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I ntroduction 1

1 Introduction

Until the late 19905, the functionalandstructuralanalysis designandcodingprocessiescribedy the
“waterfall model” hadbeenthedominantdisciplinefor softwaredevelopment A clearadwantageof this
approachis thatthestageshatadevelopmenprocespasseshrougharewell organizecandtheactvities
at differentstagescanbe well managed.The main disadwantageof the approachs thatit encourages
or suggestshatthe whole systemmustbe dealtwith at eachstage:the requiremenspecificationand
analysisfor the system,the designof the whole system,and then the implementationof the whole
system. The systemvalidationincluding verification of the designandtestingof the implementation
of the systemhasto be consideredor the systemasa whole too. Sucha developmentprocessdoes
not supporteaseof maintenanceThis is fine for small sizedsoftware development put not feasiblefor
large system Althoughmodularandcompositionahpproachebave beenproposedndindeedused the
problemof how to decomposef a systeminto component®r modulesandthencomposahemtogether
to meetthewhole systenrequirementsiasnever beenwell solved.

Formalmethodsverebornandgrowing upin thoseyearsmainlyfor justifying, betterunderstandingand
morepreciseandrigoroususeof techniques partsof a“waterfall model” of adevelopmeniprocessSo
we have theoriesof formal specificationyerification,refinementdecompositiomndcomposition.These
have helpedin improving the quality of the systemdevelopedsothatthey aremorecorrectandsaferto

use. On the otherhand,formal methodshave inheritedthe samedisadwantagesrom the informal use
of the “waterfall model” of the structuralanalysisapproachandthey sufier even moreseriouslyfrom

thesedisadwantagessa specificatiorof the whole systemat ary level, e.g. therequirementevel, in a
formal notationis notunderstandabl® mostsystemengineersnotto mentionaboutformal verification.
This maybethe mainreasorwhy the useof formal methodsannotbe scaledup andwidely acceptedn

large scalesoftwaredevelopments.

Another difficulty to scaleup the useof formal methodsandto useit in industriesmight be dueto
the fact that mostformal methods,ncluding thosefor OO development[Jon94 LW95, Jon96 AC96,
CNOQ], aredevelopedin a bottom-upapproach.In suchan approacha formal semanticds defined
for alow level programminganguagdik e specificationlanguage.This languagds so expressie that
even implementatiordetailscan be describedthoughit canalsobe usedat relatvely hight levels of
abstractionsOneof the advantage®f this approachs thatmostof the semantidssuesaresolvedonce
for all. However, the main drawvback of this approachis that one hasto studythe very complicated
semanticgor sucha low level languageo be confidentto usethe formal method. Also it is not trivial
to extracttheright subsebf the notationthatis properfor higherlevel specificationssthe semantic®f
thesdlanguagesirevery complicatedJon94 Jon96 LW95, CNOQ].

Ourwork in [LHLO1] is to supportthe formal useof UML in OO systemdevelopmentprocesseand
developmentof tools for consisteng checking. In contrastto mostwork on formal methodsfor OO
developmentthat usesa bottom-upapproachLW95, Jon96 CNOQ], it follows the UML evolutionary
approachin a developmentprocessto develop a semanticfor UML, and aimsto achiere simplicity
and easeof understanding.The framework is basedon the settheoryand the notion of pre and post
conditions.Themethods expectedo beusablewithin anincrementalnditerative developmenprocess
driven by usecasegJBR99. Sucha developmentprocesshasshavn promisingin overcomingthe
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Conceptual Model and Use Case M odel 2

disadantagesf the “waterfall model” of the traditional functionaland structuraldevelopmentfor a
classof so calledsoftwae intensivesystems This paperusesa library systemasa casestudyto shav
how the formalizationin [LHLO1] for UML conceptuamodelsandusecasescanhelpto improve the
useof formal methodsin requirementnalysisof large scalesystemsaswell asto enhancehe useof
UML itself in requiremenganalysiswith aformal semantics.

Therestof the paperis organizedin the following way. Section2 givesa brief summaryof [LHLO1];
Section3 presentghe library casestudy; Section4 illustratesthe methodby building the requirement
modelsfor the casestudy;andfinally Section5 concludeghe papemwith discussions.

2 Conceptual Model and Use Case M odel

ThemainUML modelsto be producedattherequiremenanalysisareause-casenodelandaconceptual
model The usecasemodelconsistsof a setof usecasesgachof which describesa servicethat the
systemis to provide for somekinds of userscalledactors. Theuse-casenodeldescribeshefunctional
requirement.

The conceptuamodeldescribes setof conceptdy classname how theseclassesrerelatedby asso-
ciations anda setof assertiongbouttherelationshipsamongtheassociations.

Ontheonehand,the descriptionof the usecasegprovidesimportantinformationaboutwhat shouldbe
in theconceptuaimodel.Onthe otherhand the effectof a usecasecanonly bedefinedin the context of
aconceptuamodelin termswhatobjectsshouldbe createcanddeletedandwhichandhow associations
betweerpbjectsincluding attributesof objectsarechanged.Sucha closerelationbetweerthe usecase
modelandthe conceptuamodelsuggestshatif we write out an specificatiorof a usecase we should
beableto build partof theconceptuamodelthatis adequatgLHLO1] for thedefinitionof the usecase.
The conceptuamodelwill be extendedwhile furtherusecasesarecapturedanddefined.Thisis similar
to the techniqueof noun-phaseidentificationfor the creationof a conceptuamodelfrom a usecase
[Lar98, JBR99 Liu01]. To formalizetheseideas,we assumdwo disjoint setsof namesCName and
AName for representinglassesndassociationsandintroducethe following typesandvariables:

e for eachC € CName, assumeatypecalled Object Typeof (C') whichis non-empty;
e weallow to declareavariablez : Object Typeof (C);
e eachC € CName is treatedasavariableof type C : PObject Typeof (C);

e eachA € AName istreatedasavariableof type A : P(Object Typeof (Cy) x ObjectTypeof (C1))
for someCi, C; € CName, andwe useA :< Oy, C, > asits shorthand;

o for eachA € AName, thereisan A1 € AName suchthat (A 1)"! = A and A(cy, c2) iff
A_1(02, Cl);
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Conceptual Model and Use Case Model 3

o for eachvariablez : T of ary type T, z' is variablethatis distinctfrom z but of sametype T
asz,z’ is calledthe primedversionof z; primedvariablesare usedto distinguishthe valuesof
variablesn thethe stateafteranjoint actionfrom thosebeforetheaction.

Thesetypeshave to bedeclaredn a conceptuamodelbeforethey canbe usedto definea usecase.

21 Usecases

In [LHLO1], ausecases definedto bea parameterizedoint actionof thefollowing form:

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

where Act is anactionnamethattogetherwith the definingsymbolcansometimede omitted, pvar a
list of parametersypedwith classe®r pure-dataypes[LHLO1], ovar denoteslist of typedvariables
thatcanbemodifiedby theactionincludingoutputvariablesandthislist is calledtheframeof theaction.
We sometime®mit theframeandassumehatonly thevariableswith their primedversionsoccurringin

the postconditiormay be modified. We call [pvar; ovar| the signatue of theaction. The precondition
Pre of Act specifieghevaluesof thevariablesn thecurrentstateS of thesystemlt is thusafirst order
predicateformulawith free variablesof the above assumedypes,without usingary primedvariables.
The postconditionPost of the action describeghe valuesof the post-stateafter the actionis carried
out. It is thereforea first orderpredicateformulawith free variablesand primedvariablesof theabore

assumedypes.

Pleasenotethattheparametersf anactionrepresentsbjectshatmightbedifferentfrom oneoccurrence
to another Someof the parametersnay be distinguishedas (participanty which do not have different
semantioneaningdrom the otherparameterst the requirement.We may alsoincludethe actors of a
usecasen theparametelist.

2.2 Conceptual model

A conceptuamodel M = (D, Inv) is a pair of a conceptuatiiagramD andanassertionnv aboutthe
objectsandassociationg D. A conceptuabiagramis atuple: D = (C, A, <— ,R), where

e C isanonemptyfinite subsebf CName, calledtheclassesr conceptof thediagramD.
o A is afinite subsebf A Names, which arecalledtheassociation®f D.

e Re|AUA ! — CxPNxPNx(]isafunction.ForR(A) =< Ci, My, Ma, Cy >, wesayA is
anassociatiometweenC; and Cs, andwe denotethisfactby 4 :< ¢} M2 >. My andM, are
the multiplicitiesof C; and C» respectiely in this associationlf R(A4) =< Cy, My, My, Cy >,
thenR(A‘l) =< Oy, My, My, Cy >.
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Conceptual Model and Use Case Model 4

e <— C C x CisthegeneralizatiomelationbetweenclassesWe use C; <—— C> to denote
that C; is agenealizationor asupeclassof C,, and C; is a specializatioror subclasof C;. We
requirethatthe generalizations agyclic, i.e. thereis not a sequencef classe<, ..., C, such
thatC; <+— Ci_|_1, fori = 1,...,n, andC, <— Cy. Wealsowrite Cy —> C; for ¢ <— Os.

A conceptuamodel M = (D, Inv) thusdeclaresafinite setC C CName of classvariables a finite
set A C AName of associationvariableswith their typesand multiplicity constraintsand a set of
generalizatiomelationsbetweerthe declaredclasses Thesevariablesareglobal from the systempoint
of view andareconstrainedy the assertion/nv aswell asa setof constraintenforcedby the D itself
[LHLO1]. We denoteby Z,, theconjunctionof all thesestateconstraint§LHLO1]. M canbetreatedas
big compositestatevariablewhich takesvaluesof objectdiagrams[LHLO1] thatareinstance®f D and
satisfyingInv, andwe denoteby X, thesetof all suchobjectdiagrams.

A usecasedescribes functionalrequirementandspecifieswhatit shoulddo for the actors. Its effect

shouldbe describedn termswhatchangest canmake on the stateof a conceptuamodel. This means
thatwe treatthevariablesandassociatiowvariablesasglobalandthey canbe modifiedby thesystenuse
casesA conceptuamodel M is adequateo definea usecase

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

if all the classvariablesandassociatiorvariablesarewell declaredn M andthe pre-conditionis sat-
isfiablein the statespaceX;,. We canwealen adequatenessf a conceptuaimodel by remorving the
conditionthat the pre-conditionis satisfiablein the statespaceX, asit is impossibleto be checled
statically

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

WDy, (puar; ovar, Var(Pre), Var(Post)) A Iy N Pre A\ ok = Post /\ (v' = v) A ok’

vZovar

wherev € owar meanghatw is in the underlyingclassdiagramandin the setof free variablesof the
action,but notin owar; ok is alogical statevariablesvhichrepresentthatthe programis in aproper(an
0k) stateto startthe 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
stateinto a statethatis relatedwith the currentstateby Post andthe executionwill properlyterminate,
otherwisewe cannotsayarything aboutwhatthe actiondoes- chaos[HH98].
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Informal Description of a Library System 5

3 Informal Description of a Library System

Thelibrary systemis usedo supporthemanagemerntf loansin auniversitylibrary. Librariansmaintain
a catalogueof publicationswhich are availablefor lendingto users.Theremay be mary copiesof the
samepublication. Publicationsand copiesmay be addedto andremoved from the library. Registered
userscanborrown the available copiesin the library. Whena copy hasbeenborraved by a user it is

on loan andis not available for lendingto otherusers. Whenall copiesof a publicationhave been
borraved, userscanmake a reseration for the publication. However, a usermay not placemorethan
oneresenationfor thesamepublication.Whenacopy is returnedo thelibrary, theloanwill beputinto

theloanrecordin thelibrary. After a copy is returnedjt maybe put backon the shelf, or alternately,

heldfor auserwho hasreseredthe correspondingublicationof the copy.

From above informal descriptionof the systemrequirementsyve can list somemain serviceswhich
shouldbe provided by the systentor thelibrariansandregisteredusers

1. Librarianscanmaintainthelibrary, suchasaddandremove publicationscopiesandusers.
2. A library lendscopiesto users.
3. Usercanmalke areserationsandremove reserations.

4. Usercanreturnthecopies.

% AddPublication
User MakeReservation

A <<em s
<<uses>> <<extends>> MaintainLibrary
Vi
RemoveCo a
LendCopy i

Add User
ReturnCopy

RemoveUser

RemovePublication <<extends>>

<<extends>x

NN

—x

Librarian

9.

Librarian
<<extends>,

<<extends>>

Y

Figurel: An UseCaseModel of a Library Application

In [Ken97, theseusecaseswere organizedinto the use-caseliagramin Figurel. Fromthe analysis
of theseusecaseinformally, paper[Ken97 alsoproduceda conceptualliagramsimilar to the onein
Figure2, andlisted outa numberof stateassertionsiboutthe classdiagram.
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Requirement Analysisof theLibrary System 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
Publication Copy *
* 1 - Is-Copy-of *

Figure2: A ConceptuaModel of aLibrary Application

However, therearea numberof questionsieedto beaddressed:

1. How muchnoiseis containedn the conceptuaimodel,i.e. how canwe justify thatall theclasses
andassociatiorarerelevantfor therealizationof the usecases?

. How canwe justify thatthe conceptuaimodelis adequatdor theusecases?
. Whichpartis relevantto ausecase?

. How is this conceptuaiodelproduced?

[ 2 B N S BN\

. How canwe justify thatthelists stateconstraint®or invariantsagainsthe useusesandvice versa?

We shallattemptto discusghesequestionsn the next sectionwhenwe actuallydevelopthe models.

4 Requirement Analysisof the Library System

Fromthesignatureof anjoint actionandthetypesof thevariablesn its preandpostconditionswe can
extractthe classesandtheir associatiorthat are neededo realizeor definethe effect of the usecases.
Thiswill leadto thecreationof a conceptuatlassdiagram.Analysisof the conceptuatiagramandthe
usecasewill derive the stateconstraint§LHLO1] requiredfor the conceptuamodel. We now definea
numberof usecaseoneby oneandat sametime to develop a conceptuaimodelstep-by-step.
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Requirement Analysisof theLibrary System 7

Usecase LendCopy Thisusecaseis abouthow thelibrary canlendacopy of apublicationto a user
Obvious, a useru anda copy ¢ areparticipantsn this action,andaloan ¢ shouldbe createdfor user
u andcopy ¢. However, theremay be somepublicationsthat arenot allowed to be borroved by some
users.Thisusecasecanbeformally specifiedas

LendCopy|c : Copy, u : User] 2

ovar : Loan : PObject Typeof (Loan);
Borrows :< Loan, Copy >;
Takes:< User, Loan >;
IsAvailable:< Copy, User >;

Pre : ¢ € Copy A u € User ¢ andy exist
A IsLendable®(IsCop/of~1(c), u) u is allowedto borrow ¢
A IsAvailablgc, u) c is availableto u
Post 3¢ : ObjectTypeof (Loan) £ & Loan
A Loan' = Loan U {{} createanew loan
A Borrows = BorrowvsU {< £, ¢ >} recordc onthenew loan
A Takes = TakesU {< u, £ >} recordu onthenew loan
A IsAvailablé = IsAvailable — U {< ¢,u >} make c unavailableto ary user
u€ User

We canextracttheclassesndassociationfrom this definitionandmalke theminto a conceptuatliagram
in Figure3, denotedby D;.

Takes

User Loan
1 *
* * 1
IsLendableTo IsAvailable
Borrows
1
*
*
Publication 1 * Copy
IsCopyof

Figure3: Conceptuamodelfor LendCopy usecase

Fromthe definitionof LendCopy usecase,acopy canonly be borravedin oneloanandaloancanbe
taken by oneuser but a usermay use LendCopy againandagainto take moreloans. Theseimply the
multiplicities of the associationn the diagram.Thefollowing stateassertionsrepresered by theuse
case:

(I11). Ve € Copy e (Ju € User o ISAvailablg c, u) = =3¢ € Loan A Borrons(¢, c))
(L2). Takeq User) = Borrows™!(Copy)
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Requirement Analysisof theLibrary System 8

wherewe have adoptedhe corventionthat}{S is the numberof elementsn setS, if R C Ty x T» and
S isasubsebf Ty, R(S) is the setof elementdhatarerelatedto thosein setS. Propertyl;; saysthat
acopy onloancannotbeavailable;andpropertyl;» assertshateachloanrecordsauserandacopy that
theuserhasborravedthe copy by thisloan.

Definel; 2 Iy A Lip andlet LM, = (Dy, I;) bethe conceptuamodelconstructedor LendCopy use
case.

Use case AddPublication A library may add a nev publicationinto the systemand this serviceis
provided by a usecasecalled AddPublication. We thusneedto introducea classLibrary to represent
thelibrary concept.Assumethereis only onelibrary object,denotedoy lib, in the systemthatcontains
all the publications. Thenthereis an aggregation associatiorrelation ContainsbetweenLibrary and
Publication. TheusecaseAddPublication canbeformalizedasfollows.

AddPublication[p : Publication, lib : Library] =

ovar : Publication : P Object Typeof (Publication);
Contains< Library, Publication >;
Pre p & Publication p is notcurrentlyin the lib
Post : Publication’ = Publication U {p} createthe publication
A Contain§ = ContaingJ {< lib,p >} p now belongsto b

Only two classesLibrary and Publication, andoneassociatiorContains :< Library, Publication >
are neededo definethis AddPublication usecase. The extensionof the conceptuadiagramD; in
Figure3 with thesenewly introducedclassesndassociatioris the classdiagramin Figure4, denotedby
D,. Weformally definedin [LHLO1] how to extenda conceptuamodel.Imaginingthatall publications
areaddedby applicationf this AddPublication usecaseall publicationsn the systemarecontained
in thelibrary, andwe thushave the following two stateconstraints:

(I21). Library = {lib} thereis only onelibrary
(Iz2). Contains(lib) = Publication All publicationsareregistered

Adding thesetwo constraintsonto D, with thoseconstraintsof D;, we obtainthe conceptuaimodel
My = <D2, 12>, wherel, é L NIy A Iy,

Use case AddCopy UsecaseAddCopy is usedto adda new copy of a publicationto the library
afterits correspondingpublicationhasalreadybeencreated. Many copiesmay associatevith a same
publication. Whenwe adda copy ¢ of publicationp to the library, we needput < ¢,p > into the
associatiorlsCopyof . Actually, if thereis notthecorrespondingublicationof thenew copy, we should
first call use case AddPublication to createthe publication,and then carry out AddCopy usecase.

ReportNo. 230,March2001 UNU/IIST, PO. Box 3058,Macau



Requirement Analysisof theLibrary System 9

1 Library
Contains
Takes
User Loan
1 *
* * l
IsLendableTo IsAvailable
Borrows
* l
IsCopyof .
* Publication 1 N Copy

Figure4: Conceptuaiodelafteraddingusecasef AddPublication and AddCopy

AddCopy is thereforedefinedasfollows.

AddCopy|c : Copy, p : Publication| 2
ovar Copy : PObject Typeof (Copy);
IsCopyof :< Copy, Publication >;
IsAvailable:< Copy, User >;

Pre c & Copy N p € Publication c isnew but p exists
Post : Copy' = Copy U{c} createc andaddit in
A IsCopyof’ = IsCopyof U {< ¢,p >} recordthatc is acopy of p

A IsAvailablé = IsAvailableU {< c¢,u >: u € User} male c available

It is possiblehatanewly addedcopy is requiredto beavailable. This needto bedecidedwith theclients
abouttheir policy whena copy shouldbe available. In [Ken97, anassociatiomelationHolds between
classLibrary andclassCopy is used. In fact, it is anassociatiorderivable from associatiorrelations
ContainsandlsCopyof:

Holds = Contains> IsCopyof ™!

Somesoftware practitionerssuggesthat derivable associationshould not be shavn in a conceptual
diagramto keepthe modelsimpler[Lar98], while otherssaysthatthey arebetterto be shavn. We feel
thatinsteadof shaving thesederivableassociationghey shouldbe definedin text becaus¢hedefinition
shouldbe given evenif they areshavn. ConceptuadiagramDs in Figure4 is still adequatdor the
definitionof AddCopy. However, we needto noticetheusecasepreserestheconstrainimposedoy the
mary-to-onemultiplicities of IsCopyof andthe following propertythateachcopy mustbea copy of a
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Requirement Analysisof theLibrary System 10

publicationin the system:
(I31). Copy = IsCopyof ! (Publication)

Add this stateconstraintinto conceptuamodel M, to obtaina conceptuamodeMs. Similarly, we can
defineusecaseAddUser(u : User) whichintroducesanassociatiorrelationRaisteis betweerclasses
Library and User, andrequirethatall usersin the systemmustberegisteredusers:

(Is1). User = Reyisterglib)

We addassociatiorRegesters andstateconstraintly; to M3 andgetanenv modeldenotecby M,

Use case MakeReservation Whena useru wantsto borrov a publicationp andthereis no copy of
this publicationavailable to him or her, the systemshouldallow the userto make a reseration » on
the publicationp. Whena copy of p is returned,it shouldbe heldfor the useru. Therefore,usecase
MakeReservation shouldintroducea new classReservation andthreeassociationdakes,|sOn,and
IsHeldforamongclasseser, Publication and Copy.

Theabore informal descriptionis takenfrom the client’s requirementn Section2 aboutmakingareser
vation. It suggestshatthe usecasefor makingareseration shouldbe consideredogethemwith theuse
casefor returningaborravedcopy. Thisimpliesthatsometimes groupof usecaseshouldbeanalysed
together Suchusecasesare calledtightly coupledusecasesandthey togetherwith their conceptual
modelshouldbe documentedn a UML padage. Of course the client of the systemmay not have to
requirethatareseration bedealtwith thisway.

UsecaseMakeReservation canbedefinedformally asfollows.

MakeReservation|u : User, p : Publication] =

ovar : Reservation : PObject Typeof (Reservation);
Makes:< User, Reservation >;
ISOn:< Reservation, Publication >;

Pre : p € Publication A\ u € User u andp exist

A IsLendableTo(p, u) p is lendableto u

A —3dc € Copy e (IsCopyof(c, p) A IsAvailble(c, u)) no copy of p available

A —3r € Reservation ¢ Makequ, r) A 1sOn(r, p) u hotalreadyresered p
Post 3r : ObjectTypeof (Reservation) e (r ¢ Reservation/

Reservation’ = Reservation U {r}) malke anew reseration
A Makes = MakesU {< u,r >} recordu in thereseration
A 1sOf = IsOnuU {< r,p >} recordp in thereseration

ReportNo. 230,March2001 UNU/IIST, PO. Box 3058,Macau
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Noticethatmorethanoneresenation canbemadeon onepublication but notby the sameuser Adding
theassociationtroducedoy this usecaseto theconceptuatiiagramin My, we gettheclassdiagramDs

in Figureb.
Contains 1 1
Library
1 Logs
Registers Took
* 1 .
*
IsLendabIeT*o 1 Takes *
User Loan
*
1 1
Makes
. <« IsAvailable
0.1 Borrows Borrowed
Reservation
. < |sHeldfor
1IsOn *
— 1 1
* 0.1
Publication
* 1 -« IsCopyof * 1

Figure5: ConceptuaiodelafteraddingMakesResemationusecase

Use case ReturnCopy Theusecasefor returninga borroved copy canbe definedasfollows. Notice
thatin its postcondition,a copy is madeto be heldfor onereserationif thereis ary. We alsoneedto
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introducetwo associationbf TookandBor rowed to recordthe completedoanswhenacopy is returned.

ReturnCopy/[c : Copy] 2

ovar : Copy : PObject Typeof (Copy);
Loan : PObject Typeof (Loan);
Takes:< User, Loan >;
Borrows :< Loan, Copy >;
Took:< User, Loan >;
Borrowved:< Loan, Copy >;
IsHeldfor:< Copy, Reservation >;
Logs:< Library, Loan >;
IsAvailable:< Copy, User >;

Pre c € Copy thecopy existsin thesystem
A 3L € Loan e Borrons(¢, c) thecopy isonloan
Post : Let £ = Borrows™!(c) and u = Takes™!(£) in
Loan' = Loan — {{} remove theloanand
A Takes = Takes— {< u, £ >} breakthelink
A Borrows = Borrovs — {< £, ¢ >} breakthelink
A Logs = LogsU {< lib,£ >} Log thecompletedoan
A TooK = TookU {< u, £ >} recordthelink
A Borrowved = Borroved— {< £,c >} recordthelink
A if U = Makes ! (IsOn~1(IsCopyof(c))) # @ if thep of ¢ is resered

then IsHeldfor = IsHeldofU {< ¢, choice(U) >}) hold ¢ for onereserer

elselsAvailablé = IsAvailableU U {< ¢,u >} malke c availableto aryone
u€ User

Noticethatno decisionis madein the postconditioraboutfor which reserationthatthe copy shouldbe
heldfor if morethanoneresenationis madefor the publication.Sucha decisionshouldbe madewhen
the usecaseis to be designedandimplemented.The newly introducedassociationsrerelatedto the
existing onesin thefollowing way:

(Is1). Took(User) = Borroved Copy) = Logglib)
(Is2). Takesn Took= 0
(Is3). Borrovsn Borroved= 0

Definethe setof currentloansas

CurrentLoan 2 Loan — {€:¢ € Logs(lib)}

Usecase CollectReservation Whenacopy is heldfor areseration,theuserof thereserationwill go
to collectthecopy. In [Ken97, collectingthe copy heldfor areserationis partof usecaseLendCopy.
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However, we found no justificationof doing so. We preferto introducinga separataisecasefor this
purpose Of courseit canbe combinedwith LendCopy usecasein thedesign.

CoIIectReservatlon[u User,r : Reservation] = =

ovar

Pre

Post

>>> > > > >

Reservation : PObject Typeof (Reservation);
Loan : PObject Typeof ( Reservation);
Makes:< User, Reservation >;

IsOn:< Reservation, Publication >;
IsHeldfor:< Copy, User >;

r € Reservation A\ v € User

dc € Copy, p € Publication e IsHeldfor(c, u) A IsCopyof(c, p) A 1SON(r, p)
[** 4 madethereserationr andr isonap of ¢ **/

3¢ : ObjectTypeof (Loan) @ £ ¢ Loan

Loan' = Loan U {{} malke anew loan

Borrows' = BorrowsU {< £, ¢ >} recordc in loan{

Takes = TakesU {< u,£ >} recordu in loan{

Reseratiorl = Reseration— {r} remove thereserationr

Makes = Makes— {< u,r >} breaklink with theremovedobject?
IsOr = 1sOn— {< r,p >} breaklink with theremovedobject/
IsHeldfof = IsHeldfor— {< ¢,u >} breaklink with theremaved object?

All above threeusecaseanodify variablesReservation andits relatedassociationsThe definitionfor
usecaseCollectReservation alsoindicatessometimesvhenwe remove an object, all links with this
objectshouldbe removedtoo. In fact, this is ensureddy the formal definition of conceptuamodelsin
[LHLO1]. We canintroducean operationDestroy(C, o) thatremovesobjecto from C togethemwill
all links to o. However, we explicitly write out the removal of eachlink for the sale of clarity. The
following stateconstraintshouldbe preseredto be conjoinedinto the conceptuamodel Ms5:

(I54)-

(Is5)-

IsHeldforo IsOn C IsCopyof thecopy thatis heldfor areserationis acopy
of the publicationthatis resered
Reservation = Makeq User)A every reseration madeby ausermustbe

Reservation = 1sOn ! ( Publication) oneonapublicationin thelibrary.

AssociationlsHeldfor is relatedto associationsAvailable and Borrows suchthatnotcopy thatis held
for a reseration shouldbe available, and ary copy thatis currently on a loan cannotbe held for a

reseration;

(Is6)-
(Is7).

Ve € Copy e (Ju € User o ISAvailablg c, u) = —3r € Reservation e IsHeldfor(c, r))
Ve € Copy e (3r € Reservation e IsHeldfor(c, r) = 3¢ € Loan e Borrows(, ¢))

ReportNo. 230,March2001

UNU/IIST, PO. Box 3058,Macau



Requirement Analysisof theLibrary System 14

Recallthat;; alreadyrequiredthatno bookcurrentlyonloan IsAvailable. We canalsoenforcethatthe
conjunctionof theright-had-side®sf I;; andIs3 implies: IsAvailablgc, u):

Ve € Copy e (Ju € User o ISAvailablgc, u) —3r € Reservation e IsHeld(c, )
A —=3€ € Loan e Borrons(¢, c))

We alsohave thatevery copy is eitheravailable,or onloanor heldfor areseration. Rewriting all those
constraintaboutBorrows, IsAvailable and IsHeldfor in termsof relationalalgebrawe have

). IsAvailable™!(User) N Borrows(Loan) =

). IsAvailable™(User) N IsHeldfor ! (Reservation) = 0

). Borrows(Loan) N IsHeldfor ! ( Reservation) =

). IsAvailable ! (User) U Borrows( Loan) U IsHeldfor ! ( Reservation) = Copy

Thenwe have if a copy is availableto a user it is thenavailableto ary user The analysisof these
propertieshelpsa lot whenwe designthe usecases.For example,we cansafelyintroducea boolean
attribute available to Copy to avoid addinglinks betweeracopy to all theusers.

4.1 Introducing subclasses

Now considethow we canintroducesubclasseStaffUser and StudentUser of User, subclasseBook,
Periodical and Report of Publication. In termsof conceptuaimodels,we canadd the diagramin
Figure6 to thediagramin model M5 thatwe have createdor thelibrary sofar.

Publication

User

Periodical ‘ ‘ Book ‘ ‘ Report ‘

StudentUser StaffUser

Figure6: Subclassem thelibrary system

However, we haveto reconsidetheusecased.end Copy and MakeReservation toimposeconditionson
whichkindsof usersareallowedto borrav whatkindsof publications.This canbedoneby constraining
or definingtheassociationdsLendable To, thatwasalreadyintroducedvhengave thedefinitionsto those
two usecases.The association/sLendable To wasnot purely for the introductionof subclasseat this
stage,becausat is entirely justifiable that the library shouldhave the right to make a policy about
who canborronv what,andthe policy canbe changedrom time to time. We did not wantto rewrite the
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specificatiorof theusecasesvhenthis policy is changedbut only to changahedefinition. For example,
thelibrary maydecidethata StaffUser canborrown ary kind of publicationsbut a Student User canonly
borronv Books. This policy canbedefinedby

(Is5). IsLendable® 2 {< p,u >: p € Publication N\ u € User A\ (p € Book V u € StaffUser)}
Orin termsof predicate
p IsLendable® v < p € Publication A\ u € User A (p € Books V u € StaffUser)

Of coursethesesubclassesould have beencapturedvhenwe consideredisecasedor lendinga copy
andmakingaresenration. Or we cango backto redefineheseusecasesvhenwe foundthey areneeded,
but we preferto thewaythatwe have proposedere theotheralternatvesdonotmake the IsLendable To
conditionnot unnecessaryFor example,whenwe allow a userto borrav at most5 items,we canalso
redefinethis condition. Anotherapproachin dealingwith situationswhensomeconceptsimilar to a
policy hasto be considereds to introducea classcalled Policy andusea parameter of thistypein the
usecasedike LendCopy and MakeReservation sothatacopy will belentto auseror auserreseresa
publicationaccordingo agivenpolicy.

In generalwhensubclassesf a classareintroduced the usecasesn which this direct superclassis
involved shouldbe re-considered.This is becauseén the designstagethe part of the work of the use
casecarriedout by a methodof the superclassmay be overwrittenin the subclasses.Somepeople
[Lar98] suggesgenearlization-speialization hierarchyis more usefulin the designratherthanin the
requirementnalysis. We think, it is still importantfor the analysisof the systemstructureand state
space.New usecasesnay beintroducedfor subclassesf a class. Introducinga superclassfor some
classesloesnot affect the definitionsof the usecasesat the requiremenanalysisthoughcombinations
of smallerusecasesnto abstracor big onescanbecarrieddone[LHLO1].

If we startthe systemby a StartUp usecasethatcreateghe lib objectof Library. We canthenapply
AddPublication, AddUser and AddCopy for a numberof timesbeforethe systemcansene the other
usecases.All the stateconstraintdisted in this sectionsshouldbe invariantsof the systemafter its
startingup.

4.2 About the state constraints

The stateconstraintshave beenimposedone by one after we introduceeachusecase,but we did not
carryoutthe verificationof thesestateconstraints However, every time whena usecaseis introduced,
we shouldprove thatit presereseachstateconstraint/ by proving

Pre NI = Post \T'
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for the newly introducedusecaseswherel’ is the predicateformulaobtainedirom I by replacingeach
freevariablewith it primedversion.Ontheotherhand,for eachnewly introducedstateconstraint/, we
shouldverify that I is presered by eachusecasethathasbeendefined. Otherwise the systemwill be
in dangerof violating somerequirementsFor example,if requiredthaty; beaninvariantthatall users
in the systemmustbe registeredwe thenshoulddefinethe usecasefor remaving a useras:

RemoveUser [u : User] 2

ovar User : PObject Typeof (User);
Loan : PObject Typeof (Loan);
Registers:< Library, User >;
Took:< Copy, User >;
Logs:< Library, Loan >;
Borroved:< Loan, Copy >;

Pre u € User u isin thesystem

A Takequ) =10 u doesnothold ary itemonloan
Post : User' = Copy — {u} Remawe

A Loan' = Loan — Took(u) remove all loansof u

A TooK = Took— {< u,l >: 1 € Loan} Breakall links of

A Borrowed = Borroved— Took(u) x Copy

A Logs= Log — Library x Took(u)

whichremaovestheentirerecordof theuserincludehis/heristoricalloanrecords.Theinvariantproperty
I;; would have beenviolatedif this usecaseweredefinedby

RemoveUser; [u : User] 2

ovar Registers:< Library, User >
Pre : u € Register(lib) u is registered

A Takequ) =10 u doesnotholdary itemonloan
Post : Registers = Registers — {< lib, u >}

whichonly remaresu from theregistration.Sameconsideratiorshouldbe madeaboutremaoving a copy
andremoving apublication.Ontheotherhand,if we decidely; shouldnotberequiredwe shouldremorve
it from thesetof stateconstraintandre-defingheassociatiorL.endable To asfollowsto ensurehatonly
registereduserscanborron or resere a publication:

(IZ¥"). IsLendable® 2 {< p,u >: p € Publication A\ u € Rigisters(lib)
A (p € Book V u € StaffUser)}

Writing out thesestateconstraintds a very importantpart of the requirementnalysisasthey will be
crucialfor the designandimplementatiorof the system.For example,we candecideto usea boolean
attributeto represenfsAvailable associatiorasif acopy is availableto oneuserit is theavailableto ary

user;we canintroducea boolearvariableactive to representhestateof auser
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5 Conclusion & Discussion

Usethelibrary systemin [Ken97, this paperhasdemonstrated usecase-dren, incrementabnditer-
ative requiremengnalysissupportedoy a simple formal semantiomodelof the conceptuamodeland
usecasegproposedn ourrecentwork [LHLO1]. Thedifferencebetweerthe work presentedherefrom
thatin [Ken97 is thatwe aim to provide a formal justificationfor the informal requirementnalysis
processisedin [Lar98, JBR99 Liu01]. We have shavn how a conceptuamodelcanbederivedby writ-
ing the formal specificationof the usecasespne-by-one.By doing so, we have identifiedthe classes,
associationandstateconstraintsystematicallywith formal justifications.The classesandassociations
identifiedarenot anddo not have to be entirelythe sameasthosein [Ken97, andthe differencesvere
justified. We have identifieda setof stateconstraintgi.e. invariants)which we believe togethemwith the
conceptuatliagramitself areenoughfor designingheidentifiedusecases.

A usecaseis definedin termsof its pre and postconditionswherethe postconditionis mainly about
what new objectscreated,old objectsdeleted,new links addedto associationandold links deleted
from associations.The preconditionsand postconditionf usecaseand stateconstraintsare written
in relationalalgebraand quite easyto understand.However, writing themout is very importantfor
the understandingf the functionalrequiremenbf the system.We believe thatary software engineer
equippedvith discretanathematicshouldbeableto dotherequiremenanalysidn this semantianodel.

Whenmoreassociationareintroducedamongold classedy somenew usecasesusecasewhich have

alreadydefinedmayneedto bereconsideredndslightly modified,andmoreconstraint&boutold asso-
ciationsmayhave to beintroduced However, theusecasesandconstraintareeasyto belocatedo only

thosethatareaffectedby the newly introducedusecasesTheconceptuamodelandthe usecasemodel
constructedhis way canbe guaranteetb beconsistentAll theconstraintsntroducedduringthe devel-

opmentof the usecasesandconceptuamodelareinvariantsof the systemandwill be presered by the

usecasesTheinvariantswill bevery usefulin thesystemdesignin the next stageof the development.

Whenausecases to berefinedfurther moreclassesandassociationsvill beintroduced.For example,
if we wantto recordthetime of aloanandit returntime of the borraveditem, we needto introducethe
concepif time into the conceptuadiagram.On the otherhand,moreusecasessuchas Remove Copy

canbedefinedunderanexisting conceptuamodel.

The experiencewe have learntthroughthis formal analysisis thata formal methodcanbe betterused
in sucha OO use casedriven, incrementaland iterative analysisprocessthanin the functionaland
traditional structuralanalysis;and its use doeshelp to pin-pointsthe main difficulties that are likely
to be encounteredn the later developmentstages.Writing out the formal definitionsof the usecases
and checkingthemagainstthe stateconstraintdan aniterative way have helpedusto discorer quite a
few implicitly assumedtateconstraintsandto correctseveral mistalesaboutthe stateconstraints For
example,the introductionand understandingf Lendable To associationthe problemswith regardto
usecase®of removing a publicationandremoring a useraswell asthe problemsof stateconstraintsly;
and I;. Takingclassnamesassociatiomamesasstatevariables.andthe conceptuatlassdiagramas
a big systemvariablehasenabledus to avoid from introducingnew semanticnotionsandtheoriesfor
object-orientedequirementnalysisandthe very classicalstate-basedelationalsemantic§HH98] is
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adequate.

Thework in [LHLO1] andthis paperis only a startingpoint of our ongoingresearctiowardaformaluse
of UML in OO systemglevelopment.Thevery next stepis to definesemanticgor UML designmodels,
therefinemenbf use-casemto interactionsetweerobjects,andrefinemenbetweendesignmodelsin
UML. We aim to develop a whole framevork in anincrementaimannerso thatthe compleity will not
becomeoverwhelming.

In this paperwe deliberatelyoverloadechotationsn typingto shrinkthesizeof the paper For example,
weusedc : C sometimesor ¢ : Object Typeof (C) andA :< C1, Cy > todenotdP( Object Typeof (Cy) ¥
Object Typeof (Cs). We needto clearnotationusedin the typing system.We alsousedboth algebraof
relationsand predicatecalculusto specify and explain stateconstraintdo make the paperreadableo
a wider communityasthesetwo approachesomplementachother It is clear thatone of thesetwo
notationss suficientfor the definitionof the semanticandfor reasoning.

Acknowledgements: Thiswork is partly supportedy the British EPSRCGrantGR/M89447.
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