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Abstract

TheUnifiedModellingLanguage(UML) is now widely usedfor modellingasoftwareatdifferentstages:
requirementanalysis,designandimplementation,during thesystemdevelopment.This work attempts
to develop a methodto supportthe formal useof UML in object-orientedsoftwaredevelopment.The
methodwill includeformal definitionsof themodellingunits in UML which canbeusedto relatethe
differentUML modelsusedatdifferentstagesduringsoftwaredevelopmentprocess.It intendsto support
step-wisedrefinementandcomponent-baseddevelopmentin building models.As a startingpoint, this
paperdealswith the formalizationof the UML modelsusedin the requirementanalysis,i.e. use-case
modelandconceptualmodels.
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Intr oduction 1

1 Intr oduction

Object-orientationhasnow becomea popularapproachin softwareindustries[Mey97, Lar98, Fow97].
TheUnified Modelling Language(UML) [BRJ99, RJB99,JBR99]is now widely acceptedasthemod-
elling languagein OO softwaredevelopment[Lar98, Fow97,DW98]. Drivenby this trend,universities
havenow startedto teachOOprogrammingandOOsoftwareengineering[Liu00, PS99].Computersci-
entistsarenow alsointensifyingtheresearchabouttheunderstandinganduseof OOmethodsandUML
[AC96, Ken97, BKS98,pG99, CN00,HLL01]. Oneof the main advantagesof UML is that different
modellingnotationsareusedat differentstagesto representthesystemat a properlevel of abstraction
andto describebothof staticstructureanddynamicbehaviour of thesystem.

The main modelsto be producedin the requirementanalysisstageare the conceptualmodeland the
use-casemodel[Lar98, JBR99, DW98]. A mainpartof a conceptualmodelis a classdiagramthatrep-
resentstheapplicationdomainconceptsasclasses, andtheir relationshipsasassociations. Thisdiagram
determinesthepossibleobjectsandthepossiblerelationshipsbetweentheseobjects.Anotherpartof a
conceptualmodelis a setof assertions,calledcommentsin UML, abouttheobjectsandtheir relations
thatcannotbedescribedby thediagram.We will describethesecommentsasgeneralstateconstraints.
The requirementanalysisis not usuallyconcernedvery muchaboutwhat an objectwill do or how it
will behave. Therefore,a conceptualmodelis mainly usedasa staticmodelwithout showing dynamic
semanticaspects.

A use-casemodelis usedto specifytherequiredfunctionalservicesthatthesystemis expectedto provide
for differentkindsof users.A use-casemodelcontainsa numberof usecases. Eachof themdescribes
a patternof interactionsbetweensomeusers,calledactors of the usecase,andthe systemtreatedas
a black box. Theconsistencybetweentheuse-casemodelandtheconceptualmodelis concernedonly
with whetherthe conceptualmodelcontainsenoughobjectsandassociationsto realizethe usecases
containedin theuse-casemodel. However, this consistency cannot yet bediscussedpreciselyenough
[Lar98, Liu00].

Thesystemdesignis to produce,basedon theconceptualmodelandtheuse-casemodel,theinteraction
diagramsthatrepresenthow theclassesof objectsinteractandcollaboratewith eachotherto realizethe
usescases.Thecorrectnessof theinteractiondiagramsarereasonedagainsttheusecase-modelto prove
whetherthe interactionsbetweenobjectsdo realizetheusecases.Again thereis no enoughresearchto
allow asystematicandprecisereasoningor verificationof suchacorrectness.

The interactiondiagramswill derive a designclassdiagram which includesinformation aboutboth
classesof objects,visibility of classesandtheirmethods.Thedesignclassdiagramshouldbearefinement
of theconceptualmodel,but thereis notyeta formaldefinitionfor this relation.

Programcodecanbetheneasilyproducedfrom theinteractiondiagramsandthedesignclassdiagram.
For describingthebehaviour of objects,statemachines(or statecharts) areusedaswell. Researchneeds
to bedoneto relatethedesignmodelwith thesemanticsof a programminglanguage[CN00].

OO techniquesandUML claim to supportcomponent-baseddevelopment,andintuitively it looks so.
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Intr oduction 2

Thereis a lack of researchabouthow the ideasin OO andcomponent-basedapproachesbeusedmore
preciselyandsystematicallysothatthey canbeusedin safety-criticalapplications.We needto provide
formaldefinitionsfor componentsandhow they canbecomposed,in thesettingof object-orientationin
particular.

Themajorproblemof usingUML is alsocausedby its mainadvantagethatallows theuseof different
models.Whenthereis not yet a well establishedsemanticsfor the whole languageit is impossibleto
checkor reasonaboutthe consistency and their relationshipamongthe different models. Currently,
mostof theresearchon formalizingUML focuson partsof UML, suchasformal semanticsof theclass
diagramsandformal definitionsfor statecharts[Ken97, pG99]. For UML is to be preciselyusedin a
softwaredevelopmentprocess,moreresearchis neededon theformal semanticsof thewholelanguage
andrelationshipsamongthedifferentmodelsusedin UML. A metamodelof UML is givenby thePrecise
UML groupthat in factonly providessomesemi-typingrulesfor visualdiagrams[pG99, Ken97]. Our
work aimsat thefoundationsanda refinement-friendlysemanticsfor UML andobject-orientedsystem
developmentin general.We believe that work in this directionis essentialtowardsgettingUML into
somekind of shapethatis conductive to building reliablesoftwareandnot justbeingprettydiagramsfor
managers.

This work is towardsa formalizationof UML. Theoverall aim is to supportformal useof UML in OO
systemdevelopmentprocessesanddevelopmentof tools for consistency checking.We will develop a
methodthatallowssystemdesignby component-basedandstepwiserefinement.Themethodis expected
to beusablewithin anincrementalanditerative developmentprocess[Lar98, JBR99].Wehopethiswill
ontheonehandto changetoday’ssituationthatOOsoftwaredevelopmentin practiceis usuallydonein a
non-scientificmanner[Hoa96] basedonpragmaticandheuristics.Ontheotherhand,with incorporation
of the incrementalan iterative developmentprocess,we hopeto improve theuseof formal methodsin
thedevelopmentof largescalesystem.Thesemanticdefinitionswill begivenfor thefive mainkindsof
modelswhichareuse-casemodels,conceptualclassmodels,object-diagrams,interactiondiagrams,and
designclassdiagrams.Generally, thesefivekindsof diagramsareenoughfor specifyingtherequirements
anddesignof asystem.Theotherkindsof diagrams:activity diagrams,deploymentdiagramsandcom-
ponentdiagrams,arenot difficult to dealwith. Theactivity diagramsdescribethesystemcomponents
co-operateconcurrentlyto achieve the systemlarge activities. Componentdiagramsanddeployment
diagramsgive thesystemconstructionmanagement,andthustheirsemanticis notconcernedrelevantto
systemdesign.

Most work on formal methodsfor OO developmentusesa bottom-upapproach[Jon94, LW95, Jon96,
AC96, CN00]. In suchanapproach,aformalsemanticsis definedfor a low level programminglanguage
like specificationlanguage. This languageis so expressive that even implementationdetailscan be
described.Oneof the advantagesof this approachis that mostof the semanticissuesaresolved once
for all. A semanticmodelof this kind is usefulfor theunderstandingof themeaningof object-oriented
programsandfor writing compilersor interpretersof object-orientedprogramminglanguages.However,
themaindrawbackof this approachis thatonehasto studythevery complicatedsemanticsfor sucha
low level languageto be confidentto usethe formal method. Also it is not trivial to extract the right
subsetof thenotationthatis properfor higherlevel specificationsasthesemanticsof theselanguagesare
very complicated[Jon94, Jon96, LW95, CN00]. Anotherproblemis thatit is not yet clearwhatkind of
propertiesof anobject-orientedprogramcanbedescribedandprovenin sucha model.Therefore,these
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ConceptualModel 3

semanticmodelscannotbeusedfor softwaredevelopmentaswe donotknow from whata specification
thatthesystemis to bedevelopedor refined.

Oneof themainideasusedin UML modellingis thatsimplernotationandsemanticsareusedat higher
level specifications.Furtherdetailsandstructuresaregraduallyintroducedwhenthedevelopmentpro-
cessprogress.Thiswork attemptsto follow thisevolutionaryapproachto developasemanticsfor UML.
Simplicity andeaseof understandingandusearethemainaspectsthatwe wantto achieve. Theframe-
work will bebasedon thesettheoryandthenotionof preandpostconditions.As astartingpointof our
ongoingresearch,this paperonly dealswith the formalizationof theUML modelsthatareusedin the
requirementanalysis,i.e. theuse-casemodel,theconceptualclassdiagrams,andtheir relationship.

In therestof this paper, we shalldefinea syntaxanda semanticsfor a conceptualmodelin Section2,
andthendefineanobjectmodelasaninstanceof aconceptualclassmodel.Section3 definesthesyntax
andsemanticsof theause-casemodel.Thesemanticsof ausecaseis definedbasedon thesemanticsof
theconceptualmodel.A usecaseis definedin thecontext of a conceptualmodel.Finally a conclusion
andsomediscussionsaregivenin Section4.

2 ConceptualModel

Oneof themainartifactsto producein anOO analysisis aconceptualmodelwhichcapturestheclasses
andtheirassociationsin termsof thephysicalconcepts, theinstances(orobjects) definedby theconcepts,
andtherelationshipsbetweentheseconceptsor their instances.In UML, aconceptis denotedby aclass
with a givenname,andeachinstanceof a conceptis calledanobjectof thecorrespondingclass.This
modelintendsto describethestructureof theapplicationdomainratherthanthatof thesoftware.Not all
of thephysicalconceptsin thismodelwill berealizedassoftwareclasseslateron,thoughmany of them
will.

We mustunderstandthatat therequirementlevel, a classhasa very simplesemanticswhich denotesa
setof objectsonly without theneedof knowing how theobjectswill behave, andthushasno methods.
In general,a classmayalsohave attributesto representsomeinformationabouttheobjectsof theclass
themselves,ratherthanto beusedto relatedclasses.Therearetwo approachesto dealwith attributesat
this level. Thefirst is to introducetypesof puredatavaluesandthento representattributesascomponent
fieldsof classes.Alternatively, thesetypesof puredatavaluescanbetreatedasclassesandattributesas
associations.Thispaperadoptsthesecondapproach.

Theconcepts,theirobjectsandtheassociationsbetweenthemareidentifiedby understandingtheappli-
cationdomain.Thecreationof suchaconceptualmodeldependsondiscussionswith thedomainexperts,
andwith theendusersof thesystemabouttheirusecases. However, theeffect or thesemanticsof ause
casecanonly bedefinedin thecontext of aconceptualmodelin termshow anoperationor eventin ause
casewill createor deleteanobject,form or breakanassociationbetweentwo objects.
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ConceptualModel 4

2.1 Conceptualdiagram

To definethe syntaxof conceptualdiagrams,we assumean infinite set � of objects, two infinite and
disjoint setsof classnames�����	��
 andassociationnames�
���	��
 , thataredisjoint with � . For each
�����
������
 thereis adistinctname����������������
 , and ������������� �!� . Let N denotethesetof all the
naturalnumbers,and " N bethepower setof N.

Definition 1 (CCD) A conceptualclassdiagram is a tuple: #$�&%('*)�+,).-0/�/1/32 , where

4 ' is anonemptyfinite subsetof ��������
 , calledtheclassesor conceptsof thediagram# .

4 + apartialfunction:

'�/�5687 ��������
�/956 " N :," N :;'9<
suchthat +;�=� � �>���?�.�8%A@ � )B@DC�)E�FC�2 if f +;�=�FC��>��� ��� �G�$%A@HCI)B@ � )E� � 2 . We use �KJ�%L�?M N� )E�?MPOC 2
asa shorthandfor +;�=� � �>���?�Q�R%A@ � )B@HCI)E�FC�2 , and requirethat only finitely many association
namesdefinedfor a pairof classnames.

4 -S/�/0/ T8'U:V' is the generalizationrelationbetweenclasses,we use � � -S/�/0/W� C to denote
�=� � )E�FCI�.�X-Y/A/1/ . Werequirethatthegeneralizationis acyclic.

For an association�ZJ\[]� M N� )E� M OC ^ , we define _ `bab���?��c�d� � and eBfgab���?��c�d�FC asthe rolesof the

association;�h_i���?� c��@ � and �jek���?� c�l@HC asthemultiplicitiesof thetwo roles � � and �FC respectively.
Theinverse� ��� of theanassociation� is to representthatthedirectionof navigationfrom oneclassto
it relatedclassby theassociation����� is theoppositeto thatof � .

Giventwo conceptualdiagrams#nmo�&%('�mp)�+�mi).-0/A/1/qmp)B2 where rG�ts�)>u :

# �Gv #�Cnc�&%(' �Gv '0C�)�+ �*v +hCI).-0/�/1/ �>v -0/A/1/�CL2

Note that whenwe union two diagrams,we shouldensurethat the resultingdiagramis well defined
accordingto Definition1.

Wenow defineanotionof well-declarednessfor aclass�K�w��������
 oranassociations��J9%L�?M N� )E�?MPOC 2
is in aconceptualdiagram# , denotedby xQ#?yz�=�n� or xQ#?yz���lJ{%L�?M N� )E�?M OC 2>� (or xQ#?y|���?� for short)
respectively.

Assumesomedata typesthat are the typesof the so calledpure-datavaluesin UML [BRJ99] with
somebuilt-in functionsandprimitive predicates.Examplesof primitive typesincludetypesof natural
numbersN, integersInt , booleans,Bool characterschar, andstrings.Eachsucha datatypeis a typein
oursystem.
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ConceptualModel 5

1. if } is adatatype, xQ# y ��}
� ;
2. if �!�D' , then xQ#?y|�=��� ;
3. �!����������
 , xQ# y ����J{%L� MzN� )E� MPOC 2>� if +;�=� � �*�&%A@ � )B@ C )E� C 2 ;
4. xQ#?y�� �V� , if xQ#?y|���V� for eachelement�~� � that is a list of classes,associationsandgener-

alizations;

5. xQ#?y��=� � -0/A/1/!�FCI� if x,#
y��=� � � , xQ#?y��=�FCI� and �=� � )E�FC��.��-0/A/1/ ;

6. if �����
������
 , x,#
y������ and _ `�ab������-0/A/E/�� , then xQ#?y|����J9%L�n�*�\�\�9��)LeBfgab���?���*�>���{�p2>� ;
7. �!����������
 and xQ#?y�����)LeBfgab������-0/A/E/��n� , then xQ#?y�����J{%i_ `ba������ �*�\�\�9� )E� ���B�\�9� 2>� .

In UML drawing, anassociation��J\[�� M N� )E� M OC ^ canbedepictedby thediagramin Figure1. We
only show eitheranassociationor its inverse,but notbothin adiagram.

C1 C2
A

M1 M2

Figure1: UML Association

Definition 1 allows morethanoneassociationbetweentwo classes.This is importantbecausethereare
applicationsin which two classesarerelatedby two differentassociations.For example,in anapplica-
tion of air traffic controlapplication,theremaybe two usefulassociations“Flies-from” and“Flies-to”
betweentheclassesFlight andAirport (seeFigure2).

Flight Airport

* 0..1

* 1

Flies-to

Flies-from

Figure2: UML Multi-associations

In Figure2, the star“*” representswhole setof naturalnumbersto meanthat theremay be � or any
numberof flights fly to or from an airport. The two associationsdiffer becausethey relateddifferent
flights with differentairports. Also, a flight musttake off from oneairport, but it may never arrive at
any airport (landingin a seaor crashingon a mountain).We shall usethe UML conventions[BRJ99]
to representthemultiplicities of anassociation.Figure3 is a conceptualdiagram,denotedby # � , of a
library applicationusedin [Ken97].
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Library

User Loan

Reservation

 Copy

Contains 1

*

Is-on
1

*

1

*

Makes

0..1

0..1

1 *

*

*

1 *

Is-Available-to

Holds

Takes

*

1

Is-Copy-of

1

*

1

*
Publication

Is-Held-for

Figure3: A ConceptualModelof aLibrary Application

2.2 Semanticsof conceptualdiagrams

A CCD modelstheconceptualobjectsandtheir associationsin anapplicationdomain.In a givenappli-
cationdomain,a class �&�V' modelsa set ���t� of domainobjects, andanassociation���3��������

suchthat ��J.%L�?MzN� )E�
MPOC 2 modelsan relationbetweenthe objectsin � � and ��C , andthus � is inter-
pretedasasubset� of � � :h� � . Thegeneralizationsymbol -0/ /�/ is semanticallydefinedasthesuperset
relationbetweentheclassesof objects,i.e. � ��� �hC if � � -F/�/�/��FC andthe“superseteq”relation, � ,
betweenclassesis thesemanticsof thereflexiveandtransitive closure -0/�/�/�� of -0/�/�/ . WesaythatC �
is a subclassof C C if �FCU-0/A/E/ � � � .
For a relation �tT�� � :���C , we use �h�i� � � for � � in � � (or �gC ) to denotethesetof elementsin �gC (or � �
respectively) thatareassociatedwith � � by � . Weuse ���U� to denotethecardinalityof aset � ; weallow
to write �h�i� � )b�iCI� or � � ���iC to denote�i� � )b�iCI�.�V� .

Thesemanticdenotationof aclassasatypein aconceptualmodel,determinesaverysimpletypesystem:

4 Any classname �K�w��������
 , � is a type.

4 Eachdatatypeis a type.

4 If } � )g}�C aretypes,then } � :�}�C is atype,calledthetypeof thepairsof elementsin thetwo types;
and } � � /�5 }�C is a type,calledthetypeof functionsfrom } � to }�C .

4 If } is a type, "
} is a type,calledthetypesof thepower setof � .
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ConceptualModel 7

We denoteby   the setof all typesconstructedin theabove typesystem.With thesetypes,we allow
ordinaryoperationson sets,suchas v and ¡ ; on relations,suchascomposition; andon functionssuch
asfunctioncomposition. Wedefineaspecialfunction ��¢9�£J1"
} � /�5 N v

¤I¥§¦
, whichreturnsthenumber

of elementsof aset.

By introducing� , wehavemadeanimportantdistinctionbetweenclassesandtypes[AC96]. Weindicate
by � thetypeof class � . With is distinction,we canavoid theconfusionof using � asbotha typeand
avariable.

Thesemanticdenotationsof theclassandassociationnamessatisfythefollowing conditions:

1. A T C � : C C ;
2. A 6 A ��� T�¨b© , where 6 is thecompositionoperationonrelations,and ¨b© is theidentity relation;

3. C ��� C C if � � -0/A/1/!�FC ;
4. ª¬«Lm�J C m 4 � A ��«Lm��­�£��@Vm\® , where rS��s�)>u , s�¯K��u and u1¯!�&s ;
5. for all � � and �FC in ' , eitherC � ¡ C Cz��° or oneof C � andC C is thesubclassof another.

NotethatConditions± & ² impliesthatasin Java, multiple inheritanceis not allowed in this formaliza-
tion. UML doesnot eitherhave therestrictionrequiredby condition5. However, this conditionhelpsto
producebettermodelsby usingtheabstractionanalysispattern[MMMNS00]. An exampleUML con-
ceptualmodelof sucha caseis shown in Figure4 which shows thatanownermaybealsoadesignerof
a project.This canbebettermodelledmodelledaseitherof thediagramsin Figure5, which areproper

1..10

*

*

Project

DesignerDesigns

Designs

Owns

8

Owns

1..5

Owner

1

*

*

Figure4: An Exampleof UML diagramwith non-disjointclasses

diagramsaccordingto our definition. We canof coursemake Condition5 evenstrongerthatall classes
mustbedisjoint, andthusa specializationis a partitionof a superclass.However, we preferthis to be
enforcedby themodellerusingstateconstraints.
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Person

Designer Ownder

Designs Owns

Project

Person

OwnsDesigns

Project

Figure5: Bettermodelsfor Figure4

2.3 An object diagram is a systemstate

Whenthe dynamicaspectsof a systemis considered,a CCD representsa stateof the systemwhich
is a snapshotrecordingthe existing objectsof eachclassandthe currentlinks betweenobjectsby the
associationsat amomentof time. Therefore,aCCDdeclares

4 a systemstatevariable � for each ���q' that recordsthesetof existing objectsof type � , and
thetypeof � is "G� .

4 a systemstatevariable � for each���³�
������
 suchthat �tJ�%L�
M N� )E�?M OC 2 recordingthecurrent
links betweentheexistingobjectsrecordedin � � and �FC ; its typeis thus ".�i� � :V��C�� .

Let set ´{��e bethesetof variablenames,including ��������
 and �
������
 . Wewrite µHJ�¶ for adeclaration
of eitherastateor a logicalvariable µ with its type ¶ .

An objectdiagramfor aCCDis aparticularinstanceof thepatternthatis modelledby theCCD.

Definition 2 (Object Diagram) Givena CCD # , anobjectdiagram ·�y , which alsocalleda stateof
# , is anevaluationfunctionthatassigns:

4 each �l�H' aset · y 7 � <¸�D"G� ;

4 each� suchthat ��J9%L� M N� )E� M OC 2 a relation ·�y 7 � <¸�;".�i� � :���C�� .

thatsatisfiesthefollowing four assertions

1. �!T$� � :¹�FC ;
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ConceptualModel 9

2. � 6 � ��� T§¨b© , where ¨b© is theidentity relationon thedomainof � .

3. � � �$�FC if � � -Y/A/1/!�FC ;
4. ª¬«Lm�J C m 4 �	����«bm�� �£��@�m�® ;

5. for all � � and �FC in ' , either � � ¡º�FC|��° or oneof C � andC C is thesubclassof another.

NotethatCondition4 canbereplacedby thetypecondition �!T A, andthatCondition5 canbederived
from the type condition Condition 5 in the previous page. However, we may prefer checkingthese
conditionsasstateinvariantsratherthantypechecking.Wecall theconjunctionof thefour assertionsin
Definition2 thegenericinvariantof CCDs,anddenoteis as» .

Definition 3 (Semanticsof a CCD) Thesemanticsof aCCD # is thesetof all thestatesof # , denoted
by ¼|y

2.4 Stateconstraints

A conceptualmodelenforcesconstraintsonwhatclassesof objects,whatassociationsbetweenthemcan
exist in thesystem,andhow many objectsin oneclasscanbeassociatedwith anobjectin another. In
general,assertionsabouttheobjectsandassociationscanbewrittenin settheoryandfirst orderpredicate
logic.

However, thelibrary systemshowsthatonly classes,associations,andtheirmultiplicitiesarenotenough
to expressall theconstraintsthat theapplicationrequires.In particular, multiplicity restrictionsdo not
allow relationshipsbetweenassociationsto be expressed.For example,we shouldrequirethat a copy
«�J0��½9¾F¿ that“is-held” for a reservation ejJ1ÀQÁ�Â=Á�Ã�Ä0Å0Æ�ÇÈ½�É beacopy of thepublicationthatis reserved
by the reservation e . To describeconstraintsof this kind, we needto introducethe notion of state
constraints which are invariantsof the systemduring its execution. In general,a well definedstate
constraint onaCCD # is afirst orderpredicateformulawith typesandfreevariablesdeclaredin # .

Definition 4 (StateConstraint) Givenaconceptualdiagram# , awell-formedstateconstraint of # is a
formula Ê built from thetermsof typesdeclaredin # andrelationalsymbolswith their namesdeclared
in # by usingthefirst orderconnectivesandquantificationover typedvariables.

The constraintsabout the library systemthat a copy «!Jj��½{¾F¿ that “is-held” for a reservation elJ
ÀQÁ�Â=Á�Ã�Ä0Å0Æ�ÇÈ½�É beacopy of thepublicationthatis reservedby thereservation e canbedescribedas

ª¬«nJ0��½{¾F¿.)LehJ1À,Á�Â=ÁgÃ�Ä0Å0Æ�ÇÈ½9ÉË)iÌ�JEÍ�Î�Ï*Ð�ÇÈÑ1Å0ÆIÇ(½�É 4 « Is-Held-for eqÒ�e Is-on Ì�ÓÔ« Is-Copy-of Ì
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ConceptualModel 10

Thisconstraintscanbewrittenmoreabstractlyin termsof thealgebraof relations:

Is-Held-for 6 Is-on T Is-Copy-of

where 6 is thecompositionoperationof relations.

2.5 Conceptualmodels

Now we can definea conceptualmodelwhich is a conceptualdiagramplus a stateconstraintthat is
well-formedin thediagram.

Definition 5 (ConceptualModel) A conceptualmodel @Õ�&%A#D)B¨BÖY×02 where# is aconceptualdiagram
and ¨BÖ{× is astateconstraintthatis well-formedin # .

For a conceptualmodel @ �Ø%A#D)B¨BÖY×k2 , we use ©�r���ÙF��@�� to denotefor # and r(Ö{×9��@�� for ¨BÖY× . With
Definition5 for a conceptualmodel,we canreasonaboutstatepropertiesof a conceptualmodel.Given
a conceptualmodel @ �Ú%A#D)B¨BÖY×02 anda well-formedstateconstraintÊ of # , we write @ ÛlÊ if f
»VÒH¨BÖY×ÜÓÝÊ , meaningthat Ê canbeprovenfrom » and ¨BÖY× in therelationalcalculus.

Using this proof system,we can reasonaboutthe propertiesof conceptualmodelsand relationships
betweenconceptualmodels.For example,we candefinetransformationsbetweenconceptualdiagrams
thathave to preserve somestateconstraints.

Thenthesemanticsof astateconstraintis definedbasedon thesemanticsof theconceptualdiagramand
givesa truthvaluein

¤ a�e�Þ{
E)ß`b��_£�L
 ¦ .

Definition 6 (Semanticsof a Concetual Model) The semanticsof a conceptualmodel @ is the set,
denotedby ¼ M , of all theobjectdiagramsof # thatalsosatisfy rÈÖY×9��@t� .

Therefore,¼ M is the systemstatespacecapturedby @ , andan objectdiagramin this statespaceis
calledasystemstate. Weuse � to denoteanarbitrarysystemstatespace.An objectmodel1 of theupper
model,denotedby @ � , in Figure10 is shown in Figure6. Notice that this objectdiagramis not an
instanceof thebottommodel,denotedby @ � , in Figure10, ascustomer« � hastwo accountswhen @ C
doesnotallow acustomerto morethanoneaccount.

An objectin anobjectdiagram,exceptfor thosethatareof typesof pure-datavaluesandthususedas
attributesof otherobjects,hasa stateconsistingof its linkswith otherobjects.Theselinks areinstances
of associationsin thegivenconceptualmodel. For anobjectmodel � of a conceptualmodel @ andan

1Noticethatwehaveomittedtheassociationnames.
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c1: Customer

c2: Customer

a1: Account

100: Balance

1500: Balance

a2: account

Figure6: An exampleof objectmodel

association� in which class � is involved in @ , we use ����«�� is thesetof objectsthatareassociated
with « by � in asystemstate� .

For aconceptualmodel @Õ�8%('*)�+,).-0/A/E/à2 , wecanwrite a textualdescriptionin thefollowing form:

Class Model M::
Class C1 /*For each C1 in M is not a super class*/

association A11: Powerset of C_{11} /*if A11:<C1, C11>*/
........
association A1k: Powerset of C_{1k} /*if A11:<C1, C1k>*/
........

Class C2 is a subclass of C /*For C2 and C in M such that
/*C2 is a direct specialization
/*of C in M

association A21: Powerset of C_{11} /*if A11:<C1, C11>*/

........ /*These are associations of
/*of the subclasses

association A2m: Powerset of C_{1m} /*if A11:<C1, C1m>*/

Invariants: F1; F2;......; Fn

END M

Bothof theassociationsandtheir inversesin a conceptualmodelmustbedeclaredin thetext.
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ConceptualModel 12

2.6 Associativeclasses

UML allows associativeclasses, classesthat in fact modelsassociations.An exampleof this kind of
classesis shown in Diagram(a)of Figure7.

Company People
* *

JobContract

Salary

Company People

JobContract

Salary1 **

Employs

Is-forHas

Diagram (a)

Diagram (b)

1

Figure7: Representationof Associative Class

TheClass ákâ1ãE�Gâ�Ö9a�ep�1«�a is abouttheassociationä­��Ì9_\â�åI� . It hasanattribute ����_\��e�å , thatcanberepre-
sentedasanassociationaswell. As a convention,we shallallow to write attributesinsidethebox of a
classwhenwedraw classdiagrams.Suchaclassandassociationcanbemodelledby aseparateclassand
thedecompositionof theassociationinto two associationsasshown in Diagram(b) of Figure7. If wedo
so,wealsoneedto addstateconstraintsaboutthesetwo new associationssothattheoriginalassociation
canbefaithfully represented.In thisexample,weneedthefollowing stateconstraints:

ªG«�Jk��½�æ3¾*Å{É�¿S)�«Bâ�ÖVJ	ç�½{Ï.��½9É�Æ�ÃIÅYÑ	Æ 4 « Has «Bâ�ÖXÓÚè�é Ì�J1Í�Á�½{¾¬ÐÈÁ 4 «>â�Ö Is-for Ì
ªG«>â�Ö�J	ç�½{Ï.��½9É�Æ�Ã�ÅYÑ1Æ1)iÌVJ1Í
Á�½{¾¬Ð(Á 4 «Bâ�Ö Is-for ÌXÓÝè�éê«nJk��½9æ³¾�Å9É�¿ 4 « Has «>â�Ö

Thesameassociationclasscanbemodelledby thediagramin Figure8. With thisdiagram,we needthe
constraints:

Has 6 Is-for � Employs

In general,anassociative class�!J{%L� MzN� )E� MËOC 2 in UML canbemodelledby addingaclass�Ü�*_ë���>� and

two associations,� � J9%L��ì �pí� )B���*_ë�I�B� M N 2 and �zC?J{%A���*_ë�I�B� M O )E�
ì �píC 2 suchthat

� � 6 �zC|���
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Company People
* *

Employs

JobContract

Salary

Has
Is-For

1

*

1

*

Figure8: Representationof Associative Class

This decompositioncan be depictedby Figure9. We allow the useof the UML associative classes,
but we defineits semanticsasthat of Diagram(a). In fact associative classeswill be implementedby
decomposingtheassociativeclassinto anadditionalclassandtwo associations.Thisdecompositionalso
changedthemany-to-many associationinto one-to-many associationsthataremucheasierto realizethan
many-to-many associations.This treatmentof associative classescanbeevenusedin applicationswhere
someclassesareneededto relateany numberof classes.In this way, ���*_ë�I�B� canhave attributesand
associationswith otherclasses.Noticethatthemultiplicity of role �Ü�*_ë���>� for � � is themultiplicity @DC

A

C2C1
A

M1 M2

A

M1

C1 C2

M2

AClass

1
1

A1 A2

M2 M1

Diagram (a)

Diagram (b)

Figure9: GeneralRepresentationof Associative Class

of �FC for � , andthemultiplicity of role �Ü�*_ë���>� for �|C is themultiplicity @ � of � � for � .
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2.7 Extending a conceptualmodel

As we areaimingat an incrementaldevelopmentof models,we definehow a conceptualmodelcanbe
extendedby anotherone.

Definition 7 For two conceptualmodels@ � ��%A# � )B¨BÖY× � 2 and @DCn��%A#|CI)B¨BÖY×�C�2 , wesaythat @ � is an
extensionof @DC , denotedby @ �*î @HC , if

1. anyclassdeclaredin #�C is declaredin # � ,
2. anyassociationdeclaredin #�C is declaredin # � ,
3. ¨BÖY× � �ïy OLð ¨BÖ{×BC , and

4. »�y N �ïy Obð »�y O .

wherëBÖY×9s��ïy O and»��ïy O arerespectively theassertionsof # � restrictedto thoseclassesandassociations
in # C .
Theextensionof @DC by @ � is in fact anenlargementof theallowed statespaceandthus @ � supports
moreservicesthan @HC . However, we notethat this is morea staticrelationthana dynamicrelation. In
termsof thestatespacesof thetwo models,wehave thefollowing theorem.

Theorem 1 If @ �Ëî @HC then ¼zy N �ïy O �$¼|y O , where ¼zy N �ïy O is thesetof thestatesof # � with those
classesandassociationthatarenotdeclaredin # C hidden.

Theextensionrelationis obviously reflexive andtransitive. An exampleof extensionis shown in Fig-
ure10. Let usdenotetheconceptualmodelon thetop as ñ
��Ö0ò � anddenotethemodelat thebottomin
thefigureby ñ
��ÖYò�C . We canseethateverythingdeclaredin ñ
��Ö0ò�C is declaredin ñ
��ÖYò�� � , also ñ
��Ö0ò �
allows a customerto have no account,but ñ
��Ö0ò C doesnot allow suchcustomers.An accountin ñ
��Ö0ò �
mayhaveupto fiveholders(or owners)to allow joint accounts,but ñ
��Ö0òbC doesnotservecustomerswho
wantto have joint accounts;ñ��	Ö0ò � allowsacustomerto holdanumberof accounts,but ñ��	Ö0ò C doesnot
provide thisservice.

Theabove definitionof extensionis too strongto beusefulenough.We sometimeswantto have anex-
tensionby definingsomeclassesandassociationsof @HC in termsof thosein @ � by usingsetoperations.
We denotesuchanextensionby @ � î � @ C , where � definesa mappingwhich definestheclassesand
associationsof @HC from thoseof @ � in termsof setoperations.After thedefinition, @DC is transformed
into a model �X��@DCI� . Then @ �|î � @DC if f @ �|î �X��@HCI� . This conformsto the generalrefinement
mapping[AL91].
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Customer Account

Saving Account Current account

Owns

Balance

Holds

1

*

Customer Account

Holds

Owns

*

1

Balance

1 1

*

1..5

Extends

Figure10: An exampleof extension

Giventwo conceptualmodels@ � and @DC , wecancomposethemby theunionoperation,denotedby v ,
to build a largermodel:

@ �Gv @DCnc�&%�©�rß�=ÙF��@ � � v ©�r���ÙF��@���C�)LrÈÖY×9��@ � ��Ò�r(Ö{×9��@HC��i2

However, we mustmake surethattheclasseswith a samenamein thetwo diagramsrepresentthesame
domainconcepts; associationsbetweensameclasseswith a sameassociationnamein thetwo diagrams
representthe samedomainassociation, andtheir multiplicities mustbeconsistentaswell. Otherwise,
renamingof classesand/orassociationsareneededbeforetheunion. Theunioncanonly bedonewhen
the resultingdiagramis well-formedaccordingto the Definition 1. The union definedabove canalso
beusedto extenda diagram.For example,we canextenddiagram# � in Figure3 with thediagramin
Figure11, denotedby #�C . Noticethat theunionof two models@ � and @DC is anextensionof both @ �
and @DC if r(Ö{×9��@ � � and r(ÖY×���@HC�� areabouttwo disjointsetsof classesandassociations.

In #�C , class ó¸�=
be is specializedinto two subclasseswhich arethoseof studentsandmembersof staff
who usethe library; andclass �­ÞYãL_ôr�«B�	a�rßâ�Ö aredivided into threesubclassesof periodicals,booksand
unpublishedreports.Accordingto Definition1, # �¬v #�C is awell-formedconceptualdiagram.

3 Use-CaseModel

Given a conceptualmodel @ , an objectdiagramrepresentsa snapshotof the systemat a momentof
time. An atomicusecasewill changethesystemfrom onestateinto anotherby creatingnew objects,

ReportNo. 228,March2001 UNU/IIST, P.O. Box 3058,Macau



Use-CaseModel 16

User

Student Staff

Publication

Periodical Book    Report

Figure11: AddingGeneralization

deletingold objects,forming links betweenobjectsor breakinglinks betweenobjects2. Suchanatomic
usecaseis equivalentto asystemoperationin [Lar98]. Weshallusethenotionof joint actionin [DW98]
to representanatomicusecase.Suchanactiontakesparameterof typesof classesandspecifiedin terms
of its pre-andpost-conditions.Thepre-andpostconditionsareto bedefinedin termsof thestatespace
of a conceptualmodel. For a variable µ³J } of any type } , we assumea primedversion µYõSJ­} of the
sametype.

Eachsystemstate � assignsa valueto eachvariable ×VJP� possiblynull andthevalueof r(�nÙF������ö\× is
determinedby � for thevaluethat � hasassignedto × . Weusetheunprimedvariablesto representvalues
in thepresentstate,andtheprimedvariablesto describethepoststateof anaction.We useformulasin
thefirst orderpredicatecalculuswith termsof the typesystem.If µ is thesetof all freevariablesin a
formula Êj� µ¸) µ0õ(� of this logic, this formulasis interpretedover pairs �i�Ë)b�*õ(� of systemstates:

7 7 Ê�< <Gc� 7 7 Ê�< <��i� 7 µ{<A)b� õ 7 µ õ <ß�

where 7 7 Ê
< < is semanticsof the formula Ê , � 7 µY< is to evaluateµ in � , and � õ 7 µ õ < givesthevaluesof the
primedvariables.However for this to bedefined,� and �*õ shouldbestatesof a sameconceptualmodel
@ , and @ Û µ�) µ õ . For a formula Ê , let ×I�	e���Ê�� be thesetof all typedvariablesandprimedvariables
that occurin Ê , and `�e�
B
E��Êh� is thesetof typedfreevariablesandfreeprimedvariablesin Ê . We say
thata list of typedvariablesµ is well declaredin aconceptualmodel @ , denotedby xQ# M � µF� , if all the
typesarewell declaredin @ . A joint operation��«=a canbeof theform

��«=a 7 Ì9×I�	e�÷ â�×I��eI< c� 7 Ì�×I��ek÷ â�×���eI< 4 �­e�
?ÛD�zâ���a

where ��«=a is anactionnamethat togetherwith thedefiningsymbolcansometimesbeomitted, Ì9×I��e a
list of parameterstypedwith classesthatarenottypesof pure-datavalues,â	×I��e denotesalist of returned
typedvalues,andtheprecondition �­e�
 of ��«=a specifiesthe valuesof thevariablesin thecurrentstate
� of the system. It is thus a first order predicateformula with free variablesof the above assumed
types,without usingany primedvariables.The postcondition�zâI�ba of the actiondescribesthe values

2Thesealsoincludemodificationof objects’attributesasthey arerepresentedaslinks too.
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of the post-stateafter the action is carriedout. It is thereforeis a first order predicateformula with
freevariablesandprimedvariablesof theabove assumedtypes.We alsorequirethatall freevariables,
excludingthose � ’s in �­e�
 and �zâI�ba shouldbedeclaredin Ì9×I��e or â	×I��e :

�ë`�e�
B
E��� e�
1� v `Be�
>
g���|âI��aB����/
¤ �n)E� õ �o�!�§��������
 ¦ T ¤ ×9)L× õ J0×�� Ì9×I��e v â	×I��e

¦

Pleasenotethattheparametersof anactionrepresentsobjectsthatmightbedifferentfromoneoccurrence
to another. Someof theparametersmaybedistinguishedas(participants) which do not have different
semanticmeaningsfrom theotherparametersat therequirement.However, in thedesign,a participant
of ausecasewill playaroleto controlandcoordinatethebehaviour of otherobjects.At therequirement,
we mayalsoincludetheactors of a usecasein theparameterlist, but their statesarenot usuallyto be
describedin thepreandpostcondition.They will notberealizedassoftwareclassesin thesystemdesign
unlessaccesscontrol needsto bedesignedandimplementedbecauseof securityreasons.

Atomic usecasescanbeusedto make upabiggerusecase ó defining

4 sequentialcomposition, ó � ÷àóFC ;4 choiceamongtheanumberof usecaseswhichmaybeconditionallyguarded:7 <ßøm\ù � Ù m 5 ó m where
Ù m is aconditiononsomeattributes(associationsatthislevel) of objectsin thecurrentstateor input
parametersof ó m .

4 iteration do 7 < øm�ù � Ù m 5 ó m od

Theseareenoughto modeltheextendsandusesrelationshipsbetweenusescasesin UML.

A usecasecanonly be definedin the context, or environmentof a conceptualmode @ , denotedby
@ J\J­ó 7 Ì9×���ek÷ â�×I�	e�< . We definethesemantics7 7 @ J\J ó 7 Ì9×I��e�÷ â�×���eI<\< < by definingthesemanticsof the
joint actions,andthenthesemanticscompositeusecasesaredefinedin thetraditionalway.

Thesemantics7 7 @úJ\J 7 Ì9×���ek÷ â�×���eI< 4 �­e�
?ÛD�zâI�baû< < of a joint actionis definedas

x,# M � Ì9×���ek÷ â�×I��ek)Y´{�	e���� e�
1��)Y´{��ek���zâ���aB����Ò�» M Ò�rÈÖY×���@���ÒD� e�
­Ò�âIò�Ó
�|âI��a�Òh»ËõM Ò�rÈÖY×9��@t�Aõ	ÒàâIògõ

where â�ò is a logicalstatevariableswhichrepresentsthattheprogramis in aproper(anok) stateto start
theexecutionof theaction.

This semanticsmeansanactioncanbeproperlycarriedout only whenthecurrentstateis a properstate
to starttheexecutionof theaction,all variablesaredeclared(anall termsshouldbewell typed),andthe
preconditionholdsin thecurrentstate.If this is true,theexecutionof theactiontransformsthecurrent
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stateinto a statethat is relatedwith thecurrentstateby �zâI�ba andtheexecutionwill properlyterminate,
otherwisewecannotsayanythingaboutwhattheactiondoes– chaos[HH98].

Wesaythataconceptualmodel @ is adequatefor anusecase ó if

1. for ó asanatomicusecase7 Ì9×���ek÷ â�×I��eI< 4 � e�
�ÛH�|âI��a , @ is adequatefor ó if

(a) every typeusedin theactionis declaredin @ , and

(b) the �­e�
 conditionis satisfiablein thestatespace¼ M , i.e. »VÒ�r(Ö{×9��@���ÒX�­e�
�ü�º`b��_£�L
 .
2. For ó asa compositeusecase,@ is adequatefor ó if @ is adequatefor all atomicusecasesof
ó .

Thenotionof adequatenessof aconceptualmodelwith regardto ausecaseintendsto supportincremen-
tal developmentof a requirementmodel.

Theorem 2 If @ �.î @DC and @HC is adequatefor a usecase ó , then @ � is adequatefor usecase ó as
well.

3.1 Examplesof usecases

This subsectiongivessomesmallexamplesof usecases.We us the two modelsñ
��ÖYò � on the top and
ñ��	Ö0ò�C at thebottomin Figure10. Under ñ
��Ö0ò�C , we canspecifya usecasethat allows a customerto
withdraw acertainamountof money from his/heraccount.

xDrÈaÈf�©	ep��ý � 7 «�J0�jÎ¸ÂLÆ�½9æ³ÁgÃE)�ãnJ1þjÅ{ÐÈÅ{É�Ñ1Á�÷|â�Þ0a­J1þjÅ{ÐÈÅ{É¸ÑEÁE<*c�� e�
lJQ«n�w�*Þ���aAâ���
Le
�|âI��aºJ���ÿ��I�1���­ýGÖ0�1��«���� õ �!ÿ��I�1���­ýGÖ0�1��«����¬/wã	��Ò���â�Þ0a õ �&ã1�

Undermodel ñ
��Ö0ò � which allows customerto have no accountor a numberof accounts,thewithdraw
usecaseshouldthenbedefinedas

xDrÈaÈf�©	ep��ý C 7 «�J0�jÎ¸ÂLÆ�½9æ³ÁgÃE)���JE�,Ñ1ÑE½9Î*É�ÆE)�ã�JEþjÅ{ÐÈÅ{É¸ÑEÁ9÷|â	ÞkaPJEþjÅ{ÐÈÅ{É�Ñ1Ág< c�
� e�
lJQ«n�w�*Þ���aAâ���
LezÒà���V�|«B«>â�ÞkÖ{a�Ò��­ýGÖ0�1��«1)��0�
�|âI��aºJ���ÿ��I�1���Y�Aõ��!ÿ��I�1���0�*/wã	��Ò���â�Þ0aûõ{�&ã1�

Model ñ��	Ö0ò � cansupporta “withdraw” usecasethatbehavesdifferentfrom theabove one:

xDrÈaÈf�©	ep��ý�� 7 «�J0�jÎ¸ÂLÆ�½9æ³ÁgÃE)�ãnJ1þjÅ{ÐÈÅ{É�Ñ1Á�÷|â�Þ0a­J1þjÅ{ÐÈÅ{É¸ÑEÁE< c�
� e�
lJQ«n�w�*Þ���aAâ���
LezÒXèo���V�|«B«>â�ÞkÖ{a 4 �­ýGÖY�	��«1)��0�
�|âI��aºJ���ÿ��I�1���Y� õ �!ÿ��I�1���0�*/wã	��Ò���â�Þ0a õ �&ã1�
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In fact this withdraw usecasebehavesthe sameunder ñ��	Ö0ò � and ñ
��Ö0ò C , andit behavesthe sameas
xHrÈaÈfk©�ep�	ý � underñ
��ÖYò�C . In fact,

ñ
��Ö0òbC|Û�«��w�*Þ��baAâ���
be��Õ«n�w�*Þ���aAâ���
be|ÒDè�������«>«Bâ�ÞkÖ{a 4 �­ýGÖ0�1��«	)��Y�

We canseethat ñ
��Ö0ò � supportsthe a usecasefor a customerto transfermoney from oneaccountto
anotherownedby him or her, but ñ
��Ö0òbC cannot. ñ
��Ö0òbC alsorequiresthatwhena customeris created,
an accountmustbe createdfor him or her too; andan existing customercannotopenanotheraccount
under ñ
��Ö0òbC . Therefore,@ � supportsmoreusecasesthan @DC . Under ñ
��Ö0ò � , thetransferusecasecan
bewrittenas:

}Ye���Ö0�(`=
be 7 «�Jk�hÎ�ÂLÆ�½9æ³Á�Ã1)ß`�epâ��X)�aAâ�Jg�,Ñ1Ñ1½9Î*É�Æ�ÂE)�ãnJEþjÅ{ÐÈÅ{É�Ñ1ÁE<*c�
� e�
lJQ«n�w�*Þ���aAâ���
LezÒ��­ýGÖ0�1��«	)ß`�epâ��D�¸Ò��­ýGÖY�	��«1)=aAâk�
�|âI��aºJ���ÿ��I�1�ë`�epâ��D� õ �!ÿ��I�1�ë`Be�â��H�¬/wã1��ÒV��ÿ��I�1��aAâk� õ �!ÿ��I�1��aAâk��¯�ã	�

Figure12 shows the effect of xDrÈaÈf�©	ep��ý � on a stateof ñ
��Ö0òbC , andFigure13 illustratesthe effect of
}0e���Ö0�È`L
Le usecaseonastateof ñ��	Ö0ò�� � . Wecanthink of otherusecaseson ñ
��Ö0ò�� � , suchas

ákâ�r(Ö9a���«�Jk�hÎ�ÂLÆ�½�æ3Á�Ã1)��QJg�,Ñ1Ñ1½�Î�É�ÆE�

which links customer« to account� by association�­ýGÖ0� ,

�z�	å9��« � )�«>C?J0�hÎ�ÂLÆ�½�æ3Á�Ã1)�� � )��=C?Jg�,Ñ1Ñ1½9Î*É�ÆE)�ã�JEþjÅ{ÐÈÅ{É�Ñ1Á{�

thatallowscustomer« � to transferã amountof money from his/heraccount« � to account� � of customer
« � .

4 Conclusion& Discussion

We have given a semanticsto the conceptualmodelsanduse-casesmodelsof UML that arethe main
modelsto bebuilt duringtherequirementanalysis.Theintroductionof type � is importantto allow us
to defineclassnamesandassociationnamesasvariables,andanobjectdiagramasastateof aconceptual
model.Thesetof all objectdiagramssatisfyingthestateconstraintsenforcedby a conceptualmodelis
definedasthesemanticsof themodel.Underthissemanticdefinitionfor aconceptualmodel,ausecase
is thendefinedasanactionthat transformsonestateinto anotherstateof theconceptualmodel. A use
casecanthusbespecifiedin termsof its preandpostconditions.Thereforethesemanticsof usecases
is tightly relatedwith thatof theconceptualmodel. Thesemanticdefinitionsareeasyto understandas
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Z.Liu:Customer

$10000

X.Li:Customer

J.He: Customer

Z.Liu:Customer $1000

$10000

Post State

Pre State

$10000

$15000

a1: Account

a2: Account

a3: Account

a1: Account

a2: Account

a3: Account

Withdraw(X.Li, $5000)

$1000

Figure12: Effectof Withdraw UseCase

they areentirelybasedonthewell establishedstate-basedsemanticapproach[HH98]. Theformalization
providesa clearerunderstandingaboutthemeaningof associative classes,andenforceswith axiomson
conceptualmodelsprinciplesfor bettermodellingusingthegeneralizationhierarchy.

The formalizationsupportsbuilding up a model stepby step. It faithfully reflectsthe informal way
of usingUML for requirementanalysis.The consistency betweentwo modelscanbe easilychecked.
Therefinementbetweentwo conceptualmodelsis easyto prove, andthe refinementbetweentwo use-
casecasemodelsfollows thetraditionalrefinementcalculus[Bac88, HHS86,Mor94, BvE98, HH98] for
imperativeprograms.Themaindifferencebetweenourwork with thatin [pG99] is thatweareproviding
with formal relationshipsbetweendifferentmodelsusedin UML duringa developmentprocess,rather
thanonly formalizationsof thedifferentmodels,or ametamodelwhichonly providessomesemi-typing
rulesfor visualdiagrams.Comparedwith [Jon94, Jon96, CN00], thedevelopmentof our framework is
in a top-down styleandthishelpsa lot for easeof understandingof thetheformalization.

Thisis onlyastartingpointof ourresearchtowardaformaluseof UML in OOsystemsdevelopment.The
verynext stepis to definesemanticsfor UML designmodels,therefinementof use-casesinto interactions
betweenobjects,andrefinementbetweendesignmodelsin UML. Weaimto developawholeframework
in anincrementalmannersothatthecomplexity will notbecomeoverwhelming.
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X.Li:Customer

J.He: Customer

Z.Liu:Customer

$10000

X.Li:Customer

J.He: Customer
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$10000
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Transfer(J.He, a3, a1, $5000)

Figure13: Effectof TransferUseCase
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