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Abstract

Inadequaterequirementsspecificationremainsto beone
of thepredominantcausesof software developmentproject
failure today. Thisis mainlydueto thelack of suitablepro-
cesses,techniquesandautomatedtool supportavailablefor
specifyingandanalysingsystemrequirements.In thispaper
wesuggesta wayto improvetheapproach to requirements
specificationthat is the mostpopular at the moment- use
casemodelling. Despitetheir popularity, usecasemodels
are not adequatefor creating comprehensiveand precise
requirementsspecifications.We amendthe traditional use
casemetamodelsuch that more structured modelswith a
precisemeaningcan be built. Further, we defineseveral
analysisschemesfor thesestructuredusecasemodelsthat
assistin discoveringinconsistenciesandothererrors in the
models. Theseanalysisschemesare automatedin a tool
that we developedcalled the Structured Use caseModel
Analyser(SUMAnalyser).TheSUMAnalyserprovidesan
accessibleinterfacethat allows the user to constructuse
casemodels,configureandexecuteseveral analysisoptions
andview theproducedresults.TheexistingNuSMVmodel
checker is usedto performtheactual verificationtasksfor
the analysis. To facilitate this, the SUM Analysertrans-
formsusecasemodelsto NuSMVprogramsandalsointer-
pretstheproducedresultssothat they canbeunderstoodby
theuser.

1. Intr oduction

Inadequaterequirementsspecificationremainsto beone
of thepredominantcausesof softwaredevelopmentproject
failure today. This is mainly due to the lack of suitable
processes,techniquesandautomatedtool supportavailable
for specifyingandanalysingsystemrequirements.We thus
setout in our researchto enhancerequirementsspecifica-
tion methodologyby improving one of the most popular
approachesat themoment- usecasemodelling[6, 7].

Theusecaseapproachis well-suitedfor specifyingfunc-
tionalrequirementsfor softwaresystems.Despitetheirpop-
ularity, usecasemodelslack structureandexactsemantics,
which makesrigorousanalysisof suchmodelsimpossible.
We amendthe traditional use casemetamodelsuch that
more structured usecasemodelswith a precisemeaning
canbe built. Further, we defineseveral analysisschemes
for thesestructuredusecasemodelsthat assistin discov-
ering inconsistenciesand other errors in modelsearly in
the developmentcycle. Theseanalysisschemesareauto-
matedin a tool thatwedevelopedcalledtheStructuredUse
caseModel Analyser(SUM Analyser). The SUM Anal-
yser provides an accessibleinterfacethat allows the user
to constructusecasemodels,configureandexecuteseveral
analysisoptionsandview theproducedresults.Theexist-
ing NuSMV modelchecker [8] is usedto performthe ac-
tual verificationtasksfor theanalysis.To facilitatethis, the
SUM Analysertransformsusecasemodelsto NuSMV pro-
gramsandalsointerpretsthe producedresultsso that they
canbeunderstoodby theuser.

In orderto validateourproposedrequirementsspecifica-
tion andanalysisapproach,we performeda casestudyof a
CashManagementSystem(CMS)developedfor aninterna-
tional businessgroup. We successfullyusedthe proposed
notation to model the CMS requirementsand performed
variousanalyseson the modelswith the SUM Analyser.
Numerouserrorswereidentifiedandremediedduring this
processandthegeneralstateof therequirementsspecifica-
tion for thesystemwasconsiderablyimproved.

Themaincontributionof ourwork is allowing thedevel-
operto performrigorousanalysesof usecasemodels,with-
out theneedto understandthecomplexities underlyingthe
modelformalisationandanalysis.While usingsomeexist-
ing techniquesandtools,ourapproachis novel from anum-
ber of perspectives. Firstly, we proposeoriginal amend-
mentsto thetraditionalusecasemodels,suchthatthey rep-
resenthigh-level behavioural systemmodels(Section4).
Secondly, we successfullyextend the useof the powerful
model checkingtechniquesto a domainwhereit hasnot



beenappliedbefore- requirementsanalysis. Thirdly, we
definegenericanalysispropertiesfor usecasemodelsthat
canbecheckedby thedeveloperwith a “pushof a button”
(Section6.1). Lastly, we employ specificationpatternsin
constructionof analysispropertiesfor usecasemodelsand
thusexamineanotherway of reducingthe obstaclesfaced
by the developer when using formal analysistechniques
(Section6.2).

Theobjective of this paperis to introducetheproposed
structuredusecasemodelling and analysistechniqueand
demonstrateits advantages.The next sectionprovidesan
overview of the proposedsolution. Section3 givesback-
ground to the CMS casestudy. Section4 explains the
amendedusecasemodellingnotation,usingexamplesfrom
the casestudy to illustrate the variousconcepts. In Sec-
tion 5 we show how a structuredusecasemodelis mapped
to theNuSMV input languagefor analysiswith theNuSMV
modelchecker. Thedifferentanalysisoptionsofferedin the
SUM Analyserarediscussedin Section6. Finally, the last
threesectionsrespectively describeevaluationof the case
study, relatedwork, conclusionsandsuggestionsfor future
work.

2. Solution Overview

Theenhancedtechniquethatweproposeusesseveralex-
isting approachesasbuilding blocks to form an improved
solution,asdepictedin Figure1. Thenotationthatweadopt
is basedonusecasemodelling[6, 7, 2], shown in block (3)
in thediagram.Theusecaseapproachto modellingrequire-
mentswas first presentedby Ivar Jacobson[16], but it is
now consideredto be a part of the Unified ModelingLan-
guage (UML) [7, 2]. Requirementsmodelsin theusecase
notationareinformalandconsistof diagramssupplemented
by text. Thetextualdescriptionssupplementingusecasedi-
agramsareusuallywrittenin naturallanguageandcomprise
detailssuchasusecaseflows, priority, triggerevents,pre-
conditionsandpost-conditions.Usecaseflowsdescribethe
possiblescenariosof interactionbetweenthesystemandits
environmentduring the usecasedelivery. Typically, a use
casehasonemain flow anda numberof alternative flows.
In traditionalusecasemodelling, the developeris free to
decidewhat information to add or omit from the supple-
mentaryusecasedescriptions.

We extendusecasemodelswith structuredsyntaxand
precisesemanticsasshown in block (2), to make themsuit-
ablefor rigorousautomatedanalysis.We call theamended
usecasemodelling notation “structured” usecases,as it
supportsthe creationof usecasemodelscomprisingwell-
definedpartsexpressedin structuredtext insteadof natural
language.

Rigorousanalysisof structuredusecasesis enabledwith
modelchecking[9, 19] in oursolution,asillustratedin block

Use case

modelling


S
�

tructured

s� yntax and 


p� recise 

s� emantics


M
�

odel 

c� hecking


G
�

eneric

a� nalysis


p� roperties


Property

s� pecification


p� atterns


N

O
�



T

A

T
�



I

O
�



N


A

N

A
	



L

Y





S
�



I

S
�




(
�

2




)
�



(
�

3
�


)
�



(
�

4
)
�



(
�

4
)
�



(
�

6
�


)
�



S
�

UM Analyser

(
�

1
)
�



(
�

5
�


)
�



Figure 1. Enhanced Use Case Modelling and
Anal ysis Appr oach

(6) in Figure1. Model checkingis theprocessof algorith-
mically determiningwhethera behavioural modelsatisfies
certainspecificationproperties,whichareusuallyexpressed
in someform of temporallogic. Our amendmentof theuse
casenotationfacilitatescreationof high-level behavioural
modelsthat capturethe desiredfunctionality of a system,
andthesearethenanalysedwith modelchecking.

In ourresearchweutilisedtheNuSMV modelcheckeras
the analysisenginefor our requirementsmodels.NuSMV
is a state-of-the-artsymbolic model checker, which is
basedon binary decisiondiagrams.It verifiesfinite state-
transitionmodelsexpressedin a prescribedNuSMV input
language.In order to make useof this tool, we defineda
mappingfrom our structuredusecasemodelsto NuSMV
programs.

Specificationpropertiesfor NuSMV analysiscanbeex-
pressedin ComputationalTreeLogic (CTL) [10]. Oursolu-
tion sheltersthedeveloperfrom thecomplexities of tempo-
ral logic in two ways.First,we definea numberof generic
analysispropertiesshown in block (5) in Figure1 thatcan
beusedto analyseany structuredusecasemodel,whichal-
lows thedeveloperto checkmodelswithout providing any
extra input. Second,we make useof propertyspecification
patterns[11, 12] thatallow oneto constructsimpleanalysis
propertiesin termsof behavioural patternsandmodelele-
ments.Specificationpatternsappearin block(4) in Figure1
aspartof theproposedanalysistechnique.

Theconstruction,manipulationandanalysisof thestruc-
turedusecasemodelsis automatedby the SUM Analyser
tool, which is representedby block (1) in Figure 1. The
SUM Analysertranslatesusecasemodelsto the NuSMV
input languagefor analysisand also interpretsthe results
producedby themodelchecker in termsof theoriginal use
casemodels.



3. CaseStudy Background

Thecasestudyof theCashManagementSystemor CMS
wasmadepossiblethroughcooperationwith anestablished
SouthAfrican IT company, which we refer to asSoftCoin
this paper. SoftCowerecontractedto developtheCMS for
an internationalbusinessgroupandat the time of the case
studya partof this projectwasstill in progress.Themain
goal of the CMS is to supportmanagementof receipts,as
well ascoordinatetheflow of informationbetweenvarious
othercomputersystemsemployed by the client company.
Examinationof theacquiredrequirementsmodelsanddoc-
umentsfor theCMS revealedthat they wereto a largeex-
tentambiguous,inconsistentandincomplete.Our goalwas
to show that theproposedstructuredusecasenotationand
analysisschemesoffered in the SUM Analysercould im-
prove thequalityof this requirementsspecification.

The requirementsspecificationfor the CMS obtained
from SoftCocomprisedusecasediagramssupplementedby
informal textual descriptionsfor eachusecase.Textual use
casedescriptionscontainedinformationaboutactorsasso-
ciatedwith usecases,their main andalternative flows, as
well astheir pre-andpost-conditions.We useda subsetof
the CMS requirementsspecificationfor the purposeof the
casestudythat consistedof 35 usecases,which described
the administration andmanualhandlingof receiptsin the
system.

Figure2 shows anextract from oneof theusecasedia-
gramsfor theCMS.Theusecasesdepictedin this diagram
areusedthroughouttheremainderof thepaperfor illustra-
tivepurposes.
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Figure 2. CMS Use Case Diagram

Thediagramin Figure2 depictsfive actors.TheAdmin-
istrator actoris responsiblefor managinguserswithin the
system,by addinganddeletingvalid users.EnquiryClerk,
Capture Clerk andSupervisorrepresentthe main usersof

thesystem.Any of thesethreeclerk actorsneedsto Log In
beforegaining accessto the system’s receipthandlingser-
vices, suchas the saving and printing of receipts. These
actorsarerelatedwith anactorhierarchy relationship,cap-
turing their differentaccessrights. For instance,a Capture
Clerk cansave receiptsbut doesnothave theright to delete
them. Only theSupervisorhastheaccessright to void re-
ceipts. The includerelationshipbetweenthePrint Receipt
andPostReceiptusecasesindicatesthatwheneverareceipt
is printed,it is postedto theaccountingandoperationssys-
tems.Onceareceiptis posted,it cannotbedeletedfrom the
CMS.A receiptthat is savedbut not postedcanbedeleted,
howeverondeletionit is only flaggedasdeletedthusretain-
ing the informationnecessaryfor auditingpurposes.After
anauditis performedandtheinformationaboutthedeleted
receiptsis not requiredanymore,theAudit Control System
indicatesto theCMS thatthedeletedflagscanbecleared.

4. Structur edUseCaseModels

In this sectionwe presentthe metamodelfor structured
usecasemodelsand illustrate the creationof a structured
usecasemodel with the running examplefrom the CMS
casestudy. Insteadof presentingtherulesfor thestructured
textual syntaxusedto capturevariousmodelelements,we
demonstratethesyntaxusingconcreteexamples.

Before introducingthe metamodel,we first presentthe
generalview on modellingsystembehaviour requirements
thatis assumedin ourapproach.In agreementwith thestan-
dardusecasemodelling,thesystemunderconsiderationis
treatedas a “black box”. The diagramin Figure 3 illus-
tratesthe perspective on actor-systeminteractiontaken by
thestructuredusecaseapproach.
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Figure 3. Interaction Between Actor and Sys-
tem in Proposed Appr oach

Theactorcancall uponthesystem’sservicesby activat-
ing usecases.Thesystemitself is describedby thesystem
state, which is dynamicandchangesin time asa resultof
usecaseactivations. Predicatesreferredto as conditions
in thestructuredusecaseapproachareusedto collectively



representthestateof thesystem,whereatany time thesys-
tem canbe queriedfor the valueof any oneof thesecon-
ditions. For example,oneof the conditionsdescribingthe
stateof theCMS systemintroducedcouldspecifywhether
aparticularreceiptis savedwithin thesystem.

As shown in Figure3, eachusecaseis associatedwith a
numberof flowsandeachflow haspre-andpost-conditions.
The diagramshows what happensduring a usecaseacti-
vation with six numberedsteps. After a usecaseis acti-
vatedby an actor (1), the pre-conditionsof its main flow
are queriedagainst the currentsystemstate(2). Suppose
thatthesepre-conditionsdonothold(3), thenthealternative
flow of theusecaseis considered.Pre-conditionsof theal-
ternativeflow arequeried(3) andthis timethey aresatisfied
in thestateof thesystem(4). Sincethepre-conditionsare
satisfied,thepost-conditionsof thatflow areusedto change
the systemstate(5). When pre-conditionsfor one of the
flows hold, theusecaseactivationis saidto besuccessful.

As explainedabove, usecasemodelsbecomemoredy-
namic in the proposedapproachthan in the standarduse
casemodellingapproach.Thisnew view of systemrequire-
mentsmodellingallows us to incorporateverificationwith
model checkingthat exploresall the possibleinteractions
betweentheactorsandthesystemfor aparticularmodel.

Wetookthefundamentalconceptsfrom thestandarduse
caseapproachandappendedthemwith additionalelements
to facilitate constructionof modelssuitable for rigorous
analysis. Note that usecasemodelswere one of the few
partsof UML thatwerenot affectedby majorchangesdur-
ing the shift from UML 1.x to UML 2.0. Therefore,our
proposedapproachcanbe seenasan enhancementof use
casemodellingasit is definedin UML 1.xor UML 2.0.The
diagramin Figure4 showsthemetamodelfor structureduse
casemodels.
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Figure 4. Structured Use Case Metamodel

The aggregation relationshipsin Figure 4 show that a
structuredusecasemodelcomprisesfour differenttypesof
elements:actors,usecases,conditionsandvariabletypes.
For eachof thesemodellingelementsthe metamodelpre-

scribesa numberof propertiesthatcaptureinformationre-
latedto thatelement.

A structuredusecasemodel consistsof a usecasedi-
agramshowing the graphicalrepresentationof actors,use
casesand their associations.For eachactorandusecase
in the diagram,textual propertiesareadditionallydefined.
Conditionsand variabletypesdo not have graphicalrep-
resentations;theseelementsarecompletelytextual. Each
elementappearingin the metamodelshown in Figure4 is
explainednext.

Two propertiesaredefinedfor theActor elementin the
metamodel:a nameanda list of attrib utes. Attributesde-
scribeanactor’s particularsthatthesystemneedsto access
in orderto deliver servicesrepresentedby usecasesto that
actor. For example,anEnquiryClerkhasanattributecalled
Usernamethat he needsto provide to the CMS systemin
orderto log in. Eachactorattribute is regardedasa Vari-
able, and eachvariablehasan associatedtype as shown
in the metamodel.EachVariableType is associatedwith
a finite numberof symbolicvalues, which areessentially
string literals that can only be comparedfor equivalence.
Two symbolicvariablesareequalif their valuesareset to
identicalstringliterals.

Conditions areusedto describethe global stateof the
systemand to declareusecasepre- and post-conditions.
Threepropertiesaredefinedfor a condition:a name,a pa-
rameter list anda truth-value(isTrue). InitialConditions
areusedto describethesystemstatebeforeany interaction
betweenactorsandthesystemoccurs.

A UseCasehasfive properties:a name,its associated
actors,a parameter list, pre-conditionandpost-conditions
lists. Usecaseparametersdescribeinformationthat is re-
quiredby thesystemto provide thecorrespondingservice.
Whena usecaseis activated,a literal valuefor eachof its
parametersis passedto thesystem.

From the metamodelin Figure4 it canbe seenthat re-
lationshipsamongusecasessuchasextendandinclude, or
actorgeneralisationrelationshipsarenot supported.In its
currentstateour techniqueis built aroundthe fundamental
featuresof usecasemodelsonly, asourgoalwasto testthe
approachfirst beforeincorporatingthe additionalusecase
modellingfeatures.However, we proposea potentiallyex-
tensiblesolutionfor expressingusecaserelationshipsand
actor hierarchiesin structuredusecasemodelsgiven the
currentmetamodel.This solutionwasappliedto theCMS
casestudy, wherethe provided usecasemodel had to be
“flattened”beforeanalysingthemin theSUM Analyser.

4.1 Flattening of UseCaseModels

In our runningCMS example,the usecasediagramin
Figure 2 is flattenedto producethe diagramin Figure 5.
We next describehow to achieve flatteningof a usecase



modelby eliminatingeachof thefour possiblerelationships
betweenactorsandusecases.

Open Receipt


Add User


Print and Post Receipt


Clear Deleted Flags


Log In

Log Out


Delete Receipt


Void Receipt


Clerk


Administrator

Audit Control System


Save Receipt


Delete User


Figure 5. Flattened CMS Use Case Diagram

Usecasegeneralisation: In sucharelationship,thegen-
eralusecaseis abstractwhile theconcretebehaviour of the
systemis capturedby the usecasespecialisingit. For in-
stance,considerthegeneralusecaseManage users andthe
two usecasesspecialisingit in Figure2. This relationship
addsstructureto theusecasediagram,but themodelwith-
out it still representsthesamebehaviour. Whencreatinga
flattenedusecasemodelfrom a standardusecasediagram,
only specialisedusecasesareincluded.

Usecaseinclude: Includedusecasesareeliminatedin
flattenedmodelsand henceone cannotshow sharedbe-
haviour betweenusecases.In theCMS example,thePost
Receiptusecaseis removedfrom theusecasemodelwhile
thePrint Receiptremainsandis renamedto Print andPost
Receipt.

Usecaseextend: Whentwo usecasesare joined with
the extendrelationship,they areboth includedin the flat-
tenedmodel. The semanticsof the relationshipare pre-
servedthroughdeclaringpre-andpost-conditionson these
usecasesthatstatethat theextendingusecasecanonly be
activatedafter theextendedone. For example,in theCMS
systemtheVoid ReceiptusecaseextendstheOpenReceipt
usecase.For the flattenedmodel,we remove the extends
relationshipand ensurethat a post-conditionof the main
flow throughtheOpenReceiptusecasestatesthata receipt
hasbeenopenedandmake this also the pre-conditionfor
theVoid Receiptusecaseflows. It is alsopossiblethat the
extensionpoint for the extend relationshipappearssome-
wherein themiddleof a usecaseratherthenat theend. In
this case,theextendedusecasehasto besplit into two use
casesin the flattenedmodelandthenonceagain pre- and
post-conditionscanbeusedto capturethesemanticsof the
relationship.

Actor generalisation: When actor generalisationis
usedin a usecasemodel,only the generalactoris carried
through into the flattenedmodel. A condition is then
definedin themodelthathastheidentifyingactorattributes
as parametersand can be used to distinguish which of
the specialisedactorsa particular generalactor instance
represents. Each of the use casesconnectedwith the
specialisedactors get associatedwith the generalactor,
but a pre-conditionthat checksthe identity of the actor is
addedto eachof theseusecases.For our CMS example,
weretaintheEnquiryClerkactorandgive it amoregeneral
name,Clerk. TheCapture Clerk andSupervisoractorsare
removed from the model and all the usecasespreviously
associatedwith them get associatedwith the Clerk actor.
This can be seen in the flatteneduse casediagram in
Figure 5. We add pre-conditionsto theseusecasesthat
checktherole of theactoron usecaseactivation to ensure
thataccesscontrolis preserved.

4.2 Exampleand DetailedDescription

We next discussa few examples of model element
definitionsextractedfrom the CMS usecasemodelscon-
structedin theSUM Analyser. Below arethedefinitionsfor
DeleteUserandVoid ReceiptusecasesandtheClerk actor,
all shown in Figure5. Additionally, one initial condition
and somefurther elementsfrom the structureduse case
modelarealsoshown below. Textual descriptionsfor the
completestructuredusecasemodelarenot includeddueto
spacerestrictions.

USE CASE 1
name: DeleteUser
actors: Administrator
parameters: Usernameof typeUserLogin
pre-conditions: UserExists(#ucUsername)is true
post-conditions: UserExists(#ucUsername)is false

USE CASE 2
name: Void Receipt
actors: Clerk
parameters: Receiptof typeReceiptNumber
pre-conditions: Logged In (#selfUsername)is true, UserOf Role(#self
Username, #Supervisor)is true, ReceiptOpened(#ucReceipt)is true, Re-
ceiptPosted(#ucReceipt)is true
post-conditions: ReceiptReversed(#ucReceipt)is true

VARIABLE TYPE 1
name: UserLogin
values: jbloggs,mjane, agatonye

VARIABLE TYPE 2
name: RoleDescription
values: CaptureClerk,EnquiryClerk,Supervisor

ACTOR 1
name: Clerk



attrib utes: Usernameof typeUserLogin

CONDITION 1
name: UserExists
parameters: Usernameof typeUserLogin

CONDITION 2
name: UserOf Role
parameters: Usernameof typeUserLogin, Roleof typeRoleDescription

INITIAL CONDITION 1
name: Supervisor1
condition: UserOf Role(#jbloggs,#Supervisor)

The definition of the Delete User use case (USE
CASE1) is quitestraightforward. Thedefinition indicates
thattheAdministrator is theonly actorthatcanactivatethis
usecaseand that the Usernameof the userto be deleted
needsto beprovidedto thesystemasa usecaseparameter.
Note that eachusecaseparameterhasan associatedvari-
able type, whereeachvariabletype definesa finite setof
symbolicvalues.In thiscase,Usernameis of typeUserLo-
gin (VARIABLE TYPE1) andhencecantakeonany of the
threevalid symbolicvalues: jbloggs, mjaneandagatonye.
Thepre-conditionfor this usecasestatesthatanactivation
is successfulif theuserwith theprovidedUsernameexists
atthetimeof activation.As indicatedby thepost-condition,
on successfulactivation the stateof the systemchangesto
reflectthatthisusernolongerexists.Notethateachusecase
pre-andpost-conditioncorrespondsto a conditiondeclara-
tion within themodel,wherethenumberandtypeof condi-
tion parametersaredefined.In thisexample,theUserExists
conditionis declaredin theCONDITION 1 definition.This
definition indicatesthat theconditionhasoneparameterof
variabletype User Login. The #uc prefix in User Exists
(#ucUsername)is true indicatesthatat the time of activa-
tion, thevalueof theusecaseparameterUsernameshould
beusedfor theevaluationof thispre-condition.

The definition of the Void Receipt use case (USE
CASE 2) statesthat for a successfulactivation the Clerk
mustbe loggedin, the Clerk musthave Supervisoraccess
rights,andthereceiptunderconsiderationmustbeopened
andposted.If thesepre-conditionsaresatisfiedat thetime
of the usecaseactivation, then the receipt is reversedin
the accountingandoperationssystem.The #self prefix in
LoggedIn (#selfUsername)is true indicatesthat theUser-
nameattribute of the Clerk actormustbe usedto evaluate
this pre-condition. Two more options for pre- and post-
condition parametersbesides#uc and #self are available.
One is illustratedin User Of Role (#self Username, #Su-
pervisor)is true, wherea literal valueSupervisorfrom the
RoleDescriptiontype(VARIABLE TYPE 2) is used.This
pre-conditionchecksthat the Clerk’s Usernameis associ-
atedwith theSupervisorrole. Thelastoption#forall allows
to checkthata conditionholdsfor all valuesof a particular

variabletype. For instance,we can checkthat nobodyis
loggedin with LoggedIn (#forall UserLogin) is false.

Both usecasesin theabove examplehave only oneflow
andthusonesetof pre- andpost-conditions.If a usecase
hasalternative flows,a pre-andpost-conditionsetfor each
flow is includedin theusecasedefinition. All thepre-and
post-conditionsin the sameset are implicitly joined with
anAND logicaloperator, while pre-andpost-conditionsets
areimplicitly joinedwith anOR.

The initial condition definition in the above example
(INITIAL CONDITION 1) statesthattheClerk with User-
namejbloggsis assignedaSupervisorrolein theinitial state
of thesystem.

A structuredusecasemodelcreatedin the SUM Anal-
yseris translatedinto theNuSMV input languageandthen
all the possiblebehaviours are checked with the NuSMV
modelchecker. With this in mind, theconceptof condition
parametersis comparableto formal andactual parameters
of methodsin programminglanguageslikeJava. In astruc-
turedusecasemodel,aconditiondeclaration(suchasCON-
DITION 1) definesformalparametersfor thatconditionand
their variabletypes. Whenthat conditionis usedasa pre-
or post-conditionfor a usecase(suchas USE CASE 1),
theuserassignseachof the formal parametersto anactual
parameteras describedbefore. During the verificationof
the systemmodel,all the possibleusecaseactivationsare
simulated.Whena usecaseactivation is simulated,theat-
tributesof theassociatedactorandusecaseparametersare
assignedliteral values.Thesevaluesarethenpropagatedto
fill the pre- andpost-conditionparametersof the usecase.
Oncethepre-andpost-conditionshave all their parameters
assigned,pre-conditionscanbequeriedagainstthecurrent
systemstateand post-conditionsusedto alter it. In con-
trastwith a conditiondefinition,we saythata conditionin-
stancehasits parametersassignedto literal values. User
Exists(jbloggs) is an exampleof a condition instance. A
usecasewith valuesassignedto its parametersandthe at-
tributesof its associatedactoris calleda usecaseinstance.
A usecaseinstancecorrespondsto a usecaseactivation,
suchasAdministrator.DeleteUser (jbloggs). Themapping
from a structuredusecasemodelto theNuSMV input lan-
guageis describednext.

5. Generating NuSMV Programs fr om Use
CaseModels

This sectiondescribesthe mappingof a structureduse
casemodel to the internal representationof a systemin
a model checker. We demonstratehow a programin the
NuSMV input languageis generatedfrom a structureduse
casemodel.

In all model checkers, systemsare viewed as Kripke
structures [18]. A Kripke structureis essentiallya nonde-



terministicfinite statemachine,wherethestatesarelabelled
with propositionsthat hold in that state. A propositionis
simply a statementthatcaneitherbetrueor false.For veri-
ficationwith NuSMV, astructuredusecasemodelis usedto
generatea NuSMV programthatdescribesa Kripke struc-
ture. For this, a structuredusecasemodel is regardedas
a finite statemachine,wherevaluesof conditioninstances
definethe systemstateandstatetransitionsaredefinedby
activation of usecaseinstances.Initial conditionsdefined
in a structuredusecasemodelareusedto definethe initial
stateof aKripkestructure.

Figure6 shows a subsetof statesandtransitionsfrom a
Kripke structurerepresentingtheCMS structuredusecase
modelduringverification.
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Figure 6. Example of a Kripke Structure

During verification by model checkingwith NuSMV,
all possiblepathsthrougha Kripke structuredefinedby a
NuSMV programareexplored. In thediagramin Figure6,
several executionpathsconsistingof usecaseactivations
are representedall starting in the initial statemarked in
grey. For example,onetraceis: Administrator ().AddUser
(#mjane), Clerk (#mjane).Log In (), Clerk (#mjane).Save
Receipt(#7654AB). In this trace,ausermjaneis first added
to thesystemby theadministrator, mjanelogsin andsavesa
new receipt.At eachstepin theexecutionpath,thechanges
to the systemstatecan be observed. Another execution
traceis Administrator ().AddUser(#mjane), Administrator
().DeleteUser(#mjane). This traceshowsthatit is possible
to arrivebackat theinitial stateof thesystem.

TheSUM Analyserallows theuserto createastructured
usecasemodelwith the aid of a graphicaleditor. The in-
ternalrepresentationof usecasemodelsin theSUM Anal-
yseris basedon themetamodelpresentedin Section4. At
runtime,theSUM Analyserprocessesa structuredusecase
modelasa collectionof objectsin memoryandtheseob-
jects are serialisedwhen persistenceis required. During
the generationof the NuSMV input program,the usecase

modelis in memoryandasits elementsaretraversed,lines
of NuSMV codearegeneratedaccordingly. This straight-
forwardmethodof creatingNuSMV programswasdeemed
sufficient for ourpurpose.However, if we intendedto anal-
yse the mappingbetweenstructuredusecasemodelsand
Kripkestructuresspecifiedin NuSMV programsfurther, we
wouldneedtodefinethemappingasamodeltransformation
or adoptanothermoreformalapproach.

In NuSMV, thesystemstateis capturedusingstatevari-
ablesand the systemstateis changedby reassignmentof
the statevariableswith the next statement.NuSMV pro-
gramsarestructuredinto reusablemodulesfor convenience
purposes.For a completeexplanationof theNuSMV input
language,we refer thereaderto [8] andthedocumentation
for theNuSMV modelchecker. In ourmappingto NuSMV,
werepresenteachconditioninstancein ausecasemodelas
a statevariable.Theseconditionvariablesareinitialisedin
accordanceto the initial conditionsin themodel. For each
usecaseinstance,aNuSMV moduleis definedinsidewhich
theconditionvariablesarereassignedvaluesasindicatedby
thepre-andpost-conditionsof theusecase.Thefollowing
extract from a NuSMV programshows themodulesgener-
atedfor instancesof theDeleteUser andVoid Receiptuse
casesdiscussedin theprevioussection.

1 MODULE DeleteUser$0$(UserExists$0$)
2 VAR
3 return : boolean;
4 ASSIGN
5 init(return) := 0;
6 next(return) :=
7 case
8 (UserExists$0$ : 1;
9 1 : 0;
10 esac;
11 next(UserExists$0$) :=
12 case
13 (UserExists$0$) : 0;
14 1 : UserExists$0$;
15 esac;
16 FAIRNESS running;
17
18 MODULE VoidReceipt$0$0$(LoggedIn$0$, UserOfRole$0$2$,
19 ReceiptOpened$0$, ReceiptPosted$0$, ReceiptReversed$0$)
20 VAR
21 return : boolean;
22 ASSIGN
23 init(return) := 0;
24 next(return) :=
25 case
26 (LoggedIn$0$ & UserOfRole$0$1$ & ReceiptOpened$0$
27 & ReceiptPosted$0$ : 1;
28 1 : 0;
29 esac;
30 next(ReceiptReversed$0$) :=
31 case
32 (LoggedIn$0$ & UserOfRole$0$2$ & ReceiptOpened$0$
33 & ReceiptPosted$0$ : 1;
34 1 : ReceiptReversed$0$;
35 esac;
36 FAIRNESS running;

A specialschemeis usedto generatecompactandunique
namesfor conditionvariablesandusecaseinstancemod-
ules in a NuSMV program. During the namegeneration
process,spacesaretaken out from usecaseandcondition



namesandtheir parametervaluesarereplacedby numbers.
For example, the DeleteUser$0$ use casemodule is
usedto representthe Administrator.DeleteUser (jbloggs)
usecaseinstance.

Insidea usecaseinstancemodule,thepre-conditionsof
theusecaseinstancearechecked. This is doneby consid-
ering the valuesof the correspondingconditionvariables.
Passingtheappropriateconditionvariablesto eachusecase
instancemoduleasparametersprovidesthemodulesaccess
to the valuesof thesevariables. Additionally, condition
variablesfor thepost-conditionsof a usecaseinstancealso
needto bepassedto its moduleasthey getre-assignedthere
(lines11-15,30-35). In theexampleabove, thepassingof
parametersinto the usecasemodulesis shown in lines 1,
18-19.

As canbeseenin lines3 and21 above, a booleanvari-
able calledreturn is declaredinside eachusecasein-
stancemodule.This variableis usedto determinewhether
a usecaseactivation representedby the usecaseinstance
moduleis successfulor not. This variableis first initialised
to 0 (lines 5, 23) andif the pre-conditionsof the usecase
aremetthenits valueis re-assignedto 1 (lines6-10,24-29).

Thereis also one main modulein every NuSMV pro-
gram,wherewe placeconditionvariabledeclarationsand
initialisations. Eachusecaseinstancemoduleis instanti-
atedasa processin the main module. A processinstance
correspondingto a module is namedwith activated
prefixed to the nameof the module. For example, the
processinstance for the module DeleteUser$0$ is
namedactivated DeleteUser$0$. Usingprocesses
in NuSMV andincluding theFAIRNESSclausein theuse
casemodules(lines16,36),ensuresthatduringverification
thesemodulesare instantiatednondeterministically. Each
instantiationrepresentsausecaseinstanceactivation.Non-
deterministicchoicebetweenactivationsallowsusto check
all thepossiblewaysin which thesystemcanbeused.

Finally, the NuSMV programneedslogic specification
propertiesto performverification. CTL specificationsfor
verificationareincludedin the main moduleof a NuSMV
program.More detailson how thesespecificationsaregen-
eratedis givenin thefollowing section.

6. Analysisof Modelswith the SUM Analyser

The SUM Analysersupportstwo modesof analysisor
verification: genericand model-specific.An overview of
how verificationis performedwith theSUM Analysertool
andNuSMV is givenin Figure7. Themappingsfrom struc-
turedusecasemodelsto NuSMV describedin theprevious
sectionareusedto translatethemodelscreatedin theSUM
Analyserto NuSMV programs.Genericverificationcanbe
appliedto any usecasemodelandthe CTL propertiesfor
this verification modeare embeddedinto the SUM Anal-

yser (seeAppendix). They are simply parameterisedfor
thecurrentmodelandpassedto theNuSMV modelchecker
as shown in the diagram. The SUM Analyserprovides a
numberof specificationpatternsthatassisttheuserin con-
structingmodel-specificpropertiesfor verification. As can
be seen,theseareautomaticallytranslatedto CTL by the
SUM Analyser. Finally, verificationresultsareinterpreted
for the userin termsof the original usecasemodel. The
detailsof thetwo verificationmodesaredescribednext.
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Figure 7. Verification with SUM Anal yser

6.1.GenericVerification

Genericverificationof astructuredusecasemodelin the
SUM Analyserdoesnot requireany additionalinput from
theuser. Thisverificationmodeis usedto analyseusecases
for livenessandconditionsfor reversibility.

Li venessof use cases: An informal definition of the
livenesspropertyis that“somethinggoodwill alwayseven-
tually happen”[17]. Wedefinethreelivenesscategoriesfor
a usecase:Dead, TransientandLive. TheSUM Analyser
checksa modelandplaceseachusecaseinstanceinto one
of thesecategories.

(a) Dead: Successfulactivation of the usecaseinstance
is not possible.Usually, oneshouldbe alarmedif all
instancesof a usecasefall into theDeadcategory, be-
causea usecasethat can never be successfullyacti-
vatedservesnopurposein amodel.

(b) Transient: It is possibleto successfullyactivate the
usecaseinstancea finite numberof times. A typical
exampleof thiswouldbesomethingthatonly happens
onceandis irreversible.

(c) Li ve: It is possibleto activate the usecaseinstance
infinitely many times. Most usecaseinstancesin a
modelusuallyfall into this category.



Li venesscategory CTL formula

Dead !EF u
Transient EFu & !AG EFu
Live AG EF u

Reversibility category CTL formula

Constant !EF c
Irreversible EFc & AG (c ~ AG c)
Finitely-reversible EFc & !AG EF c
Reversible EFc & AG (c ~ EF c)

Table 1. CTL Form ulae for Generic Verification

Reversibility of conditions: TheSUM Analyserchecks
how conditioninstanceschangetheir truth-valuesthrough-
outsystemexecution.Eachconditioninstanceis placedinto
oneof thefollowing reversibility categories.

(a) Constant: The truth-value of the condition instance
never changes,it remainsthe sameas assignedini-
tially.

(b) Irr eversible: In this casethe truth-valueof the con-
dition instanceis changedonceandthenremainscon-
stant.

(c) Finitely-r eversible: The condition instancechanges
its truth-valuemorethanonce,but still afinite number
of times.

(d) Reversible: Theconditionchangesits truth-valuein-
finitely many times.Most conditionsfall into this cat-
egory.

Table 1 shows the CTL formulae that are used
to determinelivenesscategories for use case instances
and reversibility categories for condition instances in
the SUM Analyser. In the table, u stands for the
name of a NuSMV use case instanceprocesssuch as
activated DeleteUser$0$ for example. Similarly,
c standsfor thenameof a NuSMV conditionvariablesuch
asUserExists$0$.

Verificationfor livenessof usecasesandreversibility of
conditionswith the SUM Analysergeneratesa report that
classifieseachusecaseinstanceandconditioninstanceac-
cordingto theabove-describedcategories.This reportpro-
videstheuserwith insight into thebehaviour of thesystem
describedby the model,aswell aswarnshim of potential
errorsin themodel.

During livenessanalysisof theusecasesfrom our CMS
casestudy, wediscoveredthatall instancesof theOpenRe-
ceipt usecasewereLive. This wasin accordancewith our
expectationssinceany Clerk canopena receiptan unlim-
itednumberof times.Furthermore,all instancesof theVoid
ReceiptusecasewerealsoreportedLive. This meantthat

a particularreceiptcouldbevoidedmorethanonce.Since
every time a receipt is voided the correspondingtransac-
tion is reversedin the accountingandoperationssystems,
this situationwould ultimately result in incorrecttransac-
tion records. Taking into considerationthat thesetrans-
actionscould involve very large amountsof money, such
a flaw in the requirementsmodel could have devastating
consequences.The modelwascorrectedby addinga pre-
conditionto theVoid Receiptusecasethatensuredthat the
receiptin questionhadnotbeenvoidedbefore.

Verifying the CMS conditionsfor reversibility revealed
that all the instancesof the ReceiptSavedconditionwere
Irreversible. At a closer inspection,we discovered that
accordingto the requirementsmodel when a receiptwas
deletedit wasjust markedwith a deletedflag andstill con-
sideredto be “saved” within the system. This alsomeant
that a deletedreceiptcould be openedasany othersaved
receipt,which wasnot desirable.We remediedthis situa-
tion by addingthe following post-conditionto the Delete
Receiptusecase:ReceiptSaved(#ucReceipt)is false.

Severalothererrorswerediscoveredandcorrectedin the
structuredusecasemodelsfor theCMSduringgenericver-
ification with theSUM Analyser. Carefulinspectionof the
verification resultsand a good knowledgeof the liveness
andreversibility categorieswerenecessaryduringthis pro-
cess.

6.2.Model-SpecificVerification

Verificationagainstgenericpropertiesyields useful re-
sults,but becausethe genericpropertiescannotbe usedto
testmodel-specificbehaviour, this type of analysisis lim-
ited. We presentthe userwith propertyspecificationpat-
ternsfor the creationof customproperties.Thesepatterns
let oneexpresssimple propertiesfor behavioural analysis
without knowing thedetailsconcerningtheunderlyingfor-
malism,which is CTL in ourcase.

Propertyspecificationpatternsare generaliseddescrip-
tionsof commonly-soughtbehavioursfor verificationof fi-
nite statesystems. Specificationpatternswere first pro-
posedby Dwyer et al in [11] and further supportedby
empirical studies[12]. Dwyer et al developeda system
of specificationpatterns,which comprisesa setof patterns
thatareorganisedinto ahierarchy showing therelationships
betweenthem. We tailored the original patternhierarchy
slightly to suit our specificneedsfor usecasemodelanaly-
sis. In our augmentedpatternhierarchy we did not include
thepatternsthatwererarelyusedasshown by thesurveys
in [12], furthermorewe addedseveral new patternsto it.
TheSUM Analyserpatternhierarchy is shown in Figure8.
Theoriginalpatternsthatwerenotincludedin ourhierarchy
areindicatedwith dashedlinesandbordersandthenew pat-
ternsareshown with solidborders.
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Figure 8. Proper ty Specification Pattern Hier-
archy for SUM Anal yser

Instantiationof patternsto constructbehavioural prop-
ertiesis performedas follows. Eachspecificationpattern
containsoneor morepatternvariablesthat the usermust
substitutewith valid valuesfrom themodelbeingverified.
Patternvariablesarepredicatesor in otherwordsfunctions
that yield a booleanvalue. A patternvariableis parame-
terisedandmay be true for someargumentsandfalsefor
others. For our usecasemodels,patternvariablescanbe
constructedfrom: condition instancesand the logical op-
eratorsNOT (!), AND (&), OR (|) and implication ( O ).
For example, User Exists (#jbloggs) & User Logged In
(#jbloggs) is a valid patternvariablefor theCMS example.
Eachpatternis associatedwith a CTL formula, and once
theuserchoosesa patternandfills in thepatternvariables,
thesearepluggedinto theCTL formulafor thatpattern.The
resultantformulais a verificationpropertythatcanbeused
for modelchecking.

Each of the specificationpatternsimplementedin the
SUM Analyserand shown in Figure 8 is describednext.
In the SUM Analyser, we usedthe mappingsto CTL as
definedby Dwyer et al for all the patternsexceptthe new
Existencesub-patterns,for whichwedefinedourown map-
pings.Theseareshown in theTable2. In thetable,v stands
for a patternvariablecomposedof conditioninstancesand
logicaloperators.

Occurrence: Occurrencepatternscan be usedto ver-
ify existenceor absenceof systemstateswherea property
holds.

(a) Absence: Safetypropertiescanbe constructedusing
thispattern.An informaldefinitionof asafetyproperty
is that“somethingbadwill never happen”[17].

(b) Universality: This patterncanbe usedto expressin-
variants for a model. An invariant is a propertythat
musthold throughouttheexecutionof thesystem.

Existencepattern CTL formula

Everywhereeventually AF v
Possibleexistence EF v
Alwayseventually AG AF v
Liveness AG EF v

Table 2. CTL Form ulae for Existence Patterns

(c) Existence: If we areinterestedin reachabilityof cer-
tainsystemstates,thenthispatterncanbeusedto con-
structpropertiesfor modelverification. We extended
theExistencepatternproposedby Dwyeretal andcre-
atedfour sub-categoriesof this pattern.

– Everywhereeventually: Somethingwill always
eventuallyhappen,nomatterwhatexecutionpath
is taken.

– Possibleexistence: It is possiblefor something
to happen.In otherwords,thepropertymayhold
onsomepathsbut notall thepathsof execution.

– Always eventually: No matterwherein thesys-
tem execution we are, somethingwill always
eventuallyhappen.Thispatternisastrongervari-
ationof theEverywhere eventuallypattern.

– Li veness: Sometimeswe want to ensurethat
at any time during the executionof the system,
somethingwill eventuallybecomepossible.This
patternis a strongervariationof thePossibleex-
istencepattern.

Order: Orderpatternscanbeusedto constructproper-
tiesthatverify acertainorderingof systemstatesor events.

(a) Precedence:This patterndescribesa dependency be-
tweentwo systemstatesor events. It canbe usedto
verify thatonestateor eventalwaysoccursbeforethe
otherone.

(b) Response:Cause-effect relationshipsbetweensystem
statesor eventscan be expressedusing this pattern.
It is similar to the Precedencepatternbut is usedto
verify that every causemustbe followed by an effect
ratherthanfor every effect theremustbe a cause.In
thePrecedencepatterncausesmayoccurwithout sub-
sequenteffects,while in the Responsepatterneffects
mayoccurwithout causes.

The NuSMV model checker generatesa counter-
exampletracewhenever the propertyis found to be false
duringverification. Sucha counter-exampletraceshows a
sequenceof systemstatechangesthat leadto the property
violation. During model-specificverification, suchtraces
are interpretedfor the userin termsof a sequenceof use



caseactivations.However, certainpropertiessuchasPossi-
ble existencedo not generatecounter-examples.Properties
createdwith thePossibleexistencepatternreferto a certain
conditionthatneedsto hold on at leastonepathof system
execution. If sucha propertyis foundto befalse,it means
thatsuchanexecutionpathdoesnotexist andessentiallythe
collection of all the possibleexecutionpathswould com-
prise the counter-example. Determiningthe reasonwhy
suchpropertiesdo not hold in a modelbecomesmoredif-
ficult thanwith theavailability of a counter-exampletrace.
However, knowing thata certainpropertydoesnot hold in
a modelcanstill be very valuableto the developer, asthis
identifiesthat thereis an error in the model. In order to
find theerror, thedevelopershouldrunverificationonother
relatedpropertiesthat can leadto the identificationof the
problemsource.

We usedmodel-specificverification in the SUM Anal-
yser to verify that the CMS usecasemodelssatisfiedcer-
tain constraintsand also discoveredseveral further flaws
in the models. For instance,using the Universality pat-
tern we verified that oncea receiptis postedit cannotbe
deletedin thesystem.Thepropertythatwasconstructedin
theSUM Analyserto checkthis is Universalityof (Flagged
Deleted(a) O ! ReceiptPosted(a)). During verification,a
is replacedby all possiblevaluesfrom theReceiptNumber
variabletype.

UsingtheAbsencepattern,we constructeda propertyto
checkthatonly valid userscanlog into thesystem:Absence
of (LoggedIn (b) & ! UserExists(b)). Duringmodelcheck-
ing, b is replacedwith all possiblevaluesfrom theUserLo-
gin variabletype.Thispropertywasevaluatedto falsein the
modelandthefollowing shows a condensedversionof the
counter-exampletracewasproducedby theNuSMV model
checker.

1 -- specification AG !(LoggedIn$0$ & !UserExists$0$)
2 is false
3 -- as demonstrated by the following execution sequence
4 -> State 1.1 <-
5 [executing process activated_AddUser$0$]
6 UserExists$0$ = 0
7 UserExists$1$ = 0
8 UserExists$2$ = 0
9 UserLoggedIn$0$ = 0
10 UserLoggedIn$1$ = 0
11 UserLoggedIn$2$ = 0
12 UserOfRole$0$0$ = 1
13 UserOfRole$0$1$ = 0
14 UserOfRole$1$0$ = 0
15 UserOfRole$1$1$ = 1
16 activated_LogIn$0$.return = 0
17 activated_LogIn$1$.return = 0
18 activated_LogIn$2$.return = 0
19 activated_AddUser$0$.return = 0
20 activated_AddUser$1$.return = 0
21 activated_AddUser$2$.return = 0
22 -> State 1.2 <-
23 [executing process activated_LogIn$0$]
24 UserExists$0$ = 1
25 activated_AddUser$0$.return = 1
26 -> State 1.3 <-
27 [executing process activated_DeleteUser$0$]
28 UserLoggedIn$0$ = 1

29 activated_LogIn$0$.return = 1
30 -> State 1.4 <-
31 [executing process activated_LogIn$1$]
32 UserExists$0$ = 0
33 activated_DeleteUser$0$.return = 1

In theabove trace,lines1 and2 show theCTL formula
that wasviolatedin the model. The traceof the execution
sequenceviolating the formula begins in line 4 and con-
sistsof severalprocessexecutions.Eachprocessexecution
(lines 5, 23, 27, 31) correspondsto a usecasemodulein-
stantiation,andhencecanbe interpretedasa usecasein-
stanceactivation. For example,executing process
activated AddUser$0$ is interpretedasAdministra-
tor.Add User (jbloggs). The fact that a usecaseinstance
is activateddoesnot necessarilymeanthat the activation
was successful. It is only successfulin the casewhere
thereturn variablefor the correspondingmoduleis as-
signed to 1 in the next state. In the trace above, we
canseethat in State 1.2 thereturn variablefor the
AddUser$0$ is indeedassignedto 1, which is shown
in line 25: activated AddUser$0$.return = 1.
Hencethe activation of Administrator.Add User (jbloggs)
wassuccessful.

In thelines6-21theinitial stateof thesystemis givenin
termsof valuesof its statevariables.After eachprocessexe-
cution,only thestatechangesaregivenin thetrace.For ex-
ample,aftertheexecutionof activated AddUser$0$,
two statevariablesare changed:UserExists$0$ and
activated AddUser$0$.return (lines 24, 25). In
the final stateof the systemfor this traceLoggedIn$0$
= 1 andUserExists$0$ = 0, which violatesthever-
ificationproperty.

The user of the SUM Analyser is shelteredfrom the
detailsof interactionwith the NuSMV tool. The NuSMV
counter-example trace discussedabove is interpretedin
terms of use casesfor the SUM Analyser user, in the
following way.

1. Administrator.AddUser(jbloggs)- successful
2. Clerk (jbloggs).Log In () - successful
3. Administrator.DeleteUser(jbloggs)- successful

The interpretedcounter-exampleshows that theAdmin-
istrator can successfullydeletethe user jbloggs while a
Clerk with this Usernameis loggedinto the system.This
flaw wasremediedby addinga pre-conditionto theDelete
User usecaseto ensurethat the currently loggedin users
cannotbedeleted.

TheReceiptPostedconditionwasanalysedusingtheEx-
istencepatternsin the SUM Analyser. We usedthe Pos-
sible Existencepatternto determinethat it is possiblefor
receiptsto be postedsuccessfullywithin the systemasre-
quired. However, we alsodiscoveredthat instancesof the
ReceiptPostedcondition are not AlwaysEventuallytrue.



This resultwasalsoplausiblesincethosereceiptsthat are
deletedcannever bepostedin thesystem.

Themodel-specificverificationmodeof theSUM Anal-
yserallowed us to performvaluableanalysesof the CMS
usecasemodels. A graspof the patternsanda basicun-
derstandingof the logical operatorswere requiredduring
constructionof model-specificanalysisproperties.On the
otherhand,counter-exampleswereveryeasyto understand
andprovedvaluablein resolvingwhy averificationproperty
failed.

7. Evaluation of CaseStudy

We constructedstructuredusecasemodelsfor theCMS
requirementsin the SUM Analyser. During this process,
the provided informal usecasedescriptionswerechanged
to adhereto our amendedusecasemetamodelandthe for-
mat prescribedby the SUM Analyser. Several inconsis-
tenciesandincompletespecificationswerediscoveredand
remediedduring the processof merelystructuringthe use
casedescriptionsaccordingto the metamodeland syntax
describedin Section4. For instance,many pre- andpost-
condition definitionswere incomplete. Certainusecases
hadmorethanoneflow, but only onesetof associatedpre-
andpost-conditions.

Numerouserrorswere identified in the CMS usecase
modelsby runningthemthroughthe analysesin the SUM
Analyser, examplesof which were given in Section 6.
Theseerrorsmostly constitutedmissingusecases,incom-
plete usecasedescriptionsand logically flawed pre- and
post-conditiondefinitions. From the usability perspective,
the analysisfeaturesoffered by the SUM Analyserwere
foundto bevery accessible.Thefeedbackprovidedby the
tool in caseof discoverederrorsofferedvaluableassistance
for trackingdown sourcesof theproblems.

TheNuSMV modelchecker thatwe chosefor this work
performedrelatively well in obtainingthe analysisresults
for the CMS usecasemodels. It is well-known that the
main drawback of model checkingis its performance,in
otherwordsthetimeit takesto computeverificationresults.
Sincethemodelcheckingalgorithmperformsanexhaustive
searchof all thepossibleexecutionpathsof a givenmodel,
verificationtimeincreasesexponentiallywith thesizeof the
model. For the CMS usecasemodels,all verification re-
sults could be obtainedwithin a periodof 4 to 1300sec-
onds.However, somelargemodelshadto beseparatedinto
smallermodelsusingappropriateabstractiontechniquesto
ensurethatverificationresultsremainedvalid for theentire
model. More detailsabout the performanceof the SUM
Analysercanbefoundin [20].

8. RelatedWork

Several attemptshave beenmadeto addressthe draw-
backsof usecasemodellingandformalisethismethod.

Hausmannet al [14] proposeanapproachto modelling
andanalysisof softwarerequirementsbasedon formalising
relationshipsbetweenseveral UML diagramswith graph
transformationtheory. Thisapproachsuggeststhatthereare
twomaintypesof requirementsmodels:staticanddynamic.
Static aspectsof a systemare modelledusing classdia-
grams,while usecasediagramscaptureits dynamicrequire-
ments.Inconsistenciesareoftenintroducedwhenstaticand
dynamicmodelsareintegrated,ascurrentlythereis no ad-
equatemechanismto checkan integratedmodel for con-
sistency. Hausmannet al tacklethis particularproblemby
definingexplicit relationshipsbetweenstaticanddynamic
requirementsmodelsandproposinga meansof analysing
themfor consistency.

Behaviour of individual usecasesis describedby activ-
ity diagramsin this approach. Activity diagramsgive an
overview of thesequentialor branchingflow of a setof op-
erationswithin a system.For eachoperationappearingin
anactivity diagram,pre-andpost-conditionsaredefinedas
collaborations.In UML, a collaborationrefersto a setof
classesor otherelementsthatwork togetherto achievesome
commonobjective. Hausmannet al draw collaborationsas
objectdiagramsshowing only the elementsrelevant to the
particularoperation. A pre-conditioncollaborationshows
a snapshotof the systembeforethe operationis executed,
and a post-conditioncollaborationshows how the objects
andtheir relationshipschangeaftertheoperationexecution.
Thesecollaborationsserve asa link betweenstaticanddy-
namicrequirementsmodels.

Graphtransformationtheoryis usedto formalisecollab-
orationsin modelsandthis facilitatesrigorousconsistency
analysis. The aim of the analysisis to uncover potential
consistency problemsandnot to proveabsolutemodelcon-
sistency. It is performedstaticallyon the basisof critical
pair analysis, andimplementedin a tool calledAGG.AGG
is a tool for graphmanipulations,andhencecannotbeap-
plied directly to UML models.For practicaluseof this ap-
proach,aninterfacebetweenaUML tool andAGGneedsto
bedefinedandimplemented.Suchaninterfacewouldallow
oneto export UML modelsto AGG for analysisandthen
view analysisresultsin termsof theoriginalUML models.

Themethodproposedby Hausmannetal is appealing,as
it hasthe potentialof allowing developersto build models
usingfamiliar visual techniquesandat thesametime ben-
efit from formal analysisof thesemodels.Similarly to our
approach,usecaseandactorrelationshipsarenot directly
supportedby this method. However, we explain how the
structuredusecaseapproachcanbeappliedto existing use
casemodelsthat containsuchrelationshipsby flattening.



Hausmannet al do not provide a meansfor handlingrela-
tionshipsin existing usecasemodels.Further, aspresented
in [14], the work is not substantiatedwith any application
of themethodin practice.

Backet al [4] formaliseusecasemodelswith a precise
mathematicalnotationcalledrefinementcalculus[5], which
is anextensionof Dijkstra’s weakestpreconditioncalculus.
As in the methodadvocatedby Hausmannet al, an effort
is madeto bring togethermodellingof classesanddynamic
requirementsfor a system.Additionally, rigorousanalysis
for achievability of actorgoalsis proposedin thismethod.

According to this approach,classeswith attributesand
methodsaredefinedin a formal textual notation. Thecol-
lectionof all classattributesdescribesthestateof thesystem
thatcanbechangedby executionof usecases.Usecasesare
expressedascontract statementsthatessentiallystatehow
their executionaffects the systemstate. Onceagain rela-
tionshipsbetweenusecasesarenot taken into accountby
this method.In theprescribednotation,classandusecase
descriptionsresemblecomputerprograms.

Achievability analysiscanbeperformedby first defining
a goalformally andthenperformingweakestpre-condition
computationstodeterminewhetherthegoalcanbeachieved
in thegivenmodel.

This approachcertainly extends use case modelling
with a formal notationandananalysistechnique,however
whetherthis is an enhancementto usecasemodelling is
questionable:The work is currentlynot supportedby any
tool, whichmakesit difficult to judgethepotentialusability
of themethod.However, thenatureof theunderlyingnota-
tion andanalysistechniquedonot lendthemselvesto much
automation,so our conclusionis that althoughinteresting,
thisapproachis impractical.

The structuredusecasemodellingandanalysismethod
thatwe proposeis basedon conceptssimilar to thoseused
in thetechniquesdevelopedby Hausmannetal andBack et
al, suchaspre-andpost-conditions.However, it surpasses
thesetechniquesin improving usecasemodellingfor two
reasons.First,it maintainsarelatively simplemodellingno-
tationwhile formalisingusecases.Second,it is supported
by a rigorousanalysistechniqueanda tool that automates
modelanalysis.

In their Masters dissertation [3], Andersson and
Bergstrandformaliseusecasemodelswith extendedMes-
sageSequenceCharts(MSC) [15]. Their work focuseson
developing a graphicalyet formal notationfor describing
usecaseflows. Thereareno suggestionsfor analysingthe
proposedextendedmodels. As for tool support,only sev-
eralsuggestionsaregiven in thefuturework sectionof the
dissertation.

In general,numerousefforts have beenmade to for-
malisedifferentaspectsof UML. TheUML Version2.0[2]
hasbeena work in progressby the Object Management

Group for the pastfew years. The aim of UML 2.0 is to
provide a more completeand formal specificationof the
languagewith a specialemphasison its semantics.With
respectto usecasemodellinghowever, the new versionof
UML providesonly a few insignificantchanges.

TheObjectConstraintLanguage(OCL) [1] canbeused
to annotatecertainUML diagramswith formaldescriptions
of constraints.OCL definesa relatively simplesyntaxand
canbe usedto expressinvariants,queries,aswell aspre-
andpost-conditionsfor UML modellingelements.Thelan-
guageis primarily basedon the object-orientedconcepts
suchasclasses,associationsandrolenames.Usecasemod-
elsdealwith entitiesonahigherconceptuallevel,andhence
applyingOCL to usecaseswould not be practical. How-
ever, several constructsin our proposednotationfor struc-
turedusecasemodellingresembleOCL.

With respectto the CMS casestudy, similar studies
have beendoneusing different approachesand tool sup-
port. In [13], Gimblett et al derive a formal specification
of an electronicpaymentsystemin CSP-CASLfrom ex-
isting requirementsdocuments.The original requirements
specificationconsistedof textual requirementsexpressedin
naturallanguage,usecasesandotherUML diagrams.The
authorsreport that the original specificationwas ambigu-
ousdueto theuseof naturallanguage,containedinconsis-
tenciesand was not suitablefor automatedanalysis. The
formalisationwasperformedmanuallyandresultedin tex-
tual specificationsof requiredsystembehaviour and rele-
vant datatypesin CSP-CASL.The authorsprovide a ref-
erenceto existing tools that canperformanalysessuchas
consistency-checkinganddeadlockanalysis.However, no
concreteexamplesof whaterrorscanbedetectedwith auto-
matedanalysisof theformalisedelectronicpaymentsystem
arepresented.Further, practicalapplicationof theapproach
presentedin this casestudyis not evident,asit requiresthe
developerto possessexpert knowledgeof the CSP-CASL
formalism.

9. Conclusion

The main objective of the work presentedin this paper
wasto providebettersupportfor requirementsspecification
andanalysis.We did this by developinganenhancedtech-
niquebasedonusecasemodellingandthesupportingSUM
Analysertool thatusestheNuSMV modelchecker for ver-
ification. Ourapproachallows for thecreationof structured
usecasemodelsthataremorecomplete,consistentandcor-
rect. Verification of modelswith the SUM Analysercan
help developersto identify logical flaws and missing re-
quirementsin the modelsearly in the developmentcycle.
Additionally, by using the SUM Analyserdeveloperscan
getmuchbetterinsightinto their requirementsmodels.The
work wassuccessfullyvalidatedwith theCashManagement



Systemcasestudy.
A numberof further developmentsof the approachand

the SUM Analyser tool would be interestingand bene-
ficial. Theseinclude extensionof the amendedusecase
metamodelto incorporateusecaseandactorrelationships,
addingnew featuresto theSUM Analysertool suchasuse
caseanimationandundertakingfurthercasestudies.
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