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Abstract

The KLuB projectis anattemptto useformal methodsn the processandproductof requirement&ngineeringf information
systemslin thework presentedhere the scenaridechniquenvasusedfor requirementglicitation. Scenarioswhich have been
recognizedasan effective techniquefor eliciting requirementsfocususuallyon behaior andlesson data. An additionalob-
jective of the projectwasto integratedataandbehaior in aformal specificationpasedn statemachinesSemantidntegration
of dataandbehaior wasachiezedby introducingthe concepiof compatibility betweerdatavaluesandsystemstates Scenario
integrationis alsoachievedbasedn datavalues.An additionalobjective wasto automateasmuchaspossibleherequirements
elicitationprocessTheKLuB processnvolvesthreesteps the ScenarioAcquisitionstep,the BaselineElicitation step,andthe

Integrationstep,whichis completelyformal andcanbe automated.
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1 Intr oduction

Scenarioshave beenrecognizedas an effective techniquefor eliciting requirementsn general[1, 2], andfor investigating
behaior, in particularin the object-orientedapproach3, 4]. Scenariodescription first informal, haslately beenovertalen

by moreformal graphicalapproache$§3, 4]. Scenarioshave alsobeenrepresentedy tools like relations[5] andfinite state
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automataysedin mary variationg[6, 7, 8].

What doesa scenariodescribe?Usually behaior [3, 4, 6, 9], sometimesiataandbehaior [5, 7, 8]. A commonfeature
of the differentdefinitionsis thatit describesonly part of a system. Once scenariosare describedthe next problemis to
integratethem in orderto obtain a systemspecification. In someworks, the relative position of the scenariogo integrate
hasto be known [5, 10, 11], in othersit doesnot [7, 8]. Theintegrationtechniqueis manual[5, 10], algorithmic[7, 8], or
human-assistef®, 11].

Theobjectivesof theKLuUB projectareto applyformal methodsn requirementengineeringto usethe scenaridechnique,
andto producea formal specificatiorinvolving dataandbehaior. The conceptunderlyingthe semantidntegrationof dataand
stateds thatof compatibility In a scenaricstate ,only certaindatavaluesarepossiblethose‘in agreementwith theincoming
andoutgoingtransitions.At the systemlevel, statesaredefinedby datavaluescompatiblewith the samescenaricstates.The
approactconsidersequentiabcenariospneinstanceof eachdataobject,oneinstanceof eachscenario.

An overview of the KLuB approachs presentedn Section2. Scenaricacquisitionis describedn Section3. Section4
dealswith the establishmenof a Baselinefor scenariantegration,whichis the subjectof Section5. Finally in the Conclusion

(Sect.6), potentialbenefits problemsandpossibleextensionsarepresented.

2 Method Overview

2.1 RequirementsEngineering

The KLuB procesqseefig. 1) involvesthreesteps,two informal and oneformal. In the ScenarioAcquisition step,which
is informal, scenariosare elicited and their behaioral partis modeledinto finite statemachines. Additional informationis
requiredfor the Integrationstep;the BaselineElicitation stepis intendedto provide this information, namelyintegrateddata
modelsplus systemsemantican the form of businessrules. The Integration step, completelyformal, generates system

specificatiorasanextendedfinite statemachinein which systemstatesarebasecdon integrateddatavalues.

2.2 A SimpleLibrary Example

Examplesusedfor supportinga methodare often smallandallow for the “doesnot scale-up”criticism. To alleviate this, we
decidedo useareal-world systemto supportthis work. Universie de Montréal’s library systemwasinvestigatedanda subset
involving six scenariosvasprocesseth [7]. However, for presentatiopurposesa scaleddown example,involving simplified

scenariofor documentborraving, documentreturn, andreaderregistration,is usedhere. The descriptionof the Document
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Figurel: Requirement&ngineeringProcess

Loanscenarids foundin fig. 2.

e The userwishesthat the systembe in the DocumentLoan scenario,waiting for the
readers ID-code.

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

e If documentborraving shouldbe performed the userentersthe readers ID-code. The
readers borrowing file shouldappeaonthescreenlt shouldalsobe possibleto enterthe
borraving scenarioat this point, from the readerregistrationscenarioor the document
returnscenario.

e Theuserentershedocument ID-code. If thereaderightsdo notallow him to borrow
thistypeof documenttheloanis notprocessedandthe usercango backto document-1D
entry stateor to theinitial state.If he hastheright to borrav thattype of documentthe
LoanFile onthe screershouldbe updatedwith thatnew documentandthe Documents
statusupdatedrom availableto borroved.

e If morethanonedocuments to be borrowved, the userperformsthe precedingstepas
mary timesasrequired,or he (she)returnsto the scenarics primary entry point, waiting
for areaders ID-code.

Figure2: Descriptionof the Document_Loan Scenario
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3 ScenarioAcquisition

3.1 Definition of Scenario

Therearemary definitionsandusesof the scenariaconcept4, 5, 6, 7, 8, 10, 12]. For clarificationpurposesthe meaningand

definition of scenaricusedin thiswork is presentedit is relatedto the concepbf transactionntroducedn [13].

BusinessTask A computerizednformationsystem(CIS)is to bedevelopedaspartof aninformationsystenm(lS). A business
taskis anindependentaskor activity whichis partof thelS. A businesgaskhasa beginning, performsanactvity definedby

theuser andhasanending.lt leavesthe S in acoherenstatein the databaséransactiorsense.

Example: ThelS is a Library system.A businesgaskis to registera nev document.The useris the clerk or librarianin

chageof documentegistration.

Scenario A scenarids definedby a useror communityof users.It definesheinteractiondetweerasingleuserandthe CIS
for performingabusinesgask.

The basicelementf a scenariadefinitionareoneor several entry points,a setof interactionguseraction,expectedCIS
reaction(s))the partialor completeorderingof theinteractionsandthoseinteractionswvhich endthe scenario.

All elementscontributing to the definition of a scenarioare provided by or elicited from the userand are expressedn
termsof the IS andthe businesdask. This will allow for groundingin the realworld of the IS the component®f the formal

specificatiorgivenlater.

3.2 Formal ScenarioModel

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

state-gentautomatona variationof afinite statemachinedefinedasMc = (Se, He, I¢c, Fe,Tc), where:

Scis asetof states.Thescenarids in a statewhena systenmreactionis finishedandthe userhasnot enterecanevent.

Hcisthesetof events.An eventis a gestureexercisedby theuseron theinterface indicatingto the systemthatthe user

hasfinishedenteringall the elementf anaction(Sect.3.1). An eventis labelledby the userdefinedaction.

Icis thesetof initial stateslnitial statescorrespondo userdefinedentry points.

Fcisthesetof final statesInteractiondefinedby the userasendingthe scenariogendon afinal state.
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Figure3: TransitionSystemfor the Document_oan Scenario

e Tc C Scx He x Scisthesetof transitions.Transitiontc = (sc, he, s¢’), meanghatwhile the scenariovasin statesc,

theuserenteredeventhc, andoneof the systems reactionds to putthe scenarian statesc’.

A state-gent automatoncan be representedy a state-eent diagram. Fig. 3 presentghe state-eent diagramfor the

Document_oanscenario.

4 BaselineElicitation

In this step,scenaricpecificationg@recompletedwvith dataandothersemantidnformation. At theendof the step,all informa-
tionsrequiredfor scenaridntegration(i.e., theintegrationbaselinewill beavailable,thatis, entitiesandentity statespusiness

rules,andcorrespondencleetweerentity statesandscenaricstates.

4.1 Data Modeling

Datamodelingconsistsmostly in identifying (1) the “objects” (alsoreferredto asentities)pertainingto a specificscenario,
(2) the attributesdescribingtheseentities,(3) the domainof theseattributes,and(4) the functionaldependencieamongthese
attributes.We rely on Two-StageEntity-Relationshig TSER)[14] Methodologyfor thesetasks.In thefollowing section(Sect.

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

to modeldatamanipulatedy the scenariogSect.4.1.2).
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4.1.1 The Two-StageEntity-Relationship Model: TSER

The TSER[14] modelwas createdto integratefunctional analysiswith databasealesign. It entailstwo levels of models: a
functionalmodel, representingsgemanticcontent,and a structuralmodel, forming a normalizeddatamodel. The purposeof
the functionalmodelis to describedataitems andthe relationshipsbetweenthesedataitems(i.e., functionaldependencies)
within specificcontexts, while the purposeof the structuralmodelis to provide a contet-free representatiomnf all the data
itemsusedwithin aninformationsystem.This contet-freerepresentatiors anormalizeddatamodelwhich identifiesentities,
relationshipdetweertheseentities,andattributes(i.e., dataitems)of theseentities.

TSER provides rigorous algorithmswhich map from functionalto structuralmodels;thesealgorithmsensurethat the
resultingstructuresare at leastin Boyce-Coddnormalform (BCNF). TSER algorithmsalso integrate views, thus allowing

systematiconsolidatiorof any numberof datamodels.

The Functional Model Thefunctionalmodelfeaturessemantic-lgel constructdor processesepresentatioandfor object-
hierarcly. Theseconstructsareusedfor systemanalysisandinformationrequirementsnodeling. The constructsncludethe

following:

e Subjects(fig. 4(a)) which represenfunctional units of information suchas userviews and applicationsystemsand
is analogoudo frame or object. It contains,amongotherthings, the attributesdescribingthe subject(including their

domains)andthefunctionaldependenciedescribingrelationsbetweertheseattributes.

e Contets (fig. 4(b)) which representontrolknowledgeandinteractionsamongsubjects.

Subject Entity el%rr?shi D

(a) Subject (a) Entity (b) Plural
n_ s
R
(b) Context (c) Functional (d) Mandatory
Figure4: FunctionalModel Constructs Figure5: StructuralModel Constructs

The Structural Model The structuralmodel provides a normalizedrepresentatiof datasemanticdrom the functional

modelfor logical databaselesign.Therearefour basicconstructs:
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Operationakntities(or entities,for short;fig. 5(a))which referto constructswith a singularprimarykey.

Pluralrelationshipgfig. 5(b)) which referto constructswith a compositeprimary key.

Functionalrelationshipqfig. 5(c)) representingeferentialintegrity constraintsbetweenentitiesand/orplural relation-

ships.

Mandatoryrelationshipgfig. 5(d)) representingxistencedependengconstraintbetweerentitiesand/orplural relation-

ships.

Normalizedstructureqi.e., the structuralmodel)areobtaineddirectly from the functionalmodel,usingthreebasicsteps:

Decomposition: createsa submodefor eachsubjectin the subjecthierarcty andanalyzests basiccardinality

Normalization: improvesandsimplifiesthedatastructuresvithin eachsubmodebasedndependengtheory Thisstepyields

amodelatleastin BCNFE

Consolidation: links andmergesthesesubmodelgo producea structuralmodelcorrespondingo the functionalmodelin the
input. The Consolidationis performedrecursvely, startingfrom leavesin the subjectdecompositioriree,andcreatinga

meigedmodelfor eachintermediatenode.

4.1.2 Using TSER in KLuB

In this researchye have optedfor TSER (1) to modeldatawithin eachscenariogcreatingone (possiblydecomposedjubject
perscenarioand(2) to obtaina normalizedandintegrateddatamodelfrom thesepartialviews. First, we constructa functional
modelfor eachscenario.This functionalmodeldescribeghe dataitemsaccessetly the scenaricandtherelationshipbetween
thesedataitems. For complex scenariosthis modelingmay involve multiple levels of TSERS functionalmodel. For simple
systemsthis modelingmay only involve the creationof a singlesubject.

For eachof thesgunctionalmodels we createanormalizeddatamodel(BCNF). This procesdreaksdovn TSERS subjects
into normalizedentitiesandrelationships.For the purposeof this work, we will consideran entity ary normalizedconstruct
having a primarykey, eithersingularor composedi.e., TSERS operationakntitiesandplural relationships) By repeatinghis
procesgo eachscenariowe identify all the entitiesusedin eachscenario.

In the Document_oanscenariowe identifiedthree“objects”, namely Documentl oanFile,andReaderFor eachof these
entities,we alsoidentifiedattributesusedin the scenariadescriptiontheir respectre domain,andthefunctionaldependencies

amongthem.
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Document LoanFile Reader

* Document-ID ¢ Loan-ID ¢ Reader-ID
Document-status Return-date Reader-data
Document-type Borrows Reader-rights

Borrowed

Figure6: Library IntegratedStructuralModel

Document: Document-ID: {codel, L}

Document-type:  {1,2, 1}

Document-status: {available,loaned, L}
Reader: ReadeflD: {code2, L}

Readerdata: {strings, L}

Readerrights: {all_documents, 1_only, L}
LoanFile:  Loan-ID: {code3, L}

Return-date: {dates, L}

Borrows: {code2, L}

Borrowed: {codel, L}

Figure7: Attribute Domainsfor the IntegratedDataModel
4.2 Data Models Integration

At this point, we producean integrateddatamodel, from the normalizeddatamodelsobtainedfor eachscenario(Sect.4.1).
Theintegrateddatamodelis obtainedby consolidatinghe structuralmodelsof all the scenariosThis taskis automatedising
TSERS algorithms.Theresultingmodelfor the Library exampleis illustratedin fig. 6. Fig. 7 providestheintegratedattribute

domains.A specialdomainvaluenoted”_L” representshevalue“not defined:.

4.3 SemanticsElicitation

In this activity, moreinformationon the scenaricandon entitieswill be gatherednamely businessulesandin 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, and are specifiedin predicatelogic. Businessules are obtainedfrom users,proceduremanualsthe
natureof the businesgasks,andsoon. In conjunctionwith theentities they captureheapplicationsemanticsandwill beused

to constructhe specification.Table1 presentsherulesfrom the Library system.
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Tablel: BusinessRulesin the Library System

Rules

Description

Definition

T1

If the Document entity
doesnot exist, all its at-
tributesdo not exist

Document-ID= 1 —
Document-status L A
Document-types L

T2

If the Documententity ex-
ists, someof its attributes
mustexist

Document-ID€ codel —

( Document-status available V
Document-status loaned ) A

( Document-type= 1 Vv
Document-type= 2)

r3-T6

Theserules are similar to
r1 andrqe for Readerand
LoanFileentities

r7

If Readetis not registered,
he (she)cannotborrav the
documentandnoLoanFile
canexist for him (her)

ReadediD = 1 —

Loan-ID= L A Borrovs= L A
Borrowed= 1L A
Document-status available

T8

If adocumenisin alLoan-
File, the documens status
mustbe“loaned”

Borroved=Document-ID—
Document-status loaned

T9

If Readerhasa LoanFile,
its readingrights must be
compatiblewith thetypeof
theloaneddocument

Borrows = ReadediD A
Borroved= Document-ID—
Readerrights = all_documents V
(Readerrights=1_only A
Document-type=1)

4.3.2 Preconditionsand Postconditionsof Transitions

Preconditionsare particularbusinessules which specify conditionsunderwhich a transitionmay be executed,while post-
conditionsspecifythe effect of the transitionon the entities. If a transitionhasno effect on entities,the preconditionis also
the postconditionof the transition. We will usepre(tc) andpost(tc) to respectiely representhe pre-andpostconditiorof a

scenariaransitiontc.

4.3.3 ProcessingAssociatedwith Transitions

Sometransitionsinvolve entity processing.For thesetransitions the associategbrocessinghasto be specified. We notethe
setof suchtransition-associategrocessingPc = {pci, ..., pcn }, Wherepe; is the processingassociatedo transitiontc;.
Transition-associatedrocessings also specifiedby pre- and postconditions. The preconditionspecifiesthe valuesof the
entitiesbeforethe processingandmay thereforebe differentfrom the transitionprecondition.In the casewhereno processing
occurs,pre(pe;) = pre(te;) andpost(pe;) = post(te;). The postconditionspecifiesthe entity valuesresulting from the
processing.

In the DocumentLoan scenario,only one transition (tcs=(Readers Loan File Displayed,Input DocumentID, Readers

LoanFile Displayed))involvesentity processingThe specificatiorof thetransitionprocessings madeof:

pre(pes): Document-status available A

Borrovs= | A Borrowed= 1 A Loan-ID= L
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post(pcs): Document-status loaned A

Borrows = Readeild A Borrowed= Document-IDA Loan-ID € code3

4.4 Integration Baseline

Theintegrationbaselinds the setof resultsobtainedn this step(BaselineElicitation) andthe precedingone (ScenaricAcqui-

sition). The systemspecificatiorwill beformally derived from thatbaselinevhichis composedf:

entitiesasdefinedin the DataModelsIntegrationactivity (Sect.4.2);

FSAsof thescenariogthe M¢;, Sect.3.2);

businessules(setR), aselicitedin Section4.3.1;

transitionpre-andpostconditionsasidentifiedin Section4.3.2;

specificatiorof transition-associatggrocessingsderivedin Section4.3.3.

5 Integration

Theintegrationactivities producea completesystenmspecification The specificatioris formal andintegratesdataandbehavior.

All theactvities areformal andcanbeautomated.

5.1 Formal SystemSpecification

For expressinghe externalspecificatiorof the system a guardedsequentiamachinemodelis used.The systemspecification

is definedasSY = (E, Mc¢;, Sy, Hy, Py, Ty, Iy, Fy, R), where

E is the setof entitiesof the systemavailablefrom the baseline.

Me; is the setof scenaricautomatdor all scenariog;, cs, .., ¢, availablefrom thebaseline.

Sy is the setof systemstatesandis derivedfrom the entities,transitionspre-andpostconditionsandfrom the scenario

statesall availablein the baseline Thealgorithmsarepresentedn Sectionss.2and5.3.

Hy is thesetof externalevents. Hy = |J Hc;, whereHc; is the setof externaleventsof scenaria:;, asspecifiedn the

scenarid=SA partof thebaseling M¢;).

10
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e Py isthesetof transition-associategrocessing Py = |J Pc;, wherePc; is the setof processesf scenaria;, directly

partof thebaseline.

e Ty C Sy x Hy x Py x Sy is thesetof transitionsandis derivedfrom scenaridransitionsandscenaricstatesavailable

in thebaselinefrom systemstatesgentitiesandtheir states The algorithmis describedn Section5.4.

e [y is thesetof initial states.ly is a by-productof systemstateproduction;aninitial systemstateis compatiblewith a

scenariadnitial state.

e Fy is the setof final states. F'y is a by-productof systemstateproduction;a systemfinal stateis compatiblewith a

scenaridinal state.

e R isthesetof businessules,availablefrom thebaseline.

5.2 Data and Behavior Integration

In this section scenaricstatesandentitieswill berelatedby a formal modelbasednrelations.

5.2.1 Conceptof Entity State

Entity State Giventheattributesa,, ..., a,, of entity e andthedomainDom(e) (definedas Dom(a;) X ... X Dom(a,,)) of

entity e, astatesn of entity e is asubsebf Dom/(e). Moreover, all statesof e constitutea partitionof Dom (e).

Compatibility betweenentity state and scenariostate Let Sn(e) = {sni, ..., sn,, } bethe setof statesof entity e. For

i € {1:m},sn; = {vng, ..., vnin, }, Wherevn;; € Dom(e). Letc beascenaricandsc beastateof scenaricc.

Definition. A statesn of entity e is compatiblewith statesc of scenarioc if, Yon; € sn, at leastone of the following

conditionsis satisfied:
1. thereexistsatransitiontc startingat sc, andvn; satisfiegpre(tc);
2. thereexistsatransitiontc’ endingat sc, andvn,; satisfiegpost(tc').
3. thereexistsanentity e’, having a statesn’ suchthat:

e sn’/ is compatiblewith sc, asstatedn Conditionsl or 2 above;

e thereexistsabusinessule statingthate canbein statesn only whene’ is in statesn’

11



Gilbert Babin and Francois Lustman. "Application of Formal Methods to Scenario-based Requirements Engineering." International Journal of C
and Applications. 23(3). 2001. pp. 141-151.

4. thefollowing conditionsareall satisfied:

e ¢ isinvolvedin notransitionstartingor endingat sc;
e e isinvolvedin nobusinessule asstatedn Condition3 above;

e cisinvisiblein scenaricstatesc, andall its statesarecompatiblewith c.

Relation on Dom(e). We first obsenre thatthe definition of compatibility given above canapply to a singleelementvn of
Dom(e). We definetherelation@ onthevaluesof Dom(e) suchthatvn;Qun; iff S¢; = Sc;, whereSc; andSc; arethesets
of scenaricstatesvith whichvn; andvn; arecompatible respectely.

It is easilyshovn that@ is anequivalencerelation:
Q is reflexive: vn;Qun; meanghatSc; = Sc¢;;
Q is symetric:if vn;Qun;, thenSc; = Sc;; therefore Sc; = Sc;, whichimpliesvn;Qun;;

Q istransitve: vn;Qun; impliesSc; = Sc;; vn;Quny impliesSc; = Scy; setequality(=) is transitve, thereforeSc; = Scy,

hencevn; Qung.

Beinganequialencerelationon Dom(e), @ inducesapartitionof Dom(e). Theequivalenceclasse®f thepartitiondefine

the statessn; of e.

Compatible set For eachentity statesn, thereis anassociatedetof scenaricstatesComp(sn) with which all valuesin sn

arecompatible.Comp(sn) is definedasthe compatiblesetof sn.

5.2.2 Construction of Entity Statesat the ScenarioLevel

Composition of Relationson Partial Setsof Scenarios Let Scy, Sca, besubset®f asetSc of scenaricstatesLet e besome
entity and Dom/(e) the entity domain.Therelation@ definedabose induceson Dom(e) onepartitionwith respecto Sc¢; and

onepartitionwith respecto Scs:

e II(e) = {sny, ..., sn, } is the partitioninducedon Dom(e) by Q with respecto Sc; andComp(sny), ..., Comp(sn,,)
arethecorrespondingompatiblesets;
e II'(e) = {sn}, ..., snl,, } isthepartitioninducedon Dom(e) by Q with respecto Sc, andComp(sn}), ..., Comp(sn.,,)

arethe correspondingompatiblesets.

12
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Proposition1 Theequivalencelassesnducedoy @ with respecto Sci U Scp on Dom(e) are sn; N snj, Vi, j. Moreover, the

correspondingompatiblesetsare Comp(sn; N sn;) = Comp(sn;) U Comp(snj).

Proof

1. Compatibility of elementf sn; N sn’;:

e sn; = {vng, vns,...,vny }(vng € Dom(e));

e sn; = {vnf,vny, ..., vny, }(vn; € Dom(e));

It is obviousthatelementzommonto sn; andsn’; (sn; N sn;) arecompatiblewith Comp(sn;) andwith Comp(sn}).
Moreover, becauseof the definition of @, Comp(sn;) containsthe only elementsof Sc; with which sn; N sn;- are
compatible,and Comp(sn}) containsthe only elementsof Scp with which sn; N sn}; are compatible. Therefore,
Comp(sn;) U Comp(sn’;) containsthe only elementsf Sc with which sn; N sn’; arecompatible.The partitionof Sc

including sn; N sn’; may containmoreelementof Dom(e) butits compatiblesetis exactly Comp(sn;) U Comp(sn';).

. Compatiblesetof the partitionwith respecto Sc; U Ses:

Let us considerthe partition of Dom(e) basedon Comp(sn;) U Comp(sn}). Let sn = {vni,vng, ..., vnm}, vng €

Dom(e), beanelemenif the partitionandlet Comp(sn) beits compatibleset.

e Theelementn, belonggo oneandonly oneelemenbf thepartitionwith resped to Sc;. Let sn; bethatelement,

with Comp(sn;) thecorrespondingompatibleset.

e Theelementn, belonggo oneandonly oneelemenbf thepartitionwith resped to Sc,. Let sn’; bethatelement,

with Comp(sn;) thecorrespondingompatibleset.

Thereforewn;, belongsto sn; N sn; andis compatiblewith Comp(sn;) U Comp(sn’;). Becauseof the definition of
relation@, it is easyto shav that Comp(sn;) U Comp(sn;) arethe only elementsof Sc; U Scp with which vny, is
compatible.ThereforeComp(sn;) U Comp(sn}) = Comp(sn). Becausdhisis truefor ary vniinsn, all elementsof

sn arecommonto sn; andsn;-.

Construction of Entity States Entity Statesareconstructedby applyingthecompositiorof relationspropertydefinedabove,

one scenariostateat a time. The processinvolvestwo steps: (1) for eachentity, definingthe valuescompatiblewith each

scenaricstate;(2) for eachentity, calculatingthe entity states.

13
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Table2: Entity Statedfor the Library System
Entity State | Compatiblity set Meaning
Document(e;) sn11 {scll, sc12, SC13, sc14} Document-status available A
Document-type= 1
Documente1) | smi2 | {sci1,sci2, sc13,sc14,5ci5} | Document-status available A
Document-types 2

Document(e1) | snis | {sci1,sciz2,scia} Document-status loaned
Documente1) | snia | 0 Document-ID= L
Readerl(es) snai {5011, sc12, 3613} ReaderlD = L
Readerl(es) snag | {sci1,sci2,scia} ReadeilD € code2 A
Readerrights=

all_documents A
Readedatac strings
Readef(ez) sn23 | {sc11,sci12, sci4, sc15} ReadeilD € code2 A
Readerrights=1_only A
Readedatac strings

LoanFile (e3) sn31 | {sci1,sci2, sci3, sci4,sci5} | LoanFile-ID= L
LoanFile (e3) sn32 | {sci1,sc12,sc14} LoanFile-ID€ code3 A
Borrows € code2 A
Borrowed € codel

The constructiorof entity stategproceedsisingthe Entity StateGenertion Algorithm (seeAppendix). At a scenaricstate,
the basicpartition of an entity involvestwo sets: valuescompatiblewith the scenariostate,and valuesnot compatiblewith
the state(this setmay be empty). The basicpartitionscanthereforebe constructedirectly whenfinding the entity values
compatiblewith a scenariostate,usingthe definition of compatibility given above. Thesebasicpartitionsarethenmerged,
onescenaricstateat a time, usingthe resultsfrom Propositionl. The Entity StateGeneration Algorithm constructghe basic
partitions,basedn the businessulesidentified,andmeigesthesepartitionsin orderto obtainthe entity states.

Theresultsareall statesof the entity andfor eachentity state its compatibleset. Table2 shawvs theresultsfor the Library

system.

5.3 SystemStatesGeneration

This actvity generateshe statesof the systemspecificationpasedon the entity statesandthe scenaricstates.

5.3.1 SystemState Definition

A systemstateis characterizedby the valuesof the entitiescomposinghe system.Given E = {ey, ..., e, }, a setof system
entities,andSn(e;), thesetof entity statesfor entity e;, we have the setof potentialsystenstatesiW, definedasSn(e;) X ... X
Sn(en).

Someof the potentialsystemstatesareinvalid, basedon the businessules(Sect.4.3). A purified potential systenstate

notedwp, is a potential systemstatewhich agreeswith all the businessrulesidentifiedin all the scenarios.Given R =
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{r1, ...,7m }, asetof businessules,we have the setof purified potentialsystemstatesi¥ p, which is definedas:

{w=(sn1,..,sn,) EW | r1 A AT}
SystemState A systemstatesy is a subsebf Wp. Moreover, all systemstatesconstitutea partitionof Wp.

Compatibility betweensystemstateand scenariostate A systemstatesy = {wpx, ..., wpn,, } is compatiblewith scenario

statesc if, for every purified potentialsystemstatewp; = (sn;1, ..., snin ), very entity statesn;; is compatiblewith sc.

Relation on Wp. We obsere thatthe definitionof compatibility givenabove canapplyto elementwp of sy. We definethe
relation@’ suchthatwp;Q"wp; iff S¢; = Sc;, whereSe; andSc; arethe setsof scenaricstateswith which wp; andwp; are
compatiblerespectiely.

Again, it is easilyshavnthat@’ is anequivalencerelation. Thereforejt inducesapartitionon Wp. Theequivalenceclasses

of the partitiondefinethe systemstatesSy.

Compatible set For eachsystemstatesy;, thereis anassociatedetof scenaricstatesComp(sy;) with which all valuesin
sy; arecompatible.Comp(sy;) is definedasthe compatiblesetof sy;. Thereis no constrainton the contentof Comp(sy;). It
couldbeempty Therefore pneequivalenceclasscancorrespondo thosevaluesof Wp which arecompatiblewith no scenario

stateof Sc, thesetof all scenariosThesestategepreseninvalid statesn the system.

5.3.2 Integration Algorithm

Integratingentity statesto producesystemstatesis in fact equivalentto a cartesiarproductof || E || sets,eachsethaving on

averageavg = Zyﬂ S“TL%T) elementsFurthermoregachof the resultingtuplesmustbe checled againsteachbusinessule, to

ensurevalidity of the entity statescombination Therefore calculatingsystemsstatesnay requireO (avg®l. || R|).
Obviously, we want to reducethis numberof stepsas much aspossible. The stratgy that we have developedusesthe

approactusedin relationaldatabasesystemgRDBS)to optimizequerieg15]. In RDBS,the“query plan” usuallyconsistsof

atreewherethe leavesaretherelationsto join to obtainthefinal queryresult,andthe nodesarejoin operationgo perform.
The integrationinvolvestwo tasks. The first task, the CartesianProduct Sorting Algorithm, generateshe “query plan”,

while the secondask,the SystenStateGenertion Algorithm, generateshe systemstatedy applyingthat“query plan”.

Cartesian Product Sorting Algorithm  This algorithm (seethe Appendix) constructghe cartesiarproductevaluationtree.

Eachleafis thesetof statesor oneentity. Eachnodeis a cartesiarproductbetweerntwo subtreesgonstrainedby somebusiness
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rules. Thealgorithmperformsin O(|| E ||*).

We iterateuntil we have determinedheorderof all the cartesiarproducts.At eachiteration,we determinethe bestproduct

to perform,basedn the expectedhumbero of tuplesin the partialresult. Assumingthatr and=’ arepartialresults,o(r U 7')

is the numberof tuplesin the cartesiarproductof = and#’, givenby o(w) - o(7") — 3 crum 2v9(e) . ryles(w U n'), where
avg(e) is theaveragenumberof tuplesfor entity e andrules(m U 7') is the setof rulesinvolving only theentitiesin 7 andn’.
In the Library system basedon the resultsfrom the algorithm,we would first integrateentitiesDocumentand LoanFile.

Then,we would integratethis partial resultwith the Readeentity.

SystemStatesGeneration Algorithm  This algorithm(seethe Appendix)generateshe purified potentialsystemstatesand
removesinvalid statesas early as possible. It incrementallycreatesthesestatesby following the cartesianproductorder
determinedy theCartesianProductSortingAlgorithm At eachincrementwe meigetwo previously obtainedpartialproducts.
At theend,we createsystemstateshy partitionningthe purified potentialsystemstateson the setof compatiblescenaricstates.

In theLibrary systemwhenonly consideringhe Document_oanscenariowe obtainthe following systemstatedfig. 8):

e sy;: LoanFiledoesnot exist, Readeidoesnot exist, Documents available
e syo: ReademrxistsandeitherLoanFiledoesnot exist andDocuments availableandof type 1, or Documents loaned;

e sy3: Readekxists,LoanFiledoesnot exist andDocuments availableandof type 2.

5.4 Generating External SystemTransitions
5.4.1 Definition and Properties

A systemtransitionis a tuple (sy, hy, py, sy’). Eachsuchsystemtransitioncorresponds$o a scenariaransition(sc, ke, sc'),
scenariostatessc and sc¢’ beingin the compatiblesetof sy andsy’, respectiely, provided that (1) sy doesnot violate the
preconditionof the scenariaransition,(2) sy’ doesnot violate the postconditionof the transition,and (3) thatary entity not
involvedin the scenaridransitionremainsunchanged.

Given a scenariatransitionanda pair of systemstates this canbe verified automatically becausehe requiredinforma-
tion is available eitherin the baseling(pre- and postconditionspr asresultof the systemstategeneratiorstep(entity states
correspondingo a systemstate).

In fig. 8, the part of the systemspecificationproducedby the DocumentLoan Scenarids shavn. It is to be notedthata

scenariotransitionmay createseveral systemtransitions. It shouldalso be notedthat someprocessings missingfrom this
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Figure8: Final SystemAutomaton

system:

¢ Notransitionfrom sy, to theotherstates A reademustregisterbeforehe/shecanborron book. Clearly, theregistration

scenarids missing.

e No transitionfrom sy, to sys. Thisfollows from theabsenc®f the Returnscenario.

6 Discussion/Conclusion

A majorobjective of this work wasto integratedataandbehaior into a single,formal, specification.This implied elicitation
andformal specificatiorof the datainvolvedin the system.By usingthe TSERapproachwe wereableto specifyformally the
datainvolvedin eachscenario.Dataintegrationat the systemlevel wasalsoperformedwith TSER,resultingin aformal, i.e.
third normalform, datamodel. Completesemantiantegrationof dataandbehaior wasformally definedby the conceptsof
entity statesandof compatibilitybetweerentity/systenstateandscenaricstate. Theintroductionof businessulesexpandedhe
semantigartof therequirementsTheintegrationstep,completelyformal, yields a formal specificatiorbasedon anextended
finite statemachine.

Thepotentialcombinatoriakxplosionof theintegrationalgorithmis controlledby well-tried methodsdravn from database
processingand semanticinformation provided by the businessrules. The concretelibrary exampleusedin this work was
largerthanmostpresentedn the literature,andthe combinatorialexplosionwaswell controlled. The risk exists nonetheless,
but therearenow systemswhich canhandlefinite statemachineswith thousandbf states.Onecould alsoquestionthe entity
stateconceptwith datahaving continuousattributesinsteadof discreteoneslike in thelibrary example. As a matterof fact,
the formal definitionsof entity statesmalke no assumptioron the domainsof the attributes,andthe entity statesconstruction
algorithmcaneasilybe adjustedo continuousralues.

Ourapproacthassomelimitations. It handleonly oneinstanceof eachentity andoneinstanceof eachscenario Also, the

approachimplies thatscenarioxanonly be executedsequentially Work currentlyunderway addressetheselimitations, by
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consideringseveralinstancef entities,the possibility of multiple instance®f a scenaricrunningconcurrently the possibity
of scenariosunningconcurrently

Finally, becausethe approachis formal, it hasa strongpotentialfor verification and validation. The formal approach,
manualor automatic,is a fertile groundfor performingverificationsalongthe requirementglicitation processandnot at the

end,ontheresult,asis usuallythe case Work is undervay to exploit thatformal verificationpotential.
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A Appendix

Algorithm 1 Entity StateGeneation Algorithm.

Let C = {c1, ¢2, -..,cn } bethesetof all scenarioof thesystem;
Let Sc; = {sci1, --., scim } bethesetof statesof scenariaz;;
Let Sn(sc) bethesetof entity statesbasecbn the compatibility of scenaricstatesc;
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Let Sniemp beatemporarysetof entity states;

Let Sn bethefinal setof all entity states;

Let sn, sn' beentity states;

Let Comp(sn) bethesetof scenaricstatescompatiblewith entity statesn.

A- We first generatéasicpartitionsfor eachscenaricstateof eachscenario.
For eachsc;j;,i € {1,...,n},j € {i,...,m}

We createapartitionSn(sc;;) of Dom(e), basednthecompatibilityof sc;;. Sn(sc;;) will bemadeof two elements,
sn containingthoseelementsof Dom(e) compatiblewith sc;; andsn’ containingthoseelementof Dom/(e) which
arenotcompatiblewith sc;;.

sn < subsebf Dom(e) compatiblewith sc;;
sn’ < subsebf Dom(e) notcompatiblewith sc;;
If sn’ #0
Sn(scij) < {sn,sn'}
Comp(sn) < {sci;}
Comp(sn') < 0
Else
Sn(scij) < {sn}
Comp(sn) < {sci;}
End-If
End-For

B- Startingwith onescenaricstate the partitionsarecompose@sseerabove, by addingeachtime onescenaricstate. The
resultis:

¢ all statesof theentity;
o for eachentity state,its compatibleset.

Sn < {Dom(e)}
Sntemp <~ 0
For eachsc;;,i € {1,...,n},j € {i,...,m}
For eachsn € Sn
For eachsn’ € Sn(sc;;)
If snnNsn’ #£0
SNtemp < SNgemp U {sn N sn'}
Comp(sn N sn') < Comp(sn) U Comp(sn')
End-If
End-For
End-For
Sn <+ Sniemp
Snte'mp <~ 0
End-For

Algorithm 2 CarthesianProductSortingAlgorithm.

Let E = {ey, ..., en} bethesetof entities;

Let Sn(e) bethesetof statewf entity e;

Let avg(e, j) betheaveragenumberof occurencesf a stateof entity e afterthe 5 carthesiamproduct;
Let R = {r1, ..., } bethesetof businessules;

Let IT = {1, ..., m} beapartitionon E;

Let IT" beapartitionon E;

Let rule({e1, ..., en}) bethenumberof rulesinvolving entitieses, ..., e,; this functionis precalculated;
Let o({ex, -.-, ex }) bethenumberof operationseededo performthe carthesiamproductof entitieses, ..., ex;
Let Maz bethelargestpossiblenumberof operationsMaz 2| Sn(e1) || -...- || Sn(en) ||

Let Min bethesmallesnumberof operationgo performduringaniteration;

Let Ord. (i) bethefirst setof entitiesbeingmeigedattheit” carthedan product;

Let Orda (i) bethesecondsetof entitiesbeingmeigedatthest” carthesianproduct.
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A- Weinitialize Maz, 11, avg, ando.

Maz <1

O« 0

For eachi € {1, ...,n}
T < {el}
I+ IIu {ﬂ'z}
avg(e;,0) <1
o(mi) «|| Sn(e:) |
Maz < Maz - o(m;)

End-For

We iterateuntil we have determinedhe order of all the carthesiarproducts. At eachiteration, we determinethe best
productto perform.ThevariableOrd preseresthatinformationfor the SystenStateGeneation Algorithm

141

While ||TT]|#£ 1

B- We calculatethe cost (o) for eachpartitionto determinethe bestinitial meige. We alsodeterminethe carthesian
productthatwill yield the smallesnumberof operationsThe generalequatiorfor o is:

o(mj Umg) = o(m;) - o(m) — Z % -rules(m; U my)

ecm;Umg

Min < Max
For eachj € {1, ..., ||II|| -1}
Avg; <0
For eache € 7;
Avgyr < Avgr + avg(e,i —1)/2
End-For

For eachk € {j,..., || IT||}
Avgs + Avgr
For eache € 7,
Avgs + Avgs + avg(e,i—1)/2
End-For

o(mj Umy) < o(mj) - o(mj) — Avgs - rules(m; U )

If Min > o(m; Umy)
Min «+ o(m; U my)
Ord1 (1,) < T
Orda (i) « g
End-If
End-For
End-For

C- We calculatethe averagenumberof occurencef an entity after this iteration (avg). Whenwe mege 7(=
Ordy(3)) andn’(= Ordy (), fore € # U ', we have:

~_o(mun’)
9D = gn(e)]
For eache € Ord; (i) U Ords(7)
avg(e,i)  ACHETEFRE)

End-For
For eache € E \ (Ordy (i) U Ordz (1))
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avg(e,i) < avg(e,i —1)
End-For

D- We megethe partitionscorrespondindo the previous carthesiarproduct.

k<1
II'«1
For eachj € {1,..., ||II||}
If 7; = Ord:(q)
my, < Ordy (i) U Orda(i)
I + ' U {m} }
k< k+1
Else-If ; # Orda (1)
T}, — T
II' « II' U {m},}
k< k+1
End-If
End-For
I« 1II
t—1+1
End-While
O’I‘dl (Z) ~— F

Algorithm 3 SystenStatesGeneation Algorithm.

Let E = {es, ..., e} bethesetof entities;

Let Sn(e) bethesetof statesof entity e;

Let R = {r1,...,m } bethesetof businessules;

Let rule({es, ..., en}) bethenumberof rulesinvolving entitieses, ..., ex; this functionis precalculated;

Let Ordi (i) be the first setof entitiesbeing meiged at the i** carthesian productresultingfrom the CarthesianProduct Sorting
Algorithm

Let Orda (i) bethe secondsetof entitiesbeingmegedat the ;** carthesian productresultingfrom the CarthesianProduct Sorting
Algorithm

Let W({eu,...,en}) bethepurified potentialsystemstatesn the carthesiarproduct of entitieses, ..., en;

Let Sc bethesetof scenaricstates;

Let Comp(sn) bethesetof scenaricstatescompatiblewith entity statesn;

Let Comp(w) bethesetof scenaricstatescompatiblewith purified potentialsystemstatew;

Let Sy = {sy1, ..., sy: } bethesetof systemstatespachsystemstateis a setof purified potentialsystemstates;

Let Comp(sy) bethesetof scenaricstatescompatiblewith systemstatesy.

A- Weinitialize Next', CompTuple, W, next, andprevious.

For eache € E
W({e}) « Sn(e)
End-For

B- We performthe carthesiarproduct.

141
While Ord; (i) # E
For eachw € Ord, (i)
For eachw’ € Orda(i)
OK < True
For eachr € rules(Ord; (i) U Orda(i))
OK + OK Ar(w,w")
If OK
Exit For eachloop
End-If
End-For
If OK A (Comp(w) N Comp(w') # 0)
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W(Ordy (i) U Orda(7))) « W(Ordy(i) UOrdz (7)) Uw X w'
Comp(w X w') + Comp(w) N Comp(w')
End-If
End-For
End-For
1 1+1
End-While

C- We createsystemstateshy partitionningthe purified potentialsystemstateso n the setof compatiblescenaricstates.

Sy<+ 0
For eachw € W(E)
found < False
For eachsy € Sy
If Comp(w) = Comp(sy)
sy « sy U {w}
found < True
Exit For eachloop
End-If
End-For
If —found
sy + {w}
Comp(sy) + Comp(w)
Sy « SyU{sy}
End-If
End-For
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