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Introduction 1

1 Introduction

Until thelate1990’s, thefunctionalandstructuralanalysis,designandcodingprocessdescribedby the
“water-fall model”hadbeenthedominantdisciplinefor softwaredevelopment.A clearadvantageof this
approachis thatthestagesthatadevelopmentprocesspassesthrougharewell organizedandtheactivities
at differentstagescanbe well managed.The main disadvantageof the approachis that it encourages
or suggeststhat the whole systemmustbe dealtwith at eachstage:the requirementspecificationand
analysisfor the system,the designof the whole system,and then the implementationof the whole
system. The systemvalidation including verificationof the designandtestingof the implementation
of the systemhasto be consideredfor the systemasa whole too. Sucha developmentprocessdoes
not supporteaseof maintenance.This is fine for smallsizedsoftwaredevelopment,but not feasiblefor
largesystem.Althoughmodularandcompositionalapproacheshavebeenproposedandindeedused,the
problemof how to decomposeof asysteminto componentsor modulesandthencomposethemtogether
to meetthewholesystemrequirementshasnever beenwell solved.

Formalmethodswerebornandgrowing upin thoseyearsmainlyfor justifying,betterunderstanding,and
morepreciseandrigoroususeof techniquesin partsof a“water-fall model”of adevelopmentprocess.So
wehavetheoriesof formalspecification,verification,refinement,decompositionandcomposition.These
have helpedin improving thequality of thesystemdevelopedsothatthey aremorecorrectandsaferto
use. On the otherhand,formal methodshave inheritedthe samedisadvantagesfrom the informal use
of the“water-fall model” of thestructuralanalysisapproach,andthey suffer evenmoreseriouslyfrom
thesedisadvantagesasa specificationof thewholesystemat any level, e.g. therequirementlevel, in a
formalnotationis notunderstandableto mostsystemengineers,notto mentionaboutformalverification.
Thismaybethemainreasonwhy theuseof formalmethodscannotbescaledupandwidely acceptedin
largescalesoftwaredevelopments.

Anotherdifficulty to scaleup the useof formal methodsand to useit in industriesmight be due to
the fact that mostformal methods,including thosefor OO development[Jon94, LW95, Jon96, AC96,
CN00], aredevelopedin a bottom-upapproach.In suchan approach,a formal semanticsis defined
for a low level programminglanguagelike specificationlanguage.This languageis soexpressive that
even implementationdetailscanbe described,thoughit canalsobe usedat relatively hight levels of
abstractions.Oneof theadvantagesof this approachis thatmostof thesemanticissuesaresolvedonce
for all. However, the main drawbackof this approachis that one hasto study the very complicated
semanticsfor sucha low level languageto beconfidentto usetheformal method.Also it is not trivial
to extracttheright subsetof thenotationthatis properfor higherlevel specificationsasthesemanticsof
theselanguagesareverycomplicated[Jon94, Jon96, LW95, CN00].

Our work in [LHL01] is to supportthe formal useof UML in OO systemdevelopmentprocessesand
developmentof tools for consistency checking. In contrastto mostwork on formal methodsfor OO
developmentthat usesa bottom-upapproach[LW95, Jon96, CN00], it follows the UML evolutionary
approachin a developmentprocessto develop a semanticsfor UML, andaims to achieve simplicity
andeaseof understanding.The framework is basedon the set theoryandthe notion of pre andpost
conditions.Themethodis expectedto beusablewithin anincrementalanditerativedevelopmentprocess
driven by usecases[JBR99]. Sucha developmentprocesshasshown promisingin overcomingthe
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Conceptual Model and Use Case Model 2

disadvantagesof the “water-fall model” of the traditional functionalandstructuraldevelopmentfor a
classof socalledsoftware intensivesystems. This paperusesa library systemasa casestudyto show
how the formalizationin [LHL01] for UML conceptualmodelsandusecasescanhelp to improve the
useof formal methodsin requirementanalysisof large scalesystems,aswell asto enhancetheuseof
UML itself in requirementanalysiswith a formalsemantics.

Therestof thepaperis organizedin the following way. Section2 givesa brief summaryof [LHL01];
Section3 presentsthe library casestudy;Section4 illustratesthe methodby building the requirement
modelsfor thecasestudy;andfinally Section5 concludesthepaperwith discussions.

2 Conceptual Model and Use Case Model

ThemainUML modelsto beproducedattherequirementanalysisareause-casemodelandaconceptual
model. The usecasemodelconsistsof a setof usecases,eachof which describesa servicethat the
systemis to provide for somekindsof userscalledactors. Theuse-casemodeldescribesthefunctional
requirement.

Theconceptualmodeldescribesa setof conceptsby classname, how theseclassesarerelatedby asso-
ciations, anda setof assertionsabouttherelationshipsamongtheassociations.

On theonehand,thedescriptionof theusecasesprovidesimportantinformationaboutwhatshouldbe
in theconceptualmodel.Ontheotherhand,theeffectof ausecasecanonly bedefinedin thecontext of
aconceptualmodelin termswhatobjectsshouldbecreatedanddeleted,andwhichandhow associations
betweenobjectsincludingattributesof objectsarechanged.Sucha closerelationbetweentheusecase
modelandtheconceptualmodelsuggeststhat if we write out anspecificationof a usecase,we should
beableto build partof theconceptualmodelthatis adequate[LHL01] for thedefinitionof theusecase.
Theconceptualmodelwill beextendedwhile furtherusecasesarecapturedanddefined.This is similar
to the techniqueof noun-phraseidentificationfor the creationof a conceptualmodel from a usecase
[Lar98, JBR99, Liu01]. To formalizetheseideas,we assumetwo disjoint setsof names �������
	 and� �����	 for representingclassesandassociations,andintroducethefollowing typesandvariables:

� for each �����������	 , assumea typecalled ������	��������! "	�#%$'&��)( which is non-empty;

� weallow to declareavariable *,+�������	��-���"�! "	�#.$/&��0( ;
� each ���1�������
	 is treatedasavariableof type ��+�23������	��-���"�! "	�#.$/&��0( ;
� each

� � � �����	 is treatedasavariableof type
� +24&5������	��-���"�! "	�#.$6&���7�(�89������	��������! "	�#%$:&���7-(%(

for some � 7-; �=<>�1�������
	 , andweuse
� +@?A� 7B; �=<>C asits shorthand;

� for each
� � � �����
	 , thereis an

�0D 7 � � �����	 suchthat & �>D 7 ( D 7FE �
and

� &��!7 ; � < ( if f�0D 7 &���< ; � 7 ( ;
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Conceptual Model and Use Case Model 3

� for eachvariable *G+>� of any type � , *�H is variablethat is distinct from * but of sametype �
as * , * H is calledthe primedversionof * ; primedvariablesareusedto distinguishthe valuesof
variablesin thethestateafteranjoint actionfrom thosebeforetheaction.

Thesetypeshave to bedeclaredin aconceptualmodelbeforethey canbeusedto definea usecase.

2.1 Use cases

In [LHL01], ausecaseis definedto beaparameterizedjoint actionof thefollowing form:

� ���5I  KJL��MON #JL�MLPRQE I  SJL�MTN #J�MLP ��U M�	>V U #WX�
where

� ��� is anactionnamethat togetherwith thedefiningsymbolcansometimesbeomitted,  KJL�M a
list of parameterstypedwith classesor pure-datatypes[LHL01], #�JL�M denotesa list of typedvariables
thatcanbemodifiedby theactionincludingoutputvariablesandthis list is calledtheframeof theaction.
Wesometimesomit theframeandassumethatonly thevariableswith theirprimedversionsoccurringin
thepostconditionmaybemodified.We call I  KJ�MTN #�JL�MLP thesignature of theaction.ThepreconditionU M�	 of

� ��� specifiesthevaluesof thevariablesin thecurrentstateY of thesystem.It is thusafirst order
predicateformulawith freevariablesof theabove assumedtypes,without usingany primedvariables.
The postconditionU #WX� of the actiondescribesthe valuesof the post-stateafter the action is carried
out. It is thereforea first orderpredicateformulawith freevariablesandprimedvariablesof theabove
assumedtypes.

Pleasenotethattheparametersof anactionrepresentsobjectsthatmightbedifferentfromoneoccurrence
to another. Someof theparametersmaybedistinguishedas(participants) which do not have different
semanticmeaningsfrom theotherparametersat the requirement.We mayalsoincludetheactors of a
usecasein theparameterlist.

2.2 Conceptual model

A conceptualmodel Z E\[^] ;!_!` JTa is a pair of a conceptualdiagram] andanassertion_!` J aboutthe
objectsandassociationsin ] . A conceptualdiagram is a tuple: ]bEc[ed ;%fg;4h�i^ijik;.l a , where

� d is anonemptyfinite subsetof �������	 , calledtheclassesor conceptsof thediagram] .

� f is afinite subsetof
� �����	mW , whicharecalledtheassociationsof ] .

� l �nI fpo3f D 7rqiKs d 8t2 N 832 N 8 d P is afunction.For l & � ( E ?b��7 ; ZF7 ; Z < ; � < C , wesay
�

is
anassociationbetween� 7 and �=< , andwedenotethis factby

� +@?b�vurw7 ; � uyx< C . Z 7 and Zz< are
themultiplicitiesof ��7 and � < respectively in this association.If l & � ( E ?{��7 ; Z|7 ; Z < ; � < C ,
then l & �0D 7 ( E ?}� < ; Z < ; ZF7 ; ��7vC .
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Conceptual Model and Use Case Model 4

� h:i.i"i ~ d 8 d is thegeneralizationrelationbetweenclasses.We use � 7�h:i.i"i �=< to denote
that ��7 is ageneralizationor asuperclassof � < , and � < is aspecializationor subclassof ��7 . We
requirethat thegeneralizationis acyclic, i.e. thereis not a sequenceof classes��7 ;5�5�5�B; �R� such
that �R� h"i�iXi �R�@��7 , for � E�� ;5�5�5�-;5` , and �R� h"i�iXi ��7 . Wealsowrite � < iXi�� ��7 for ��7 h"i�iXi � < .

A conceptualmodel Z E�[^] ;!_!` JTa thusdeclaresa finite set d�� �������
	 of classvariables, a finite
set f � � �����
	 of associationvariableswith their typesandmultiplicity constraints,and a set of
generalizationrelationsbetweenthedeclaredclasses.Thesevariablesareglobal from thesystempoint
of view andareconstrainedby theassertion_!` J aswell asa setof constraintsenforcedby the ] itself
[LHL01]. We denoteby � u theconjunctionof all thesestateconstraints[LHL01]. Z canbetreatedas
big compositestatevariablewhichtakesvaluesof objectdiagrams[LHL01] thatareinstancesof ] and
satisfying_!` J , andwedenoteby � u thesetof all suchobjectdiagrams.

A usecasedescribesa functionalrequirementandspecifieswhat it shoulddo for theactors. Its effect
shouldbedescribedin termswhatchangesit canmake on thestateof a conceptualmodel.This means
thatwetreatthevariablesandassociationvariablesasglobalandthey canbemodifiedby thesystemuse
cases.A conceptualmodel Z is adequateto defineausecase

� ���5I  KJL��MON #JL�MLP QE I  SJL�MTN #J�MLP ��U M�	>V U #WX�

if all the classvariablesandassociationvariablesarewell declaredin Z andthe pre-conditionis sat-
isfiablein the statespace� u . We canweaken adequatenessof a conceptualmodelby removing the
condition that the pre-conditionis satisfiablein the statespace� u as it is impossibleto be checked
statically.

ThesemanticsI I���Z�+@+�I  KJ�MTN #J�MLP ��U M�	>V U #LWm��P P of a joint actionis definedas

� ] u &  KJL�MTN #�JL�M ;�� �MT& U M�	j( ;�� �MT& U #LWm�!(%(���� u � U M%	r�9#L�
� U #WX����L�� � �.�%� &.J H
E J�(S�9#L� H

where J¡ � #�JL�M meansthat J is in theunderlyingclassdiagramandin thesetof freevariablesof the
action,but not in #�JL�M ; #� is a logicalstatevariableswhichrepresentsthattheprogramis in aproper(an
ok) stateto starttheexecutionof theaction.

This semanticsmeansanactioncanbeproperlycarriedout only whenthecurrentstateis a properstate
to starttheexecutionof theaction,all variablesaredeclared(anall termsshouldbewell typed),andthe
preconditionholdsin thecurrentstate.If this is true,theexecutionof theactiontransformsthecurrent
stateinto a statethat is relatedwith thecurrentstateby U #LWm� andtheexecutionwill properlyterminate,
otherwisewecannotsayanythingaboutwhattheactiondoes– chaos[HH98].
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Informal Description of a Library System 5

3 Informal Description of a Library System

Thelibrarysystemis usedto supportthemanagementof loansin auniversitylibrary. Librariansmaintain
a catalogueof publicationswhich areavailablefor lendingto users.Theremaybemany copiesof the
samepublication. Publicationsandcopiesmaybeaddedto andremoved from the library. Registered
userscanborrow the availablecopiesin the library. Whena copy hasbeenborrowed by a user, it is
on loan and is not available for lending to other users. When all copiesof a publicationhave been
borrowed,userscanmake a reservation for thepublication. However, a usermaynot placemorethan
onereservationfor thesamepublication.Whenacopy is returnedto thelibrary, theloanwill beput into
the loanrecordin thelibrary. After a copy is returned,it maybeput backon theshelf,or alternatively,
heldfor auserwhohasreservedthecorrespondingpublicationof thecopy.

From above informal descriptionof the systemrequirements,we can list somemain serviceswhich
shouldbeprovidedby thesystemfor thelibrariansandregisteredusers

1. Librarianscanmaintainthelibrary, suchasaddandremove publications,copies,andusers.

2. A library lendscopiesto users.

3. Usercanmakea reservationsandremove reservations.

4. Usercanreturnthecopies.

RemovePublication

AddPublication

RemoveUser

Add User

MakeReservation

RomoveReservation

LendCopy
RemoveCopy

ReturnCopy

User

Librarian

MaintainLibrary

<<extends>>

<<extends>>

<<extends>>

<<extends>>

<<extends>>

<<extends>>

<<uses>>

Librarian

AddCopy

Figure1: An UseCaseModelof a Library Application

In [Ken97], theseusecaseswereorganizedinto the use-casediagramin Figure1. From the analysis
of theseusecaseinformally, paper[Ken97] alsoproduceda conceptualdiagramsimilar to the onein
Figure2, andlistedoutanumberof stateassertionsabouttheclassdiagram.
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Library

User Loan

Reservation

Publication  Copy

Contains 1

*

Is-on
1

*

1

*

Makes

0..1

0..1

1 *

Is-Held-for

*

*

1 *

Is-Available-to

Holds

Takes

*

1

Is-Copy-of

1

*

1

*

Figure2: A ConceptualModelof aLibrary Application

However, thereareanumberof questionsneedto beaddressed:

1. How muchnoiseis containedin theconceptualmodel,i.e. how canwe justify thatall theclasses
andassociationarerelevantfor therealizationof theusecases?

2. How canwe justify thattheconceptualmodelis adequatefor theusecases?

3. Whichpartis relevantto ausecase?

4. How is thisconceptualmodelproduced?

5. How canwejustify thatthelistsstateconstraintsor invariantsagainsttheuseusesandviceversa?

Weshallattemptto discussthesequestionsin thenext sectionwhenweactuallydevelopthemodels.

4 Requirement Analysis of the Library System

Fromthesignatureof anjoint actionandthetypesof thevariablesin its preandpostconditions,wecan
extract theclassesandtheir associationthat areneededto realizeor definetheeffect of theusecases.
Thiswill leadto thecreationof aconceptualclassdiagram.Analysisof theconceptualdiagramandthe
usecaseswill derive thestateconstraints[LHL01] requiredfor theconceptualmodel.We now definea
numberof usecasesoneby oneandatsametime to developaconceptualmodelstep-by-step.
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Requirement Analysis of the Library System 7

Use case LendCopy This usecaseis abouthow thelibrary canlenda copy of a publicationto a user.
Obvious,a user ¢ anda copy � areparticipantsin this action,anda loan £ shouldbe createdfor user¢ andcopy � . However, theremaybesomepublicationsthatarenot allowed to beborrowed by some
users.Thisusecasecanbeformally specifiedas

LendCopy I@��+¤�/#! K� ; ¢F+/¥RW5	5M-P QE
ovar + ¦�#�� ` +j23������	��������! "	�#%$:&§¦¤#�� ` (�N

Borrows +@?�¦¤#�� `'; �/#! K�zC)N
Takes +@?¨¥¤W�	mM ; ¦�#�� ` C)N
IsAvailable +@?A�/#! K� ; ¥¤W�	mM©C)N

Pre + �0�1�/#! S�)�F¢F�ª¥¤W�	mM � and ¢ exist� IsLendableTo & IsCopyof
D 7 &��( ; ¢«( ¢ is allowedto borrow �� IsAvailable&�� ; ¢«( � is availableto ¢

Post + ¬£v+����^�5	��������! "	�#.$/&§¦¤#�� ` ( � £© �p¦�#-� `� ¦�#�� ` H E ¦¤#�� `goF® £L¯ createanew loan� BorrowsH E Borrows o|® ?G£ ; �0C)¯ record � on thenew loan� TakesH E Takes oF® ?�¢ ; £vC)¯ record ¢ on thenew loan

� IsAvailableH E _ W � J��e°@�j��°@	 i ±² �=³j´�µ � ® ?¶� ; ¢FC0¯ make � unavailableto any user

Wecanextracttheclassesandassociationsfrom thisdefinitionandmaketheminto aconceptualdiagram
in Figure3, denotedby ] 7 .

Loan

Copy

Takes

Borrows

*

* 1

1

1 *
User

Publication

*

*

IsLendableTo

IsCopyof

IsAvailable

1 *

Figure3: Conceptualmodelfor ¦¤	 `S· �/#! K� usecase

Fromthedefinitionof ¦R	 `K· �/#! K� usecase,a copy canonly beborrowed in oneloananda loancanbe
takenby oneuser, but a usermayuse ¦¤	 `K· �/#! S� againandagainto take moreloans.Theseimply the
multiplicitiesof theassociationsin thediagram.Thefollowing stateassertionsarepreservedby theuse
case:

& _ 7%7-( �A¸ �0�1�/#! K� � &§¬S¢,��¥¤W�	mM � IsAvailable&�� ; ¢«(/��¹6¬£v�p¦�#�� ` � Borrows&º£ ; �(%(& _ 7 < ( � Takes&¥RW5	mM( E Borrows
D 7 &��/#! S��(
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Requirement Analysis of the Library System 8

wherewe have adoptedtheconventionthat »�Y is thenumberof elementsin set Y , if ¼ ~ � 7 8��S< andY is a subsetof �«7 , ¼�&½Yy( is thesetof elementsthatarerelatedto thosein set Y . Property_ 7%7 saysthat
acopy on loancannotbeavailable;andproperty _ 7 < assertsthateachloanrecordsauserandacopy that
theuserhasborrowedthecopy by this loan.

Define _ 7 QE _ 7%74� _ 7 < andlet ¦¤ZF7 E¾[^] 7 ;!_ 75a betheconceptualmodelconstructedfor ¦¤	 `K· �/#! K� use
case.

Use case AddPublication A library may add a new publicationinto the systemand this serviceis
providedby a usecasecalled

� ·j· U ¢��5°��¿�!���¿�¿# ` . We thusneedto introducea class¦:���5M%�MX� to represent
thelibrary concept.Assumethereis only onelibrary object,denotedby °���� , in thesystemthatcontains
all the publications.Thenthereis an aggregation associationrelationContainsbetween¦:���5M%�M!� andU ¢��5°��¿�!���¿��# ` . Theusecase

� ·j· U ¢"��°������j�¿�¿# ` canbeformalizedasfollows.

AddPublication I  À+ U ¢"��°������j�¿�¿# `'; °��¿��+O¦/�¿��M.�MX�jP QE
ovar + U ¢��5°��¿�!���¿��# ` +�23������	��-���"�! "	�#.$/& U ¢��5°��¿�!���¿��# ` (�N

Contains+@?�¦:���5M%�M!� ; U ¢��5°��������¿��# ` C)N
Pre +  k � U ¢��5°��¿�!���¿�¿# `  is notcurrentlyin the °����
Post + U ¢��5°��¿�!���¿��# ` H E U ¢��5°��¿�!���¿�¿# `
op®  R¯ createthepublication� ContainsH E ContainsoF® ?�°���� ;  ÀC0¯  now belongsto °����

Only two classes,¦:���5M%�MX� and U ¢"��°������j�¿�¿# ` , andoneassociation�/# ` �^�� ` WÁ+@?Â¦/�¿��M.��M!� ; U ¢��5°��¿�!���¿��# ` C
are neededto definethis

� ·j· U ¢���°��������¿��# ` usecase. The extensionof the conceptualdiagram ] 7 in
Figure3 with thesenewly introducedclassesandassociationis theclassdiagramin Figure4, denotedby] < . Weformally definedin [LHL01] how to extendaconceptualmodel.Imaginingthatall publications
areaddedby applicationsof this

� ·j· U ¢��5°��¿�!���¿��# ` usecase,all publicationsin thesystemarecontained
in thelibrary, andwe thushave thefollowing two stateconstraints:

& _ < 7-( � ¦/�¿��M.�MX� E ® °����j¯ thereis only onelibrary& _ <%< ( � �/# ` �^�� ` W�&.°�����( E U ¢��5°��������¿��# ` All publicationsareregistered

Adding thesetwo constraintsonto ] < with thoseconstraintsof ] 7 , we obtain the conceptualmodel

Z < Ec[^] < ;!_ < a , where _ < QE _ 7/� _ < 7/� _ <%< .

Use case AddCopy Use case
� ·j· �/#! S� is usedto add a new copy of a publicationto the library

after its correspondingpublicationhasalreadybeencreated.Many copiesmay associatewith a same
publication. Whenwe add a copy � of publication  to the library, we needput ?Ã� ;  \C into the
association_ W�/#! K�j#.$ . Actually, if thereis not thecorrespondingpublicationof thenew copy, weshould
first call usecase

� ·j· U ¢"��°������j�¿�¿# ` to createthe publication,and then carry out
� ·j· �/#! K� usecase.
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Loan

Copy

Takes

IsAvailable
Borrows

*

*

1

1 *
User

Library

Publication

Contains

1

*
1 *

IsCopyof

IsLendableTo

*

* 1

Figure4: Conceptualmodelafteraddingusecasesof
� ·j· U ¢���°��������¿��# ` and

� ·j· �/#X K�
� ·j· �/#! K� is thereforedefinedasfollows.

AddCopy I@�)+R�/#! K� ;  9+ U ¢��5°��¿�!���¿�¿# ` P QE
ovar + �/#! K�Ä+23������	��-���"�! "	�#.$/&��/#! K��(�N

IsCopyof +@?A�/#X K� ; U ¢"��°������j�¿�¿# ` C)N
IsAvailable +@?A�/#! K� ; ¥¤W�	mM©C)N

Pre + �Á �1�/#! S�)�
 9� U ¢"��°������j�¿�¿# ` � is new but  exists
Post + �/#! K�ÅH E �/#! K� oF® �¯ create� andaddit in� IsCopyof H E IsCopyof oF® ?¶� ;  9C0¯ recordthat � is acopy of  � IsAvailableH E IsAvailable oF® ?¶� ; ¢FC)+"¢,�Â¥RW5	5MÅ¯ make � available

It is possiblethatanewly addedcopy is requiredto beavailable.Thisneedto bedecidedwith theclients
abouttheir policy whena copy shouldbeavailable. In [Ken97], anassociationrelationHoldsbetween
class ¦:���5M%�M!� andclass �/#! K� is used. In fact, it is anassociationderivablefrom associationrelations
ContainsandIsCopyof:

Holds E ContainsÆ IsCopyof
D 7

Somesoftware practitionerssuggestthat derivable associationsshouldnot be shown in a conceptual
diagramto keepthemodelsimpler[Lar98], while otherssaysthat they arebetterto beshown. We feel
thatinsteadof showing thesederivableassociations,they shouldbedefinedin text becausethedefinition
shouldbe given even if they areshown. Conceptualdiagram ] < in Figure4 is still adequatefor the
definitionof

� ·Å· �/#! K� . However, weneedto noticetheusecasepreservestheconstraintimposedby the
many-to-onemultiplicities of _ W�/#X K�j#.$ andthefollowing propertythateachcopy mustbea copy of a
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publicationin thesystem:

& _½Ç 7B( � �/#! S� E IsCopyof
D 7 & U ¢���°��������¿��# ` (

Add this stateconstraintinto conceptualmodel Z < to obtaina conceptualmode Z Ç . Similarly, we can
defineusecase

� ·j· ¥RW5	5MO&.¢9+r¥RW5	mM( which introducesanassociationrelationRegisters betweenclasses¦:���5M%�M!� and ¥RW5	5M , andrequirethatall usersin thesystemmustberegisteredusers:

& _�È 7B( � ¥RW5	5M E Registers&.°����j(

Weaddassociation¼�	§É	XWm�§	mM!W andstateconstraint_�È 7 to Z Ç andgetanew modeldenotedby Z È

Use case MakeReservation Whena user ¢ wantsto borrow a publication  andthereis no copy of
this publicationavailable to him or her, the systemshouldallow the userto make a reservation M on
thepublication  . Whena copy of  is returned,it shouldbeheld for theuser ¢ . Therefore,usecaseZÊ�L�j	�¼�	mW5	mMXJL�j�¿�¿# ` shouldintroducea new class ¼�	XW�	mMXJL���¿��# ` andthreeassociationsMakes,IsOn,and
IsHeldforamongclasses¥RW5	mM , U ¢���°��������¿��# ` and �/#! S� .
Theabove informaldescriptionis takenfrom theclient’s requirementin Section2 aboutmakinga reser-
vation. It suggeststhattheusecasefor makinga reservationshouldbeconsideredtogetherwith theuse
casefor returningaborrowedcopy. This impliesthatsometimesagroupof usecasesshouldbeanalysed
together. Suchusecasesarecalled tightly coupledusecasesandthey togetherwith their conceptual
modelshouldbedocumentedin a UML package. Of course,theclient of the systemmaynot have to
requirethata reservationbedealtwith thisway.

UsecaseZË�L��	!¼�	XW�	mMXJL���¿��# ` canbedefinedformally asfollows.

MakeReservation I�¢,+4¥¤W�	mM ;  p+ U ¢"��°������j�¿�¿# ` P'QE
ovar + ¼�	XW�	mMXJL���¿��# ` +�23���^�5	��������� �	�#.$/&§¼�	mW5	mMXJL�j�¿�¿# ` (�N

Makes +@?¾¥RW5	5M ; ¼�	mW5	5M!J���¿�¿# ` C)N
IsOn +@?�¼�	mW5	5M!J���¿�¿# `R; U ¢"��°������j�¿�¿# ` C)N

Pre +  À� U ¢��5°��¿�!���¿�¿# ` �p¢|�Â¥¤W�	mM ¢ and  exist� _ W%¦¤	 `K· �j��°@	��#�&e ; ¢«(  is lendableto ¢� ¹6¬«�0�Ì�/#X K� � & IsCopyof &�� ;  R(«� IsAvailble&�� ; ¢«(%( nocopy of  available� ¹6¬SM��p¼�	XW�	mMXJL���¿��# ` � Makes&.¢ ; MÅ(«� IsOn&.M ;  R( ¢ notalreadyreserved  
Post + ¬SM�+R������	��������! "	�#%$'&§¼�	mW5	5M!J���¿�¿# ` ( � &.MÄ �p¼�	XW�	mMXJL���¿��# ` �¼�	XW�	mMXJL���¿��# ` H E ¼�	XW�	mMXJL���¿��# `goF® M¯�( make anew reservation� MakesH E Makes oF® ?�¢ ; M©C0¯ record ¢ in thereservation� IsOnH E IsOn oF® ?¶M ;  9C0¯ record in thereservation
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Noticethatmorethanonereservationcanbemadeononepublication,but notby thesameuser. Adding
theassociationintroducedby thisusecaseto theconceptualdiagramin Z È , wegettheclassdiagram]tÍ
in Figure5.

Library

User

Reservation

Publication

1

*

IsOn
1

*

1

*

Makes

0..1

0..1

1 *

*

*

1 *Takes

1

1

*

1

IsAvailable

IsHeldfor

Borrows

 Copy

Loan

*

Logs
Registers

IsCopyof

Contains

IsLendableTo
*

*

1

Took

Borrowed

1 *
*

1

Figure5: ConceptualmodelafteraddingMakesReservationusecase

Use case ReturnCopy Theusecasefor returninga borrowedcopy canbedefinedasfollows. Notice
that in its postcondition,a copy is madeto beheldfor onereservation if thereis any. We alsoneedto
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introducetwo associationsbf TookandBorrowed to recordthecompletedloanswhenacopy is returned.

ReturnCopy I@��+¤�/#! K�jP QE
ovar + �/#! K�Ä+23������	��-���"�! "	�#.$/&��/#! K��(�N¦�#�� ` +j23������	��������! "	�#%$:&§¦¤#�� ` (�N

Takes +@?¨¥¤W�	mM ; ¦�#�� ` C)N
Borrows +@?�¦¤#�� `'; �/#! K�zC)N
Took +@?¾¥¤W�	mM ; ¦�#�� ` C)N
Borrowed +@?ª¦�#�� `R; �/#! S�zC)N
IsHeldfor +@?b�/#! K� ; ¼3	XW5	5M!J���¿��# ` C)N
Logs +@?�¦/�¿��M.��M!� ; ¦�#�� ` C)N
IsAvailable +@?A�/#! K� ; ¥¤W�	mM©C)N

Pre + �0�1�/#! S� thecopy existsin thesystem� ¬£v�À¦�#�� ` � Borrows&º£ ; ��( thecopy is on loan
Post + Let £ E Borrows

D 7 &���( and ¢ E Takes
D 7 &º£L( in¦�#�� ` H E ¦¤#�� `zi¡® £L¯ remove theloanand� TakesH E Takes i¡® ?�¢ ; £vC)¯ breakthelink� BorrowsH E Borrows i¡® ?G£ ; �0C)¯ breakthelink� LogsH E Logs oF® ?¶°���� ; £vC0¯ Log thecompletedloan� TookH E Took oF® ?Â¢ ; £vC0¯ recordthelink� BorrowedH E Borrowed i¡® ?Ì£ ; �)C0¯ recordthelink� if ¥ E Makes

D 7 & IsOn
D 7 & IsCopyof &��(%(%(v E Ø if the  of � is reserved

then IsHeldforH E IsHeldof oF® ?�� ; �5ÎO#���!	&¥�(yC0¯�( hold � for onereserver

else IsAvailableH E IsAvailable o ±² �=³j´�µ � ® ?Ï� ; ¢|C0¯ make � availableto anyone

Noticethatnodecisionis madein thepostconditionaboutfor which reservationthatthecopy shouldbe
heldfor if morethanonereservationis madefor thepublication.Sucha decisionshouldbemadewhen
the usecaseis to be designedandimplemented.The newly introducedassociationsarerelatedto the
existingonesin thefollowing way:

& _ Í 7-( � Took&¥RW5	mM( E Borrowed&��/#! K��( E Logs&.°�����(& _ Í <L( � Takes Ð Took EªÑ& _ Í Ç ( � Borrows Ð Borrowed EªÑ

Definethesetof currentloansas

�'¢TM!M�	 ` �Ò¦�#�� ` QE ¦�#�� `zi¡® £0+£v�p¦¤#�ÉWj&.°��¿�j(%¯

Use case CollectReservation Whenacopy is heldfor a reservation,theuserof thereservationwill go
to collectthecopy. In [Ken97], collectingthecopy heldfor a reservationis partof usecase¦¤	 `S· �/#! K� .
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However, we found no justificationof doing so. We preferto introducinga separateusecasefor this
purpose.Of courseit canbecombinedwith ¦R	 `K· �/#! K� usecasein thedesign.

CollectReservation I�¢F+/¥¤W�	mM ; M�+T¼�	XW�	mMXJL���¿��# ` P:QE
ovar + ¼�	XW�	mMXJL���¿��# ` +�23���^�5	��������� �	�#.$/&§¼�	mW5	mMXJL�j�¿�¿# ` (�N¦�#�� ` +j23������	��������! "	�#%$:&§¼3	XW5	5M!J���¿��# ` (�N

Makes +@?¾¥RW5	5M ; ¼�	mW5	5M!J���¿�¿# ` C)N
IsOn +@?�¼�	mW5	5M!J���¿�¿# `R; U ¢"��°������j�¿�¿# ` C)N
IsHeldfor +@?b�/#! K� ; ¥RW5	5MÁC)N

Pre + M��F¼3	XW5	5M!J���¿��# ` �p¢,�Â¥RW5	5M� ¬«�0�1�/#X K� ;  Ê� U ¢"��°������j�¿�¿# ` � IsHeldfor&�� ; ¢�(=� IsCopyof &�� ;  R(=� IsOn&.M ;  R(
/** ¢ madethereservation M and M is ona  of � **/

Post + ¬£v+����^�5	��������! "	�#.$/&§¦¤#�� ` ( � £© �p¦�#-� `� ¦�#�� ` H E ¦¤#�� `goF® £L¯ makea new loan� BorrowsH E Borrows oF® ?G£ ; �0C)¯ record � in loan £� TakesH E Takes o|® ?¶¢ ; £vC)¯ record ¢ in loan £� ReservationH E Reservation iG® MÅ¯ remove thereservation M� MakesH E Makes i¡® ?�¢ ; M©C0¯ breaklink with theremovedobject £� IsOnH E IsOn i¡® ?¶M ;  9C0¯ breaklink with theremovedobject £� IsHeldforH E IsHeldfor ik® ?Ï� ; ¢,C0¯ breaklink with theremovedobject £

All above threeusecasesmodify variables¼3	XW5	5M!J���¿��# ` andits relatedassociations.Thedefinitionfor
usecase �/#°e°Ó	��-�Ò¼�	XW�	mMXJL���¿��# ` also indicatessometimeswhenwe remove an object,all links with this
objectshouldberemoved too. In fact, this is ensuredby the formal definitionof conceptualmodelsin
[LHL01]. We canintroducean operation] 	XWm�¿M.#��K&�� ; #T( that removesobject # from � togetherwill
all links to # . However, we explicitly write out the removal of eachlink for the sake of clarity. The
following stateconstraintsshouldbepreservedto beconjoinedinto theconceptualmodel Z Í :

& _ Í È ( � IsHeldfor Æ IsOn ~ IsCopyof thecopy thatis heldfor a reservationis acopy
of thepublicationthatis reserved& _ Í%Í ( � ¼�	mW5	5M!J���¿�¿# ` E Makes&¥RW5	mM(½� every reservationmadeby ausermustbe¼�	mW5	5M!J���¿�¿# ` E IsOn

D 7 & U ¢���°��������¿��# ` ( oneonapublicationin thelibrary.

Association_ W%Ô�	m° · $5#M is relatedto association_ W � JL��º°@�j�5°Ó	 and Õv#MXM.#Ö:W suchthatnotcopy thatis held
for a reservation shouldbe available, and any copy that is currently on a loan cannotbe held for a
reservation:

& _ Í%× ( �A¸ �0�1�/#! K� � &§¬S¢,��¥¤W�	mM � IsAvailable&�� ; ¢«(/��¹6¬SM��p¼�	XW�	mMXJL���¿��# ` � IsHeldfor&�� ; M(%(& _ Í�Ø ( �A¸ �0�1�/#! K� � &§¬SM��p¼�	mW5	mMXJL�j�¿�¿# ` � IsHeldfor&�� ; MÅ(6��¬£>�F¦�#�� ` � Borrows&º£ ; ��(%(
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Requirement Analysis of the Library System 14

Recallthat _%7%7 alreadyrequiredthatnobookcurrentlyon loan _ W � JL��º°Ù�Å�5°Ó	 . Wecanalsoenforcethatthe
conjunctionof theright-had-sidesof _ 7%7 and _ Í Ç implies + IsAvailable&�� ; ¢«( :

¸ �0�Ì�/#! K� � &§¬S¢|�Â¥¤W�	mM � IsAvailable&�� ; ¢�(RÚ ¹6¬=M��p¼3	XW5	5M!J���¿��# ` � _ W%Ô�	m° · &�� ; M(� ¹6¬O£v�p¦¤#�� ` � Borrows&º£ ; �(%(

Wealsohave thateverycopy is eitheravailable,or on loanor heldfor a reservation. Rewriting all those
constraintsaboutÕv#M!M%#Ö:W , _ W � J��º°Ù�j��°@	 and _ W%Ô�	m° · $m#�M in termsof relationalalgebra,wehave

&���( � IsAvailable
D 7 &¥RW5	5MÅ(=Ð Borrows&§¦�#�� ` ( EªÑ&��j( � IsAvailable
D 7 &¥RW5	5MÅ(=Ð IsHeldfor

D 7 &§¼�	mW5	mMXJL�j�¿�¿# ` ( EªÑ&���( � Borrows&§¦�#�� ` («Ð IsHeldfor
D 7 &§¼�	mW5	5M!J���¿�¿# ` ( EªÑ& · ( � IsAvailable

D 7 &¥RW5	5MÅ( o Borrows&§¦�#�� ` ( o IsHeldfor
D 7 &§¼3	XW5	5M!J���¿��# ` ( E �/#! K�

Thenwe have if a copy is available to a user, it is thenavailable to any user. The analysisof these
propertieshelpsa lot whenwe designthe usecases.For example,we cansafelyintroducea boolean
attribute ��JL��º°Ù�Å�5°Ó	 to �/#! K� to avoid addinglinks betweenacopy to all theusers.

4.1 Introducing subclasses

Now considerhow wecanintroducesubclassesYK�^�.Û
¥RW5	5M and YS�¿¢ · 	 ` �m¥RW5	5M of ¥RW5	5M , subclassesÕv#�#L� ,U 	mMX��# · �����° and ¼�	½ T#Mm� of U ¢���°��������¿��# ` . In termsof conceptualmodels,we can add the diagramin
Figure6 to thediagramin model Z Í thatwehave createdfor thelibrary sofar.

User
Publication

Periodical Book    ReportStudentUser StaffUser

Figure6: Subclassesin thelibrary system

However, wehaveto reconsidertheusecases¦¤	 `K· �/#! S� and ZË�L��	!¼�	XW�	mMXJL���¿��# ` to imposeconditionson
whichkindsof usersareallowedto borrow whatkindsof publications.Thiscanbedoneby constraining
or definingtheassociation_ W%¦¤	 `K· �j��°@	��# , thatwasalreadyintroducedwhengavethedefinitionsto those
two usecases.Theassociation_ W%¦R	 `K· �j�5°Ó	Å�K# wasnot purely for the introductionof subclassesat this
stage,becauseit is entirely justifiable that the library shouldhave the right to make a policy about
who canborrow what,andthepolicy canbechangedfrom time to time. We did not wantto rewrite the
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specificationof theusecaseswhenthispolicy is changed,but only to changethedefinition.For example,
thelibrary maydecidethata YK�^�.Û
¥RW5	5M canborrow any kind of publicationsbut a YK�¿¢ · 	 ` �m¥¤W�	mM canonly
borrow Õv#�#L� s. Thispolicy canbedefinedby

& _ Í%Í ( � IsLendableTo QE ® ?¡ ; ¢,C)+L 9� U ¢���°��������¿��# ` �F¢,�Â¥RW5	5MÜ�9&e À�pÕv#�#�)Ýp¢|�ÀYK�^�.Û
¥RW5	5MÅ(%¯

Or in termsof predicate

 IsLendableTo ¢�ÚÞ p� U ¢"��°������j�¿�¿# ` �p¢|�Â¥¤W�	mM��p&e À�ÀÕt#-#L�-WrÝÀ¢,�9YK�^�.Û�¥¤W�	mM(

Of course,thesesubclassescouldhave beencapturedwhenwe consideredusecasesfor lendinga copy
andmakingareservation.Or wecangobackto redefinetheseusecaseswhenwefoundthey areneeded,
but wepreferto thewaythatwehaveproposedhere,theotheralternativesdonotmakethe _ W%¦R	 `K· �j�5°Ó	Å�K#
conditionnot unnecessary. For example,whenwe allow a userto borrow at most5 items,we canalso
redefinethis condition. Anotherapproachin dealingwith situationswhensomeconceptsimilar to a
policy hasto beconsideredis to introduceaclasscalled U #°��¿��� anduseaparameter* of this typein the
usecaseslike ¦¤	 `K· �/#! K� and ZË�L��	!¼�	XW�	mMXJL���¿��# ` sothatacopy will belent to auseror auserreservesa
publicationaccordingto agivenpolicy.

In general,whensubclassesof a classareintroduced,the usecasesin which this direct superclassis
involved shouldbe re-considered.This is becausein the designstagethe part of the work of the use
casecarriedout by a methodof the superclassmay be overwritten in the subclasses.Somepeople
[Lar98] suggestgeneralization-specialization hierarchyis moreuseful in the designratherthanin the
requirementanalysis. We think, it is still importantfor the analysisof the systemstructureandstate
space.New usecasesmaybe introducedfor subclassesof a class. Introducinga superclassfor some
classesdoesnot affect thedefinitionsof theusecasesat therequirementanalysis,thoughcombinations
of smallerusecasesinto abstractor big onescanbecarrieddone[LHL01].

If we startthesystemby a YK�^�Mm�m¥� usecasethatcreatesthe °���� objectof ¦:���5M%�MX� . We canthenapply� ·j· U ¢��5°��¿�!���¿��# ` ,
� ·Å· ¥¤W�	mM and

� ·j· �/#! K� for a numberof timesbeforethesystemcanserve theother
usecases.All the stateconstraintslisted in this sectionsshouldbe invariantsof the systemafter its
startingup.

4.2 About the state constraints

The stateconstraintshave beenimposedoneby oneafter we introduceeachusecase,but we did not
carryout theverificationof thesestateconstraints.However, every time whena usecaseis introduced,
weshouldprove thatit preserveseachstateconstraint_ by proving

U M�	Ü� _ � U #LWX�¤� _ H
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for thenewly introducedusecases,where _ H is thepredicateformulaobtainedfrom _ by replacingeach
freevariablewith it primedversion.On theotherhand,for eachnewly introducedstateconstraint_ , we
shouldverify that _ is preservedby eachusecasethathasbeendefined.Otherwise,thesystemwill be
in dangerof violatingsomerequirements.For example,if requiredthat _�È 7 beaninvariantthatall users
in thesystemmustberegistered,we thenshoulddefinetheusecasefor removing auseras:

RemoveUser I�¢,+6¥RW5	5M-P QE
ovar + ¥¤W�	mM�+�23������	��-���"�! "	�#.$/&¥¤W�	mM(�N¦�#�� ` +j23������	��������! "	�#%$:&§¦¤#�� ` (�N

Registers+@?�¦/�¿��M.��M!� ; ¥¤W�	mM©C)N
Took +@?A�/#! K� ; ¥¤W�	mMÁC)N
Logs +@?�¦/�¿��M.��M!� ; ¦�#�� ` C)N
Borrowed +@?�¦¤#�� `'; �/#! K�,C)N

Pre + ¢,�Â¥RW5	mM ¢ is in thesystem� Takes&.¢�( EªÑ ¢ doesnotholdany itemon loan
Post + ¥¤W�	mMLH E �/#X K� i¡® ¢«¯ Remove ¢� ¦�#�� ` H E ¦¤#�� `zi Took&.¢«( removeall loansof ¢� TookH E Took iG® ?�¢ ; °'C)+"°'�p¦�#�� ` ¯ Breakall links of ¢� BorrowedH E Borrowed i Took&.¢«(ß8Ì�/#! K�� Logs E Log i ¦:���5M%�MX�à8 Took&.¢�(

whichremovestheentirerecordof theuser, includehis/herhistoricalloanrecords.Theinvariantproperty_�È 7 wouldhave beenviolatedif thisusecaseweredefinedby

RemoveUser 7LI�¢|+/¥RW5	5M-P QE
ovar + Registers+@?�¦/�¿��M.��M!� ; ¥¤W�	mM©C
Pre + ¢,�p¼�	§É��eWX�§	mMT&.°��¿�j( ¢ is registered� Takes&.¢�( EªÑ ¢ doesnotholdany itemon loan
Post + RegistersH E ¼�	§É��eWX�§	mM!W i¡® ?�°���� ; ¢|C0¯

whichonly removes ¢ from theregistration.Sameconsiderationshouldbemadeaboutremoving acopy
andremoving apublication.Ontheotherhand,if wedecide_ È 7 shouldnotberequiredweshouldremove
it from thesetof stateconstraintsandre-definetheassociation¦¤	 `K· �j��°@	��# asfollowsto ensurethatonly
registereduserscanborrow or reserve apublication:

& _ � µ�áÍ%Í ( � IsLendableTo QE ® ?G ; ¢,C�+L À� U ¢��5°��¿�!���¿�¿# ` �F¢|�p¼3�ÙÉj�ÒWm�§	mM!W�&.°�����(� &e 9�pÕv#�#L��Ýp¢,�ÊYK�^�.Û
¥RW5	5MÅ(%¯
Writing out thesestateconstraintsis a very importantpartof the requirementanalysis,asthey will be
crucial for thedesignandimplementationof thesystem.For example,we candecideto usea boolean
attributeto represent_ W � JL��º°@�j�5°Ó	 associationasif acopy is availableto oneuserit is theavailableto any
user;wecanintroduceabooleanvariable �j���¿�ºJ	 to representthestateof auser.
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5 Conclusion & Discussion

Usethelibrary systemin [Ken97], this paperhasdemonstrateda usecase-driven, incrementalanditer-
ative requirementanalysissupportedby a simpleformal semanticmodelof the conceptualmodeland
usecasesproposedin our recentwork [LHL01]. Thedifferencebetweenthework presentedherefrom
that in [Ken97] is that we aim to provide a formal justification for the informal requirementanalysis
processusedin [Lar98, JBR99, Liu01]. Wehaveshown how aconceptualmodelcanbederivedby writ-
ing the formal specificationof theusecases,one-by-one.By doing so,we have identifiedtheclasses,
associationsandstateconstraintssystematicallywith formal justifications.Theclassesandassociations
identifiedarenot anddo not have to beentirelythesameasthosein [Ken97], andthedifferenceswere
justified.Wehave identifiedasetof stateconstraints(i.e. invariants)whichwebelieve togetherwith the
conceptualdiagramitself areenoughfor designingtheidentifiedusecases.

A usecaseis definedin termsof its pre andpostconditions,wherethe postconditionis mainly about
what new objectscreated,old objectsdeleted,new links addedto associationsand old links deleted
from associations.The preconditionsandpostconditionsof usecaseandstateconstraintsarewritten
in relationalalgebraand quite easyto understand.However, writing themout is very importantfor
the understandingof the functionalrequirementof the system.We believe that any softwareengineer
equippedwith discretemathematicsshouldbeableto dotherequirementanalysisin thissemanticmodel.

Whenmoreassociationsareintroducedamongold classesby somenew usecases,usecasewhich have
alreadydefinedmayneedto bereconsideredandslightly modified,andmoreconstraintsaboutold asso-
ciationsmayhave to beintroduced.However, theusecasesandconstraintsareeasyto belocatedto only
thosethatareaffectedby thenewly introducedusecases.Theconceptualmodelandtheusecasemodel
constructedthiswaycanbeguaranteedto beconsistent.All theconstraintsintroducedduringthedevel-
opmentof theusecasesandconceptualmodelareinvariantsof thesystemandwill bepreservedby the
usecases.Theinvariantswill beveryusefulin thesystemdesignin thenext stageof thedevelopment.

Whenausecaseis to berefinedfurther, moreclassesandassociationswill beintroduced.For example,
if wewantto recordthetimeof a loanandit returntimeof theborroweditem,weneedto introducethe
conceptof time into theconceptualdiagram.On theotherhand,moreusecases,suchas ¼�	5�Á#�J	j�/#X K�
canbedefinedunderanexistingconceptualmodel.

The experiencewe have learntthroughthis formal analysisis thata formal methodcanbebetterused
in sucha OO usecasedriven, incrementaland iterative analysisprocessthan in the functional and
traditionalstructuralanalysis;and its usedoeshelp to pin-pointsthe main difficulties that are likely
to be encounteredin the later developmentstages.Writing out the formal definitionsof the usecases
andcheckingthemagainstthe stateconstraintsin an iterative way have helpedus to discover quite a
few implicitly assumedstateconstraints,andto correctseveralmistakesaboutthestateconstraints.For
example,the introductionandunderstandingof ¦¤	 `K· �j��°@	��# association,the problemswith regardto
usecasesof removing a publicationandremoving auseraswell astheproblemsof stateconstraints_ È 7
and _ <%< . Takingclassnames,associationnamesasstatevariables,andtheconceptualclassdiagramas
a big systemvariablehasenabledus to avoid from introducingnew semanticnotionsandtheoriesfor
object-orientedrequirementanalysisandthe very classicalstate-basedrelationalsemantics[HH98] is
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adequate.

Thework in [LHL01] andthispaperis only astartingpointof ourongoingresearchtowarda formaluse
of UML in OOsystemsdevelopment.Theverynext stepis to definesemanticsfor UML designmodels,
therefinementof use-casesinto interactionsbetweenobjects,andrefinementbetweendesignmodelsin
UML. We aim to developa wholeframework in anincrementalmannersothat thecomplexity will not
becomeoverwhelming.

In thispaper, wedeliberatelyoverloadednotationsin typingto shrinkthesizeof thepaper. For example,
weused��+¤� sometimesfor �0+¤���^�5	��������� �	�#.$:&��0( and

� +@?b� � ; � < C todenote24&5���^�5	��������! "	�#.$6&���7-(-8������	��������! "	�#%$:&�� < ( . We needto clearnotationusedin thetyping system.We alsousedbothalgebraof
relationsandpredicatecalculusto specifyandexplain stateconstraintsto make the paperreadableto
a wider communityasthesetwo approachescomplementeachother. It is clear, that oneof thesetwo
notationsis sufficient for thedefinitionof thesemanticsandfor reasoning.

Acknowledgements: Thiswork is partlysupportedby theBritish EPSRCGrantGR/M89447.
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