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Abstract

TheUnifiedModellingLanguagdUML) is now widely usedfor modellinga softwareatdifferentstages:
requiremengnalysis,designandimplementationduring the systemdevelopment. This work attempts
to develop a methodto supportthe formal useof UML in object-orientedsoftware development. The
methodwill includeformal definitionsof the modellingunitsin UML which canbe usedto relatethe
differentUML modelsusedatdifferentstagesiuringsoftwaredevelopmenprocesslit intendsto support
step-wisedefinement&and component-basedevelopmentin building models. As a startingpoint, this
paperdealswith the formalizationof the UML modelsusedin the requirementinalysis,.e. use-case
modelandconceptuamodels
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Intr oduction 1

1 Intr oduction

Object-orientatiothasnow becomea popularapproachn softwareindustriegMey97, Lar98 Fow97].
The Unified Modelling LanguaggUML) [BRJ99 RJB99,JBR99]is now widely acceptedasthe mod-
elling languagen OO softwaredevelopmentLar98, Fow97,DW98]. Drivenby this trend,universities
have now startedo teachOO programmingandOO softwareengineeringLiu00, PS99].Computersci-
entistsarenow alsointensifyingtheresearclaboutthe understandingnduseof OO methodsandUML
[AC96 Ken97 BKS98,pG99 CNO0O0,HLLO1]. Oneof the mainadwantagesof UML is thatdifferent
modellingnotationsare usedat differentstagedo representhe systemat a properlevel of abstraction
andto describebothof staticstructureanddynamicbehaiour of the system.

The main modelsto be producedin the requirementanalysisstageare the conceptualmodeland the
use-casenodel[Lar98, JBR99 DW9§]. A mainpartof aconceptuamodelis a classdiagramthatrep-
resentgheapplicationdomainconceptasclassesandtheir relationshipssassociationsThis diagram
determineghe possibleobjectsandthe possiblerelationshipdbetweerntheseobjects. Anotherpartof a
conceptuamodelis a setof assertionscalledcommentsn UML, aboutthe objectsandtheir relations
thatcannotbe describedy the diagram.We will describethesecommentsasgeneralkstateconstaints

The requirementanalysisis not usually concernedrery much aboutwhat an objectwill do or how it

will behae. Thereforea conceptuamodelis mainly usedasa static modelwithout shaving dynamic
semantiaspects.

A use-casenodelis usedo specifytherequiredfunctionalserviceghatthesystenis expectedo provide
for differentkinds of users.A use-casenodelcontainsa numberof usecases Eachof themdescribes
a patternof interactionshetweensomeusers,called actors of the usecase,andthe systemtreatedas
abladk box The consistencypetweerthe use-casenodelandthe conceptuamodelis concernednly
with whetherthe conceptuaimodel containsenoughobjectsand associationgo realizethe usecases
containedn the use-casenodel. However, this consisteng cannot yet be discussegreciselyenough
[Lar98, Liu0Q].

The systendesignis to produce pasedn the conceptuaimodelandthe use-casenodel,theinteraction
diagramghatrepresenhow the classe®f objectsinteractandcollaboratewith eachotherto realizethe
usescasesThecorrectnes®f theinteractiondiagramsarereasonedgainsthe usecase-modetio prove
whetherthe interactiondetweerobjectsdo realizethe usecases Again thereis no enoughresearcho
allow a systemati@ndprecisereasoningr verificationof sucha correctness.

The interactiondiagramswill derive a designclassdiagram which includesinformation aboutboth
classe®f objectsyisibility of classesindtheirmethodsThedesignclassdiagramshouldbearefinement
of theconceptuamodel,but thereis notyetaformal definitionfor this relation.

Programcodecanbe theneasilyproducedrom the interactiondiagramsandthe designclassdiagram.
For describinghebehaiour of objects statemadines(or statetarts areusedaswell. Researcmeeds
to bedoneto relatethedesignmodelwith the semantic®f a programmindanguaggCNOQ].

OO0 techniquesand UML claim to supportcomponent-basedevelopment,andintuitively it looks so.
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Intr oduction 2

Thereis alack of researctabouthow the ideasin OO andcomponent-baseapproachebe usedmore
preciselyandsystematicallysothatthey canbeusedin safety-criticalapplications.We needto provide
formal definitionsfor componentandhow they canbe composedin the settingof object-orientatiorin
particular

The major problemof usingUML is alsocausedy its main adwantagethatallows the useof different
models. Whenthereis not yet a well establishedemanticdor the whole languagét is impossibleto

checkor reasonaboutthe consisteng andtheir relationshipamongthe different models. Currently

mostof theresearclon formalizingUML focuson partsof UML, suchasformal semantic®f theclass
diagramsand formal definitionsfor statechart$k en97 pG99. For UML is to be preciselyusedin a

softwaredevelopmentprocessmoreresearchs neededn the formal semanticof the wholelanguage
andrelationshipamonghedifferentmodelsusedin UML. A metamodebf UML is givenby thePrecise
UML groupthatin factonly providessomesemi-typingrulesfor visual diagramgpG99, Ken97. Our

work aimsat the foundationsanda refinement-friendlysemantic§or UML andobject-orientedystem
developmentin general. We believe thatwork in this directionis essentiatowardsgetting UML into

somekind of shapehatis conductve to building reliablesoftwareandnot justbeingprettydiagramsor

managers.

This work is towardsa formalizationof UML. The overall aimis to supportformal useof UML in OO
systemdevelopmentprocesseand developmentof tools for consisteng checking. We will developa
methodthatallows systemdesignby component-baseghdstepwisaefinementThemethods expected
to beusablewithin anincrementablnditeratve developmentprocesgLar98, JBR99]. We hopethis will
ontheonehandto changdodays situationthat OO softwaredevelopmenin practiceis usuallydonein a
non-scientifianannefHoa9q basedn pragmaticandheuristics.On the otherhand,with incorporation
of theincrementabniterative developmentprocesswe hopeto improve the useof formal methodsn
the developmentof large scalesystem.The semantiaefinitionswill be givenfor thefive mainkinds of
modelswhich areuse-casenodels conceptuatlassmodelsobject-diagramdnteractiondiagramsand
desigrclassdiagrams Generallythesdive kindsof diagramsreenoughor specifyingtherequirements
anddesignof a system.Theotherkindsof diagramsactvity diagramsdeploymentdiagramsandcom-
ponentdiagrams are not difficult to dealwith. The actiity diagramsdescribethe systemcomponents
co-operateconcurrentlyto achieve the systemlarge actiities. Componendiagramsand deplgyment
diagramgyive the systemconstructiormanagemengndthustheir semantids not concernedelevantto
systemdesign.

Most work on formal methodsfor OO developmentusesa bottom-upapproaciHJon94 LW95, Jon96
AC96 CNO(Q. In suchanapproachaformal semanticss definedfor alow level programmindanguage
like specificationlanguage. This languageis so expressie that even implementationdetails can be
described.One of the advantagef this approachis thatmostof the semantidssuesare solved once
for all. A semantianodelof this kind is usefulfor the understandingf the meaningof object-oriented
programsandfor writing compilersor interpreter®f object-orientegorogrammindanguagesHowever,
the maindrawvbackof this approachs thatone hasto studythe very complicatedsemanticgor sucha
low level languageto be confidentto usethe formal method. Also it is not trivial to extract the right
subsebf thenotationthatis properfor higherlevel specificationasthesemantice®f thesdanguagesre
very complicatedJon94 Jon96 LW95, CNOO]. Anotherproblemis thatit is notyet clearwhatkind of
propertiesof anobject-orienteghrogramcanbedescribedandprovenin sucha model. Thereforethese
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ConceptualModel 3

semantianodelscannotbe usedfor softwaredevelopmentaswe do notknow from whata specification
thatthe systemis to be developedor refined.

Oneof themainideasusedin UML modellingis thatsimplernotationandsemanticareusedat higher
level specifications Furtherdetailsandstructuresaregraduallyintroducedwhenthe developmentpro-
cessprogressThiswork attemptgo follow this evolutionaryapproacho developasemanticgor UML.
Simplicity andeaseof understandingndusearethe mainaspectghatwe wantto achieve. Theframe-
work will bebasednthesettheoryandthe notionof pre andpostconditions.As a startingpoint of our
ongoingresearchthis paperonly dealswith the formalizationof the UML modelsthatare usedin the
requirementnalysisj.e. theuse-casenodel,the conceptuatlassdiagramsandtheir relationship.

In therestof this paper we shall definea syntaxanda semantic§or a conceptuamodelin Section2,
andthendefineanobjectmodelasaninstanceof a conceptuatliassmodel. Section3 defineghe syntax
andsemantic®f theause-casenodel. The semantic®f a usecaseis definedbasedn the semanticof
the conceptuamodel. A usecaseis definedin the context of a conceptuamodel. Finally a conclusion
andsomediscussiongregivenin Sectiord.

2 ConceptualModel

Oneof themainartifactsto producein anOO analysids a conceptuamodelwhich capturegheclasses
andtheirassociations termsof thephysicalconceptstheinstancegor object$ definedoy theconcepts,
andtherelationshipdetweertheseconceptor theirinstancesin UML, aconcepis denotedy aclass
with a given name,andeachinstanceof a concepts calledan objectof the correspondinglass. This
modelintendsto describehestructureof theapplicationdomainratherthanthatof the software. Not all
of the physicalconceptsn thismodelwill berealizedassoftwareclassedateron,thoughmary of them
will.

We mustunderstandhatat the requirementevel, a classhasa very simplesemanticavhich denotesa
setof objectsonly without the needof knowing how the objectswill behae, andthushasno methods.
In generala classmayalsohave attributesto represensomeinformationaboutthe objectsof the class
themseles,ratherthanto be usedto relatedclassesTherearetwo approacheto dealwith attributesat
thislevel. Thefirstis to introducetypesof pure datavaluesandthento represenattributesascomponent
fieldsof classesAlternatively, thesetypesof puredatavaluescanbetreatedasclasseandattributesas
associationsThis paperadoptghe secondapproach.

The conceptstheir objectsandthe associationbetweerthemareidentifiedby understandinghe appli-
cationdomain.Thecreationof suchaconceptuaimodeldepend®ndiscussionsvith thedomainexperts,
andwith theendusersof the systemabouttheir usecases However, the effect or the semanticof ause
casecanonly bedefinedin thecontet of aconceptuamodelin termshow anoperationor eventin ause
casewill createor deleteanobject,form or breakanassociatiorbetweertwo objects.
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ConceptualModel 4

2.1 Conceptualdiagram

To definethe syntaxof conceptualliagramswe assumean infinite setO of objects two infinite and
disjoint setsof classnamesCName andassociatiomamesA Name, thataredisjointwith O. For each
A € AName thereis adistinctnameA ! € AName, and(4 1)1 = A. LetN denotethe setof all the
naturalnumbersandPN bethepower setof N.

Definition 1 (CCD) A conceptuatlassdiagramis atuple: D = (C, A, <+—— ), where

e C isanonemptyfinite subsebf CName, calledthe classesr conceptof thediagrambD.

e A apartialfunction:
C —+»[AName —»PN x PN x (]

suchthat A(Cy)(A4) = (M, My, Cs) iff A(Cy) (A1) = (M, My, Cy). WeuseA : (CM, ¢ )
asa shorthandor A(C1)(A) = (M, Ma, C2), andrequirethat only finitely mary association
namedefinedfor a pair of classnames.

e <— C C x Cisthegeneralizatiorrelationbetweenclasseswe use ¢; <—— C> to denote
(C1, C3) € <— . Werequirethatthegeneralizations agyclic.

For anassociatiord :< CM1, ¢, >, we definelft(A) 2 ¢ andrht(A) 2 ¢, astherolesof the
associationml(A) 2 M; andmr(A) 2 M, asthemultiplicitiesof thetwo roles C; and C;, respectiely.
TheinverseA~! of theanassociatior is to representhatthedirectionof navigationfrom oneclassto
it relatedclassby theassociatiod ! is the oppositeto thatof A.

Giventwo conceptuatliagramsD; = (C;, A;, <+ ;,) Wheres = 1,2:

Dy U Dy £ <Cl UCs, A1 U Ay, <+—1U <]—2>

Note that whenwe union two diagrams,we shouldensurethat the resultingdiagramis well defined
accordingo Definition 1.

Wenow defineanotionof well-declaednessor aclassC' € CName oranassociations! : (C{M) ¢ M)
is in aconceptuatliagramD, denotecoy WDp(C) or WDp(A : (CM, ¢ )*2)) (or WDp(A) for short)
respectiely.

Assumesomedata typesthat are the typesof the so called pure-datavaluesin UML [BRJ99 with
somebuilt-in functionsand primitive predicates.Examplesof primitive typesincludetypesof natural
numbersN, integersint, booleansBool characterghar, andstrings.Eachsucha datatypeis atypein
our system.
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ConceptualModel 5

if T isadatatype, WDp(T);
if C €C,thenWDp(C);
A € AName, WDp(A : (CM, CH2)) if A(Cy) = (My, My, Cy);

E e

. WDp(N), if WDp(N) for eachelementN € N thatis alist of classesassociationandgener
alizations;

62

. WDD(Cl <+— 02) if WDD(Cl), WDD(C2) and(Cl, 02) c <t
6. if A € AName, WDp(A) andift(A) <—— C,thenWDp (A : (C™(A) rht(A)™(A));
7. A € AName and WDp (A, rht(A) <— C),then WDp(A : (Ift(A)™(A) cmr(A)y),

In UML drawing, anassociationd :< ClMl, 02M2 > canbe depictedby the diagramin Figurel. We
only shaw eitheranassociatioror its inverse but notbothin a diagram.

A
C1 c2

M1 M2

Figurel: UML Association

Definition 1 allows morethanoneassociatiorbetweerntwo classesThis is importantbecausehereare
applicationgn which two classearerelatedby two differentassociationskFor example,in anapplica-
tion of air traffic control application,theremay be two usefulassociationsFlies-from” and“Flies-to”
betweertheclasses-light andAirport (seeFigure?2).

* Flies-to 0.1

Flight :
9 Flies-from Airport

Figure2: UML Multi-associations

In Figure 2, the star**” representsvhole setof naturalnumbersto meanthattheremay be 0 or ary
numberof flights fly to or from anairport. The two associationgliffer becausehey relateddifferent
flights with differentairports. Also, a flight musttake off from oneairport, but it may never arrive at
ary airport (landingin a seaor crashingon a mountain). We shallusethe UML corventions[BRJ99]
to representhe multiplicities of anassociationFigure 3 is a conceptualliiagram,denotedoy D, of a
library applicationusedin [Ken97.
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ConceptualModel 6

Contains
1 1
Library
1
*
1 Takes *
User Loan
Holds
1 * *
Makes
. <« Is-Available-to
0.1
Reservation
" < |s-Held-for
Is-on 1 * 1
0.1
‘At Copy
Publication
* 1 ®is-Copy-of *

Figure3: A ConceptuaModel of aLibrary Application

2.2 Semanticsof conceptualdiagrams

A CCD modelsthe conceptuabbjectsandtheir associations anapplicationdomain.In a givenappli-
cationdomain,aclassC € C modelsasetC C O of domainobjects andanassociatiod € AName
suchthat 4 : (¢, C,"*) modelsan relationbetweerthe objectsin C; andCs, andthus 4 is inter
pretedasasubsetA of C; x C;. Thegeneralizatiosymbol <— is semanticallydefinedasthesuperset
relationbetweerthe classe®f objects,.e. C; D Cs if ¢; <—— C5 andthe“superseteqtelation,D,
betweerclassess thesemantic®f thereflexive andtransitve closure <+— * of <+—— . We saythatC,
isasubclasof Cy if Cy <— * 4.

ForarelationR C S; x Sz, weuseR(s;) for s; in S; (or S3) to denotethe setof elementsn S, (or Sy
respectiely) thatareassociateavith s; by R. Weuse| S | to denotethecardinalityof asetS; we allow
to write R(Sl, 82) or sy Rsy to denote(sl, 32) € R.

Thesemantiaenotatiorof aclassasatypein aconceptuaimodel,determinesvery simpletypesystem:

Any classnameC € CName, C is atype.

Eachdatatypeis atype.

If Ty, T aretypesthenT; x Ty is atype,calledthetype of thepairsof elementsn thetwo types;
and T, — T, is atype,calledthetypeof functionsfrom Ty to Ts.

If T isatype,PT is atype,calledthetypesof thepower setof P.

ReportNo. 228,March2001 UNU/IIST, PO. Box 3058,Macau



ConceptualModel 7

We denoteby 7 the setof all typesconstructedn the abore type system. With thesetypes,we allow

ordinaryoperation®n sets,suchasu andn; on relations,suchascompositionandon functionssuch
asfunctioncomposition We definea speciaffunction| - |: PT —— N U {oo}, whichreturnsthenumber
of element®of aset.

By introducingC, we have madeanimportantdistinctionbetweerclasseandtypes[AC96]. Weindicate
by C thetypeof classC. With is distinction,we canavoid the confusionof using C asbothatypeand
avariable.

Thesemantidenotation®f the classandassociatiomamessatisfythefollowing conditions:

1. ACCy x Cq;

2. Ao A~! C Id, whereo is the compositiorpperatioron relations,and Id is theidentity relation;
3. Ci D Ceif Oy <— Cy;

4.Vc¢;: Cio | A(ci) |€ M4, wherei = 1,2, 1+ = 2 and2+ = 1;

5. for all C; andC;, in C, eitherC; N Cy = 0 or oneof C; andC, is thesubclas®f another

Note that Conditions3&5 impliesthatasin Java, multiple inheritances not allowedin this formaliza-
tion. UML doesnot eitherhave therestrictionrequiredby condition5. However, this conditionhelpsto
producebettermodelsby usingthe abstractioranalysispatternfMMMNSO00]. An exampleUML con-
ceptualmodelof sucha cases shavn in Figure4 which shavs thatan ownermaybe alsoa designerof
aproject. This canbe bettermodelledmodelledaseitherof the diagramsn Figure5, which areproper

Designs

Owner
Oowns

. 1

Project

Oowns
*

Designs Designer

Figure4: An Exampleof UML diagramwith non-disjointclasses

diagramsaccordingto our definition. We canof coursemale Condition5 evenstrongetthatall classes
mustbe disjoint, andthusa specializatioris a partition of a superclass. However, we preferthisto be
enforcedby the modellerusingstateconstraints.
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ConceptualModel 8

Person

T

Designer Ownder

Person

Designs Owns

Project

Designs Owns

Project

Figure5: Bettermodelsfor Figure4

2.3 An objectdiagram is a systemstate

Whenthe dynamicaspectof a systemis considereda CCD represents stateof the systemwhich
is a snapshotecordingthe existing objectsof eachclassandthe currentlinks betweenobjectsby the
associationatamomentof time. Thereforea CCD declares

e asystenstatevariable C for eachC € C thatrecordsthe setof existing objectsof type C, and
thetypeof C isPC.

e asystenstatevariable A for eachA € AName suchthatA4 : (ClMl, 2M2) recordingthe current
links betweerthe existing objectsrecordedn C; and Cs; its typeis thusP(C; x Cs).

LetsetVar bethesetof variablenamesincluding CName andA Name. Wewrite z : T for adeclaration
of eithera stateor alogical variablez with its type T.

An objectdiagramfor a CCD s a particularinstanceof the patternthatis modelledby the CCD.

Definition 2 (Object Diagram) Givena CCD D, anobjectdiagram Op, which alsocalleda stateof
D, is anevaluationfunctionthatassigns:

e eachC € C asetOp[C] € PC;
e eachd suchthat4 : (C}*, ¢*2) arelationOp[A] € P(C; x Cs).

thatsatisfieghefollowing four assertions

1.Ag01X02;

ReportNo. 228,March2001 UNU/IIST, PO. Box 3058,Macau



ConceptualModel 9

2. Ao A~! C Id, whereld is theidentity relationon thedomainof A.
3. C1 2D 0y if Gy <t+— Oy
4. Ve;: Cje | A(Ci) |E Mi+;

5. for all C; andC, in C, eitherC; N Cy = 0 or oneof C; andC, is thesubclas®f another

NotethatCondition4 canbereplacedy thetypeconditionA C A, andthatCondition5 canbederved
from the type condition Condition 5 in the previous page. However, we may prefer checkingthese
conditionsasstateinvariantsratherthantype checking.We call the conjunctionof the four assertiongn

Definition 2 the genericinvariant of CCDs,anddenoteis asZ.

Definition 3 (Semanticsof a CCD) Thesemantic®f aCCD D is thesetof all thestatesf D, denoted
by Zp

2.4 Stateconstraints

A conceptuaimodelenforcesconstraint®nwhatclasse®f objects whatassociationbetweerthemcan
exist in the systemandhow mary objectsin oneclasscanbe associatedvith anobjectin another In
generalassertionsiboutthe objectsandassociationsanbewrittenin settheoryandfirst orderpredicate
logic.

However, thelibrary systemshaws thatonly classesassociationsndtheir multiplicitiesarenotenough
to expressall the constraintghatthe applicationrequires.In particular multiplicity restrictionsdo not
allow relationshipsetweenassociationso be expressed.For example,we shouldrequirethata copy

¢ : Copy that“is-held” for areserationr : Reservation beacopy of the publicationthatis resered

by the reseration ». To describeconstraintsof this kind, we needto introducethe notion of state
constaints which are invariantsof the systemduring its execution. In general,a well definedstate
constaintona CCD D is afirst orderpredicatdormulawith typesandfreevariablesdeclaredn D.

Definition 4 (StateConstraint) GivenaconceptuatiagramD, awell-formedstateconstaint of D isa
formula F' built from thetermsof typesdeclaredn D andrelationalsymbolswith theirnamesdeclared
in D by usingthefirst orderconnectresandquantificationover typedvariables.

The constraintsaboutthe library systemthat a copy ¢ : Copy that “is-held” for a reseration r :
Reservation beacopy of thepublicationthatis resered by thereserationr canbedescribeds

V¢ : Copy, r : Reservation, p : Publication e ¢ Is-Held-forr A r Is-onp = ¢ Is-Copy-of p

ReportNo. 228,March2001 UNU/IIST, PO. Box 3058,Macau



ConceptualModel 10

This constraintanbe written moreabstractlyin termsof thealgebraof relations:
Is-Held-foro Is-on C Is-Copy-of

whereo is the compositioroperationof relations.

2.5 Conceptualmodels

Now we candefinea conceptuaimodelwhich is a conceptualdiagramplus a stateconstraintthat is
well-formedin thediagram.

Definition 5 (ConceptualModel) A conceptuaimodelM = (D, Inv) whereD is aconceptuatliagram
andInv is a stateconstrainthatis well-formedin D.

For a conceptuamodel M = (D, Inv), we usediag(M) to denotefor D andinv(M) for Inv. With
Definition 5 for a conceptuaimodel,we canreasoraboutstatepropertief a conceptuamodel. Given
a conceptuaimodel M = (D, Inv) anda well-formedstateconstraintF' of D, we write M + F iff
Z A Inv = F, meaninghat F' canbeprovenfrom Z and Inv in therelationalcalculus.

Using this proof system,we can reasonaboutthe propertiesof conceptuaimodelsand relationships
betweerconceptuamodels.For example,we candefinetransformationdetweernconceptuatliagrams
thathave to presere somestateconstraints.

Thenthesemantic®f a stateconstrainis definedbasedn the semantic®f theconceptuatliagramand
givesatruthvaluein {true, false}.

Definition 6 (Semanticsof a Concetual Model) The semanticf a conceptuaimodel M is the set,
denotedvy X, of all theobjectdiagramsf D thatalsosatisfyinv(M ).

Therefore, X,/ is the systemstatespacecapturedby M, andan objectdiagramin this statespaceis

calleda systenstate We useS to denoteanarbitrarysystemstatespace An objectmodet of theupper
model, denotedby M;, in Figure10 is shawvn in Figure 6. Notice that this objectdiagramis not an
instanceof the bottommodel,denotedby M, in Figure10, ascustomere; hastwo accountsvhen M,

doesnotallow a custometo morethanoneaccount.

An objectin anobjectdiagram,exceptfor thosethatare of typesof pure-datavaluesandthususedas
attributesof otherobjects hasa stateconsistingof its links with otherobjects.Thesdinks areinstances
of association#n the given conceptuamodel. For anobjectmodel S of a conceptuamodel M andan

INoticethatwe have omittedthe associatiomames.
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al: Account 1500: Balance

cl: Customer

\ a2: account

c2: Customer

100: Balance

Figure6: An exampleof objectmodel

associatiord in which classC is involved in M, we use A(c) is the setof objectsthatareassociated
with ¢ by A in asystemstatesS.

For aconceptuamodel M = (C, A, <— ), we canwrite atextual descriptionin thefollowing form:

Cl ass Mobdel M:
Class C1 /*For each Cl1 in Mis not a super class*/

associ ation All: Powerset of C {11} /*if All:<Cl, Cl11>*/

Class C2 is a subclass of C/*For C2 and Cin M such that
/*C2 is a direct specialization
[*of Cin M
associ ation A21: Powerset of C {11} /*if All:<Cl, Cll1l>*/

........ /| *These are associ ati ons of
[/ *of the subcl asses

associ ati on A2m Powerset of C{1n} /*if All:<Cl, Clnp*/
| nvariants: F1; F2;...... : Fn

END M

Both of theassociationandtheir inversesn a conceptuamodelmustbedeclaredn thetext.
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2.6 Associatve classes

UML allows associativeclassesclasseghatin fact modelsassociations An exampleof this kind of
classess shavn in Diagram(a) of Figure?.

Employs

Company [ T N People
I
|
|
JobContract
Salary
Diagram (a)
JobContract
Has Is-for Peon
Compan * . eople
pany 1 Salary 1
Diagram (b)

Figure7: Representationf Associatve Class

The ClassJobContract is aboutthe associatiorEmploys. It hasanattribute Salary, thatcanberepre-
sentedasanassociatioraswell. As a cornvention,we shallallow to write attributesinsidethe box of a
classwhenwedraw classdiagrams Sucha classandassociatioranbemodelledby aseparatelassand
thedecompositiorf theassociatiorinto two associationasshavn in Diagram(b) of Figure7. If wedo
s0,we alsoneedto addstateconstraintaboutthesetwo new associationsothatthe originalassociation
canbefaithfully representedn this example,we needthefollowing stateconstraints:

V¢ : Company, con : JobContract ¢ ¢ Hascon = 3!p : People e con Is-for p
Vcon : JobContract, p : People e con Is-for p = !¢ : Company e ¢ Hascon

Thesameassociatiortlasscanbe modelledby the diagramin Figure8. With this diagram we needthe
constraints:

Haso Is-for = Employs

In generalanassociatie classA : (C’lMl, 02M2> in UML canbemodelledby addinga classA Class and
two associationsd; : (C{, AClass™1) andA; : (AClass™2, ™) suchthat

A10A2:A
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Employs
Company N . People

1

Has
Is-For

* *

JobContract

Salary

Figure8: Representationf Associatve Class

This decompositiorcan be depictedby Figure9. We allow the useof the UML associatie classes,
but we defineits semanticasthat of Diagram(a). In factassociatie classeswill be implementedby
decomposingheassociatie classinto anadditionalclassandtwo associationsT his decompositioralso
changedhemary-to-mary associatiofinto one-to-mawp associationthataremucheasietto realizethan
mary-to-mary associationsThistreatmenbf associatie classesanbeevenusedin applicationsvhere
someclassesareneededo relateary numberof classes.In thisway, A Class canhave attributesand
associationsvith otherclassesNoticethatthe multiplicity of role A Class for A; is themultiplicity M,

M1 M2

M1 M2

Al A2

M2 M1

AClass

Diagram (b)

Figure9: GeneraRepresentationf Associatve Class

of Cy for A, andthemultiplicity of role A Class for A, is themultiplicity M; of C; for A.
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2.7 Extending a conceptualmodel

As we areaimingat anincrementablevelopmentof models,we definehow a conceptuamodelcanbe
extendedby anotherone.

Definition 7 For two conceptuamodelsM; = (D, Inv;) and My = (Ds, Invs), we saythat M is an
extensionof My, denotecby My J My, if

1. anyclassdeclaedin D, is declaedin Dy,
2. anyassociatiordeclaedin D, is declaedin Dy,
3. Inv; |p,< Invy, and

4, Ipl |D2<: ID2.

wherelnvl |p, andZ |p, arerespectiely theassertionsf D; restrictedo thoseclassesndassociations
in Ds.

The extensionof M, by M, is in factan enlagementof the allowed statespaceandthus M; supports
moreserviceghan M,. However, we notethatthis is morea staticrelationthana dynamicrelation. In
termsof the statespace®f thetwo models we have the following theorem.

Theorem1 If M; J M, thenXp, |p,2 ¥p,, WwhereXp, |p, is the setof the statesof D; with those
classesndassociatiorthatarenotdeclaredn D, hidden.

The extensionrelationis obviously reflexive andtransitve. An exampleof extensionis shavn in Fig-
ure 10. Let usdenotethe conceptuamodelon thetop as Bank; anddenotethe modelat the bottomin
thefigureby Banky. We canseethateverythingdeclaredn Banks is declaredn Banks;, also Bank;
allows a custometto have no accountput Banks, doesnotallow suchcustomersAn accountn Bank;
mayhave upto five holders(or owners)to allow joint accountsbut Bank, doesnotsere customersvho
wantto have joint accounts;Bank; allows acustometo hold anumberof accountsbut Banks doesnot
provide this service.

The above definition of extensionis too strongto be usefulenough.We sometimesvantto have anex-
tensionby definingsomeclassesandassociationsf M- in termsof thosein M; by usingsetoperations.
We denotesuchanextensionby M; 1, M,, wherem definesa mappingwhich defineshe classeand
associationsf M, from thoseof M; in termsof setoperations After the definition, Ms is transformed
into a model m(M,). Then My 3, M, iff My 3 m(Mz). This conformsto the generalrefinement
mapping[AL91].
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Owns *
Customer |15 Account
*
Holds AT
1
‘ Saving Account‘ ‘ Curremaccoum{
Extends
Owns
1 1
Customer Account

*

Holds

1
BalancLe

Figure10: An exampleof extension

Giventwo conceptuaiodelsM; and M,, we cancomposehemby the unionoperationdenotecdoy U,
to build alargermodel:

MyUM, 2 (diag(My1) U diag(M)s, inv(Mq) A inv(Ms))

However, we mustmale surethatthe classesvith a samenamein the two diagramsepresenthe same
domainconceptsassociationbetweersameclassewith a sameassociatiomamein thetwo diagrams
representhe samedomainassociation andtheir multiplicities mustbe consistenaswell. Otherwise,
renamingof classesind/orassociationareneededeforethe union. Theunioncanonly be donewhen
the resultingdiagramis well-formedaccordingto the Definition 1. The union definedabore canalso
be usedto extenda diagram. For example,we canextenddiagramD; in Figure3 with the diagramin
Figurell, denotedby Ds. Noticethatthe unionof two modelsM; and M, is an extensionof both M;
and M, if inv(M;) andinv(Mz) areabouttwo disjoint setsof classesindassociations.

In Dy, classUser is specializednto two subclassewhich arethoseof studentsand membersof staf

who usethe library; andclassPublication aredividedinto threesubclassesf periodicalsbooksand
unpublishedeports.Accordingto Definition 1, D; U D, is awell-formedconceptuatiagram.

3 Use-CaseVodel

Given a conceptuamodel M, an objectdiagramrepresents snapshobf the systemat a momentof
time. An atomicusecasewill changethe systemfrom one stateinto anotherby creatingnew objects,
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Publication

User

Student Staff Periodical ‘ ‘ Book ‘ ‘ Report ‘

Figurell: Adding Generalization

deletingold objects forming links betweerobjectsor breakinglinks betweerobjectg. Suchanatomic
usecasds equivalentto asystenoperationin [Lar98]. We shallusethenotionof joint actionin [DW9§]
to represenanatomicusecase.Suchanactiontakesparameteof typesof classesndspecifiedn terms
of its pre-andpost-conditionsThe pre-andpostconditionsareto be definedin termsof the statespace
of a conceptuamodel. For avariablez : T of ary type T, we assumea primedversionz’ : T of the
sametype.

EachsystemstateS assignsa valueto eachvariablev : C possiblynull andthe valueof img(A4).v is

determinedy S for thevaluethatS hasassignedo » . We usetheunprimedvariabledo representalues
in the presenstate andthe primedvariablesto describehe poststateof anaction. We useformulasin

thefirst orderpredicatecalculuswith termsof the type system.If 7 is the setof all free variablesin a
formula F(z,7’) of thislogic, this formulasis interpretedover pairs(S, S’) of systemstates:

[F] 2 [F](S[z], $'[z))

where[F] is semanticof theformula F, S[z] is to evaluatez in S, and S’[z'] givesthe valuesof the
primedvariables.However for thisto be defined,S and S’ shouldbe statesof a sameconceptuamodel
M,andM + z,7'. ForaformulaF, let var(F) bethesetof all typedvariablesandprimedvariables
thatoccurin F, and free(F) is the setof typedfreevariablesandfree primedvariablesin F. We say
thatalist of typedvariablesz is well declaredn a conceptuamodel M, denotedoy WDy, (%), if all the
typesarewell declaredn M. A joint operationAct canbe of theform

Act[pvar; ovar] 2 [pvar; ovar] e Pre - Post

where Act is anactionnamethattogetherwith the definingsymbolcansometimede omitted, pvar a

list of parametersypedwith classeshatarenottypesof pure-datavalues,ovar denoteslist of returned
typedvalues,andthe preconditionPre of Act specifieghe valuesof the variablesin the currentstate
S of the system. It is thus a first order predicateformula with free variablesof the above assumed
types,without usingary primedvariables. The postconditionPost of the actiondescribeghe values

Thesealsoincludemodificationof objects attributesasthey arerepresentedslinks too.
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of the post-stateafter the actionis carriedout. It is thereforeis a first order predicateformula with
freevariablesandprimedvariablesof the above assumedypes. We alsorequirethatall free variables,
excludingthoseC’sin Pre and Post shouldbedeclaredn pwar or ovar:

(free(Pre) U free(Post)) —{C, C' | C € CName} C {v,v' : v € pvar U ovar}

Pleasenotethattheparametersf anactionrepresentsbjectshatmightbedifferentfrom oneoccurrence
to another Someof the parametersnay be distinguishedas(participanty which do not have different
semantianeaninggrom the otherparameterst the requirementHowever, in the design,a participant
of ausecasewill playaroleto controlandcoordinatehebehaiour of otherobjects.At therequirement,
we may alsoincludethe actors of a usecasein the parametefist, but their statesare not usuallyto be
describedn thepreandpostcondition. They will notberealizedassoftwareclassesn thesystendesign
unlessaccessontol needgo bedesignedandimplementedhecausef securityreasons

Atomic usecasesanbeusedto make up abiggerusecaseU defining

e sequentiatompositionU; ; Us;

¢ choiceamongtheanumberof usecasesvhichmaybeconditionallyguarded{]”_, g; — U; where
g; isaconditionon someattributes(associationatthislevel) of objectsin thecurrentstateor input
parametersf U;.

e iterationdo [|*_, g; — U; od

Theseareenoughto modelthe extendsandusesrelationshipdbetweerusescasesn UML.

A usecasecanonly be definedin the contet, or ervironmentof a conceptuamode M, denotedby
M :: Ulpvar; ovar]. We definethesemantic§M :: U[pvar; ovar|] by definingthe semanticof the
joint actions andthenthe semanticeompositausecasesaredefinedin thetraditionalway.

Thesemantic§M :: [pvar; ovar| e Pre - Post] of ajoint actionis definedas

WDy (pvar; ovar, Var(Pre), Var(Post)) ALy N inv(M) A Pre A ok =
Post NIy, A inv(M)' N ok’

whereok is alogical statevariablesvhich representshatthe programis in a proper(anok) stateto start
the executionof theaction.

This semanticsneansanactioncanbe properlycarriedout only whenthe currentstateis a properstate
to startthe executionof theaction,all variablesaredeclaredanall termsshouldbewell typed),andthe
preconditionholdsin the currentstate.|f thisis true,the executionof the actiontransformshe current
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stateinto a statethatis relatedwith the currentstateby Post andthe executionwill properlyterminate,
otherwisewe cannotsayarything aboutwhatthe actiondoes- chaos[HH98].

We saythata conceptuamodel M is adequatdor anusecaseU if

1. for U asanatomicusecase{pvar; ovar| e Pre - Post, M is adequatdor U if

(a) everytypeusedin theactionis declaredn M, and
(b) the Pre conditionis satisfiablein the statespaceX,;, i.e. Z A inv(M) A Pre # false.

2. For U asacompositeusecase,M is adequatdor U if M is adequatdor all atomicusecasef
U.

Thenotionof adequateness a conceptuamodelwith regardto a usecasentendsto supportincremen-
tal developmenif arequiremenmodel.

Theorem?2 If My O M, and M, is adequatdor a usecaseU, then M; is adequatedor usecaseU as
well.

3.1 Examplesof usecases

This subsectiorgives somesmall examplesof usecases.We usthe two modelsBank; onthetop and
Banks atthebottomin Figure10. Under Banks, We canspecifya usecasethatallows a customerto
withdraw a certainamountof mone from his/heraccount.

Withdraw, [c : Customer, b : Balance; out : Balance] =

Pre : c € Customer
Post : (Has(Owns(c)) = Has(Owns(c)) — b) A (out’ = b)

Undermodel Bank; which allows customeito have no accountor a numberof accountsthe withdraw
usecaseshouldthenbedefinedas

Withdraws[c : Customer, a : Account, b : Balance; out : Balance] =
Pre : ¢ € Customer A\ a € Account A\ Owns(c, a)
Post : (Has(a)' = Has(a) — b) A (out’ = b)

Model Bank; cansupporta“withdraw” usecasethatbehaesdifferentfrom theabore one:

Withdraws[c : Customer, b : Balance; out : Balance] 4
Pre : ¢ € Customer A Ja € Account @ Owns(c, a)
Post : (Has(a)' = Has(a) — b) A (out’ = b)
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In factthis withdrawv usecasebehaesthe sameunder Bank; and Banks, andit behaesthe sameas
Withdraw; underBanks. In fact,

Banky F ¢ € Customer < ¢ € Customer A Ja € Account e Owns(c, a)

We canseethat Bank; supportsthe a usecasefor a customerto transfermoney from oneaccountto

anotherownedby him or her, but Banks cannot. Banks alsorequiresthatwhena customeis created,
an accountmustbe createdfor him or hertoo; andan existing customercannotopenanotheraccount
underBanks. Therefore M; supportanoreusecaseshanM,. UnderBank;, the transferusecasecan
bewrittenas:

Transfer[c : Customer, from, to : Accounts, b : Balance] =

Pre : ¢ € Customer A Owns(c, from) A Owns(c, to)
Post : (Has(from)' = Has(from) — b) A (Has(to)' = Has(to) + b)

Figure 12 shaws the effect of Withdraw; on a stateof Banks, and Figure 13 illustratesthe effect of
Transfer usecaseon a stateof Banks;. We canthink of otherusecasen Banks;, suchas

Joint(c : Customer, a : Account)

whichlinks customerc to accounts by associatiorOwns,

Pay(cy, co : Customer, a1, az : Account, b : Balance)

thatallows customerc; to transferb amountof mone from his/heraccountc; to accounta; of customer
C1.

4 Conclusion& Discussion

We have given a semanticgo the conceptuamodelsand use-casemodelsof UML thatarethe main
modelsto be built duringthe requirementinalysis.Theintroductionof type C is importantto allow us
to defineclassnamesandassociatiomamesasvariablesandanobjectdiagramasa stateof aconceptual
model. The setof all objectdiagramssatisfyingthe stateconstraintenforcedby a conceptuamodelis
definedasthe semantic®f the model. Underthis semantidefinitionfor a conceptuaimodel,a usecase
is thendefinedasan actionthattransformsonestateinto anotherstateof the conceptuamodel. A use
casecanthusbe specifiedin termsof its pre andpostconditions.Thereforethe semanticof usecases
is tightly relatedwith thatof the conceptuamodel. The semantiadefinitionsare easyto understands
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Pre State

Z.Liu:Customer

J.He: Customer

al: Account

R
=
o
o
o
o

a2: Account

X.Li:Customer a3: Account $15000
Withdraw(X.Li, $5000)
Post State
X.Li:Customer a3: Account $10000

Figurel2: Effectof Withdrav UseCase

they areentirelybasednthewell establishedtate-basedemanti@pproacHH98]. Theformalization
providesa clearerunderstandingboutthe meaningof associatie classesandenforceswith axiomson
conceptuamodelsprinciplesfor bettermodellingusingthe generalizatiornierarchy

The formalizationsupportsbuilding up a model stepby step. It faithfully reflectsthe informal way
of usingUML for requirementnalysis. The consisteng betweentwo modelscanbe easily checled.
Therefinementbetweentwo conceptuamodelsis easyto prove, andthe refinementbetweerntwo use-
casecasemodelsfollows thetraditionalrefinementalculugBac88 HHS86,Mor94, BvE98 HHI8] for
imperatve programs.Themaindifferencebetweerour work with thatin [pG99 is thatwe areproviding
with formal relationshipdbetweendifferentmodelsusedin UML during a developmentprocessrather
thanonly formalizationsof the differentmodels,or ametamodelwhich only providessomesemi-typing
rulesfor visualdiagrams.Comparedvith [Jon94 Jon96 CNO0Q], the developmentof our framewvork is
in atop-davn styleandthis helpsa lot for easeof understandingf thetheformalization.

Thisis only astartingpointof ourresearchowardaformaluseof UML in OO systemslevelopment.The

verynext stepis to definesemantic$or UML designmodelstherefinemenbf use-caseto interactions
betweerobjectsandrefinemenbetweerdesignmodelsin UML. We aimto developawholeframeavork

in anincrementamannersothatthe compleity will notbecomeoverwhelming.
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Pre State
Z.Liu:Customer

X.Li:Customer a3: Account $15000

al: Account

a2: Account $10000

l Transfer(J.He, a3, al, $5000)

Post State l

Z.Liu:Customer al: Account

J.He: Customer /

a3: Account $10000

X.Li:Customer

Figure13: Effectof TransfelUseCase
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