Assertionvalidationamountsto checkwhetherall theadmissiblebehaviors
satisfyacertainproperty.

SAT basedBMC canprovideaquiteimmediatefeedbackon thetruth of the
consideredpropertyup to a reasonablelength.
If SAT BMC doesnotpointout �a ws, thenwe canproceedwith BDD based
ModelCheckingto possiblycon�rm theresult.
Modeloftentoobig to beef�ciently handledby BDD basedsymbolicmodel
checkingtechniques.
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Which Veri�cation Techniquefor What? (II)

Theproblem: while verifying assertions,BDD basedexhaustive techniquesvery
oftenblow upwhenthesystemis too large.
Thesolution: useof “standard”reductiontechniques,e.g.abstractiontechniques.

Thegeneralassertionvalidationproblem:

�

�

�

�

�

�
�

If we considera

�
�

�

if

�

�

	

�

�

�
� then

�

�

�

�

�

�
�

If we fail with

�
�

�

we needto chooseanother



suchthat

��� 


�

�

and
iterate.

SAT basedBMC cangiveanimmediatefeedbackon thetruthof thereduced
model,thussuggestingre�nementof theconstraintsconsidered.
BDD basedMC thenwill guaranteethetruth.
Opento differentveri�cation strategies(BMC andBDD in parallel,the�rst
thatproducea resultstopstheother, . . . ).
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Experimental Results

Following thedevisedmethodologywe conductedseveraliterationsof
experiments.
At eachiterationanFT speci�cationwasvalidatedby consistency checks,and
possibilityandassertionsveri�cations ondifferentupperboundsof numberof
classinstances.

Whenevera bugwasfoundtheFT speci�cationwascorrectedandthe
approachiterated.

Iterationsendedwhenall thechecksin theFT speci�cationweresuccessful,i.e.
wehada “reasonable”speci�cation.
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Experimental Results(II)

PossibilityChecks

1 instance 1..2instances 2 instances

BMC BDD BMC BDD BMC BDD

P1 Valid[3] Valid[3] Valid[3] Undecided Valid[3] Undecided

9.4sec/ 29Mb 1786sec/ 64Mb 55.7sec/ 77Mb T.O. 860sec/ 295Mb M.O.

P2 Valid[3] Valid[3] Valid[3] Undecided Valid[3] Undecided

9.3sec/ 29Mb 1719sec/ 63Mb 55.6sec/ 77Mb T.O. 842sec/ 295Mb M.O.

P3 Valid[4] Valid[5] Valid[4] Undecided Valid[4] Undecided

14.2sec/ 38Mb 1979sec/ 64Mb 94.9sec/ 96Mb T.O. 1629sec/ 375Mb M.O.

P4 Undecided[10] Invalid Undecided[10] Undecided Undecided[4] Undecided

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

RequirementsEngineering2003– Monterey (CA) Sept.2003 – p.17



Experimental Results(III)

AssertionChecks

1 instance 1..2instances

BMC BDD BDD-reduced BMC BDD BDD-reduced

A1 NoBug[10] Valid Valid NoBug[10] Undecided Valid

100sec/ 83Mb 1298sec/ 64Mb 0.3sec/ 2Mb 1086sec/ 237Mb T.O. 30.8sec/ 4.2Mb

A2 NoBug[10] Valid Valid Invalid[3] Undecided Invalid[7]

111sec/ 84Mb 1295sec/ 64Mb 44sec/ 17Mb 57.6sec/ 77Mb T.O. 757sec/ 100Mb

A3 NoBug[10] Valid Valid NoBug[10] Undecided Undecided

107sec/ 83Mb 2110sec/ 64Mb 2.5sec/ 4Mb 2837sec/ 234Mb T.O. T.O.

A4 NoBug[10] Valid Valid NoBug[9] Undecided Undecided

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

For ourcasestudythedevisedmethodology.. .
waseffective in producingaFT speci�cationof goodquality;
leadto abetterunderstandingof thedomainrevealingtricky aspects(e.g.. . . )
validationtechniquesprovidedby theT-TOOL veri�cation enginewereusefulin
detectingbugs,while animationwaseffective in earlyphasesto pointout trivial
bugs.
SAT basedBMC techniqueswereveryeffective in answeringto consistency and
possibilitychecking.
SAT basedBMC is very effective in providing acon�denceon thetruthof
assertions,thuspreventingspendingmucheffort in applyingBDD based
veri�cation.
Abstractiontechniquesareverypromising,but needto beautomated,de�ning
heuristicsto extractinitial setof constraintsandto re�ne themin caseof
veri�cation failure.
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Futur e Work

Devisetechniquesguaranteeingcorrectnessof anFT speci�cationregardlessof
quali�cations.
Automatetheveri�cation processfor assertions

developingtechniquesfor choosinginitial setof constraintsandto re�ne them
whenreducedveri�cation fails;
heuristicsto automaticallyalternatephaseswherethetool triesto prove
validity of a model,with phaseswhereit looksfor bugs.

Improvemodelgenerationby exploiting possiblesymmetriesin thespeci�cation.
DevelopaGUI allowing theuserto write FT speci�cationsandto inspect
scenariosproducedby T-TOOL asanimationof thei* diagrams.
Extendthemethodologyto thefurtherphasesof theTroposSoftware
DevelopmentProcess.
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