
APPLICATION OF FORMAL METHODSTO SCENARIO-BASED
REQUIREMENTSENGINEERING

G. Babin* F. Lustman**

*Serviced’enseignementdestechnologiesde
l’information
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Abstract

TheKLuB projectis anattemptto useformal methodsin theprocessandproductof requirementsengineeringof information

systems.In thework presentedhere,thescenariotechniquewasusedfor requirementselicitation.Scenarios,which have been

recognizedasaneffective techniquefor eliciting requirements,focususuallyon behavior andlesson data.An additionalob-

jectiveof theprojectwasto integratedataandbehavior in aformalspecification,basedonstatemachines.Semanticintegration

of dataandbehavior wasachievedby introducingtheconceptof compatibilitybetweendatavaluesandsystemstates.Scenario

integrationis alsoachievedbasedondatavalues.An additionalobjectivewasto automateasmuchaspossibletherequirements

elicitationprocess.TheKLuB processinvolvesthreesteps: theScenarioAcquisitionstep,theBaselineElicitationstep,andthe

Integrationstep,which is completelyformalandcanbeautomated.
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1 Intr oduction

Scenarioshave beenrecognizedasan effective techniquefor eliciting requirementsin general[1, 2], and for investigating

behavior, in particularin the object-orientedapproach[3, 4]. Scenariodescription,first informal, haslately beenovertaken

by moreformal graphicalapproaches[3, 4]. Scenarioshave alsobeenrepresentedby tools like relations[5] andfinite state
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automata,usedin many variations[6, 7, 8].

What doesa scenariodescribe?Usuallybehavior [3, 4, 6, 9], sometimesdataandbehavior [5, 7, 8]. A commonfeature

of the different definitionsis that it describesonly part of a system. Oncescenariosaredescribed,the next problemis to

integratethem in order to obtain a systemspecification. In someworks, the relative position of the scenariosto integrate

hasto be known [5, 10, 11], in othersit doesnot [7, 8]. The integrationtechniqueis manual[5, 10], algorithmic[7, 8], or

human-assisted[9, 11].

Theobjectivesof theKLuB projectareto applyformalmethodsin requirementsengineering,to usethescenariotechnique,

andto producea formalspecificationinvolving dataandbehavior. Theconceptunderlyingthesemanticintegrationof dataand

statesis thatof compatibility. In ascenariostate,only certaindatavaluesarepossible,those“in agreement”with theincoming

andoutgoingtransitions.At thesystemlevel, statesaredefinedby datavaluescompatiblewith thesamescenariostates.The

approachconsiderssequentialscenarios,oneinstanceof eachdataobject,oneinstanceof eachscenario.

An overview of the KLuB approachis presentedin Section2. Scenarioacquisitionis describedin Section3. Section4

dealswith theestablishmentof a Baselinefor scenariointegration,which is thesubjectof Section5. Finally in theConclusion

(Sect.6), potentialbenefits,problemsandpossibleextensionsarepresented.

2 Method Overview

2.1 RequirementsEngineering

The KLuB process(seefig. 1) involves threesteps,two informal andone formal. In the ScenarioAcquisition step,which

is informal, scenariosareelicited andtheir behavioral part is modeledinto finite statemachines.Additional information is

requiredfor the Integrationstep;the BaselineElicitation stepis intendedto provide this information,namelyintegrateddata

modelsplus systemsemanticsin the form of businessrules. The Integration step,completelyformal, generatesa system

specificationasanextendedfinite statemachinein whichsystemstatesarebasedon integrateddatavalues.

2.2 A Simple Library Example

Examplesusedfor supportinga methodareoftensmallandallow for the “doesnot scale-up”criticism. To alleviate this, we

decidedto usea real-world systemto supportthis work. Universit́edeMontréal’s library systemwasinvestigatedanda subset

involving six scenarioswasprocessedin [7]. However, for presentationpurposes,ascaleddown example,involving simplified

scenariosfor documentborrowing, documentreturn,andreaderregistration,is usedhere. The descriptionof the Document

2



������� �	��
 �

� ��
���������
�
 ���
��� ��������
 �
� ����� 
 ��
 
�
 ���

��������� 
 ���
��� 
 � 
 
���
�
 ���

��� ��������
 �
��� 
 � 
 
���
�
 ���

�������� 	
 ���
!"��#���� 
 ���

$%��
��
!"��#���� 
 ���

� ��&'����
�
 � �
��� 
 � 
 
���
�
 ���

$%��
��'(
�)������ 	
 ���
� ��
���������
�
 ���

$%��
��
!"��#���� �

� ��
���������
�
 ���

� �	�*
���&
� 
���
����

+ ����������
�
 ���

� �	�*
���&
,���������
 
�
 �����
+ ����������
�
 ���

Figure1: RequirementsEngineeringProcess

Loanscenariois foundin fig. 2.

- The userwishesthat the systembe in the DocumentLoan scenario,waiting for the
reader’s ID-code.

- Also, theuserwantsto beableto gofrom theredirectly to thereaderregistrationscenario
or to thedocumentreturnscenario.

- If documentborrowing shouldbe performed,the userentersthe reader’s ID-code. The
reader’sborrowing file shouldappearonthescreen.It shouldalsobepossibleto enterthe
borrowing scenarioat this point, from the readerregistrationscenarioor the document
returnscenario.

- Theuserentersthedocument’s ID-code. If thereaderrightsdo not allow him to borrow
thistypeof document,theloanis notprocessed,andtheusercangobackto document-ID
entrystateor to theinitial state.If hehastheright to borrow that typeof document,the
LoanFile on thescreenshouldbeupdatedwith thatnew document,andtheDocument’s
statusupdatedfrom availableto borrowed.

- If morethanonedocumentis to be borrowed, the userperformsthe precedingstepas
many timesasrequired,or he(she)returnsto thescenario’sprimaryentrypoint,waiting
for a reader’s ID-code.

Figure2: Descriptionof theDocumentLoanScenario
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3 ScenarioAcquisition

3.1 Definition of Scenario

Therearemany definitionsandusesof thescenarioconcept[4, 5, 6, 7, 8, 10,12]. For clarificationpurposes,themeaningand

definitionof scenariousedin this work is presented.It is relatedto theconceptof transactionintroducedin [13].

BusinessTask A computerizedinformationsystem(CIS) is to bedevelopedaspartof aninformationsystem(IS). A business

taskis anindependenttaskor activity which is partof theIS. A businesstaskhasa beginning,performsanactivity definedby

theuser, andhasanending.It leavestheIS in acoherentstatein thedatabasetransactionsense.

Example: The IS is a Library system.A businesstaskis to registera new document.The useris the clerk or librarian in

chargeof documentregistration.

Scenario A scenariois definedby auseror communityof users.It definestheinteractionsbetweenasingleuserandtheCIS

for performingabusinesstask.

Thebasicelementsof a scenariodefinitionareoneor severalentrypoints,a setof interactions(useraction,expectedCIS

reaction(s)),thepartialor completeorderingof theinteractions,andthoseinteractionswhichendthescenario.

All elementscontributing to the definition of a scenarioareprovided by or elicited from the userandareexpressedin

termsof the IS andthebusinesstask. This will allow for groundingin therealworld of the IS thecomponentsof the formal

specificationgivenlater.

3.2 Formal ScenarioModel

In this work, the formal model of a scenariowill be assumedto be available. The behavioral part will be modeledby a

state-eventautomaton,avariationof afinite statemachine,definedas .0/2143657/�8:9;/�8:<=/>8:?@/�8:AB/DC , where:

- 57/ is asetof states.Thescenariois in astatewhenasystemreactionis finishedandtheuserhasnot enteredanevent.

- 9E/ is thesetof events.An eventis agestureexercisedby theuseron theinterface,indicatingto thesystemthattheuser

hasfinishedenteringall theelementsof anaction(Sect.3.1). An eventis labelledby theuser-definedaction.

- <)/ is thesetof initial states.Initial statescorrespondto user-definedentrypoints.

- ?@/ is thesetof final states.Interactionsdefinedby theuserasendingthescenario,endonafinal state.
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Figure3: TransitionSystemfor theDocumentLoanScenario

- AB/kjl57/Bmn9E/kmo57/ is thesetof transitions.Transitionp�/2143rq�/�8Jst/�8Jq�/�u�C , meansthatwhile thescenariowasin stateq�/ ,
theuserenteredevent st/ , andoneof thesystem’s reactionsis to put thescenarioin stateq�/�u .

A state-event automatoncan be representedby a state-event diagram. Fig. 3 presentsthe state-event diagramfor the

DocumentLoanscenario.

4 BaselineElicitation

In thisstep,scenariospecificationsarecompletedwith dataandothersemanticinformation.At theendof thestep,all informa-

tionsrequiredfor scenariointegration(i.e., theintegrationbaseline)will beavailable,thatis, entitiesandentitystates,business

rules,andcorrespondencebetweenentity statesandscenariostates.

4.1 Data Modeling

Datamodelingconsistsmostly in identifying (1) the “objects” (alsoreferredto asentities)pertainingto a specificscenario,

(2) theattributesdescribingtheseentities,(3) thedomainof theseattributes,and(4) thefunctionaldependenciesamongthese

attributes.Werely onTwo-StageEntity-Relationship(TSER)[14] Methodologyfor thesetasks.In thefollowing section(Sect.

4.1.1),we briefly introduceTSERandits basicmodelingtools. We thendescribehow TSERis usedwithin theKLuB context

to modeldatamanipulatedby thescenarios(Sect.4.1.2).
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4.1.1 The Two-StageEntity-Relationship Model: TSER

The TSER[14] modelwascreatedto integratefunctionalanalysiswith databasedesign. It entailstwo levels of models: a

functionalmodel,representingsemanticcontent,anda structuralmodel, forming a normalizeddatamodel. The purposeof

the functionalmodel is to describedataitemsandthe relationshipsbetweenthesedataitems(i.e., functionaldependencies)

within specificcontexts, while the purposeof the structuralmodel is to provide a context-free representationof all the data

itemsusedwithin aninformationsystem.This context-freerepresentationis anormalizeddatamodelwhich identifiesentities,

relationshipsbetweentheseentities,andattributes(i.e.,dataitems)of theseentities.

TSER provides rigorousalgorithmswhich map from functional to structuralmodels; thesealgorithmsensurethat the

resultingstructuresareat leastin Boyce-Coddnormal form (BCNF). TSER algorithmsalso integrateviews, thusallowing

systematicconsolidationof any numberof datamodels.

The Functional Model Thefunctionalmodelfeaturessemantic-level constructsfor processesrepresentationandfor object-

hierarchy. Theseconstructsareusedfor systemanalysisandinformationrequirementsmodeling. Theconstructsincludethe

following:

- Subjects(fig. 4(a)) which representfunctional units of information suchas userviews and applicationsystems,and

is analogousto frameor object. It contains,amongother things, the attributesdescribingthe subject(including their

domains)andthefunctionaldependenciesdescribingrelationsbetweentheseattributes.

- Contexts (fig. 4(b)) which representcontrolknowledgeandinteractionsamongsubjects.

vxw�y{z}|�~6�

(a)Subject

�����{��|��J�

(b) Context

Figure4: FunctionalModelConstructs
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Figure5: StructuralModelConstructs

The Structural Model The structuralmodel provides a normalizedrepresentationof datasemanticsfrom the functional

modelfor logicaldatabasedesign.Therearefour basicconstructs:
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- Operationalentities(or entities,for short;fig. 5(a))which referto constructswith a singularprimarykey.

- Pluralrelationships(fig. 5(b)) which referto constructswith acompositeprimarykey.

- Functionalrelationships(fig. 5(c)) representingreferentialintegrity constraintsbetweenentitiesand/orplural relation-

ships.

- Mandatoryrelationships(fig. 5(d)) representingexistencedependency constraintsbetweenentitiesand/orplural relation-

ships.

Normalizedstructures(i.e., thestructuralmodel)areobtaineddirectly from thefunctionalmodel,usingthreebasicsteps:

Decomposition: createsasubmodelfor eachsubjectin thesubjecthierarchy andanalyzesits basiccardinality.

Normalization: improvesandsimplifiesthedatastructureswithin eachsubmodelbasedondependency theory. Thisstepyields

amodelat leastin BCNF.

Consolidation: links andmergesthesesubmodelsto producea structuralmodelcorrespondingto thefunctionalmodelin the

input. TheConsolidationis performedrecursively, startingfrom leavesin thesubjectdecompositiontree,andcreatinga

mergedmodelfor eachintermediatenode.

4.1.2 Using TSER in KLuB

In this research,we have optedfor TSER(1) to modeldatawithin eachscenario,creatingone(possiblydecomposed)subject

perscenario,and(2) to obtainanormalizedandintegrateddatamodelfrom thesepartialviews. First,weconstructa functional

modelfor eachscenario.This functionalmodeldescribesthedataitemsaccessedby thescenarioandtherelationshipbetween

thesedataitems. For complex scenarios,this modelingmay involve multiple levelsof TSER’s functionalmodel. For simple

systems,thismodelingmayonly involve thecreationof asinglesubject.

For eachof thesefunctionalmodels,wecreateanormalizeddatamodel(BCNF).Thisprocessbreaksdown TSER’ssubjects

into normalizedentitiesandrelationships.For thepurposeof this work, we will consideranentity any normalizedconstruct

having aprimarykey, eithersingularor composed(i.e.,TSER’soperationalentitiesandplural relationships).By repeatingthis

processto eachscenario,we identify all theentitiesusedin eachscenario.

In theDocumentLoanscenario,we identifiedthree“objects”,namely, Document,LoanFile,andReader. For eachof these

entities,we alsoidentifiedattributesusedin thescenariodescription,their respectivedomain,andthefunctionaldependencies

amongthem.
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Figure6: Library IntegratedStructuralModel

Document: Document-ID: Î{Ï�Ð�ÑDÒÔÓJÕrÖ'×
Document-type: ÎDÓJÕ6Ø�Õ£Ö7×
Document-status: Î{ÙDÚ�ÙDÛVÜ�Ù�ÝrÜ�ÒJÕ*Ü�Ð�ÙDÞ=Ò�Ñ®ÕrÖ'×

Reader: Reader-ID: Î{Ï�Ð�ÑDÒ:Ø�ÕrÖ'×
Reader-data: Î�ß£à�á�Û�Þãâ�ß�ÕrÖ'×
Reader-rights: Î{Ù�Ü�Ü ÑÔÐ�Ï£ä	åæÒ�Þãà*ß�Õ{Ó Ð:ÞãÜ}çUÕrÖ7×

LoanFile: Loan-ID: Î{Ï�Ð�ÑDÒ{è�ÕrÖ'×
Return-date: Î{ÑDÙDà*Ò:ß�ÕrÖ7×
Borrows: Î{Ï�Ð�ÑDÒ:Ø�ÕrÖ'×
Borrowed: Î{Ï�Ð�ÑDÒÔÓJÕrÖ'×

Figure7: AttributeDomainsfor theIntegratedDataModel

4.2 Data Models Integration

At this point, we producean integrateddatamodel,from the normalizeddatamodelsobtainedfor eachscenario(Sect.4.1).

Theintegrateddatamodelis obtainedby consolidatingthestructuralmodelsof all thescenarios.This taskis automatedusing

TSER’s algorithms.Theresultingmodelfor theLibrary exampleis illustratedin fig. 6. Fig. 7 providestheintegratedattribute

domains.A specialdomainvaluenoted“ é ” representsthevalue“not defined.”

4.3 SemanticsElicitation

In thisactivity, moreinformationon thescenarioandonentitieswill begathered,namely, businessrulesandin particular, pre-

andpostconditions.

4.3.1 BusinessRules

In the system,businessrules definehow things shouldbe done. They are constraintson datavalues,on functions,or on

combinationsof both, andarespecifiedin predicatelogic. Businessrulesareobtainedfrom users,proceduremanuals,the

natureof thebusinesstasks,andsoon. In conjunctionwith theentities,they capturetheapplicationsemantics,andwill beused

to constructthespecification.Table1 presentstherulesfrom theLibrary system.
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Table1: BusinessRulesin theLibrary System
Rules Description Definition
áDê If the Document entity

does not exist, all its at-
tributesdonotexist

Document-ID= Öìë
Document-status= Öìí
Document-type= Ö

áJî If the Documententity ex-
ists, someof its attributes
mustexist

Document-ID ïðÏ�Ð�Ñ�ÒÔÓ%ë
( Document-status= ÙDÚ�ÙDÛ�Ü}Ù�ÝrÜ�Ò�ñ
Document-status= Ü�Ð:ÙDÞ)Ò�Ñ ) í
( Document-type= 1 ñ
Document-type= 2)

á:ò –á�ó Theserules are similar toá ê and á î for Readerand
LoanFileentities

áJô If Readeris not registered,
he(she)cannotborrow the
document,andnoLoanFile
canexist for him (her)

Reader-ID = Öìë
Loan-ID= Öìí Borrows = Öìí
Borrowed= Öìí
Document-status= ÙDÚ�ÙDÛVÜ�Ù�ÝrÜ�Òá�õ If adocumentis in a Loan-

File, thedocument’s status
mustbe“loaned”

Borrowed=Document-IDë
Document-status= Ü�Ð:ÙDÞ)Ò�Ñ

á�ö If Readerhas a LoanFile,
its readingrights must be
compatiblewith thetypeof
theloaneddocument

Borrows = Reader-ID í
Borrowed= Document-IDë
Reader-rights= Ù�Ü�Ü ÑDÐ�ÏräUåæÒ�Þ÷à6ß%ñ
(Reader-rights= Ó Ð:ÞãÜ}ç7í
Document-type=1)

4.3.2 Preconditionsand Postconditionsof Transitions

Preconditionsareparticularbusinessruleswhich specifyconditionsunderwhich a transitionmay be executed,while post-

conditionsspecifythe effect of the transitionon the entities. If a transitionhasno effect on entities,the preconditionis also

thepostconditionof thetransition.We will useøxùUúã3�p�/DC and ø�û	qDpÔ3�p�/DC to respectively representthepre-andpostconditionof a

scenariotransitionp�/ .

4.3.3 ProcessingAssociatedwith Transitions

Sometransitionsinvolve entity processing.For thesetransitions,the associatedprocessinghasto be specified.We notethe

set of suchtransition-associatedprocessingü@/ý1ÿþ:ø�/���8�������8*ø%/�� � , where ø�/
	 is the processingassociatedto transition p�/�	 .
Transition-associatedprocessingis also specifiedby pre- and postconditions.The preconditionspecifiesthe valuesof the

entitiesbeforetheprocessingandmaythereforebedifferentfrom thetransitionprecondition.In thecasewhereno processing

occurs, øxùUú÷3}ø%/�	rC 1 øtùUú÷3�p�/�	rC and ø�û	qDpÔ3}ø�/
	rC 1 ø%û	qDpÔ3�p�/�	rC . The postconditionspecifiesthe entity valuesresultingfrom the

processing.

In the DocumentLoan scenario,only onetransition( p�/�� =(Reader’s Loan File Displayed,Input DocumentID, Reader’s

LoanFile Displayed))involvesentity processing.Thespecificationof thetransitionprocessingis madeof:

øxùUúã3}ø�/���C : Document-status= 
���
�����
��
��ú��
Borrows 1 é�� Borrowed 1 é�� Loan-ID 1 é

9



ø�û	qDpÔ3}ø%/���C : Document-status= ��û�
��Xú����
Borrows= Reader-Id � Borrowed= Document-ID� Loan-ID � /Ôû��=ú� 

4.4 Integration Baseline

Theintegrationbaselineis thesetof resultsobtainedin this step(BaselineElicitation) andtheprecedingone(ScenarioAcqui-

sition). Thesystemspecificationwill beformally derivedfrom thatbaselinewhich is composedof:

- entitiesasdefinedin theDataModelsIntegrationactivity (Sect.4.2);

- FSAsof thescenarios(the . /�	 , Sect.3.2);

- businessrules(set ! ), aselicitedin Section4.3.1;

- transitionpre-andpostconditions,asidentifiedin Section4.3.2;

- specificationof transition-associatedprocessingasderivedin Section4.3.3.

5 Integration

Theintegrationactivitiesproduceacompletesystemspecification.Thespecificationis formalandintegratesdataandbehavior.

All theactivitiesareformalandcanbeautomated.

5.1 Formal SystemSpecification

For expressingtheexternalspecificationof thesystem,a guardedsequentialmachinemodelis used.Thesystemspecification

is definedas 5#" 143%$ 8�.0/
	�8�5'&t8{9(&t8:ü)&�8{A�&t8:<*&t8�?)&t8+!@C , where

- $ is thesetof entitiesof thesystem,availablefrom thebaseline.

- .0/
	 is thesetof scenarioautomatafor all scenarios/���8J/�,>8�������8�/�� , availablefrom thebaseline.

- 5#& is thesetof systemstates,andis derivedfrom theentities,transitionspre-andpostconditions,andfrom thescenario

states,all availablein thebaseline.Thealgorithmsarepresentedin Sections5.2and5.3.

- 9(& is thesetof externalevents. 9-& 1/. 9E/�	 , where 9;/
	 is thesetof externaleventsof scenario/�	 , asspecifiedin the

scenarioFSA partof thebaseline( .0/
	 ).
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- ü)& is thesetof transition-associatedprocessing.ü)& 1 . ü@/�	 , where ü@/
	 is thesetof processesof scenario/�	 , directly

partof thebaseline.

- A�&ìjl5'&@m 9(& m ü)& m 5'& is thesetof transitions,andis derivedfrom scenariotransitionsandscenariostates,available

in thebaseline,from systemstates,entitiesandtheir states.Thealgorithmis describedin Section5.4.

- <�& is thesetof initial states.<*& is a by-productof systemstateproduction;an initial systemstateis compatiblewith a

scenarioinitial state.

- ?)& is the setof final states. ?)& is a by-productof systemstateproduction;a systemfinal stateis compatiblewith a

scenariofinal state.

- ! is thesetof businessrules,availablefrom thebaseline.

5.2 Data and Behavior Integration

In thissection,scenariostatesandentitieswill berelatedby a formalmodelbasedon relations.

5.2.1 Conceptof Entity State

Entity State Giventheattributes 
0��8�������8+
�� of entity ú andthedomain 1nû�2 36ú>C (definedas 1ìû�2 3%
3�ÔC2m4�����%m(1nû�2 3%
��tC ) of

entity ú , astateq�� of entity ú is asubsetof 1ìû�2 36ú>C . Moreover, all statesof ú constitutea partitionof 1ìû�2 36ú>C .

Compatibility betweenentity state and scenariostate Let 5'�736ú>C 1 þ®q��#��8�������8Jq��65 � be the setof statesof entity ú . For

�7�;þ�8:9*2 � 8Ôq��6	�1 þ����6	%��8�������8+�*�6	;�*< � , where���6	>=?�@1ìû�2 36ú>C . Let / bea scenarioand q�/ beastateof scenario/ .

Definition. A state q�� of entity ú is compatiblewith state q�/ of scenario/ if, AB�*�6	-� q�� , at leastone of the following

conditionsis satisfied:

1. thereexistsa transitionp�/ startingat q�/ , and �*�6	 satisfiesøxùUú÷3�p�/�C ;

2. thereexistsa transitionp�/�u endingat q�/ , and ���6	 satisfiesø%û	qDpÔ3�p�/�u�C .

3. thereexistsanentity ú�u , having astateq���u suchthat:

- q���u is compatiblewith q�/ , asstatedin Conditions1 or 2 above;

- thereexistsabusinessrule statingthat ú canbein stateq�� only when ú�u is in stateq���u

11



4. thefollowing conditionsareall satisfied:

- ú is involvedin no transitionstartingor endingat q�/ ;
- ú is involvedin no businessrule asstatedin Condition3 above;

- ú is invisible in scenariostateq�/ , andall its statesarecompatiblewith / .

Relation on 1nû�2 36ú>C . We first observe that thedefinitionof compatibilitygivenabove canapply to a singleelement�*� of

1ìû�2 36ú>C . Wedefinetherelation C on thevaluesof 1nû�2 36ú>C suchthat �*�6	DC)�*�B= if f 57/�	 1 5'/E= , where 5'/�	 and 57/E= arethesets

of scenariostateswith which ���6	 and �*�B= arecompatible,respectively.

It is easilyshown that C is anequivalencerelation:

C is reflexive: �*�6	�C)���6	 meansthat 5'/�	�1 5'/�	 ;

C is symetric:if ���6	�C)�*�B= , then 57/�	�1 57/E= ; therefore,57/E=B1 57/
	 , which implies ���B=�C:���6	 ;

C is transitive: �*�6	DC)�*�B= implies 57/�	 1 57/E= ; ���B=�C:���GF implies 57/E=k1 57/�F ; setequality(=) is transitive,therefore5'/�	�1 5'/�F ,
hence���6	�C)�*�GF .

Beinganequivalencerelationon 1ìû�2 36ú>C , C inducesapartitionof 1ìû�2 36ú>C . Theequivalenceclassesof thepartitiondefine

thestatesq��6	 of ú .

Compatible set For eachentity stateq�� , thereis anassociatedsetof scenariostatesH@û�2 ø 3rq���C with which all valuesin q��
arecompatible.H@û�2 ø 3rq���C is definedasthecompatiblesetof q�� .

5.2.2 Construction of Entity Statesat the ScenarioLevel

Compositionof Relationson Partial Setsof Scenarios Let 57/��D8�57/�, , besubsetsof aset 57/ of scenariostates.Let ú besome

entity and 1ìû�2 36ú>C theentity domain.Therelation C definedabove induceson 1ìû�2 36ú>C onepartitionwith respectto 57/�� and

onepartitionwith respectto 57/�, :
-JI 36ú>C 1 þ	q��#�D8�������8Jq��6� � is thepartition inducedon 1ìû�2 36ú>C by C with respectto 57/�� and H@û�2 ø 3rq��#�JC�8�������8
H û�2 ø�3rq��6�xC

arethecorrespondingcompatiblesets;

-JI ur36ú>C 1 þ	q���u � 8�������8Jq���u�*K � is thepartitioninducedon 1ìû�2 36ú>C by C with respectto 57/�, and H@û�2 ø 3rq���u � C�8�������8
H û�2 ø�3rq���u�*K C
arethecorrespondingcompatiblesets.
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Proposition 1 Theequivalenceclassesinducedby C with respectto 57/��BL 5'/�, on 1ìû�2 36ú>C are q��6	�M q���u= 8NA0�{8DO . Moreover, the

correspondingcompatiblesetsare H û�2 ø�3rq��6	0Moq���u= C71PH û�2 ø�3rq��6	rCQLRH û�2 ø�3rq���u= C .

Proof

1. Compatibilityof elementsof q��6	BMoq���u= :
- q��6	�10þ��*�#��8E���G,®8�������8E���65 � 3����GFS�@1nû�2 36ú>C{C ;
- q���u= 1 þ�����u � 8E����u , 8�������8+�*��u5TK � 3��*��u UV�@1ìû�2 36ú>C{C ;

It is obviousthatelementscommonto q��6	 and q���u= ( q��6	WM q���u= ) arecompatiblewith H@û�2 ø�3rq��6	rC andwith H@û�2 ø 3rq���u= C .
Moreover, becauseof the definition of C , H@û�2 ø 3rq��6	6C containsthe only elementsof 57/�� with which q��6	XMýq�� u= are

compatible,and H û�2 ø�3rq���u= C containsthe only elementsof 57/�, with which q��6	YMlq���u= are compatible. Therefore,

H@û�2 ø 3rq��6	£CZL@H@û�2 ø�3rq�� u= C containstheonly elementsof 5'/ with which q��6	6M q�� u= arecompatible.Thepartitionof 57/
including q��6	[Mnq���u= maycontainmoreelementsof 1ìû�2 36ú>C but its compatiblesetis exactly H@û�2 ø 3rq��6	rCWL\H@û�2 ø 3rq���u= C .

2. Compatiblesetof thepartitionwith respectto 57/��#Ln57/�, :
Let us considerthe partition of 1ìû�2 36ú>C basedon H û�2 ø�3rq��6	rC'L]H û�2 ø�3rq���u= C . Let q�� 1 þ��*�#��8+�*�G,®8�������8E���65 � 8+�*�GF]�
1ìû�2 36ú>C�8 beanelementof thepartitionandlet H@û�2 ø�3rq���C beits compatibleset.

- Theelement�*�GF belongsto oneandonly oneelementof thepartitionwith respect to 57/�� . Let q��6	 bethatelement,

with H@û�2 ø 3rq��6	rC thecorrespondingcompatibleset.

- Theelement���GF belongsto oneandonly oneelementof thepartitionwith respect to 57/�, . Let q���u= bethatelement,

with H@û�2 ø 3rq���u= C thecorrespondingcompatibleset.

Therefore,���GF belongsto q��6	ZMEq���u= andis compatiblewith H@û�2 ø 3rq��6	£C'L^H@û�2 ø�3rq���u= C . Becauseof the definition of

relation C , it is easyto show that H@û�2 ø 3rq��6	£C7L]H@û�2 ø 3rq�� u= C are the only elementsof 57/��_L 57/�, with which ���GF is

compatible.ThereforeH û�2 ø�3rq��6	rCZL@H@û�2 ø�3rq���u= C21`H@û�2 ø 3rq���C . Becausethis is truefor any �*�GFba���q�� , all elementsof

q�� arecommonto q��6	 and q���u= .

Construction of Entity States Entity Statesareconstructedby applyingthecompositionof relationspropertydefinedabove,

onescenariostateat a time. The processinvolves two steps: (1) for eachentity, defining the valuescompatiblewith each

scenariostate;(2) for eachentity, calculatingtheentitystates.
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Table2: Entity Statesfor theLibrary System
Entity State Compatiblity set Meaning
Document( ÒJê ) ß£Þxê�ê Î�ß�Ï�ê£êJÕ£ß�Ï:êrîÔÕ£ß�Ï�ê*ò�Õrß�Ï�ê%c�× Document-status= ÙDÚ�ÙDÛ�Ü}Ù�ÝrÜ�Ò%í

Document-type= 1
Document( ÒJê ) ß£Þxêrî Î�ß�Ï�ê£êJÕ£ß�Ï:êrîÔÕ£ß�Ï�ê*ò�Õrß�Ï�ê%c�Õrß�Ï:ê�dÔ× Document-status= ÙDÚ�ÙDÛ�Ü}Ù�ÝrÜ�Ò%í

Document-type= 2
Document( ÒJê ) ß£Þxê6ò Î�ß�Ï�ê£êJÕ£ß�Ï:êrîÔÕ£ß�Ï�ê�c�× Document-status= Ü}Ð�ÙDÞ=Ò�Ñ
Document( Ò ê ) ß£Þ ê%c e Document-ID= Ö
Reader( Ò:î ) ß£Þ)î{ê Î�ß�Ï�ê£êJÕ£ß�Ï:êrîÔÕ£ß�Ï�ê*òD× Reader-ID = Ö
Reader( Ò:î ) ß£Þ)î�î Î�ß�Ï�ê£êJÕ£ß�Ï:êrîÔÕ£ß�Ï�ê�c�× Reader-ID ïðÏ£Ð�Ñ�Ò:ØXí

Reader-rights=Ù�Ü}Ü ÑDÐ�Ïrä	åæÒ�Þãà6ß�í
Reader-data ï ß£à�á�ÛVÞ÷â�ß

Reader( Ò î ) ß£Þ î£ò Î�ß�Ï ê£ê Õ£ß�Ï êrî Õ£ß�Ï ê�c Õrß�Ï ê�d × Reader-ID ïðÏ£Ð�Ñ�Ò:ØXí
Reader-rights= Ó Ð:ÞãÜ}ç7í
Reader-data ï ß£à�á�ÛVÞ÷â�ß

LoanFile ( Ò{ò ) ß£Þ=ò:ê Î�ß�Ï�ê£êJÕ£ß�Ï:êrîÔÕ£ß�Ï�ê*ò�Õrß�Ï�ê%c�Õrß�Ï:ê�dÔ× LoanFile-ID= Ö
LoanFile ( Ò{ò ) ß£Þ=ò�î Î�ß�Ï�ê£êJÕ£ß�Ï:êrîÔÕ£ß�Ï�ê�c�× LoanFile-ID ïðÏ�Ð�Ñ�Ò{è í

Borrows ïðÏ�Ð�Ñ�Ò:Ø�í
Borrowed ïðÏ£Ð�Ñ�ÒÔÓ

Theconstructionof entity statesproceedsusingtheEntity StateGenerationAlgorithm(seeAppendix).At ascenariostate,

the basicpartition of an entity involvestwo sets: valuescompatiblewith the scenariostate,andvaluesnot compatiblewith

the state(this setmay be empty). The basicpartitionscanthereforebe constructeddirectly whenfinding the entity values

compatiblewith a scenariostate,usingthe definition of compatibility given above. Thesebasicpartitionsarethenmerged,

onescenariostateat a time, usingtheresultsfrom Proposition1. TheEntity StateGeneration Algorithmconstructsthebasic

partitions,basedon thebusinessrulesidentified,andmergesthesepartitionsin orderto obtaintheentitystates.

Theresultsareall statesof theentity andfor eachentity state,its compatibleset.Table2 shows theresultsfor theLibrary

system.

5.3 SystemStatesGeneration

This activity generatesthestatesof thesystemspecification,basedon theentity statesandthescenariostates.

5.3.1 SystemStateDefinition

A systemstateis characterizedby the valuesof the entitiescomposingthe system.Given $ 1 þ®úf��8�������8Jú�� � , a setof system

entities,and 5'�736ú�	rC , thesetof entitystatesfor entity ú�	 , wehavethesetof potentialsystemstatesg , definedas 5#�736úf�JC mh�����Um
5#�736ú��tC .

Someof thepotentialsystemstatesareinvalid, basedon the businessrules(Sect.4.3). A purifiedpotentialsystemstate,

noted i'ø , is a potentialsystemstatewhich agreeswith all the businessrules identified in all the scenarios.Given !ÿ1
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þ�ùj�D8�������8:ù�5 � , a setof businessrules,wehave thesetof purifiedpotentialsystemstatesg ø , which is definedas:

þ�i 143rq��#�D8�������8Ôq��6�tCk�(gml>ùj�#�-�����f� ù�5 �

SystemState A systemstateq�& is a subsetof g ø . Moreover, all systemstatesconstituteapartitionof g ø .

Compatibility betweensystemstateand scenariostate A systemstate q�& 1 þ�i'øQ��8�������8Ei'ø05 � is compatiblewith scenario

stateq�/ if, for everypurifiedpotentialsystemstatei'ø3	 143rq��6	%�D8�������8Ôq��6	��tC , everyentity stateq��6	>= is compatiblewith q�/ .

Relation on g ø . We observe that thedefinitionof compatibilitygivenabove canapplyto elementi'ø of q�& . We definethe

relation C u suchthat i'ø0	�C u i'ø[= if f 57/
	71457/E= , where 57/
	 and 57/E= arethesetsof scenariostateswith which i'ø3	 and i'ø�= are

compatible,respectively.

Again,it is easilyshown that C u is anequivalencerelation.Therefore,it inducesapartitionon g ø . Theequivalenceclasses

of thepartitiondefinethesystemstates5#& .

Compatible set For eachsystemstate q�&f	 , thereis anassociatedsetof scenariostatesH û�2 ø�3rq�&f	rC with which all valuesin

q�&b	 arecompatible.H@û�2 ø 3rq�&f	rC is definedasthecompatiblesetof q�&b	 . Thereis no constrainton thecontentof H@û�2 ø 3rq�&f	rC . It

couldbeempty. Therefore,oneequivalenceclasscancorrespondto thosevaluesof g ø whicharecompatiblewith noscenario

stateof 57/ , thesetof all scenarios.Thesestatesrepresentinvalid statesin thesystem.

5.3.2 Integration Algorithm

Integratingentity statesto producesystemstatesis in fact equivalentto a cartesianproductof nZ$/n sets,eachsethaving on

average
��fo 1qpsr t[r	vu#�_w ��x�y{zr t[r elements.Furthermore,eachof theresultingtuplesmustbecheckedagainsteachbusinessrule, to

ensurevalidity of theentity statescombination.Therefore,calculatingsystemsstatesmayrequire | 3%
��jo r t�r�} n~!4nDC .
Obviously, we want to reducethis numberof stepsasmuchaspossible. The strategy that we have developedusesthe

approachusedin relationaldatabasesystems(RDBS)to optimizequeries[15]. In RDBS,the“query plan” usuallyconsistsof

a treewheretheleavesaretherelationsto join to obtainthefinal queryresult,andthenodesarejoin operationsto perform.

The integrationinvolvestwo tasks. The first task,the CartesianProductSortingAlgorithm, generatesthe “query plan”,

while thesecondtask,theSystemStateGenerationAlgorithm, generatesthesystemstatesby applyingthat“query plan”.

Cartesian Product Sorting Algorithm This algorithm(seetheAppendix)constructsthecartesianproductevaluationtree.

Eachleaf is thesetof statesfor oneentity. Eachnodeis acartesianproductbetweentwo subtrees,constrainedby somebusiness
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rules.Thealgorithmperformsin | 3�n�$�n��®C .
We iterateuntil wehavedeterminedtheorderof all thecartesianproducts.At eachiteration,wedeterminethebestproduct

to perform,basedon theexpectednumberû of tuplesin thepartialresult.Assumingthat � and ��u arepartialresults,û=3��\L\��u�C
is thenumberof tuplesin thecartesianproductof � and � u , givenby û=3�� C } û=3�� u�CX� p y��f�*���jK6�
�
� x�y{z, } ùb�B��ú®qU3��@L@� u�C , where


��fo�36ú®C is theaveragenumberof tuplesfor entity ú and ùb�B�*ú>q÷3���Lh� u�C is thesetof rulesinvolving only theentitiesin � and � u .
In the Library system,basedon the resultsfrom the algorithm,we would first integrateentitiesDocumentandLoanFile.

Then,wewould integratethis partialresultwith theReaderentity.

SystemStatesGeneration Algorithm This algorithm(seetheAppendix)generatesthepurifiedpotentialsystemstatesand

removes invalid statesas early as possible. It incrementallycreatesthesestatesby following the cartesianproductorder

determinedby theCartesianProductSortingAlgorithm. At eachincrement,wemergetwo previouslyobtainedpartialproducts.

At theend,wecreatesystemstatesby partitionningthepurifiedpotentialsystemstatesonthesetof compatiblescenariostates.

In theLibrary system,whenonly consideringtheDocumentLoanscenario,weobtainthefollowing systemstates(fig. 8):

- q�&~� : LoanFiledoesnot exist, Readerdoesnot exist, Documentis available;

- q�&j, : ReaderexistsandeitherLoanFiledoesnot exist andDocumentis availableandof type1, or Documentis loaned;

- q�&f� : Readerexists,LoanFiledoesnot exist andDocumentis availableandof type2.

5.4 GeneratingExternal SystemTransitions

5.4.1 Definition and Properties

A systemtransitionis a tuple 3rq�&t8Ôs�&�8*ø3&�8Jq�&ãu�C . Eachsuchsystemtransitioncorrespondsto a scenariotransition 3rq�/�8Jst/�8Jq�/�u�C ,
scenariostatesq�/ and q�/�u being in the compatiblesetof q�& and q�&ãu , respectively, provided that (1) q�& doesnot violate the

preconditionof thescenariotransition,(2) q�&=u doesnot violate thepostconditionof the transition,and(3) thatany entity not

involvedin thescenariotransitionremainsunchanged.

Given a scenariotransitionanda pair of systemstates,this canbe verified automatically, becausethe requiredinforma-

tion is availableeither in the baseline(pre- andpostconditions)or asresultof the systemstategenerationstep(entity states

correspondingto asystemstate).

In fig. 8, the part of thesystemspecificationproducedby the DocumentLoanScenariois shown. It is to benotedthata

scenariotransitionmay createseveral systemtransitions. It shouldalsobe notedthat someprocessingis missingfrom this
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Figure8: FinalSystemAutomaton

system:

- No transitionfrom q�&�� to theotherstates.A readermustregisterbeforehe/shecanborrow book.Clearly, theregistration

scenariois missing.

- No transitionfrom q�&j, to q�&j� . This follows from theabsenceof theReturnscenario.

6 Discussion/Conclusion

A majorobjective of this work wasto integratedataandbehavior into a single,formal, specification.This implied elicitation

andformalspecificationof thedatainvolvedin thesystem.By usingtheTSERapproach,wewereableto specifyformally the

datainvolved in eachscenario.Dataintegrationat thesystemlevel wasalsoperformedwith TSER,resultingin a formal, i.e.

third normalform, datamodel. Completesemanticintegrationof dataandbehavior wasformally definedby theconceptsof

entitystatesandof compatibilitybetweenentity/systemstateandscenariostate.Theintroductionof businessrulesexpandedthe

semanticpartof therequirements.Theintegrationstep,completelyformal,yieldsa formal specificationbasedon anextended

finite statemachine.

Thepotentialcombinatorialexplosionof theintegrationalgorithmis controlledby well-triedmethodsdrawn from database

processing,andsemanticinformationprovided by the businessrules. The concretelibrary exampleusedin this work was

larger thanmostpresentedin the literature,andthecombinatorialexplosionwaswell controlled.Therisk existsnonetheless,

but therearenow systemswhich canhandlefinite statemachineswith thousandof states.Onecouldalsoquestiontheentity

stateconceptwith datahaving continuousattributesinsteadof discreteoneslike in the library example. As a matterof fact,

the formal definitionsof entity statesmake no assumptionon thedomainsof theattributes,andtheentity statesconstruction

algorithmcaneasilybeadjustedto continuousvalues.

Ourapproachhassomelimitations. It handlesonly oneinstanceof eachentityandoneinstanceof eachscenario.Also, the

approachimplies thatscenarioscanonly beexecutedsequentially. Work currentlyunderway addressestheselimitations,by
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consideringseveral instancesof entities,thepossibilityof multiple instancesof a scenariorunningconcurrently, thepossibity

of scenariosrunningconcurrently.

Finally, becausethe approachis formal, it hasa strongpotentialfor verification and validation. The formal approach,

manualor automatic,is a fertile groundfor performingverificationsalongtherequirementselicitationprocessandnot at the

end,on theresult,asis usuallythecase.Work is underway to exploit thatformal verificationpotential.

References

[1] A. Dardenne,A. vanLamsweerde& S. Fickas, Goal-directedrequirementsacquisition,Scienceof ComputerProgram-
ming, 20 (1-2),1993,3-50.

[2] H. HolbrookIII, A scenario-basedmethodologyfor conductingrequirementselicitation, ACM SIGSOFTSoftware Engi-
neeringNotes, 15 (1), 1982,95-104.

[3] UML notationguide,version1.1,1997.

[4] I. Jacobson,M. Christerson,P. Jonsson& G. Overgaard, Object-OrientedSoftware Engineering- A UseCaseDriven
Approach (Addison-Wesley, revisededition,1994).

[5] J. Desharnais,M. Frappier, R. Khédri & A. Mili, Integrationof sequentialscenarios,IEEE Transactionson Software
Engineering, 24 (9), 1998,695-708.

[6] P. Hsia,J.Samuel,J.Gao,D. Kung,Y. Toyohima& C. Chen,Formalapproachto scenarioanalysis,IEEE Software, 11,
1994,33-41.
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A Appendix

Algorithm 1 Entity StateGenerationAlgorithm.

Let �������Ôê��N�:î����>�>�>�D�E��� bethesetof all scenariosof thesystem;
Let �6�+�W�����
�E� ê ���>�>���{�
�E���T� bethesetof statesof scenario�+� ;
Let �W�G���
��� bethesetof entitystatesbasedon thecompatibilityof scenariostatesc;
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Let �W�3��� �Z¡ bea temporarysetof entity states;
Let �W� bethefinal setof all entity states;
Let ���Q�{���0¢ beentity states;
Let ��£�¤:¥0���
�0� bethesetof scenariostatescompatiblewith entity state��� .

A- Wefirst generatebasicpartitionsfor eachscenariostateof eachscenario.

For each q�/�	�=	8E�7� þ�8	8�������8+� � 8DO��;þ��{8�������8E2 �
Wecreateapartition 5#�73rq�/�	>=�C of 1ìû�2 36ú>C , basedonthecompatibilityof q�/
	>= . 5#�73rq�/�	>=>C will bemadeof two elements,
q�� containingthoseelementsof 1ìû�2 36ú>C compatiblewith q�/�	>= and q���u containingthoseelementsof 1ìû�2 36ú>C which
arenot compatiblewith q�/�	>= .
q��-¦ subsetof 1ìû�2 36ú®C compatiblewith q�/�	>=
q���uB¦ subsetof 1ìû�2 36ú>C not compatiblewith q�/�	>=
If q���uX§1P¨

5#�73rq�/�	�=�CX¦ þ	q�� 8Jq���u �
H@û�2 ø 3rq���C#¦ þ	q�/�	>= �
H@û�2 ø 3rq���u�C'¦©¨

Else
5#�73rq�/�	�=�CX¦ þ	q�� �
H@û�2 ø 3rq���C#¦ þ	q�/�	>= �

End-If
End-For

B- Startingwith onescenariostate,thepartitionsarecomposedasseenabove,by addingeachtimeonescenariostate.The
resultis:

- all statesof theentity;
- for eachentitystate,its compatibleset.

5'�-¦ þ�1ìû�2 36ú®C �
5'�6ª�y�57«�¦¬¨
For each q�/�	�=	8E�7� þ�8	8�������8+� � 8DO��;þ��{8�������8E2 �

For each q��­� 5#�
For each q���uQ� 5'�73rq�/
	>=�C

If q��\M q�� u §1®¨
5#�6ª�yD57«?¦ 5#�6ª�yD57«TL þ	q���Moq���u �
H@û�2 ø 3rq���Moq���u�C'¦©H û�2 ø�3rq���C6LRH@û�2 ø 3rq���u�C

End-If
End-For

End-For
5#�-¦ 5#�6ª�yD57«
5#�6ª�yD57«�¦©¨

End-For

Algorithm 2 CarthesianProductSortingAlgorithm.

Let ¯°����± ê �+�>�>�>�N± � � bethesetof entities;
Let �W�G��±�� bethesetof statesof entity ± ;
Let ²b³�´���±��%µf� betheaveragenumberof occurencesof a stateof entity ± afterthe µ�¶%· carthesianproduct;
Let ¸�����¹�ê����>���>��¹ � � bethesetof businessrules;
Let ºJ����» ê �+�>�>�>�D»�¼v� bea partitionon ¯ ;
Let º ¢ bea partitionon ¯ ;
Let ¹�½~¾�±��%��± ê �+�>�>�>�{± � ��� bethenumberof rulesinvolving entities ± ê ���>�>�>�N± � ; this functionis precalculated;
Let £j�%��±Dê����>�>�>�N±�¿���� bethenumberof operationsneededto performthecarthesianproductof entities ±�ê
���>���>�{±�¿ ;
Let ÀÁ²�Â bethelargestpossiblenumberof operations;À�²bÂSÃ?Ä*�W�G��± ê ��Ä7Å>�>�>�>Å~Äj�6�Q��± � ��Ä
Let À�Æ�� bethesmallestnumberof operationsto performduringaniteration;
Let Ç_¹�È ê �vÆ%� bethefirst setof entitiesbeingmergedat the Æ�¶%· carthesianproduct;
Let Ç_¹�È î �vÆ%� bethesecondsetof entitiesbeingmergedat the Æ�¶�· carthesianproduct.
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A- We initialize .É
*Ê , I , 
��fo , and û .
.É
�ÊË¦Ì8I ¦©¨
For each �7�;þ�8	8�������8+� �

�0	Z¦ þ>ú�	 �I ¦ I L þ��0	 �

��fo�36ú�	�8�ÍãC'¦Ì8
û=3��0	£C'¦qn)5#�736ú�	rC3n
.q
�ÊR¦ .q
�Ê } û=3��0	£C

End-For

We iterateuntil we have determinedthe orderof all the carthesianproducts. At eachiteration,we determinethe best
productto perform.Thevariable |æùf� preservesthatinformationfor theSystemStateGenerationAlgorithm.

�#¦Î8
While n I n�§1`8

B- We calculatethecost( û ) for eachpartition to determinethebestinitial merge. We alsodeterminethecarthesian
productthatwill yield thesmallestnumberof operations.Thegeneralequationfor û is:

û=3��[=kLh�WF	C71 û=3��[=>C } û=3��WFUCV� Ïy+�j��Ð+���fÑ

*�jo�36ú	8+�G�°8�CÒ } ùb�B�*ú>q÷3��[=7Lh�WFUC

.®� �(¦ .É
*Ê
For each O��;þ�8	8�������8fn I nÓ�?8 �Ô �jo��_¦ÕÍ

For each ú?�R�[=Ô �fo[�Y¦ Ô �jo��#Ö�
*�jo�36ú	8+�G�°8�CE× Ò
End-For

For each Ø\�Eþ�OU8�������8fn I n �Ô �fo�,T¦ Ô �jo��
For each ú)�@�WFÔ �jo*,T¦ Ô �fo�,XÖ�
��fo�36úU8E�G�°8>CE× Ò
End-For

û=3��[=7Lh�WFUC'¦ û=3��[=>C } û=3��[=>CZ� Ô �jo*, } ùb�B�*ú>q÷3��[=7Lh�WFUC
If .q� �­Ù û=3��[=kL\�WFUC

.®���-¦ û=3��[=kLh�WF	C
|æùf�3��3���C'¦Õ�[=
|æùf�~,	3���C'¦Õ�WF

End-If
End-For

End-For

C- We calculatethe averagenumberof occurencesof an entity after this iteration ( 
��jo ). When we merge �73r1
|æùf�3��3���C{C and ��ur3r1P|æùf�3��3���C{C , for ú?�R�hL\� u , wehave:


*�jo�36ú	8+��C 1 û=3��hLh� u C
n)5#�736ú>C3n

For each ú?�-|æùf�3��3���CQLR|æùf��,	3���C

��jo�36ú	8E��CX¦ÛÚ x�ÜQÝ�Þ�ßEx>	vz��~ÜQÝ+Þ�à�x>	�z�zr w ��x�y{z rEnd-For

For each ú?�@$�áh3 |æùf�3��3���CQLË| ùf��,U3���C{C
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��jo�36ú	8E��CX¦Õ
��jo�36ú	8E�Z�Á8>C
End-For

D- Wemergethepartitionscorrespondingto thepreviouscarthesianproduct.

Øâ¦Ì8I uB¦Ì8
For each O��;þ�8	8�������8fn I n �

If �[=B1P| ùf�[�>3���C
��uF ¦©|æùf�3��3���CQLR|æùf�~,	3���CI uB¦ I u~L þ�� uF �Øã¦äØ:Ö�8

Else-If �[=ã§1®|æùf�~,	3���C
��uF ¦å�[=I uB¦ I u~L þ�� uF �Øã¦äØ:Ö�8

End-If
End-ForI ¦ I u
�#¦å�6Ö�8

End-While
| ùf�[�>3���C'¦Õ$

Algorithm 3 SystemStatesGenerationAlgorithm.

Let ¯°����± ê �+�>�>�>�N± � � bethesetof entities;
Let �W�G��±�� bethesetof statesof entity ± ;
Let ¸�����¹ ê ���>���>��¹��T� bethesetof businessrules;
Let ¹�½~¾�±��%��± ê �+�>�>�>�{± � ��� bethenumberof rulesinvolving entities ± ê ���>�>�>�N± � ; this functionis precalculated;
Let Ç_¹�È ê �vÆ%� be the first set of entitiesbeing merged at the Æ ¶�· carthesian productresultingfrom the CarthesianProduct Sorting

Algorithm;
Let Ç_¹�È î �vÆ%� be the secondsetof entitiesbeingmergedat the Æ�¶%· carthesianproductresultingfrom the CarthesianProductSorting

Algorithm;
Let æP�%��± ê �+�>�>�>�N± � ��� bethepurifiedpotentialsystemstatesin thecarthesianproduct of entities ± ê �����>�>�N± � ;
Let �6� bethesetof scenariostates;
Let ��£�¤:¥0���
�0� bethesetof scenariostatescompatiblewith entity state��� ;
Let ��£�¤:¥0�vç_� bethesetof scenariostatescompatiblewith purifiedpotentialsystemstateç ;
Let �Wè)������è ê ���>�>�>�N��è ¼ � bethesetof systemstates;eachsystemstateis asetof purifiedpotentialsystemstates;
Let ��£�¤:¥0���
èj� bethesetof scenariostatescompatiblewith systemstate��è .
A- We initialize éEú�Êtp£u , H@û�2 øtA��÷ø0�*ú , g , �Xú�Êtp , andøtùUú��*��û���q .
For each ú?�@$

g 3£þ®ú � C'¦ 5'�736ú>C
End-For

B- Weperformthecarthesianproduct.

�#¦Î8
While |æùf�3��3���CÓ§1�$

For each iÉ�-| ùf�[�>3���C
For each iBuG�-|æùf�~,	3���C

|?êë¦ÕìZí î�ï
For each ùð� ùb�B�*ú>q÷3 |æùf�[��3���CQLR|æùf�~,®3���C{C

|?êë¦©|?êñ�ìù�3�i 8+iBu�C
If § |?ê

Exit For eachloop
End-If

End-For
If |?êñ�E3 H û�2 ø�3�iæC6MRH û�2 ø�3�iBu�CÓ§1P¨÷C
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g 3 |æùf�3��3���C6LR|æùf�~,	3���C{C{C'¦¬g 3 |æùf�3��3���CQLË| ùf��,U3���C{C{C6LhiPòJi u
H@û�2 ø 3�i�òJi u CX¦©H û�2 ø�3�iæCQMËH@û�2 ø 3�i u C

End-If
End-For

End-For
�#¦å�6Ö�8

End-While

C- Wecreatesystemstatesby partitionningthepurifiedpotentialsystemstateso n thesetof compatiblescenariostates.

5'&ã¦¬¨
For each i/�(g 3%$ Có û��0�Q�ã¦Ìôjõ*ö ÷{ï

For each q�&\� 5#&
If H û�2 ø�3�iæC 1PH@û�2 ø 3rq�&�C

q�&â¦ q�&?Loþ�i �ó û��0�Q�ã¦ÕìZí�î�ï
Exit For eachloop

End-If
End-For
If ø ó û��0�Q�

q�&â¦ þ�i �
H@û�2 ø 3rq�&�C'¦©H@û�2 ø 3�ihC
5#&â¦ 5'&)Loþ	q�& �

End-If
End-For
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