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Abstract
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Chapter 1

Intr oduction

Topicsfor Chapter 1

� ReadingList.

� Introductionto SoftwareEngineering

1.1 ReadingList

RecommendedReading

1. I. Jacobson,G. Booch, and J. Rumbaugh,The Unified Software DevelopmentProcess, Addison-
Wesley, 1999.

2. R.Pooley andP. Stevens,UsingUML: SoftwareEngineeringwithObjectsandComponents, Addison-
Wesley, 1999.

Background Reading

1. G. Booch,J. RunbaughandI. Jacobson,TheUnified Modelling Language User Guide, Addison-
Wesley, 1999.

2. J.Runbaugh,I. JacobsonandG.Booch,TheUnifiedModellingLanguageReferenceManual, Addison-
Wesley, 1999.

3. M. Fowler, UML Distilled – Applyingthe Standard ObjectModelingLanguage, Addison-Wesley,
1997.

4. B. Meyer, Object-orientedSoftware Construction(2ndEdition), PrenticeHall PTR,1997.

5. O. NierstraszandD. Tsichritzis,Object-OrientedSoftware Composition, PrenticeHall, 1995.
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2 Intr oduction to Software Engineering

6. R. Pressman,Software Engineering– A Practitioner’s Approach (4thEdition), McGraw Hill, 1997.

7. M. Priestley, PracticalObject-OrientedDesign, McGraw-Hill, 1997.

8. J.Runbaugh,I. JacobsonandG.Booch,TheUnifiedModellingLanguageReferenceManual, Addison-
Wesley, 1999.

9. S.R.Schach,ClassicalandObject-OrientedSoftware Engineering(3rd Edition), IRWIN, 1996.

10. I. Sommerville,Software Engineering(5thEdition), Addison-Wesley, 1995.

1.2 Intr oduction to SoftwareEngineering

Thenotionof software engineeringwasproposedin the late1960sat a conference1 held to discusswhat
was thencalled the ‘softwarecrisis’. This softwarecrisis resulteddirectly from the introductionof the
third-generationcomputerhardware.Comparedwith softwaresystemsdevelopedfor thesecond-generation
computers,softwaresystemsnowadaysoftenhave amongtheothersthefollowing features:

� they modelpartsof therealworld;

� they arelargeandcomplex;

� they areabstract;

� they mustbehighly dependable;

� they needto bebettermaintainable:astherealworld changes,sotoo mustthesoftwareto meetthe
changingrequirements;

� they mustbeuserfriendly, andthustheuserinterfacein asoftwaresystemis animportantpart.

Softwaredevelopmentwasin crisisbecausethemethods(if therewereany) usedwerenotgoodenough:

� techniquesapplicableto smallsystemscouldnotbescaledup;

� majorprojectsweresometimesyearslate,they costmuchmorethanoriginally predicted;

� softwaredevelopedwereunreliable,performedpoorly, andweredifficult to maintain.

Thefact thathardwarecostsweretumblingwhile softwarecostswererising rapidly, aswell astheabove
requiredfeatures,calledfor new theories,techniques,methodsandtoolsto controlthedevelopmentprocess
of softwaresystems.

Therefore,Software engineeringis concernedwith the theories,methodsand tools which are neededto
developsoftware. Its aim is theproductionof dependablesoftware,deliveredon time andwithin budget,
thatmeetstheuser’s requirement.

1NATO SoftwareEngineeringConference,Garmisch,Germany, 1968.
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Intr oduction to Software Engineering 3

A Software engineeringis not to producea working software systemonly, but alsodocumentssuchas
systemdesign, usermanual, andsoon.

Software products

Theobjectiveof softwareengineeringis to producesoftwareproductswith high-quality. Softwareproducts
aresoftwaresystemsdeliveredto a customerwith the documentationwhich describeshow to install and
usethesystem.

Thequality of a softwareproductis judgedby, apartfrom theservicesprovidedby theproduct,thechar-
acteristicsdisplayedby the productonceit is installedandput into use. The critical characteristicsof a
softwareproductinclude

� Usability: It mustbeusefulandusableto makepeople’s liveseasierandbetter. For this, thesoftware
shouldhave anappropriateuserinterfaceandadequatedocumentation.

� Maintainability: It shouldbepossibleto evolve softwareto meetthechangingneedsof customers.
In otherwordstheproductshouldbeflexible to changesthatneedto make.

� Dependability: Softwaredependabilityincludesarangeof characteristics,suchasreliability, security
and safety. Dependablesoftware shouldnot causephysicalor economicdamagein the event of
systemfailure.

� Efficiency: Softwareshouldnotmakewastefuluseof systemresourcessuchasmemoryandprocessor
cycles.

It shouldbe notedthat the relative importanceof thesecharacteristicsobviously variesfrom systemto
system,andthatoptimizingall thesecharacteristicsis difficult assomeareexclusive. Also therelationship
betweenthecostandimprovementsin eachcharacteristicis nota linearone.

To build goodsystems, weneed

� awell defineddevelopmentprocesswith clearphasesof activities, eachof whichhasanend-product,

� methodsandtechniquesfor conductingthephasesof activitiesandfor modellingtheirproducts,

� toolsfor generatingtheproducts.

In thiscourse, weshallconcentrateonmethods,strategiesandtoolsin theobject-orientedframeworkwhich
leadto dependable, maintainable, anduserfriendlysoftware.

Returningto the issueof maintainability, a softwareproductasa modelof therealworld hasto bemain-
tainedconstantlyin orderto remainanaccuratereflectionof changesin therealworld. Therefore,software
engineeringmustbealsoconcernedwith evolving softwaresystemsto meetchangingneedsandrequire-
ments.

ReportNo. 259,July 2002 UNU/IIST, P.O. Box 3058,Macau



4 Questions

For instance,if thesalestax ratein theUSA changesfrom ��� to ��� , almostevery softwareproductthat
dealswith buyingor sellinghasto bechanged.SupposetheproductcontaintheC or C++ statement

const float sales_tax = 6.0;

declaringthat salestax is a floating-pointconstant,and initialized to �	��
 . In this casemaintenanceis
relatively simple.With theaid of a text editorthevalue �	��
 is replacedby ����
 , andthecodeis recompiled.
However, if insteadof usingtheconstantdeclaration,theactual �	��
 hasbeenusedin theproductwherever
thevalueof thesaletax is involved,thensuchaproductwill beextremelydifficult to maintain.

1.3 Questions

1. Considera pieceof software that you enjoy/hateusing. In what respectsis it a high/low quality
system?

2. Do you know someinfamousexamplesof failuresof the desirableattributesof softwarethat have
dramaticeffects?Whichof theattributesfailedin yourexample?
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Chapter 2

SoftwareDevelopmentProcess

Topicsfor Chapter 2

� Themainactivities in softwaredevelopment

� Thewaterfall modelof softwaredevelopmentprocess

� TheEvolutionarydevelopment

2.1 SoftwareDevelopmentProcess

All engineeringis abouthow to produceproductsin adisciplinedprocess.In general,aprocessdefineswho
is doingwhatwhenandhowto reachacertaingoal.A processto build asoftwareproductor to enhancean
existingoneis calledasoftware developmentprocess.

A softwaredevelopmentprocessis thusoftendescribedin termsof asetof activitiesneededto transforma
user’s requirementsinto a softwaresystem.At thehighestlevel of abstraction,a developmentprocesscan
bedepictedin Figure2.1.
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SoftwareDevelopmentProcess

SoftwareProduct

Client’sRequirement

Figure2.1: A simplifiedview of thesoftwaredevelopmentprocess

The client’s requirementsdefinethe goal of the softwaredevelopment. They arepreparedby the client
(sometimewith the help from a softwareengineer)to setout the servicesthat the systemis expectedto
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6 Software DevelopmentProcess

provide, i.e. functionalrequirements. The functionalrequirementsshouldstatewhat the systemshould
do ratherthanhowit is done. Apart from functionalrequirements,a client mayalsohave non-functional
constraintsthats/hewould like to placeon thesystem,suchastherequiredresponsetime or theuseof a
specificlanguagestandard.Thiscourseis mainlyconcernedwith thefunctionalrequirements.

We mustbearin mind aboutthe following factswhich make the requirementcaptureandanalysisvery
difficult:

� Therequirementsareoftenincomplete.

� The client’s requirementsareusuallydescribedin termsof concepts,objectsandterminologythat
maynotbedirectlyunderstandableto softwareengineers.

� Theclient’s requirementsareusuallyunstructuredandthey arenot rigorous,with repetitions,redun-
dancy, vagueness,andinconsistency.

� Therequirementsmaynotbefeasible.

Therefore,any developmentprocessmuststartwith the activities of capturingandanalyzingthe client’s
requirements.Theseactivitiesandtheassociatedresultsform thefirst phase(or sub-process)of theprocess
calledrequirementanalysis.

2.1.1 Requirementcapture and analysis

The purposeof the requirementcaptureanalysisis to aim the developmenttoward the right system. Its
goal is to producea documentcalledrequirementspecification. Thewholescopeof requirementcapture
andanalysisforms the so-calledrequirementengineering. In this chapter, we discussthe main activities
neededandtheessentialattributesof productsof theactivities,andlaterwe will focuson thestudyof OO
techniquesfor requirementcaptureandanalysisin chapters4-6.

Thedocumentof therequirementspecificationwill beusedas

1. theagreedcontractbetweentheclient andthesystemdevelopmentorganizationon whatthesystem
shoulddo (andwhatthesystemshouldnotdo);

2. thebasisusedby thedevelopmentteamto developthesystem;

3. a fairly full modelof whatis requiredof thesystem.

To fulfill thesepurposes,therequirementanalysisprocess,depictedin Figure2.2,shouldincludethefol-
lowing highly iterativeactivities:

� DomainunderstandingAnalystsmustdeveloptheirunderstandingof theapplicationdomain.There-
fore, theconceptsareexploredandtheclient’s requirementsareelicited.
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Validation

Developer

Client
Domainexpert

User

Requirementstatements

Specificationdocument

Feasibility-
study

Capture

Requirement
Under-
Standing

Classification

Figure2.2: A view of therequirementanalysisprocess

� Requirementscapture Theanalystmusthaveawayof capturingtheclient’sneedssothatthey canbe
clearlycommunicatedto everyoneinvolvedin theproject.They mustinteractwith theclient,andthe
applicationdomainexperts,andthepotentialsystemusersto discoverandcapturetheirrequirements.
Theskills of abstraction is importantto capturetheessencesandignorethenon-essences.

� ClassificationThis activity takestheunstructuredcollectionof requirementscapturedin theearlier
phaseandorganizestheminto coherentclusters,andthenprioritizesthe requirementsaccordingto
their importanceto theclientandtheusers.

� Validation This is to checkif therequirementsareconsistentandcomplete,andto resolve conflicts
betweenrequirements.

� Feasibilitystudy This is to estimatewhetherthe identifiedrequirementsmaybesatisfiedusingthe
softwareandhardwaretechnologies,andto decideif theproposedsystemwill becost-effective.

Thereis no hardruleson whenrequirementanalysisis completedandthedevelopmentprocessproceeds
into thenext phase.Thefollowing questionsmustbeaskedbeforethedevelopmentprogressesinto thenext
phase:

� Hasthesystemrequiredbeenfully understoodby theclient,end-users,andthedevelopers?

� Hasafairly completemodelof whatis requiredbuilt? This is amodelof thesystemaboutwhatmust
bedoneby thesystemin termsof

– whatfunctions(or services)areavailable;

– whattheinput& outputare;

– whatdataarenecessary;
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8 Software DevelopmentProcess

but no implementationdecisionsshouldbedescribedin this model.

Of course,the requirementspecificationandthe modelof the systemat this level mustbe adjustedand
improvedoncethis is foundnecessaryduringa laterstageof thedevelopment.

An importantsideeffectof requirementanalysisis testingthefinal system:

� testplanmustbemadeaccordingto therequirementspecification;

� testcasesshouldbedesignedto coverall thecrucialservicesrequired.

In summary, therequirementspecificationis theofficial statementof what is requiredof thesystemto be
developed. It is not a designdocumentandit muststatewhat to be doneratherthanhow it is done. It
mustbe in a form which canbe takenasthestartingpoint for thesoftwaredevelopment.A specification
languageis oftenused.Graphicalnotationsareoftenalsousedto describetherequirementspecification.

Therequirementcapture and analysisphaseis important,as an error which is not discovered at the re-
quirementanalysisphaseis likely to remainundiscovered,andthelater it is discovered, themore difficult
andmoreexpensiveis it to fix.

2.1.2 Systemdesign

After thespecificationis producedthroughrequirementanalysis,therequirementspecificationundergoes
two consecutive designprocesses. Thefirst comesarchitectural (or logical) designin which the require-
mentsarepartitionedinto components.This resultsin anarchitecturaldesigndocumentwhich describes
whateach componentmustdo andhow they interactwith eachotherto provide theover all requiredser-
vices. Theneachcomponentin turn is designed;this processis termeddetailed(or physical) design. The
detaileddesigndocumentdescribeshoweachcomponentdoeswhatit is requiredto do,andit thushowthe
wholesystemdoeswhatit is requiredto do. Theactivities of thedesignprocessandtheassociatedresults
aredepictedin Figure2.3

Modelof theSystem
RequirementSpecification

Logical Dessign:
Partition,

DetailedDesign:

Whatdoesa componentdo?
RelateComponents

How doesa componentdo it?

Refinement,

Designof therelationships.

Abstract,implem.
independent,
generalArchitecture

detailedarchitectural:skeletalsystem
Concrete,implementationdependent

Figure2.3: A view of thedesignprocess
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Software DevelopmentProcess 9

Therefore,thedocumentproducedin thearchitecturaldesignphaseis anarchitectural modelconsistingof
thespecificationsof thecomponentswhichdescribewhateachcomponentmustdoby specifyingtheinter-
facesof thecomponents.Themodelof thesystematthis level is still abstract,implementationindependent,
andstill muchabout“what” ratherthan“how”.

Thedetaileddesignsub-processinvolvesanumberof stepsof refinementto thearchitecturalmodel,result-
ing in adetaileddesignmodelwhichdescribes

� thedesignof thefunctionsof eachcomponent,describinghoweachcomponentprovidesits required
functions,

� thedesignof theinterfaceof eachcomponent,describing“how” eachcomponentprovidesits services
to othercomponents.

Themodelof thesystemat this level canbeseenasa skeletalsystemwhich is concrete,implementation
dependent,anddefines“how”.

2.1.3 Implementation and unit testing

Duringthisstage,eachof thecomponentsfromthedesignis realizedasaprogramunit. Eachunit thenmust
beeitherverifiedor testedagainstits specificationobtainedin thedesignstage.Thisprocessis depictedin
Figure2.4

y

DesignSpecification
Implementation

and

Unit testing

A setof testedprogramunits

Figure2.4: A view of theimplementationandunit testingprocess

2.1.4 Integration and systemtesting

The individual programunits representingthe componentsof the systemare combinedand testedas a
wholeto ensurethatthesoftwarerequirementshave beenmet. Whenthedevelopersaresatisfiedwith the
product,it is thentestedby theclient (acceptancetesting). This phaseendswhentheproductis accepted
by theclient.
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10 The Waterfall Model

2.1.5 Operation and maintenance

Thisphasestartswith thesystembeinginstalledfor practicaluse,aftertheproductis deliveredto theclient.
It laststill thebeginningof system’s retirementphase, whichwearenotconcernedin thiscourse.

Maintenanceincludesall changesto theproductoncetheclienthasagreedthatit satisfiedthespecification
document.MaintenanceincludescorrectiveMaintenance(or softwarerepair)aswell asenhancement(or
softwareupdate).Corrective Maintenanceinvolvescorrectingerrorswhich werenot discoveredin earlier
stagesof thedevelopmentprocesswhile leaving thespecificationunchanged.Thereare,in turn, two types
of enhancement:

� Perfectivemaintenanceinvolveschangesthat theclient thinkswill improve theeffectivenessof the
product,suchasadditionalfunctionalityor decreasedresponsetime.

� Adaptivemaintenanceareaboutchangesmadein responseto changesin theenvironmentin which
theproductoperates,suchasnew governmentregulations.

Studieshasindicatedthat,on average,maintainersspendapproximately��������� of their time on corrective
maintenance,��
�� onperfective maintenance,and ����� onadaptive maintenance.

2.2 The Waterfall Model

Accordingto thesoftwaredevelopmentactivities discussedin theearliersections,thewholedevelopment
processis oftendescribedby theso-called‘waterfall model’depictedin Figure2.5

Thedevelopmentprocessof a softwareproductis alsocalledthe life cycleof thesoftware. We mustnote
that

� In practice,the stagesin the waterfall modeloverlap and feed information to eachother: during
design,problemsin requirementsareidentified;duringcoding,designproblemsarefoundandsoon.
Therefore,thedevelopmentprocessis notasimplelinearmodelbut involvesasequenceof iterations
of thedevelopmentactivities.

� During thefinal life cyclephase,perfective maintenanceactivities mayinvolve repeatingsomeor all
previousprocessstages.

� A developmentprocesswhich includesfrequentiterationsmakesit difficult to identify management
checkpointsfor planningandreporting.Therefore,aftera smallnumberof iterations,it is normalto
freezepartsof the developmentsuchasthe specification,andto continueto the later development
stages.Problemsareleft for laterresolution,ignoredor areprogrammedaround.

� Sometimesit is quitedifficult to partition thedevelopmentactivities in a projectinto thesedistinct
stages.
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Requirement
Analysis

Design

Implementation
andUnit Testing

Integratingand
SystemTesting

Operationand
Maintenance

Figure2.5: TheWaterfall Model

The waterfall modelcanbe usedfor somestatisticstudiesaboutthe software development. Figure2.6
andFigure2.7 illustratewhy high quality software is difficult to produceandto maintain,andwhy the
developmentactivities mustbeconductedin agoodengineeringmanner.

2.3 Evolutionary Development

A problemwith thewaterfall modelis thatsomesoftwaredevelopmentprojectis difficult to bepartitioned
into thedistinctstagesof requirementanalysis,designandsoon. Sometimes,it is alsodifficult (or impos-
sible)to establishadetailedrequirementspecification.

Evolutionarydevelopmentis basedon the ideaof developingan initial implementation,exposingthis to
usercommentandrefinethroughmany versionsuntil anadequatesystemhasbeendeveloped(Figure2.8).

The developmentprocessstartswith an outline descriptionof the system. Ratherthanhaving separate
specification,development(design,implementation)andvalidation(testingand/orverificationand/orpro-
totyping)activities, thesearecarriedoutconcurrentlywith rapidfeedbackacrosstheseactivities.

Thetechniquesusedin anevolutionarydevelopmentinclude

� Exploratory programming wherethe objective of the processis to work with theclient to explore
their requirementsanddeliver a final system.The developmentstartswith the partsof the system
whichareunderstood.Thesystemevolvesby addingnew featuresasthey areproposedby theclient.

� Prototyping wherethe objective of the developmentis to understandthe customer’s requirements
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12 Evolutionary Development

Ø

Implement8%
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Integrate
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Cost

Figure2.6: Approximaterelative costsof softwareprocessphases(from Schach1990)

andhencedevelop a betterrequirementsdefinition for the system.The prototypeconcentrateson
experimentingwith thosepartsof theclient requirementswhicharepoorlyunderstood.

Obviously, thismodelwith theiterationsof try-see-changeactivities suffersfrom thefollowing problems

� Theprocessis not visible It is difficult andexpensive to producedocumentswhich reflectevery
versionof thesystem.

� Systemare poorlystructured Continualchangetendsto corruptthesoftwarestructure.

� It is not alwaysfeasible For large systems,changesin later versionsarevery muchdifficult and
sometimesimpossible.New understandingandnew requirementssometimesforcethedeveloperto
startthewholeprojectall overagain.Softwareevolution is thereforelikely to bedifficult andcostly.
Frequentprototypingis alsoveryexpensive.

Theseproblemsdirectly leadto theproblemsthatthesystemis difficult to understandandmaintain.There-
fore it is suggestedthatthismodelshouldbeusedin thefollowing circumstances:

� Thedevelopmentof relatively smallsystems.

� The developmentof systemswith a short lifetime. Here,the systemis developedto supportsome
activity with is boundedin time,andhencethemaintenanceproblemis notanimportantissue.

� Thedevelopmentof systemsor partsof largesystemswhereit is impossibleto expressthedetailed
specificationin advance(e.g.AI systemsandInterfaces).

Theideas,principlesandtechniquesof theevolutionarydevelopmentprocessarealwaysusefulandshould
be usedin different stagesof a wider developmentprocess,such as the requirementsunderstandingand
validatingin thewaterfallprocess.
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Figure2.7: Softwareerrors(a) theirsourceand(b) theircorrectioneffort (from Finkelstein,1989)

2.4 Questions

1. Why doweneedasoftwaredevelopmentprocess.

2. Find moreaboutsoftware developmentprocess,especiallythe requirementsthat a goodsoftware
developmentprocessmustmeet.
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Figure2.8: Evolutionarydevelopmentmodel
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Chapter 3

Intr oduction to OO Development

Topicsfor Chapter 3

� Theinherentcomplexity of software

� Masteringcomplex systems

� Thehierarchyof complex systems

� Motivationto OO

� Theoutlineof therestof thecourse

3.1 The Inherent Complexity of Software

Within thescopeof softwareengineering,themodelsfor softwaredevelopmentprocessandtheirassociated
principlesandtechniqueshaveprovidedmuchbetterunderstandingof theactivities in theprocessandhave
led to greatimprovementsin productivity andquality of software. On the otherhand,we arestill in the
softwarecrisis.Now weunderstandthatthis is becauseof theinherentcomplexity of software.

Thefollowing threeobservationsshow why thecomplexity of software is anessentialproperty.

The complexity of the problemdomain This, in turn,derivesfrom thefollowing elements:

1. Difficultiesin capturingrequirementsThisusuallycomesfromthe“impedancemismatch”thatexists
betweentheusersof thesystemandits developers:

� Usersgenerallyfind it very hardto give preciseexpressionto their needsin a form thatdevel-
operscanunderstand.� Usersmayonly have vagueideasof whatthey wantin asystem.

15



16 The Inherent Complexity of Software

2. Competingandcontradictory requirementsConsidertherequirementsfor theelectronicsystemof
a multi-engineaircraft,or anautonomousrobot. The raw functionalityof suchsystemsis difficult
enoughto comprehend,but now addall of the (often implicit) nonfunctionalrequirementssuchas
usability, performance,cost,andreliability.

3. Changingrequirements Requirementsof a softwaresystemoften changeduring its development,
largelybecause

� Seeingearlyproducts,suchasdesigndocumentsandprototypes,andthenusinga systemonce
it is installedandoperational,leadtheusersto betterunderstandandarticulatetheir realneeds.

� At thesametime, thedevelopmentprocessitself helpsthedevelopersmastertheproblemdo-
main, enablingthemto askbetterquestionsthat illuminate the dark cornersof the system’s
desiredbehaviour.

Elements1&2 imply theproblemsanddifficultiesthatareinvolvedduringtherequirementanalysisphase,
while element3 impliesthata softwaredevelopmentis anevolving processanditerationsareinescapable,
andthatevolutionandmaintenanceareinherentlydifficult.

The difficulty of managing the development process The fundamentaltask of the software devel-
opmentteamis to engineerthe illusion of simplicity - to shieldusersfrom the vastandoften arbitrary
complexity (SeeFigure3.1)of thesystem.

�������� �  � !�!!�!"�""�"
##$
$
%&'�''�'(�((�(

Press

Figure3.1: To Engineertheillusion of simplicity

However, the sheervolumeof a systemrequirementsoften requiresus to write a large amountof new
softwareor to reuseexisting software in novel ways. No onecanever completelyunderstanda system
containinghundredsof thousands,or evenmillions of linesof code.Theamountof work demandsthatwe
usea teamof developers.More developersmeansmorecomplex communicationandhencemoredifficult
coordination.
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Mastering ComplexSystems 17

The problemsof characterizing the behaviour of system In a softwaresystemfor a largeapplication,
theremay be hundredsor even thousandsof variablesaswell asmore thanonethreadof control. The
behaviour of thesystemis how it changesfrom onestateto another. Althoughasystemcanin practicehave
only finite numberof states,

� in a largesystem,thereis acombinatorialexplosionthatmakesthisnumbervery large;

� eacheventexternalto thesystemmaychangethestateof thesystem;

� thesystemmayreactto anexternaleventnondeterministically, i.e. it maynot bepredictablewhich
of anumberof statesthesystemwill enterafteracertainevent.

Thisobservationindicatestheimportanceanddifficulty of thedecompositionin thedesignphase.

3.2 Mastering ComplexSystems

Having saidwhatmake softwareinherentlycomplex, anessentialproblemof softwareengineeringis how
wecanmasterthiscomplexity duringthesoftwaredevelopmentprocess.

3.2.1 Examplesof complexsystems

A personalcomputer A personalcomputeris a device of moderatecomplexity. Most of themcanbe
decomposedinto thesamemajorelements:

� acentralprocessingunit (CPU),

� amonitor,

� akeyboard,and

� somesortsecondarystoragedevice,eitherafloppy diskor aharddiskdrive.

Eachof thesepartscanbefurtherdecomposedinto subparts.For example,aCPUis composedof

� aprimarymemoryunit,

� anarithmetic/logicunit (ALU), and

� abusto whichperipheraldevicesareattached.

Eachof thesepartsmaybein turndecomposed:anALU maybedividedinto

� registers,andrandomcontrollogic
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18 Mastering ComplexSystems

which themselvesareconstructedfrom evenmoreprimitive elements,suchas

� NAND gates,andinverters,

andsoon.

Herewe seethe hierarchic natureof a complex system. A personalcomputerfunctionsproperlyonly
becauseof thecollaborativeactivityof eachof its parts.We canreasonabouthow a computerworksonly
becausewecandecomposeit into partsthatwecanstudyseparately.

Theimportantobservationsthatwecanmakeaboutahierarchicsystemare:

� Thelayersof this hierarchyrepresentsdifferentlevelsof abstractions,eachbuilt upontheother, and
eachunderstandableby itself.

� At eachlevel of abstraction,we find a collectionof partsthatcollaborate to provide servicesto the
higherlayers.

� Thelayerwechooseto investigatedependsonourcurrentneeds.

The structure of plants To understandthesimilaritiesanddifferencesamongplants,aplantcanbeseen
asacomplex systemwhichcanbedecomposedinto thehierarchyof subsystemsillustratedin Figure3.2

Plants

stemsroots

cells

nucleus

leaves

epidermis mesophyll vasculartissuebranchroots roothairs rootapex rootcap

chloroplasts

Figure3.2: Thehierarchyof plants

All partsat thesamelevel of abstractioninteractin well-definedways.For instance,at thehighestlevel of
abstraction:
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Mastering ComplexSystems 19

� rootsareresponsiblefor absorbingwaterandmineralsfrom thesoil;

� rootsinteractwith stems,which transporttheseraw materialsup to theleaves;

� the leavesin turn usethewaterandmineralsprovidedby thestemsto producefood throughphoto-
synthesis.

Therearealwaysclear boundariesbetweentheoutsideandinsideof a given level. For example,we can
imaginethatthepartsof a leafwork togetherto provide thefunctionalityof theleafaswhole,andyethave
little or nodirectinteractionwith theelementarypartsof theroots.In otherwords,there is clearseparation
of concernsamongthepartsat different levelof abstractions.

SocialInstitutions As afinal exampleof complex systems,weturn to thestructureof socialinstitutions,
whicharegroupsof peoplethatjoin togetherto accomplishtasksthatcannotbedoneby individuals.

Thestructureof alargeorganisationisclearlyhierarchical.Multinationalcorporations,for example,contain
companies,whichin turnaremadeupof divisions,whichin turncontainbranches,whichin turnencompass
localoffices,andsoon (seeFigure3.3)

Multinationalcorporations

Company 1 Company 2 Company n

Division2 Divisionn

Branch1 Branch2 Branchn

Division1

Figure3.3: Thehierarchyof multinationalcorporations

Therelationshipamongthevariouspartsof a corporationarejust like thosefoundamongthecomponents
of a computeror a plant. For instance,the degreeof interactionsamongemployeeswithin an individual
branchis greaterthanthatbetweenemployeesof differentbranches.
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20 Mastering ComplexSystems

3.2.2 The fiveattrib utesof a complexsystem

Fromtheexamples,wehave fiveattributescommonto all complex systems.

Thefactthatmany complex systemhave a decomposablehierarchicstructureis a majorfacilitatingfactor
enablingusto understand,describe,andeven‘see’suchsystemsandtheirparts.This is summarisedasthe
following attribute.

1. Complexity takestheformof a hierarchy, wherebya complex systemis composedof inter-
relatedsubsystemsthat havein turn their ownsubsystems,an soon, until somelowest
levelof elementarycomponentsis reached

Regardingto thenatureof theprimitivecomponentsof acomplex system,wehave that:

2. The choice of what componentsin a systemare primitive is relativelyarbitrary and is
largely up to thediscretionof theobserverof thesystem

Thecomponentsin a systemarenot completelyindependent.Theunderstandingof the linkagesbetween
thepartsof thesystemis alsoimportant. Thenatureof theselinkagesis anotherattribute commonto all
complex systems:

3. Intracomponentlinkagesare generally stronger than intercomponentlinkages. This fact
hasthe effect to separating the high-frequencydynamicsof thecomponents- involving
the internal structure of the components- from the low-frequencydynamics- involving
interactionamongcomponents

Thefollowing attributesaysthatcomplex systemshave commonpatternsin their constructionandimple-
mentation:

4. Hierarchic systemsare usuallycomposedof only a few different kindsof subsystemsin
variouscombinationsandarrangements

In otherwords,a considerableamountof commonalitycutsacrossall partsin thestructuralhierarchyof a
system.For example,we find, in a computer, NAND gatesusedin thedesignof theCPUaswell asin the
harddiskdrive. Likewise,cellsserve asthebasicbuilding blocksin all structuresof aplant.

Complex systemstendto evolve over time. As systemsevolve,objectsthatwereonceconsideredcomplex
becometheprimitiveobjectsuponwhichmorecomplex systemsbuilt. Thisfactisstatedasanotherattribute
of complex systems:

ReportNo. 259,July 2002 UNU/IIST, P.O. Box 3058,Macau



Mastering ComplexSystems 21

5. A complex systemthatworksis invariably foundto haveevolvedfroma simplesystemthat
worked.A complex systemdesignedfromscratch never worksandcannotbepatchedup
to make it work. Youhaveto startover, beginningwith a workingsimplesystem

Furthermore,we cannever craft theprimitive objectscorrectlythefirst time: we mustusethemin context
first, andthenimprove themover timeaswe learnmoreabouttherealbehaviour of thesystem.

3.2.3 The generalization-specializationhierarchy

Having that complex systemcangenerallybedecomposedinto componentswhich arecombinedandar-
rangedinto layersrepresentingdifferentlevelsof abstraction,suchadecompositionrepresentsastructural
(or “part-of”) hierarchy. More interestingsystemsembodyanotherhierarchy. For example,with a few
minutesof orientation,anexperiencedpilot canstepinto amulti-enginejet s/hehasneverflown beforeand
safelyfly thevehicle.In general,if apilot alreadyknowshow to fly agivenaircraft,it is far easierto know
how to fly asimilarone.Therefore,theconceptof aircraft representsanabstractionwhichgeneralizesthe
propertiescommonto every kind of aircraft. In otherwords,a particularplaneis a specialkindof aircraft,
which hasthepropertiesthat arecommonto all aircraftandpropertieswhich arespecialto its kind. We
shallseethis secondaryhierarchyis alsoessentialto understanda complex system.In theOO framework,
this“is a( or kind of)” hierarchyis calledtheclassstructure andthe“part-of” hierarchyis calledtheobject
structure. This is illustratedin Figure3.4

Classes
Objects

“is a”

“part-of”

belongsto

)+* )-,

)-.)-/

)10
2 0

2 / 2 .

2 * 2 ,)-3

Figure3.4: A canonicalform of acomplex system

Thisfigurerepresentsthetwo hierarchies:

� any instance(object)of class
)-3

is akind of instancesof class
)-.

;
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� objects
2 /

and
2 /

arepartsof object
2 0

;

� object
2 /

is aninstanceof class
)-3

, andsoon

OO software engineeringis abouthowto engineeringtheclassandobjectstructureswhich havethefive
attributesof complex systems. And in the context of OO softwareengineering,the structure of a system
meanstheclassandobjectstructuresof thesystem.

3.2.4 Function-oriented and object-orientedmethods

Having saiddecompositionof a systeminto componentsis essentialin masteringcomplex systems,what
is theroleof decompositionin thedevelopmentof asoftwaresystem?

Function oriented methods Until themiddleof the1990s,mostof softwareengineersareusedto the
top-downfunctionaldesignmethod(or structureddesign), thathasthefollowing definingaspects:

� It is stronglyinfluencedby theprogramminglanguagessuchasALGOL, PascalandC, all of which
offer routinesastheirhighest-level abstractions.

� Thefunctionsof asoftwaresystemareconsideredastheprimarycriterionfor its decomposition.

� It separatesthefunctionsanddata,wherefunctions,in principle,areactive andhave behaviour, and
dataarepassive holdersof information,whichareaffectedby functions.

� Thetop-down decompositiontypically breaksthesystemdown into functions,whereasdataaresent
betweenthosefunctions.Thefunctionsarebrokendown furtherandeventuallyconvertedinto source
code(seeFigure3.5).

Peoplehave foundthefollowing problemswith thefunctionaltechnology:

� Productsdevelopedwith this approachare difficult to maintain. This is mainly becausethat all
functionssharea largeamountof data,andthey mustknow how thedataarestored.To changeadata
structure,wemustmodify all thefunctionsrelatingto thestructure.

� Thedevelopmentprocessis not stableaschangesin therequirementswill bemainly reflectedin its
functionality. Therefore,it is difficult to retaintheoriginaldesignstricturewhenthesystemevolves.

� Thedevelopmentprocessgetsinto the“how” businesstoo soon,aswhenwe decomposea function
into subfunctions,we cannotavoid from talking in a way like “first do this andthendo that,andso
on”.

� Thisapproachonly capturesthe“part-of” abstraction.

� Obviously, thisapproachdoesnotsupportprogrammingin object-orientedlanguages,suchasSmalltalk,
Eiffel, C++,andJava,verywell.
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F1 F2 F3

F4 F5

Main function

Figure3.5: Functional,top-down decomposition

Object-oriented technology Thestrategy in theOOsoftwaredevelopmentis to view theworld asasetof
objects.They interactwith andcollaboratewith eachotherto providesomehigherlevel behaviour. Objects
have thefollowing characteristics(seeFigure3.4):

� An objectis simplyatangibleentityin therealworld (attherequirementanalysisphase)or represents
asystementity (at thedesignstage).

� Objectsare responsiblefor managingtheir own private states,and for offering servicesto other
objectswhenis it requested.Thus,dataandfunctionsareencapsulatedwithin anobject.

� Thesystem’s functionalityis observedby lookingathow servicesarerequestedandprovidedamong
theobjects,without theneedto getinto theinternalstatechangesof theobjects.

� Objectsareclassifiedinto classes, andobjectsbelongingto thesameclasshave commonproperties,
suchasattributesandoperations.

It seemsthattheOO approachreflectsthe“is a” abstractionaswell asthe“part of” abstractionbetter, and
canovercomesomeof theproblemsin the functionapproach(noticethat I do not want to make stronger
claims).

In thismodule,weshalllearntheconcepts,techniques,andnotationsthathavedevelopedandfounduseful
in the OO framework. Onething will becomeclearto us,OO designhelpsin developinggoodsoftware
written in C++ andJava.

3.3 The Restof The course

Therestof courseis to discusstheobject-orientedsoftware methodology. Themethodologyincludesthe
following
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� Notation The languagefor expressioneachmodelof the systemat a level of abstraction.For this
purpose,we shalluseUML, standingfor Unified Modelling Language, which is widely usedasa
standardmodellinglanguage.

� ProcessTheactivities leadingto theorderlyconstructionof thesystem’s models.Weshallfocuson
theactivities of object-orientedanalysis(OOA), object-orienteddesign(OOD),andobject-oriented
implementationstrategies(OOI).

� Tools Theartifactsthateliminatethetediumof themodelbuildingandenforcerulesaboutthemodels
themselves,sothaterrorsandinconsistenciescanbeexposed.Thetool thatweusefor thepracticals
will betheRationalRose1

3.4 Questions

1. Discussthecomplexities apparentin thefollowing softwaredevelopment:

A group of developers in a small start-uplocatedin Los Angeleshavebeencontracted
to build a chemicalanalysissystemfor an industrial chemicallab in SantaFe. Thelab
workswith several thousandchemicals,andwantsan exploratory tool for predictingthe
interactionsof chemicalsin novel combinations.Thesoftware housewon the contract
by under-bidding the competition,so they havelittle money available for travel. Only
the teamleader is able to make trips to SantaFe and all contactbetweenthe chemists
andthedesignteamtakesplacethroughtheteamleader. Shetakesdetailednoteson her
discussionwith thechemistswhowill usethe tool, thenbriefs the teamasa groupwhen
shereturns.Requirementsare establishedanda high level designdevelopedasa group.
At this point, individualdesigners take onseparatemodules(e.g., thechemicaldatabase,
the graph computation,the userinterface). Thedevelopers are a close-knitgroup, and
often discussthe detaileddesignof their moduleswith each other. This enablesthem
to coordinatetheir designsfrom thebeginning – for example, as theorganizationof the
chemicaldatabasedevelops,theauthorof thegraphingmoduledirectly incorporatesthe
chemicalgrouping informationembeddedin the databaseand usesthis informationas
an organizingrubric for his analysisoptions. Unfortunately, whenthe first prototypeis
shownto theclients,theclientsareunhappywith thechemicalcombinationoptions.Both
thedatabaseandtheanalysismodulesmustundergo substantialredesign.

2. The library at East-West University is a large building with over 4000squarefeet of stacks,and
a spaciousreading/periodicalsroom overlooking the main quad. The library hasholdsover 10K
volumes,and subscribesto about200 periodicals;most of theseare archival and the hasbound
journalvolumesdatingbackasfaras1901.Bookscanbecheckedout for two weeks,periodicalsfor
threedays.A wideselectionof referenceaidsarealsoavailable,but thesemustbeusedin thelibrary.
Thematerialis heavily biasedtowardssciences,with engineering,life sciences,andmathematicsthe
majortopicareas.A smallersetof holdingsin theliberalarts(literature,socialsciences,andhistory
alsoexists. thestaff consistsof a headlibrarian,six studentswho take turnsworkingat thedeskand
shelvingreturns,andtwo referencelibrarians.

CharacterizetheEast-Westlibrary systemdescribedabove in termsof thefive attributesof complex
systems.

1For informationaboutNationalRose,a thoroughtreatmentof raw UML notation,thecompletespecificationis availableat
RationCorporation’s website: www.rational.com
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3. Fredis a Dodgedealer– his dealershipmaintainsansellsa vehicleinventorytypically numbering
over 100at any given time. It alsoservicescarsof all makes. While it stocksa varietyof partsfor
Dodgemodels,it purchasespartsfor vehiclesof otherbrandsonanas-neededbasis.What“kind-of”
hierarchiesmightbeusefulin organizingFred’s dealership?“Part-of” hierarchies?

4. Figure3.6depictsapossibleobjectstructurefor asimpleblackjackgame,listing someof theimpor-
tantelementsconnectedin a “part-of” hierarchy. In analyzingcomplex systems,understandingthe
relationship(s)betweenhierarchicalcomponentsis just asimportantasidentifying thecomponents
themselves. For eachconnectionamongnotesin the blackjackgraph,specify the relationship(s)
betweentheconnectedobjects.

Ø

Blackjack game

Player

betwinnings

card hand

card1 card2

dealer

card hand

card2card1 .......

bank

card deck

card1 card2 .......

.......

Figure3.6: Objectstructurefor aBlackjackGame

5. Describeoneor moreextensionsto theblackjackgamedepictedabove thatwouldhave little impact
on thecomplexity of thesystem.Thendescribeanextensionthatwouldmake thesystemnoticeably
morecomplex.
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Chapter 4

RequirementCaptureand Analysis– Use
Cases

Topicsof Chapter 4

� Understandingrequirementsspecification,suchas functional specification,and nonfunctionalat-
tributesof systems

� Understandingusecases,usecasediagrams,anduse-casemodel for describingthe functionalre-
quirements

� Use-casediagramsandtheirusefor describingause-casemodel

4.1 Understandingrequirements

4.1.1 Intr oduction

Thecreationof acorrectandthoroughrequirementsspecificationis essentialto asuccessfulproject.How-
ever, the treatmentof the wholehostskills necessaryto elucidatemeaningfulrequirementsis simply too
muchto cover in this course. Insteadof going into every aspectof every skill, we usea casestudy to
illustratethefollowing threeproblems.

� Whatshouldbeproducedin therequirementscaptureandanalysis?

� How to identify theelementsof theseartifacts?

� How areartifactsexpressed?

27
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4.1.2 Casestudy: Point-of-sale

A point-of-saleterminal(POST)is a computerizedsystemusedto recordsalesandhandlepayments;it is
typically usedin aretailstore.It includeshardwarecomponentssuchasacomputerandabarcodescanner,
andsoftwareto run thesystem(SeeFigure4.1).

Assumethat we have beenrequestedto createthe software to run a point-of-saleterminal. Using an
object-orienteddevelopmentstrategy, we aregoing to proceedthroughthe requirementanalysis,design,
andimplementation.

Figure4.1: A point-of-saleterminal

4.1.3 Requirementsspecification

Therequirementsspecificationis adescriptionof needsor desiresfor a product.

Therequirementsmustbedescribed

� unambiguously, and

� in a form thatclearlycommunicatesto theclientandto thedevelopmentteammembers.

It is recommendedthattherequirementsspecificationat leastincludesthefollowing parts:

� anoverview of theproject

� goals

� systemfunctions

� systemattributes(non-functionalrequirements)

� Glossary– definitionsof all relevantterms
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� Usecases– narrative descriptionsof thedomainprocesses

� Conceptualmodel– amodelof importantconceptsandtheir relationshipsin theapplicationdomain.

Thesearetypically producedthroughgatheringanddigesting

� many kindsof documentssuchastheclient’s statementsabouttheirneeds,preliminaryinvestigation
report,andelectronicdocuments,

� interview results,

� requirementsdefinitionmeetings,andsoon

This sectiononly discussesthe first four partsof a requirementsspecification,andthe othersareleft for
subsequentsections.

Overview of the project

Thisshoulddescribetheneedfor thesystem.For alargesystem,it shouldalsobriefly describethesystem’s
functionsandexplainhow it will work with othersystems.

Theoverview of thePOSTcasestudyprojectcanbesimplywrittenasthefollowing statement:

Thepurposeof thisprojectis to createapoint-of-saleterminalsystemto beusedin retailsales.

Goals

This is to describehow thesystemfits into theoverall businessor strategic objectivesof theorganization
commissioningthesoftware.

Thegoalsof thePOSTsystemcanbestatedas

In generalthe goal is increasedcheckout automation,to supportfaster, betterand cheaper
servicesandbusinessprocesses.Morespecifically, theseinclude:

� quickcheckout for thecustomer,
� fastandaccuratesalesanalysis,
� automaticinventorycontrol.

Theoverview andthegoalscanbecombinedinto an introductionsectionin thedocument.
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Systemfunctions

Systemfunctionsarewhatasystemis supposedto do.

To verify thatsomeX is indeedasystemfunction,it shouldmake sensein thefollowing sentence:

Thesystemshoulddo 4 X 5

For example,“ease-of-use”doesnot fit in the verificationsentence.Thus,systemqualitiesof this kind
shouldnotbepartof thefunctionalrequirementsspecification.

The system’s functionsshouldbe categorizedin orderto priorities themor to avoid from missingthem.
Categoriesinclude

� Evidentfunctions suchfunction shouldbe performed,andusershouldbe cognizantthat it is per-
formed.

� Hiddenfunctions shouldbe performed,but not visible to users. This is true of many underlying
technicalservices,suchassaveinformationin a persistentstorage mechanism. Hiddenfunctionsare
oftenincorrectlymissedduringtherequirementsgatheringprocess.

� Frill functions areoptional;addingthemdoesnotsignificantlyaffect costor otherfunctions.

In thepresentationof thefunctions,

� they shouldbedividedinto logicalcohesive groups,

� eachfunctionshouldbegivena referencenumberthatcanbeusedin otherdocumentsof thedevel-
opment,

� thecategory thata functionbelongsto shouldbeindicated.

For the POSTapplication,we presenttwo groupsof the systemfunctions, the basic functionsand the
functionsrelatedto payment. Thesefunctionsserveasasetof representative sample,ratherthanacomplete
list.

Basicfunctions of the POSTsystem
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Ref # Function Category

R1.1 Recordtheunderway (current)sale- theitemspurchased. evident

R1.2 Calculatecurrentsaletotal. evident

R1.3 Capturepurchaseitem information from a bar codeusing a bar
codescanner, or manualentryof aproductcode,suchasa univer-
salproductcode(UPC).

evident

R1.4 Reduceinventoryquantitieswhenasaleis committed. hidden

R1.5 Log completedsales. hidden

R1.6 Cashiermustlog in with an ID andpassword in orderto usethe
system.

evident

R1.7 Provideapersistentstoragemechanism. hidden

R1.8 Provide inter-processand inter-system communicationmecha-
nisms.

hidden

R1.9 Displaydescriptionandpriceof itemrecorded. evident

Payment functions

Ref # Function Category

R2.1 Handlecashpayments,capturingamounttenderedandcalculating
balancedue.

evident

R2.2 Handlecreditpayments,capturingcredit informationfrom a card
readeror by manual entry, and authorizingpaymentwith the
store’s (external) credit authorizationservicevia a modemcon-
nection.

evident

R2.3 Handlechequepayments,capturingdriverslicenseby manualen-
try, andauthorizingpaymentwith thestore’s (external)chequeau-
thorizationservicevia amodemconnection.

evident

R2.4 Log credit paymentsto the accountsreceivablesystem,sincethe
creditauthorizationservicesowesthestorethepaymentamount.

hidden
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Systemattrib utes

Systemattributesarealsocallednon-functionalrequirements. They areconstraintsimposedon thesystem
andrestrictionson thefreedomof thedesigner. Thesemayinclude

� responsetimeandmemoryrequirements,

� easeof use,

� operatingsystemsplatforms,

� interfacemetaphor,

� retail cost,

� fault-tolerance,andsoon

Someattributesmay cut acrossall functions,suchas the operatingsystemplatform, or be relatedto a
particularfunctionor agroupof functions.

Hereareexamplesof attributesfor thePOSTsystem:

Attrib ute Constraints

responsetime Whenrecordinga solditem, thedescriptionandpricewill appear
within 5 seconds

interfacemetaphor Forms-metaphorwindows anddialogboxes

fault-tolerance Must log authorizedcreditpaymentsto accountsreceivablewithin
24hours,evenif poweror devicefails

operatingsystemplatform MicrosoftWindow 95andNT

4.2 UseCases:DescribingProcesses

Oneof themajoraimsin OOA is to decomposetherequirementsinto conceptsandobjectsin theapplication
domainand producea conceptualmodel. An important techniqueto help in this decompositionis to
considerusecases– narrative descriptionof domainprocessesin termsof interactionsbetweenthesystem
andits users.Thissectionintroducesthenotionof usecases.
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4.2.1 Usecases

Informally speaking,a usecaseis a storyor a caseof usinga systemby someusersto carryout a process.
A bit morepreciselyspeaking,a usecasedescribesthesequenceof eventsof sometypesof users,called
actors, usingsomepartof thesystemfunctionalityto completeaprocess.

For example,to carryout theprocessof buying thingsat astorewhenaPOSTis used

� two actorsmustbeinvolved: CustomerandCashier,

� thefollowing sequenceof eventsmustbeperformed:

TheCustomerarrivesat a checkout with itemsto purchase.TheCashierrecordsthepurchaseitems
andcollectpayment.Oncompletion,theCustomerleaveswith theitems

Therefore,to auser, ausecaseis awayof usingthesystem.A usecaseis describedin termsof asequence
of interactionsbetweensomeactorsandthesystemby which thesystemprovidesa serviceto theactors.
Eachusecasethencapturesa pieceof functionalrequirementsfor someusers.All theusecasestogether
describethe overall functional requirementsof the system. The first stepin requirementscapture is to
capture requirementsasusecases. All theusecasesallow softwaredevelopersandtheclient/customerto
agreeon therequirements,thatis, theconditionsor capabilitiesto which thesystemmustconform.

Actors

An actor representsa coherentsetof rolesthat areentitiesexternal to the systemcanplay in using the
system,ratherthanrepresentinga particularindividual. An actorrepresentsa typeof users of thesystem
or externalsystemsthatthesysteminteractswith.

Notethat

� An actortypically stimulatesthesystemwith inputevents,or receivessomethingfrom thesystem.

� An actorscommunicateswith thesystemby sendingmessages to andreceiving messagesfrom the
systemasit performsausecase.

� An actorsmay modelanything that needsto interactwith the systemto exchangeinformation: a
humanuser, acomputersystem,anelectricalor a mechanicaldevice suchasa timer.

� A physicalusermayactasoneor severalactorsasthey interactwith thesystem;andseveralindivid-
ualusersmayactasdifferentoccurrencesof thesameactor.

� If therearemorethanoneactorin a usecase,theonewho generatesthestartingstimulusis called
the initiator actorandtheotherparticipatingactors.

� Theactorsthatdirectly interactsthesystemareprimary/directactors, theothersarecalledsecondary
actors.
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Thus,actorsrepresentpartiesoutsidethesystemthatcollaboratewith thesystem.Oncewehave identified
all theactorsof asystem,wehave identifiedtheexternalenvironmentof thesystem.

4.2.2 Identifying usecases

Eachof thefollowing stepsfor identifying usecasesinvolvesbrainstormingandreviewing existing docu-
mentsof requirementsspecification:

1. Onemethodto identify usecaseis actor-based:

(a) Identify the actorsrelatedto a systemor organization,i.e. find andspecifyall the actorsby
lookingat whichuserswill usethesystemandwhichothersystemsmustinteractwith it.

(b) For eachactor, identifying the processesthey initiate or participatein by looking at how the
actorcommunicates/interactswith (or use)thesystemto dohiswork.

2. A secondmethodto identify usecasesis event-based.

(a) Identify theexternaleventsthatasystemmustrespondto.

(b) Relatetheeventsto actorsandusecases.

To identify usecases,readtheexisting requirementsfrom anactor’s perspective andcarryon discussions
with thosewhowill actasactors.It will helpto askandansweranumberof questions,suchas

� Whatarethemaintasksof theactor?

� Will theactorhave to read/write/changeany of thesysteminformation?

� Will theactorhave to inform thesystemaboutoutsidechanges?

� Doestheactorwish to beinformedaboutchanges?

For thePOSTapplicationthefollowing potentialuseactorsandusecasescanbeidentified:

Actor Processesto Initiate

Cashier Log In
Log Out

Customer Buy Items
RefundItems
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4.2.3 Writing usecases

Whenwe usethemethodsgivenin theabove subsectionto identify a usecase,we first createa high-level
usecaseto obtainsomeunderstandingof theoverall process,andthenexpandit by addingto it with more
details.

A high-levelusecasedescribeaprocessverybriefly, usuallyin two or threesentences.They areoftenonly
concernedwith theeventsthattheactorsperform.It is describedin thefollowing format:

Usecase: Nameof usecase(useaphrasestartingwith averb).

Actors: List of actors(external agents),indicating who initiates the use
case.

Purpose: Intentionof theusecase.

Overview: A brief descriptionof theprocess.

CrossReferences: Relatedusecasesandsystemfunctions.

For example,thehigh-level descriptionof theBuy Items with Cashprocesscanbedescribedasfollows.

Usecase: Buy Items with Cash

Actors: Customer(initiator), Cashier.
Purpose: Capturea saleandits cashpayment.

Overview: A Customerarrives at a checkout with items to purchase.The
Cashierrecordsthe purchaseitemsandcollectsa cashpayment.
Oncompletion,theCustomerleaveswith theitems.

CrossReferences: Functions:R1.1,R1.2,R1.3,R1.7,R1.9,R2.1.

Thereferencesto thesystemfunctionsindicatethat

� theusecaseis createdthroughfurtherunderstandingof thesefunctions,

� theserequiredfunctionsareallocatedto thisusecase,

This is usefulthat

� it is possibleto verify thatall systemfunctionshave beenallocatedto usecases,
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� it providesa link in termsof tractability betweenthe productsproducedat differentstagesin the
development,

� all systemfunctionsandusecasescanbetraceablethroughimplementationandtesting.

An expandedusecaseshowsmoredetailsthanahigh-level one,andis oftendonein aconversationalstyle
betweenthe actorsand the system. Typically, an expandedusecaseextendsa high-level one with two
sectionstypicalcourseof eventsandalternativecoursesof events(or exceptions):

Usecase: Nameof usecase(useaphrasestartingwith averb).
Actors: List of actors(external agents),indicating who initiates the use

case.
Purpose: Intentionof theusecase.
Overview: A brief descriptionof theprocess.
CrossReferences: Relatedusecasesandsystemfunctions.

Typical Courseof Events

Actor Action SystemResponse

Numberedactionsof theactors. Numbereddescriptionsof systemresponses.

Alternative Courses

� Alternativesthatmayariseat line number. Descriptionof exception.

For example,thehigh-level Buy Items with Cashusecasecanbeexpandedwith thetwo sectionsin the
following way.

Typical Courseof Events

Actor Action SystemResponse
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1. ThisusecasebeginswhenaCustomerar-
rives at a POSTcheckout with items to
purchase.

2. The Cashierrecordsthe identifier from
eachitem.

3. Determinesthe item price and addsthe
item information to the running sales
transaction.

If thereis morethanonesameitem, the
Cashiercanenterthequantityaswell.

The descriptionand price of the current
itemarepresented.

4. On completion of the item entry, the
Cashierindicatesto the POSTthat item
entryis completed.

5 Calculatesandpresentsthesaletotal.

6. TheCashiertells theCustomerthetotal.

7. TheCustomergivesacashpayment,pos-
sibly greaterthanthesaletotal.

8. The Cashier recordsthe cash received
amount.

9. Shows the balanceduebackto the Cus-
tomer.
Generatea receipt.

10. The Cashierdepositsthe cashreceived
andextractsthebalanceowing.

11. Logsthecompletedsale.

TheCashiergivesthebalanceowing and
theprintedreceiptto theCustomer.

12. TheCustomerleaveswith the itemspur-
chased.

Alternative Courses

� Line 2: Invalid identifierentered.Indicateerror.

� Line 7: Customerdidn’t have enoughcash.Cancelsalestransaction.

Wemustnote,theusecaseBuy Items with Cashis asimplifieddescriptionof thefull buy itemprocess.It
assumesthefollowing:

� Cashpaymentsonly.

� No inventorymaintenance.

� It is astand-alonestore,notpartof a largerorganization.

� Manualentryof UPCs;nobarcodereader.
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� No taxcalculations.

� No coupons.

� Cashierdoesnothave to log in; noaccesscontrol.

� Thereis no recordmaintainedof theindividual customersandtheirbuying habits.

� Thereis nocontrolof thecashdrawer.

� Nameandaddressof store,anddateandtimeof sale,arenotshown on thereceipt.

� CashierID andPOSTID arenotshown on thereceipt.

� Completedsalesarerecordedin anhistoricallog.

It is importantto rememberthe5thattributeof complex andwealwaysbegin thedevelopmentwith building
asimplesystemandthenenhanceandimprove it over timeaswe learnmoreaboutthebehaviour.

4.2.4 Essentialand realusecases

At therequirementlevel, theusecasesarerelatively freeof technologyandimplementationdetails;design
decisionsaredeferredandabstracted,especiallythoserelatedto theuserinterface.A usecasesof thiskind
is saidessentialasit describestheprocessin termsof theessentialactivities andmotivation.

In contrast,a real usecaseconcretelydescribestheprocessin termsof its realcurrentdesign,committed
to thespecificinputandoutputtechnologies,andsoon.

For example,consideran ATM Withdraw Cashusecase. The Typical Course of Events sectionsin an
essentialform andin a realform canbeusedfor illustration:

Essential

Actor Action SystemResponse

1. TheCustomeridentifieshim/herself 2. Presentoptions.

3. andsoon 4. andsoon

Real

Actor Action SystemResponse

1. Thecustomerinsertshis/hercard. 2. Promptsfor PIN.

3. EnterPIN onkeypad. 4. Displayoptionsmenu.

5. andsoon. 6. andson.
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4.2.5 Use-casediagramsand use-casemodel

A usecasediagram illustratesa setof usecasesfor a system,theactorsof theseusecases,the relations
betweentheactorsandtheseusecases,andtherelationsamongtheusecases.TheUML notationfor ause
casediagramis shown in Figure4.2,in which

� anoval representsausecase,

� astickfigurerepresentsanactor,

� a line betweenan actoranda usecaserepresentsthat the actor initiatesand/orparticipatesin the
process.

Buy Items

Login

Refound Items

CustomerCashier

Figure4.2: A sampleusecasediagram

All theactors,usecasesanduse-casediagramsof a systemmake upa use-casemodelwhichdescribesthe
usecases,theactors,how theusecasesrelateto eachotherandto theactors.It thusspecifiesthesystem
functionalrequirements.

Making up a big usecasefrom simpler ones

It is not difficult to seethatthesequenceof actionsfrom 7 to 10 in usecaseBuy Items with Cashcanbe
treatedasausecase,whichcancalledPay by Cash. It canberefinedby addingmoredetailssuchas:
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Pay by Cash

Typical Courseof Events
Actor Action SystemResponse

1. TheCustomergivesacashpayment,pos-
sibly greaterthanthesaletotal.

2. TheCashierrecordsthecashtendered. 3. Show the balancedue back to the Cus-
tomer.

4. The Cashierdepositsthe cashreceived
andextractsthebalanceowing.
TheCashiergivesthebalanceowing and
theprintedreceiptto theCustomer.
Alternative Courses

� Line 3. If cashtheamounttenderedis notenough,exceptionhandling

� Line 4: Insufficient cashin drawer to paybalance.Ask for cashfrom super-
visor.

Usingexactly thesametechniquesin thedescriptionof Pay by Cash, we canfefinetwo usecasesPay by
Credit andPay by Cheque.

Now it is notdifficult to definethegeneralusecaseBuy Items thatcanbewrittenasfollows.
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Buy Items

Typical Courseof Events

Actor Action SystemResponse

1. This usecasebeginswhena Customerarrivesat
aPOSTcheckout with itemsto purchase.

2. TheCashierrecordstheidentifierfrom eachitem. 3. Determinesthe item price and addsthe
item information to the running sales
transaction.

If thereis more than one of the sameitem, the
Cashiercanenterthequantityaswell.

The descriptionandprice of the current
itemarepresented.

4. Oncompletionof theitementry, theCashierindi-
catesto thePOSTthatitementryis completed.

5 Calculatesandpresentsthesaletotal.

6. TheCashiertells theCustomerthetotal

7. TheCustomerchoosespaymentmethod:

(a) If cashpayment,initiate PaybyCash.

(b) If creditpayment,initiate PaybyCredit.

(c) If cheque payment, initiate Pay by
Cheque.

8. Logsthecompletedsale.

9. Printsa receipt.

10. TheCashiergivestheprintedreceiptto theCus-
tomer.

11. TheCustomerleaveswith theitemspurchased.

Alternative Courses

� Line 2: Invalid identifierentered.Indicateerror.

� Line 7: Customerdidn’t have enoughcash.Cancelsalestransaction.

In general,ausecasemaycontaindecisionpoints.If oneof thesedecisionpathsrepresentstheoverwhelm-
ing typical case,andthe othersalternativesarerare,unusualor exceptional,thenthe typical caseshould
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betheonly onewritten aboutin theTypical Courseof events, andthealternativesshouldbewritten in the
AlternativeCoursessection.However, if thedecisionpointrepresentsalternativeswhichall relatively equal
andnormalin their likelihood,this is trueof thepaymenttypes,thenwehaveto describethemasindividual
usecasesandthey canbeusedby a ‘main’ usecase,suchasBuy Items.

UML providesa notationfor describingsucha usesrelationshipbetweenusecases,andthis is illustrated
in Figure4.3.

creditAuthorization

Service

AccountsReceivable

POST

Customer
Cashier

Payby Credit

Check
Authorization

Service

Payby Cash Payby Check

Buy Items

6�798:7 6�798:7 6�798;7

Figure4.3: Relatingusecaseswith ausesrelationship

4.2.6 Usecaseswithin a developmentprocess

Thissectionsummarizestheactivities andartifactsof usecaseanalysis.

1. After systemfunctionshave beenlisted,thenidentify actorsandusecases.

2. Write all usecasesin thehigh-level format. You maylike to categorizethemasprimary, secondary
or optional.

3. Draw ausecasediagramfor thesystem.

4. Relateusecasesandillustraterelationshipsin theusecasediagram.

5. Write the most critical, influential and risky usecasesin the expandedessentialformat to better
understandandestatethenatureandsizeof theproblem.Deferwriting theexpandedessentialform
of thelesscritical usecasesuntil thedesignor eventtheimplementationstarts.

6. Ideally, real usecasesshouldbedeferreduntil thedesignphaseof a developmentcycle, sincetheir
creationinvolvesdesigndecisions.However, it is sometimesnecessaryto createsomerealusecase
duringtheearlyrequirementphaseif
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� Concretedescriptionssignificantlyaidcomprehension.� Clientsdemandspecifyingtheir processesin this fashion.� For prototypepurpose.

7. Youmaylike to ranktheusecasesto planwhichshouldbetakeninto thedesignandimplementation
phasesfirst.

4.2.7 Actors and usecasesof the POSTsystem

Usingthetechniquesof this section,a samplelist (not anexhaustive) of relevantactorsandusecasesthey
initiate include:

Actor UseCase

Cashier Log In
Log Out

Customer Buy Items
RefundItems

Manager StartUp
ShutDown

System Add New Users
Administrator

Weleave theconstructionof theusecasesasexercises.

4.2.8 Summingup

Usecasedefinition

A usecasespecifiesa sequenceof actionsthatthesystemcanperformandthatyieldsanobservableresult
of valueto a particularactor. A usecaseis full end-to-endstoryabouttheuseof thesystemto carryout a
task,notanarbitarycombinationof anumberof stepsof computation.For example,weshouldnotcombine
two tasksinto ausecase,suchaBorrow aBookandReturnaBook,if it is notalwaythecasethatonemust
becarriedoutaftertheother.

Why usecases?

Thereasonswhy usecasesaregoodfor requirementcaptureinclude
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� They do not only answerthequestionwhatthesystemshoulddo but answerit in termsof what the
systemshoulddo for each user/actor. They thereforeidentify thefunctionsthatthesystemprovides
to addvaluesto its users,andhelpto remove functionsthatthey donotaddvaluesto theusers.

� They identify systemfunctionsandtherelationshipamongthesystemfunctions.

� They also identify conceptsand objectsinvolved in the applicationdomain. Theseconceptsand
objectsarevery importantin modelingthe architectureof the system,andare later in the design
realizedassoftwareclassesandobjects.

� Usecasesarealsousedas“placeholders”for nonfunctionalrequirements, suchasperformance,avail-
ability, accuracy, andsecurityrequirementsthatarespecificto ausecase.For example,thefollowing
requirementcanbeattachedto theWithdraw Money usecase:Theresponsetime for a BankCus-
tomermeasuredfrom selectingthe amountto withdraw to the delivery of the notesshouldbe less
than30secondsin <���� of all cases.

� Usecasesarealsoimportantfor projectplan,systemdesignandtesting.

UseCasesSpecifythe System

Theuse-casemodel representsall theusecasesandtheir associatedactorsandspecifiesall thefunctional
requirementsandmostof thenonfunctionalrequirementsof thesystem.Requirementscapture is to capture
requirementsasusecases. Its mainpurposeis to work with thecustomersandusersto identify theusecases
andto createtheuse-casemodel. Theuse-casemodelservesasanagreementbetweentheclient andthe
developers,andit providesessentialinput for analysis,design,andtesting.

We find the usecasesby looking at how the usersneedto usethe systemto do their work. Eachsuch
way of usingthesystemthataddsvalueto theuseris a candidateusecase.Thesecandidateswill thenbe
elaboratedon, changed,divided into smallerusecases,or integratedinto morecompleteusecases.The
use-casemodelis almostfinishedwhenit capturesall functionalrequirementscorrectlyin a way that the
client,usersanddeveloperscanunderstand.

4.3 Questions

1. As we saidin Chapter2, the taskof therequirementscaptureandanalysisis difficult andcomplex
for avarietyof reasons.

� Therequirementsaretheclient’s requirementswhich areactuallytheneedsof theusersof the
systemto develop,ratherthanthoseof thedevelopers.

� Any systemhasmany users(or typesof users),andwhile eachusermayknow whatheor she
does,noonecanseethewholepicture.

� Very often,usersdo not know what the requirementsareor how to specifythemin a precise
manner, either.

� Differenttypesof usershave different,sometimesconflicting,requirements.
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How canyou, asa requirementanalyst,help to over comeany of theseproblems,andto createa
use-casemodel?

2. Whatarethedifferencesandrelationshipsbetweensystemfunctionsandusecases?How canthey
beidentified?

3. Eachusecasehasto representa task,or acoherentunit of functionality, whichthesystemis required
to support.Normally, this meansthat theusecasehasvaluefor at leastoneof theactors.An actor
for whomausecasehasvalueis normallycalledabeneficiaryof theusecase.Discussthefollowing
questions.

(a) ConsidertheusecaseBuy Itemswith cashin thePOSTsystem,who is a beneficiaryandwhat
valuehe/shegetsfrom thesystem?

(b) How importantis it to identify thebeneficiariesof eachusecase?

(c) Is a initiating actoralwaysabeneficiary?

(d) Doesa beneficiaryhave to interactwith thesystemcarryingouta taskto getbenefit?

(e) Whatis therole of anactorof a usecasewho is not a beneficiary, do you think thatwe do not
needto show suchanactorin theusecasemodel?

4. Discussthepossibleuseof usecasesfor theplanningof theproject.

5. Discussthepossibleuseof usecasesin systemvalidation.

6. About
� ��� of projectswerecanceledsimply becausesomeonesomewheredecidedit wasn’t worth

goingaheadwith. Discussthepossibleuseof usecasesin dealingwith political aspectsof suchin a
project.

7. Discussthepossibleproblemswith usecases.

8. Consideranexampleof a library system.Assumethata memberof thelibrary is allowedto borrow
up to six items(e.g.a copy of a book,a journals,etc). Thesystemsupportsto carryout thetasksof
borrowinga copyof a book, extendinga loan, andchecking for reservation. Write theusecasesthat
representthesetasks,anduseause-casediagramto representrelationshipsamongtheseusescases.

Do you realize,from this problem,an issueof factoring,sharing,andreusingfunctionality? Can
youdiscusstheadvantagesandpitfalls in documentingsharedandreusedfunctionalitylike thisona
use-casediagram?

9. Supposethatyouareinvolvedin thedesignof East-WestUniversity’s library (describedin aquestion
at theendof Chapter3) browsing andloansystem.Whataresomeof the importantusecasesyou
mightdevelopin theanalysisphase(simplyenumeratingthemwith brief discussionsor presentthem
in thehigh-level formatis sufficient)?Try to identify at least4-5cases,anddraw ause-casediagram
to illustratethem
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Chapter 5

RequirementCaptureand Analysis–
ConceptualModel

Topicsof Chapter 5

� Identifying conceptsin theapplicationdomainwhich arerelatedto thesystem,andbuilding a con-
ceptualmodel

� Associationsbetweenconcepts(classes)

� Attributesof Classes

� Classdiagramsandtheirusefor describingaconceptualmodel

5.1 ConceptualModel – Conceptsand Classes

An importantandtypical activity in object-orientedrequirementanalysisis to identifyconceptsrelatedto
therequirementsandto createa conceptualmodelof thedomain. Thetermdomaincoverstheapplication
areaweareworkingwith, e.g.theretail storein ourPOSTcasestudy. Thissectionis to introducetheskill
in identifyingconceptswhicharemeaningfulin theproblemdomain,andthenotationfor representingsuch
amodel.

5.1.1 ConceptualModels

A conceptualmodelillustratesabstractandmeaningfulconceptsin theproblemdomain.Thecreationof
conceptsis the mostessentialobject-orientedstepin analysisor investigationof theproblemdomainfor
building genuinelyextensiblesoftwarewith reuse.The aim of this stepis to decomposethe problemin
termsof individualconceptsor objects.
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Intension

Extensison

‘‘A Course offerred as a component
  of a degree.’’

Module

title
credits

Symbol

code

MC103

MC104 MC111

MC206 MC306

Figure5.1: A concepthasasymbol,intension,andextension

Concepts

Informally, a conceptis anidea,thing,or object.More formally, a conceptmaybeconsideredin termsof
its symbol,intension,andextension:

� Symbol– wordsor imagesrepresentinga concept. It can be referredto when we talk aboutthe
concept.

� Intension– thedefinitionof aconcept.

� Extension– thesetof examplesor instancesto which theconceptapplies.

Eachindividualexamplethattheconceptappliesis calledan instanceof theconcept.

For anexample,thesymbolModulein Universityof Leicesteris aconceptwith

� theintensionto “representacourseofferedaspartof adegreein thatuniversity” having acode,title,
andnumberof credits;and

� theextensionof all themodulesbeingofferedin theuniversity.

Thisconceptis illustratedin Figure5.1
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5.1.2 Defining terms and modelling notation for a concept

In theUML, thetermsclassandtypeareused,but NOT concept. We mayinterchangethesetermsasfar
asweareclearthatweareat therequirementanalysisstageandweareunderstandingandinvestigatingthe
problemdomain.

And in theUML, weusethenotationshown in Figure5.2to denoteaclass.

Class Symbol

Figure5.2: UML notationfor a class

Eachinstanceof a classis calledan objectof the class.For example,seeFigure5.3. Therefore,a class
definesasetof objects.

Thenotionsof classandobjectareinterwovenasonecannotexist withouttheother, andany objectbelongs
to aclass.Thedifferencesare:

= anobjectis aconcreteentity– existsin spaceandtime(persistencepropertyof objects);

= aclassis anabstractionof a setof objects.

Student

JaneBrown: Student

JohnSmith:Student

Figure5.3: ClassandObject

TheUML definitionof aclassis “a descriptionof asetof objectsthatsharethesameattributes,operations,
methods,relationships,andsemantics”.This coversclassesusedat all stagesin anOO developmentpro-
cess.We shallseetheconceptsof attributes, operations, methods, andrelationshipsoneby onewhenwe
cometo theparticularstagesof theOOdevelopmentof process.

A definingaspectof objectsis thateveryobjectis distinguishablefrom everyotherobject.This is trueeven
if two objectshave exactly thesameproperties.For example,two instancesof Studentmayhave thesame
name,age,doingthesamedegree,in thesameyear, takingthesamecourses,etc.Thepropertythatenables
objectsto bedistinguishedfrom eachotheris know asanobject’s identity.
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Someotherimportantfeaturesof objectsare:

= Object’s Identity: Every objectis distinguishablefrom every otherobject. This is trueevenif two
objectshave exactly thesameproperties.

= Object’s persistence: Every objecthasa life time,andthis propertyimpliesthestaticnatureof the
system.

= An objecthasbehaviour andmayacton otherobjectsand/ormaybeactedon by otherobjects,this
propertyimpliesthedynamicnatureof thesystem

= An objectmaybein differentstateatdifferentandmaybehave differentlyin differentstates.

5.1.3 Identifying Concepts

A centraldistinctionbetweenOOA andstructuredanalysisis decompositionby concepts(objects)rather
thandecompositionby functions.Thekey point in this decompositionis to find whatcanbehave,andthen
to decidelateron in thedesignandimplementationhow they behave to realizethesystemfunctionality.

Thereareusually two strategies to identify concepts.The first one is to find conceptsfrom the textual
descriptionsof theproblemdomainaccording to conceptcategory list. Conceptsandobjects(things)can
bedividedinto differentcategoriesaccordingto theirnatureof its instances.Theconceptcategory list given
below hasbeenfoundusefulin identifyingconcepts.
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ConceptCategory Examples

physicalor tangibleobjects(or things) POST, House, Car, Sheep,People, Air-
plane

places Store, Office, Airport, PoliceSation

documents,specifications,designs,or de-
scriptionsof things

ProductSpecification, ModuleDescrip-
tion, FlightDescription

transactions Sale, Payment,Reservation

rolesof people Cashier, Student,Doctor, Pilot

containersof otherthings Store, Bin, Library, Airplane

thingsin acontainer Item,Book,Passenger

other computersor electro-mechanical
systemsexternalto oursystem

CreditCardAuthorizationSystem, Air-
TrafficControl

abstractnounconcepts Hunger, Acrophobia

organisations SalesDepartment,Club,ObjectAirline

historicevents,incidents Sale, Robbery, Meeting, Flight, Crash,
Landing

processes
(often not representedas a concept,but
maybe)

SellingAProduct,BookingASeat

rulesandpolicies RefundPolicy, CancellationPolicy

catalogs ProductCatalog, PartsCatalog

recordsof finance,work, contracts,legal
matters

Receipt, Ledger, EmploymentContract,
MaintenanceLog

financialinstrumentsandservices LineOfCredit,Stock

manuals,books EmployeeManual,RepairManual

This strategy is to createa list of candidateconceptsfrom the client’s requirementsdescription,initial
investigationreports,systemfunctionsdefinitions,andusecases.

Noticethat thecategoriesarenotmutuallyexclusiveandoneconceptmaybelongto more thancategory.

Anotherusefulandsimpletechniquefor identificationof conceptsis to identify thenounandnounphrases
in thetextualdescriptionsof aproblemdomain,andconsiderthemascandidateconceptsor attributes.
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Warning:

Caremustbeappliedwhenthesemethodsareused;mechanicalnoun-to-conceptmappingis not possible,
wordsin naturallanguagesareambiguous,andconceptcategoriesmay includeconceptswhich areabout
eitherattributes, events, operationswhich shouldnot bemodelledasclasses. We shouldconcentrateon
theobjects/classesinvolved in therealizationof theusecases.

Considerour POSTapplication,from theusecaseBuy Items with Cash, we canidentify thesomenoun
phrases.Someof thenounphrasesin theusecasearecandidateconcepts;somemaybeattributesof con-
cepts(seeSection5.3). For example,price is obviously anattributeof an item or a product description.
Also, theconceptprice is not easyto fit in any of thecategoriesin theConceptCategory List, andthusit
shouldnot a candidateconcept.Thefollowing list is constrainedto therequirementsandtheusecaseBuy
Items with Cash:

>@?BADC >FE;?�G�HJI�CLK�MJN:I�O PQISR�CTOT?�U
VWCXNDY K+R�Z[NWA;\]O^U-N9VWCXNDY
K_C`?�E:N a]RBA9b�O`NDE
K+R�Z[N acH�ADC`?�YdNDE
>@R�e�YdNDU_C fgR�U_R�h�NDE
>FE;?�G�HJI�C:a]R�C`R�Zi?9h

This list of conceptnamesmayberepresentedgraphicalin theUML staticstructure diagram notationto
show theconceptsonlyconceptualmodel(SeeFigure5.4).

POST Store SaleItem

Sales LineItems Cashier Customer Manager

Payment Product Catalog Product 
Specification

Figure5.4: Initial conceptualmodelfor thepoint-of-saledomain(conceptsonly)

Wemayfind it is abit oddthatReceiptis not listedasacandidateconcept,asa receiptis a recordof asale
andpaymentanda relatively importantconcept.However, herearesomefactorsto consider:

= In general,showing a recordor a reportof a thing, suchasa receipt,in a conceptualmodelis not
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very usefulsinceall its informationcanbederived from otherconcepts.For example,a receiptcan
beproducedby extractingtherelevantinformationfrom theProductSpecificationandthePayment.

= A recordor a report,suchasa receipt,sometimeshasa specialrole in termsof theapplicationand
needto bemaintained.For exampleReceiptconfersthe right to its bearerto returnhis/herbought
items.In this case,it shouldbeshown in theconceptualmodel.However, itemreturnsarenot being
considered,andthusReceiptis not at themomentincludedin thelist. Whenthesystemevolvesand
needsto tackletheReturnItemsusecase,it wouldbejustifiedto includeReceipt.

Obviously, thesefactorscan be very easily overlooked. However, we shouldrememberour goal is to
createa conceptualmodelof interestingandmeaningfulconceptsin thedomainunderconsideration.The
following guidelinesareuseful:

= It is betterto overspecifyaconceptualmodelwith lotsof fine-grainedconcepts,thanto underspecify
it.

= Do not excludea conceptsimply becausethe requirementsdo not indicatean obvious needto re-
memberinformationaboutit.

= It is commonto miss conceptsduring the initial identificationphase,and to discover them later
duringtheconsiderationof attributesor associations,or duringthedesignphase.Whenfound,they
areaddedto theconceptualmodel.

= Put a conceptdown asa candidatein the conceptualmodelwhenyou arenot sureit mustnot be
included.

Asa rule of thumb,a conceptualmodelis not absolutelycorrector wrong, but more or lessuseful;it is a
tool of communication.

5.1.4 Conceptualmodelling guidelines

Themapmaker strategy appliesto bothmapsandconceptualmodels:

= Usetheexistingnamesin theterritory Map makersdo not changethenamesof citieson themap.
For a conceptualmodel,this meansto usethevocabulary of thedomainwhennamingconceptsand
attributes. For example,weusePOSTratherthanRegister.

= Excludeirrelevantfeatures A mapmakerdeletesthingsfromamapif they arenotconsideredrelevant
to thepurposeof themap;for example,topographyor populationsneednotbeshown. For examples,
we mayexcludePenandPaperBag from our conceptualmodelfor thecurrentsetof requirements
sincethey donothave any obviousnoteworthy role.

= Do not addthingsthat are not there A mapmaker doesnot show thingsthatarenot there,suchasa
mountainthatdoesnotexist. For example,weshouldincludeDog in amodelof a library.

Finally, rememberthata conceptualmodelfocusesondomainconcepts,notsoftware entities.
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5.2 ConceptualModel – Associations

A conceptualmodelwith totally independentconceptsonly areobviously useless,asobjectsin different
classesmustberelatedto eachothersothat they caninteractandcollaboratewith eachotherto carryout
processes.

In UML, anassociationis a relationshipbetweentwo classesthatspecifieshow instancesof theclassescan
belinkedtogetherto work together. In thesamesensethat instancesof a classareobjects,instancesof an
associationarelinksbetweenobjectsof thetwo classes– thiswhatwemeantthatobjectsin thesameclass
“sharethesamerelationships”(seetheendof Section5.1).

For example,anassociationcalledtakes links theclassesStudentandModule. An individual student,say
onewith thenameJohnSmithis linkedwith a particularmodule,saytheonewith thecodeMC206if this
studenttakesthismodule.

In UML, anassociationbetweentwo classesis denotedby a line joining thetwo classes,seeFigure5.5.

B

    A

association_name

Association,

The name may be omitted

Student Module Store Item
takes stocks

Figure5.5: An associationbetweentwo classes

Multiplicity

With respectto an associationbetweenclassesj and k , an importantinformation is abouthow many
objectsof classj canbeassociatedwith oneobjectof k , ataparticularmomentin time. Weusemultiplicity
of j to representthis information. Figure5.6 shows someexamplesof multiplicity expressionsandtheir
meanings.

Determiningmultiplicity often exposeshiddenconstraintsbuilt into the model. For example,whether
Works-forassociationbetweenPersonandCompanyin Figure5.6isone-to-many ormany-to-many depends
on theapplication.A taxcollectionapplicationwouldpermitapersonto work for multiplecompanies.On
theotherhand,anautoworkers’ unionmaintainingmemberrecordsmayconsidersecondjobs irrelevant
(SeeFigure5.6).

Moreexamplesof associationsareshown in Figure5.7.Thedefaultdirectionto readanassociationin such
adiagramis fromleft to right or fromtop to bottom, otherwisethesmallarrow shows thereadingdirection.
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T

T

T

T

T

*

1..40

5

3,5,81..*
one or more; ‘‘at least one’’

zero or more; "many’’ exactly five

exactly three, five or eight

one to forty

Person Person

Compnay Compnay

*

*
1

Works-for Works-for

*
Each person works
for one and only one
compnay

One person may
have any number
of jobs or no job.

Figure5.6: Multiplicity values

Rolesof associations

Eachendof anassociation1 is calleda role of theassociation,which mayhasa role name. Naminga role
in a conceptualmodelis sometimesuseful. For example,therole namesbossandworker distinguishtwo
employeeswhowork for acompany andparticipatein theManagesassociation(SeeFigure5.8).

Whenwe comeup to the designand implementationof the system,rolesprovide a way of viewing an
associationasa traversalfrom oneobjectto asetof associatedobjects.

The purposeof an associationand a link betweentwo objects Objectsmayhave many sortsof rela-
tionship,andthusclasses(or concepts)mayhave all sortsof associationsin a problemdomain.Whether
anassociationis usefulor notdependsonwhetherit fulfill thefollowing purpose.

= An associationbetweentwo classesis to providephysicalor conceptualconnectionsbetweenobjects
of theclasses.

= Only objectsthatareassociatedwith eachothercancollaboratewith eachotherthroughthelinks.

Boochdescribestheroleof a link betweenobjectsasfollows:

“A link denotesthespecificassociationthroughwhich oneobject(theclient) appliestheser-
vicesof anotherobject(thesupplier),or throughwhichoneobjectmaynavigateto another”.

1In thiscourse,wearemainlyconcernedwith binaryassociationswhich relatetwo classes.In general,anassociationmaybe
ternaryor evenhigherorder whichrelatethreeor moreclasses.
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Library Book

Airline

Person

Store

POST Sale Payment

1..*1 0..8
Borrower

1

1

1..*
Employs

On-loan-to

Flight
1 1..*

Plane
* 1

Assinged-to

1

1..*

1 1..* Paid-by

1 1Captures

1 1..*

Supervises

Contains

Assigned-to

Figure5.7: Examplesof associations

Thiscanbetakenasacriterionfor whethertwo objectsshouldbelinked.

Multiple associationsbetweentwo classes Two classesmayhave multiple associationsbetweenthem;
this is not uncommon. For example, in the domainof an airline example, thereare two relationships
betweenaFlight andanAirport, Flies-toandFlies-from, asshown in Figure5.9.

Thesetwo associationsaredistinctlydifferentrelationshipsbetweenflightsandairports.Notethatnotevery
flight is guaranteedto landatany airport! However, thereis alwaysoneairportfrom wherea flight flies.

5.2.1 Strategiesfor identifying associations

For therequirementanalysis,wehave thefollowing principles:

= An usefulassociationusuallyimpliesknowledgeof arelationshipthatneedsto bepreservedfor some
duration(“need-to-know” association);and

= an importantlink betweentwo objectsshouldfulfill the role to provide a meansfor the objectsto
collaborateor interactwith eachother.
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Person Compnay
* 1Works-for

employeremployee

1..*

1

boss

worker

Manages

Figure5.8: Examplesof rolenames

* 0..1Flies-to

* 1Flies-from

Flight Airport

Figure5.9: Multiple associations

Like the identificationof concepts,an AssociationCategory List arehelpful. The following list contains
commoncategoriesthatareusuallyworthconsidering.

AssociationCategory Examples

A is aphysicalpartof B Drawer-POST, Wing-Airplane
A is a logicalpartof B SalesLineItem-Sale, FlightLeg-FlightRoute
A is akind/subclass/subtypeof B CashPayment-Payment,NonstopFlight-Flight
A is physicallycontainedin/onB POST-Store, Item-Self
A is logically containedin B ItemDescription-Catalog, Flight-FlightSchedule
A is adescriptionfor B ItemDescription—Item,FlightDescription-Flight
A is a line item of a transactionor
reportB

SaleLineItem-Sale

A is known/logged/recorded/
reported/capturedin B

Sale-POST, Reservation-FlightManifest

A is memberof B Cashier-Store, Pilot-Airline
A is anorganisationalsubunit of B Department-Store, Maintenance-Airline
A usesor managesB Cashier-POST, Pilot-Airplane
A communicateswith B Customer-Cashier, ReservationAgent-Passenger
A is relatedto a transactionB Customer-Payment,Passenger-Ticket
A is a transactionrelatedto another
transactionB

Payment-Sale, Reservation-Cancellation

A is next to B POST-POST, City-City
A is ownedby B POST-Store, Plane-Airline

Naming Associations
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= Namean associationbasedon a ClassName-VerbPhrase-TypeNameformat wherethe verb phrase
createsasequencethatis readableandmeaningfulin themodelcontext.

= Associationnamesshouldstartwith acapitalletter.

= A verbphraseshouldbeconstructedwith hyphens.

High priority associations Herearesomehighpriority associationsthatareinvariablyusefulto include
in aconceptualmodel:

= A is aphysicalor logical part of B.

= A is physicallyor logically containedin/onB.

= A is recordedin B.

Associationand implementation Duringtheanalysisphase,anassociationis notastatementaboutdata
flows,instancevariables,or objectconnectionsin asoftwaresolution;it is astatementthata relationshipis
meaningfulin apurelyanalyticalsense– in therealworld. Practicallyspeaking,many of theserelationships
will typically be implementedin softwareaspathsof navigation andvisibility, but their presencein an
investigative or analyticalview of aconceptualmodeldoesnot requiretheir implementation.

Whencreatingaconceptualmodel,wedefineassociationsthatarenotnecessaryduringconstruction.Con-
versely, we maydiscover associationsthatneededto beimplementedbut weremissedduringtheanalysis
phase.In thatcase,theconceptualmodelshouldbeupdatedto reflectthesediscoveries.

Point-of-saledomain associations

We cannow addassociationsto the POSTsystemconceptualmodelcreatedin the previous section(see
Figure5.4).

Wefirst applytheneed-to-knowpolicy to theusecaseBuy Items with Cash, from thatwecanidentify the
following association:

= POSTCapturesSale in orderto know thecurrentsale,generatea total,print a receipt.

= SalePaid-byPayment in orderto know if thesalehasbeenpaid,relatetheamounttenderedto the
saletotal,andprint a receipt.

= ProductCatalog RecordsItemsSpecificationin orderto retrieve anItemSpecification,givena UPC.

We canrun the AssociationCategory Checklist,basedon Figure5.4 andthe Buy Items wish Cash use
case.
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AssociationCategory POSTSystem

A is aphysicalpartof B notapplicable

A is a logicalpartof B SalesLineItem—Sale

A is akind/subclass/subtypeof B not applicable as we only consideron
kindof payment

A is physicallycontainedin/onB POST—Store, Item–Store
A is logically containedin B ProductDescription—ProductCatalog

ProductCatalog–Store
A is adescriptionfor B ProductDescription—Item

A is a line item of a transactionor report
B

SaleLineItem—Sale

A is known/logged/recorded/
reported/capturedin B

(current)Sale—POST
(completed)Sale—Store

A is memberof B Cashier—Store
A is anorganisationalsubunit of B notapplicable

A usesor managesB Cashier—POST
Manager—POST
Manager—Cashier, but probablyN/A

A communicateswith B Customer—Cashier
A is relatedto a transactionB Customer—Payment

Cashier—Payment
A is atransactionrelatedto anothertrans-
actionB

Payment—Sale

A is next to B POST—POST, but probablyN/A

A is ownedby B POST—Store

This checkderivestheconceptualmodelshown in Figure5.10for thePOSTsystem,which extendedthe
modelin Figure5.4with associations.

5.2.2 The aggregationassociation

Most OO modellingtechnologiessinglesthe “part-of” relationshipbetweentwo objectsfor specialtreat-
ment.
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Product

Catalog

Product
Specification

Sales
LineItem

Store Item

ManagerPOST

Payment Cashier

Contains

1 1..*

Used-by

*

1

Stocks

1 *

*

Describes
1

1

1..*

Houses

1 1

Started-by

1

1

Records-sale-on

Captured-on

1 1Sale

Customer Initiated-by

1

1

Initiated-by

1

1
Paid-by

1

1

Contained-in

1..*

1

Described-by

*

1

1

0..1

Records-sale-of

*

1

log-

completed

Figure5.10:Conceptualmodelfor thepoint-of-saledomain(conceptsandassociations)

Aggregation is a kind of associationusedto modelwhole-partrelationshipsbetweenobjects.Thewholeis
generallycalledthecomposite.

Aggregationis shown in theUML with ahollow or filled diamondsymbolat thecompositeendof awhole-
partassociation(Figure5.11).

Therearetwo kindsof aggregation:

= Compositeaggregation or compositionmeansthat the multiplicity at the compositeendmay be at
mostone,andis signifiedwith a filled diamond.It impliesthat thecompositesolelyownsthepart,
andthat they arein a treestructurehierarchy;it is themostcommonform of aggregationshown in
models.

= Sharedaggregation meansthat themultiplicity at thecompositeendmaybemorethanone,andis
signifiedwith ahollow diamond.It impliesthatthepartmaybein many compositeinstances.Shared
aggregateseldom(if ever)existsin physicalaggregates,but ratherin nonphysicalconcepts.

For instance,a UML packagemaybeconsideredto aggregateits elements.But anelementmaybe
referencedin morethanonepackage(it is ownedby one,andreferencedin others).Anotherexample
is thata directorycancontaina numberof files, eachof which maybeanotherdirectoryor a plain
file. A file or a directorymaybecontainedin a numberof directories.Theseexamplesareshown in
Figure5.12.

However, wemustnotetwo importantpropertiesof aggregation;
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Frame Wheel Light

Bicycle

1 0..22

1

Rim Spoke

1 *

University Department Division
1 * 1 *

Hand Finger0..71

Figure5.11:Aggregations

1. Antisymmetry: thisstatesthatif anobject
R

is relatedto anobject l by anaggregation,thenit is not
possiblefor l to berelatedto

R
by thesameaggregation. In otherwords,if l is a partof

R
then

R
cannotbeapartof l .

2. Transitivity: this statesthat if
R

is relatedto l by anaggregationlink, and l is relatedto
I

by the
sameaggregation,then

R
is alsolinkedto

I
.

When to show aggregation

Herearesomeguidelinesthatsuggestwhento show aggregation:

= Thelifetime of thepartis boundwithin thelifetime of thecomposite–thereis a create-deletedepen-
dency of theparton thewhole.Thepartmaynotexist outsideof thelifetime of thewhole.

= Thereis anobviouswhole-partphysicalor logicalassembly.

= Somepropertiesof thecompositepropagateto theparts,suchasits location.

= Operationsappliedto thecompositepropagateto theparts,suchasdestruction,movement,recording.

= If you are not sure whento useit, ignore it and stick to plain association. Most of the benefitsof
discoveringandshowing aggregationrelateto thesoftwaresolutionphases.

Basedontheabovediscussion,wecanpolishtheconceptualmodelin Figure5.10by replacingtheContain-
in associationbetweenSalesLineItemandSale, andtheContainsassociationbetweenProductCatalog and
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UML Package UML Element
* *References

Directory File
* *Contains

Contains

*
*

Figure5.12:SharedAggregations

ProductSpecificationwith theaggregationassociationsshown in Figure5.13

Sale SalesLineItem

Product
Catalog

Product
Specification

1 1..*

1 1..*

Figure5.13:Aggregationin thepoint-of-saleapplication

Example ConsideranEnvironmentalInformationSystem(ENFORMS)thatis usedto establishadynamic
network of distributedearth-sciencedataarchieveswith integratedon-line accessservices.The problem
domainin which ENFORMSoperatesconsistsof a setof datacentersthatmaybephysicallydistributed
throughouta geographicregion. ENFORMSallows thesedatacentersto make their dataavailablethrough
a regional datasharingnetwork (establishedby ENFORMS)and provide a variety of tools (a mapping
utility, for example)for locatingandmanipulatingthatdata.themostgeneralrequirementsthatguidethe
problemanalysisareasfollows.

1. Datacentersmustbe ableto independentlymanageboth contentandaccessmechanismsfor their
datastores.

2. Datacentersmaydisableaccessto their dataatany time(i.e. gooff-line).

3. Datacentersmaymake their datastoresavaolableatany time(i.e. goon-line).

4. atany time,all on-linedatacentersmustbeavailableto any ENFORMSuser.

Theconceptsandassociationsidentifiedareasfollows.

= access:m A�NDEonqpoR�C`RJarNDUsCXN�EtnupvR�C`RBA�N�Cxwzy�{�|�{Dy�}
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= uses: m A�N�Evnq~oN�CT��?�E9��fgR�U+R�h�N�Eowzy�{�|W}
= is-online:

pvR�C`RJarNDU_CXNDEtnu~vN�CT��?�ES��f�R�U_R�h	NDEowzy�{:�����[|W}
= queries: m A�NDE�nupvR�C`RJarNDU_CXNDE [0..1,*]

= stores:
pvR�C`RsarNDUsCXN�E�n�poR�C`RBA�N�C

[CompositieAggregation]

The above simpleconceptualmodelconveys a significantamountof informationaboutthe possiblein-
stancesof an ENFORMSsystem.Onesuchan instance(��� ) could be a systemwith threeDataCentersG � {�G���{�G�� andoneUser

H
thatqueriestheDataCenters

G � and
G��

.

Anotherinstancecanbea systemwith two Users
H � and

H��
usinga Network Manager

U
; oneDataCenterG

that
AWC`?�E:NWA

two Datasets
O � and

O��
, andis in thesystemandit is on-linewith theNetwork Manager

U
. In

this instance,wecanalsoassumethatonly
H��

access
O � .

We canalsoshow thata statethat is not consistentwith a conceptualmodel. For example,a systemwith
two Network Managers

U � and
U��

andone
H�A�NDE

thatusesthe two managersasentrypointsis not a valid
stateastheconceptualmodelindicatesthata usercanenteranENFORMSnetwork via a singlenetwork
manager.

5.3 ConceptualModel–Attrib utes

Eachinstanceof a conceptmayhave someusefulproperties.For examples,a Salehasa dateandtime; a
Modulehasacode,title, andnumberof credits,aStudenthasanameandage,etc..

An attribute of a classis theabstractionof a singlecharacteristicor a propertyof entitiesthat have been
abstractedasobjectsof theclass.At any givenmomentof time, theattributeof anindividual objectin the
classis a logical datavaluerepresentingthecorrespondingpropertyof theobject,andcalledthevalueof
attribute for theobjectat that time. Oneobjecthasexactly onevaluefor eachattributeat any giventime.
Therefore,thevaluefor anattributeof anobjectmaychangeover time. For examples,

= timeanddateareattributesof classSale, andaninstanceof Salecanbeasaleat13.30on1/10/1998.

= code, title, andcreditarethreeattributesof classModule, andaninstanceof
fg?�G�H�Z[N

canhaveacodef�a������
, title: SoftwareEngineeringandSystemDevelopment,andcredit:20.

= nameandage areattributesof Student, anindividual studentcanhave thenameJohnSmith,andage
19.

An attributehasa namesuchasdate, andcanspecifythe typeof thedatadescribedby theattribute,anda
default (or initial) valuefor theattribute.

In UML, attributesarewrittenin theclassbox,separatedfrom theclassnameby ahorizontalline,asshown
in Figure5.14.Thefeaturesotherthanthenameareoptional,however. Especiallyin theearlystagesof the
developmentit is verycommonto show nothingmorethanthenameof theattribute.
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Sale

date
time:Time

Module

code
title:String

:Module

code=MC206
title=Software....

:Sale

Student

name

age

:Student

name=John Smith

age=19
reg.no

reg.no=H1530

credit=20

credit:Integer=10

The defaul value is 10

unless otherwise specified

date=1/10/1998

time=13.30

Figure5.14:Attributes

Now wecanunderstandthattheobjectsof aclass“sharethesameattributes”(seetheendof Section5.1).

5.3.1 Adding attrib utesto classes

For eachclassin aconceptualmodelcreatedin Section5.2,wewould like to find asetof attributesthatare

= complete: Captureall relevantinformationaboutanobject,

= fully factored: eachattributecapturesadifferentpropertyof anobject,

= mutuallyindependent: For eachobject,the valuesof the attributesareindependentof eachother,
i.e. weshoulddoourbestto avoid derivedattributes,

= relevant to the requirementsand usecases: Focuson thoseattributesfor which the requirements
suggestor imply aneedto rememberinformation.

Thecommonmistakesin OOmodellingis to representsomethingasan attributewhenit shouldhavebeen
a concept(class)or anassociation. In thefollowing, weseehow to avoid from makingthismistake.
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Keepattrib utessimple

Theattributesin a conceptualmodelshouldpreferablybesimpleattributesor pure datatypes:

= Intuitively, mostsimpleattributetypesarewhatoftenthoughtasprimitivedatatypes:Boolean,Date,
Number, String(Text), Time.

= OthersimpletypesincludeAddress,Colour, Geometrics(Points,Rectangle, . . . ), PhoneNumbers,
SocialSecurityNumber, Universal ProductCode(UPC),PostCode, enumeratedtypes.

The typeof anattribute shouldnot normallybea complex domainconcept,suchasSaleor Airport. For
examples(seeFigure5.15):

= It is notdesirableto let Cashierto haveanattributecurrentPOSTto describethePOSTthataCashier
is currently using. This is becausethe type of currentPOSTis meantto be POST, which is not
a simpleattribute type. The mostsensibleway to expressthat a Cashierusesa POSTis with an
association,notwith anattribute.

= It is notdesirablefor adestinationairport to beanattributeof aFlight, asadestinationairportis not
reallyastring;it is acomplex thingthatoccupiesmany squarekilometersof space.Therefore,Flight
shouldberelatedto Airport via anassociation,sayFlies-to, notwith anattribute.

Cashier

name

currentPOST

Not a ‘‘simple’’ attribute

Cashier

name

1 Uses 1 POST

number

Flight

destination

a complex concept

Flight Airport
1 Flies-to 1

Worse

Better

Worse

Better

Figure5.15:Avoid representingcomplex domainconceptsasattributes;useassociations

Thefirst guidelineis

Relateconceptswith anassociation,notwith anattribute.
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What about attrib utesin code?

Therestrictionthatattributesin theconceptualmodelbeonly of simpledatatypedoesnot imply thatC++,
Java,or Smalltalkattributes(datamembers,instancevariables)mustonly besimple,primitive datatypes.

Puredata value

Moregenerally, attributesshouldbepuredatavalue(or DataTypesin UML)–thosefor whichuniqueiden-
tity is not meaningfulin thecontext of ourmodelor system.For example,it is not (usually)meaningfulto
distinguishbetween:

= Separateinstancesof theNumber5.

= Separateinstancesof theString‘cat’ .

= Separateinstancesof thePhoneNumberthatcontainthesamenumber.

= Separateinstancesof theaddressthatcontainthesameaddress.

However, it is meaningfulto distinguish(by identity) betweentwo instancesof a Personwhosenameare
both“Jill Smith” becausethetwo instancescanrepresentseparateindividualswith thesamename.

Sothesecondguidelinefor identifyingattributesis:

Anelementof apuredatatypemaybeillustratedin anattributeboxsectionof anotherconcept,
althoughit is alsoacceptableto modelit asa distinctconcept.

Puredatavaluesarealsoknown asvalueobjects.

Thenotionof puredatavaluesis subtle.As a ruleof thumb,

stick to thebasictestof “simple” attributetypes:make it anattribute if it is naturally thought
of asnumber, string, boolean,or time(andsoon); otherwiserepresentis asa separateconcept.

Wealwayshave thefollowing rule.

If in doubt,definesomethingasa separateconceptratherthanasanattribute.

ReportNo. 259,July 2002 UNU/IIST, P.O. Box 3058,Macau



ConceptualModel–Attrib utes 67

Designcreep: no attrib utesasforeignkey

Attributesshouldnot be usedto relateconceptsin the conceptualmodel,but to storesomeinformation
abouttheobjectsthemselves. Themostcommonviolation of this principle is to adda kind of foreignkey
attribute, asis typically donein relationaldatabasedesigns,in orderto associatetwo types.For example,
in Figure5.16,thecurrentPOSTNumberattribute in theCashiertypeis undesirablebecauseits purposeis
to relatetheCashierto a POSTobject. The betterway to expressthata Cashierusesa POSTis with an
association,notwith a foreignkey attribute. Onceagain

relatetypeswith anassociation,notwith anattribute.

Cashier

name
currentPOSTNumber

a ‘‘simple’’ attribute, but being
used as a foreign key to relate to another
object

Cashier POST

number
name

1 1Uses

Worse

Better

Figure5.16:Do notuseattributesasforeignkeys

Non-primiti ve attrib ute types

Thetypeof anattributemaybeexpressedasa non-primitive typein its own right in theconceptualmodel.
For example,in thepoint-of-salesystem,thereis aUPC.It is typically viewedasjustanumber. Soshould
it berepresentedasnon-primitive type?Wehave thefollowing guidelines:

Representwhatmayinitially beconsideredaprimitive typeasanon-primitive typeif:

= It is composedof separatesections.

– phonenumber, nameof person

= Thereareoperationsusuallyassociatedwith it, suchasparsingor validation.

– socialsecuritynumber, creditcardnumber

= It hasotherattributes.

– promotionalpricecouldhave a startandenddate
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= It is aquantitywith aunit.

– paymentamounthasaunit of currency

Applying theseguidelinesto thefollowing examples:

= Theupcshouldbea non-primitive UPC type,becauseit canbecheck-sumvalidatedandmayhave
otherattributes(suchasthemanufacturerwhoassignedit).

= price andamountattributesshouldbenon-primitive Quantitytypes,becausethey arequantitiesin a
unit of currency.

= Theaddressattributeshouldbeanon-primitive Addresstypebecauseit hasseparatesections.

Thesetypesarepuredatavaluesasuniqueidentity is notmeaningful,sothey maybeshown in theattribute
box sectionratherthanrelatedwith anassociationline. On theotherhand,they arenon-primitive types,
with their own attributesandassociations,it may be interestingto show themasconceptsin their own
boxes.

There is nocorrectanswer;it dependsonhowtheconceptualmodelis beingusedasa tool of
communication,andthesignificanceof theconceptsin thedomain.

This is illustratedin Figure5.17

Whereand how to Find Attrib utesfor a class?

= Readtheproblemdescriptionandsystemfunctionsdocument,andusecases,find whatinformation
or datashouldbemaintainedandupdated.Thesealsousuallyoccurasnounsor nounphrases.Make
themasattributecandidates.

= Usetheguidelinesdiscussedin thissectionto ruleoutandrule in thesecandidates.

= Readthe simplificationandassumptionsthat arecurrentlymadefor the developmentto judgeif a
candidateis relevantto thecurrentdevelopment.

= Assign the identifiedcandidateto classesin the conceptualmodelwhich hasbeencreatedso far,
accordingto characteristicsof theobjectsof aclass

5.3.2 Attrib utesfor the Point-of-SaleSystem

Basedthediscussionspresentedin this section,we canclearlyaddattributesto theconceptsin Figure5.4,
by reading

= Thesystemfunctions

ReportNo. 259,July 2002 UNU/IIST, P.O. Box 3058,Macau



Stepsto Createa ConceptualModel 69

ProductSpecification UPC* 1 Store Address* 1

Product
Specification

upc:UPC

Store

address:Address

Payment

amount:Number

usable, but not flexible
or robust

Payment Quantity

amount:Number

UnitHas-amount

* 1

Is-in

* 1 ...

Better

Payment

amount:Quantity

quantity is pure data
values, so OK!

OK

OK

Figure5.17:Modellingnon-primitive attributetypes

= ThetheusecaseBuy Items wish Cash

= Thesimplification,clarificationandassumptiondocuments

Figure5.18

Theseattribute areonly thoserelevant to the Buy Items with Cash. CombinetheFigure5.18with Fig-
ure5.10,we canobtaintheconceptualmodelin Figure5.19for theconsiderationof theBuy Items with
Cashusecase.

Sucha classdiagramis calleda staticstructure diagram. It describesthestructuralrelationshipsholding
amongthepiecesof datamanipulatedby thesystem.It describeshow theinformationis parcelledout into
objects,how thoseobjectsarecategorizedinto classes,andwhatrelationshipscanholdbetweenobjects.

5.4 Stepsto Createa ConceptualModel

Apply thefollowing stepsto createaconceptualmodel:
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POST Item Store Sale

SalesLineItem Cashier Customer Manager

Payment

amount:Quantity

quantity:Integer

ProductCatalog Product
Specification

price:Quantity
upc:UPC

description:Text

address:Address

name:Text

date:Date

time:Time

Figure5.18:Conceptualmodelshowing attributesfor thepoint-of-sale-system

1. List candidateconceptsusingtheConceptCategoryList andnounphraseidentificationrelatedto the
currentrequirementsunderconsideration.

2. Draw themin aconceptualmodel.

3. Add the associationsnecessaryto recordrelationshipsfor which thereis a needto preserve some
memory.

4. Add theattributesnecessaryto fulfill theinformationrequirements.

The conceptualmodelshouldbecreatedby investigatingthe systemfunction,usecasesandotherinitial
reportson thedomain.

Conceptualmodelsare notmodelsof software designs,such asJavaor C++ classes

Thereforeaconceptualmodelmayshow

= concepts

= associationsbetweenconcepts

= attributesof concepts.

Thefollowing elementsarenotsuitablein aconceptualmodel:

= Softwareartifacts,suchasa window or a database,unlessthedomainbeingmodelledis of software
concepts,suchasamodelof agraphicaluserinterface.
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Item

Payment

amount:Quantity

Customer

Sale
POST Manager

Cashier

StoreSalesLineItem

quantity:Integer

1

1 1

1

1 1

*

1

1

1..*

1

1

1 1

1 *

Product
Specification

description:Text
price:Quantity
upc:UPC

ProductCatalog

*

1 1..*

1

*

1

1..*

1

1

*

Records-sale-of

Described-by

address

name

Used-by

Contains

Describes

Stocks

Started-by

Logs-

House
completed

captured-by

date:Date

time:Time

0..1

Contained-in

Paid-by
Initiated-by

Records-sales-on

Figure5.19:A conceptualmodelfor thepoint-of-saledomain

= Operations(responsibilities)or methods.

This is illustratedin Figure5.20

5.5 RecordingTerms in the Glossary

A glossaryis a simpledocumentthat definestermsusedin the systemdevelopment. At the very least,
a glossaryor modeldictionary lists and definesthe termsthat requireclarification in order to improve
communicationandreducetherisk of misunderstanding.

Consistentmeaninganda sharedunderstandingof termsis extremelyimportantduringapplicationdevel-
opment,especiallywhenmany teammembersareinvolved.

The glossaryis originally createdduring the systemfunctionsdefinition, andusecaseidentification,as
termsaregenerated,andis continuallyrefinedwithin eachdevelopmentphaseasnew termareencountered.
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Sale

date

time

Real world concept

not a software class

SalesDatabase
Software entity,
not part of the
conceptual model

Sale

date

time

print()

software class,
not part of 
conceptual model

Better

Avoid

Avoid

Figure5.20:A conceptdoesnotshow softwareartifactsor classes

It is thususuallymadein parallelwith the requirementsspecification,usecases,andconceptualmodel.
Maintainingtheglossaryis anongoingactivity throughouttheproject.

Thereis notofficial formatfor a glossary. Hereis ansample.
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Term Category Comments

Buy Items usecase Descriptionof theprocessof a customer
buying itemsin astore

ProductSpecification.description:Text attribute A shortdescriptionof an item in a sale,
andits associatedProductSpecification.

Item type(class) An itemfor salein aStore

Payment type(class) A cashpayment
Productspecification.price:Quantity attribute Thepriceof anitem in a sale,andits as-

sociatedProductSpecification
SalesLineItem.quantity:Integer attribute Thequantityof onekind of Itembought
Sale type(class) A salestransaction

SalesLineItem type(class) A line item for a particularitem bought
within aSale

Store type(class) Theplacewheresalesof itemsoccur
Sale.total:Quantity attribute Thegrandtotalof theSale

Payment.amount:Quantity attribute The amount of cash tendered,or pre-
sented,from thecustomerfor payment

ProductSpecification.upc:UPC attribute The universal productcodeof the Item
andit ProductSpecification

5.6 Questions

1. Expressin UML thata Studenttakesup to six modules,whereat most25 studentscanbeenrolled
oneachModule.

2. Expressin UML thataModuleis apartof anHonorsCourse,thataWheelis apartof aCar, thatan
Employeeis amemberof aTeam.Discusstheusesharedaggregationandcompositeaggregation.

3. Expressin UML therelationshipbetweenapersonandhis/hershirts.Whatabouttheperson’sshoes?
Do you think you have exposedaweaknessin UML? Why, or why not?

4. Objectshave properties(attributes)which areusuallystatic,andvalues,which areusuallydynamic.
Whatarethepropertiesof a 5p coin in you pocket? Whatvaluesdo thesepropertieshave – arethey
dynamic?Whatabouta literaturereview youareeditingin awordprocessor– whatareits properties
andvalues?

5. Considera car asan object. What aresomeof its behaviors that aredependenton its state?How
aboutacomputerchessgame?

6. Whatis themultiplicity of theassociationbetweenclassesin eachof thefollowing pairs?

(a) theclasses
p�NWASA�N�EWC

and � N9I�O�M�N in acookingtutorial

(b) theclasses� NXh�N�C`R l Z[N and
~�H�CTEWO�N�UsC

in ahydroponicsfarmmanagementsystem

(c) theclasses� ?�?�Y and � OLU_G�?�� inanarchitecturaldesignsystem
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7. Althoughwesaidthataconceptualmodelis notabsolutelycorrector wrong,but moreor lessuseful,
westill wonderwhatmakesaclassmodelgood.In generalausefulclassmodelshouldaimat,among
theothers,thefollowing two objectives:

= Build, asquickly aspossibleandcheaplyaspossible,a systemwhich satisfiesthecurrentre-
quirements;= Build asystemwhichwill beeasyto maintainandadaptto futurerequirements.

Discusshow thesetwo aimsconflict with eachother, how they canbemetby a classmodel. What
considerationsmight determinewhetheran organizationconsideredonemoresignificantthan the
other?

8. Somepeoplemaylike to discardanounphraseidentifiedby thefollowing list of reasons:

= redundant, wherethesameclassis givenmorethanonename.= vague, whereyou can’t tell unambiguouslywhatis meantby thenoun.Obviouslyyou have to
clearup theambiguitybeforeyoucantell whetherthenounrepresentsaclass.= event or an operation, wherethe noun refersto somethingwhich is doneto, by or in the
system.= meta-language, wherethe nounforms part of the way we definethings. We usethe nouns
requirementsandsystem, for instance,aspartof our languageof modeling,ratherthanto rep-
resentobjectsin theproblemdomain.= outsidethe scopeof the system, wherethenounis relevantto describinghow thesystemworks
but doesnot refer to somethinginsidethesystem.For example,‘library’ in a Library System
andnamesof actorsarethenoftendiscardedby this rule,whenthereis noneedto modelthem
in thesystem.= an attrib ute, whereit is clearthat a nounrefersto somethingsimplewith no interestingbe-
haviour, which is anattributeof anotherclass.

Is this list of reasonsfor discardingreasonable?How applicablearetheserulesto our POSTsystem
andthe Library Systemin Question8 of Chaper4? Canyou think of caseswhereit might be too
selective or toopermissive?

9. In general,if you arenot sureaboutwhetherto keepa class,do you think it is betterto keepit in
(possiblythrowing it out later)or to throw it out(possiblyreinstatingit later)?Do youhaveany other
alternative?

10. A classicerrorfor peoplenotyetsteepedin OOis to inventaclass,oftencalled[Something]System,
which implementsall the system’s interestingbehavior. It is theneasyto drift into a monolithic
designin whichthereis justoneobjectthatknowsanddoeseverything.Canyouseewhy this is bad?
Thendiscussyour understandingabouttheuseof

>��xK��
to representtheoverall systemin our case

study.

11. An inherentdifficulty in ojectclassificationis thatmostobjectscanbeclassifiedin avarietyof ways,
andthechoiceof classificationdependson the goalsof thedesigner. Considerthe holdingsof the
East-WestUniversity library first describedin Chapter3 questions.Whataresomeof thewaysyou
mightclassifytheseholdings.For whatpurpose(s)mightyouusedifferentclassifications?

12. In Section5.4,we saidthatit is notsuitableto show in a conceptualmodeloperations.Do you have
any reasonto disagreefrom this principle?Whendo you think it maybehelpful to show operations
in theconceptualmodel?
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13. Considerthefollowing game:two playerseachdraw threecardsin turn from apack;theplayerwith
thehighesttotal is declaredthewinner.

Startthedevelopmentfor a softwareof this gameby drawing a conceptualmodelusingUML nota-
tion.
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Chapter 6

SystemBehaviour: SystemSequence
Diagramsand Operations

Topicsof Chapter 6

= Identifyingsystemeventsandsystemoperations

= Createsystemsequencediagramfor usecases

= Createcontractsfor systemoperations

6.1 SystemSequenceDiagram

Thischapteris to identify theoperationsthatthesytemneedsto performandin whatorderthesystemneed
to performtheseoperationsto carry out a usecase,andtheeffect of suchanoperationon thesystem,i.e.
on theobjectsof thesystems.

A usecasedefinesaclassof conversationsbetweentheactorsandthesystem,andandindividualconversa-
tion of this classis a realizationof theusecase.Obviously, theremaybemany realizationsfor a usecase.
For example,considertheBuy Items with Cashusecase.

= Differentcustomersbuy differentitemsandthereforecarryouttheusecasewith differentparticulars,
eventhoughtheoverallpatternof theinteractionremainthesame.

= Also, in someoccasions,theamounttenderedis lessthanthesaletotal.

A scenarioof a usecaseis a particularinstanceor realizedpath throughthe usecase,i.e. a particular
realizationof theusecase.
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6.1.1 Systeminput eventsand systemoperations

During the interactionin any realization,theactorsgenerateseventsto a system,requestingthesystento
performsomeoperationsin response.Eventsgeneratedbyactorsarevery tightly relatedto operationsthat
thesystemcanperform. This impliesthatwe identify system’s operationsby identifyingeventsthatactors
generates.

Wefirst defineour terminology:

= A systeminput event is an externalinput generatedby an actorto a system.A systeminput event
initiatesa respondingoperation.

= A systemoperation is anoperationthatthesystemexecutesin responseto asysteminputevent.Some
systemoperationsalsogenerateoutputeventsto theactorsto promptthenext systemevent thatan
actorcanperform.

= A systemeventis eitheraninputeventor anoutputevent.

Therefore,a systeminput eventtriggers a systemoperation,anda systemoperation responsesto a system
inputevent.

Now we canformally definea scenarioof a usecaseasa sequenceof systemeventsthatoccurduration
a realizationof the usecase. For example,considerthe usecaseof Make PhoneCalls for a telephone
system,which involves two actors,Caller (initiator) andCallee. The following sequenceof eventsis a
scenarioof thisusecase:

Input Events Output Events

1. Caller lifts receiver 2. dial tone begins
3. Caller dials(5551234) 4. phone rings to Callee

5. ringing tone to Caller
6. Callee answers phone 7. phone ring stops

8. ringing tone stops
9. phones connected

10. Callee hangs up 11. connection broken
12. Caller hangs up

Thesequenceof systemevents,theirorder, theactorsthatinteractdirectlywith thesystem,andthesystem
asablack boxcanbeshown in a eventtracediagram (seeFigure6.1). Timeproceedsdownwards,andthe
orderingof eventsshouldfollow their orderin theusecase.
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:System

Make Phone Calles

CalleeCaller

lifts receiver

ringing tone                                      phone rings

                                                      answers phone

ringing tone stops                             ringing stops

phones connected                              phones connected

                                                     hangs up

connection broken                             connection broken

hangs up

dials(5551234)

dial tone begins

Figure6.1: Telephonesystemeventtracediagramfor theMake PhoneCalls

6.1.2 Systemsequencediagram

At the requirementsanalysisphase,it is necessaryto definethe systemby treatingit asa black box so
that the behaviour is a descriptionof what a systemdoes,without explaining how it doesit. Therefore,
we aremainly interestedin identifying and illustratethe systemoperationsthat an actor requestsof the
system.This means,we areinterestedin finding thesysteminput eventsby inspectingtheusecasesand
theirscenarios.

For example,thetypicalcourseof eventsin theMakePhoneCalls indicatesthatthecallerandcalleegener-
atethesysteminputeventsthatcanbedenotedasliftReceiver, dialPhoneNumber, answersPhone, hangsUp.
In general,aneventtakesparameters.Wewould like to presentthemin anunifiedform: �F� N�UsCD X¡ � {�������{S¡B¢s£
to indicatethatevent � carries

U
parameter, and �F� NDUsCD ¤£ to indicatethat �¥� NDU_C doesnothave parameters.

To identify thesystemoperationsonly, we alsowould like to usea tracediagramto show, for a particular
courseof eventswithin a usecase,the externalactorsthat interactdirectly with the system,the system
(asa blackbox), andthesysteminput eventsthat theactorsgenerate.And we call sucha simplifiedtrace
diagrama systemsequencediagram1. A systemsequencediagramfor theMake PhoneCalls usecasecan

1Scenario,event tracediagram,andsequencediagramareusedinconsistentlyin books:someusescenarioasa synonym for
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beillustratedin Figure6.2.

:System

Make Phone Calles

Callee
Caller

liftReceiver()

dialsPhoneNumber(number)

                                                      answerPhone()

                                                     hangUp()

hangUp()

Figure6.2: Telephonesystemsequencediagramfor theMake PhoneCalls

A systemsequencediagramshouldbedonefor the typical courseof eventsof theusecase,andpossibly
for themostinterestingalternative courses.

ConsidertheBuyItemswith Cashusecasefor thePOSTsystem.Theusecaseindicatesthatthecashieris
theonly actorthatdirectly interactswith thesystem,andthatthecashiergeneratesenterItem,endSale, and
makePaymentsysteminput events. A sequencediagramFigure6.3 is given for Buy Itemswith Cashuse
casefor thePOSTsystem.

Stepsin making a sequencediagram

1. Draw a line representingthesystemasablackbox.

2. Identify eachactorthatdirectly interactswith thesystem.

3. Draw a line for eachsuchactor.

4. Fromtheusecasetypical courseof eventstext, identify thesystem(external)input eventsthateach
actorgenerates.Illustratethemon thediagram.

Botheventtraceandsequencediagramsaredynamicmodelswhichshow thetime-dependentbehaviourof
thesystem.They areusedfor dynamicanalysisby lookingfor eventswhichareexternally– visiblestimuli
andresponses.Algorithm executionis not relevant during this analysisif thereareno externally-visible
manifestations;algorithmsarepartof detaileddesign.

usecase,someuseeventtracediagramin thesamewayassequencediagramandviceversa.
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Cashier

Buy Items with Cash

:System

enterItem(upc,quantity)

endSale()

makePayment(amount)

Figure6.3: A POSTsystemsequencediagramfor theBuyItemswith Cashusecase

Dynamicmodelsareinsignificantfor a purelystaticdatarepository, suchasa database.They areimpor-
tantfor interactive systems.For mostproblems,logical correctnessdependson thesequenceof interacting
events,not theexacttimeswheneventsoccur. Real-timesystems, however, dohavespecifictiming require-
mentson interactionsthatmustbeconsideredduringanalysis.Wedonotaddressreal-timeanalysisin this
course.

6.1.3 Recordingsystemoperations

Thesetof all requiredsystemoperationsis determinedby identifyingthesysteminputevents.Eachsystem
input event �F� NDUsCD X¡ � {�������{S¡�¢J£ causesthe executionof the systemoperation�¥� N�UsCD X¡ � {�������{S¡B¢_£ . The name
of the input eventandthenameof theoperationareidentical;thedistinctionis that the input event is the
namedstimulus,theoperationis theresponse.

For example, from the inspectionof the usecaseBuy Itemswith Cash, we have identified the system
operations:

= N�UsCXNDE:VWCXNDYu ¦H�M�I�{�§�HJR�U_CTOLCTes£
= N�U_GBK+R�Z�N� ¤£
= Y�RB��N9>¨R�e�Y�N�UsCD :R�Y�?�H�UsCS£

Whereshouldtheseoperationsberecorded?TheUML includesnotationto recordoperationsof a type(or
a class),asshown in in Figure6.4. With this notation,thesystemoperationscanbegroupedasoperations
of a typenamed

KseBADCXNDY
asshown in Figure6.5.Theparametermayoptionallybeignored.
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ClassX

attribute1
attribute2

operation1()
operation2()

Figure6.4: TheUML notationfor operations

System

enterItem()
endSale()
makePayment()

Figure6.5: Systemoperationsrecordedin a typenamed
KseBAWCXN�Y

This schemealsoworkswell whenrecordingthesystemoperationsof multiple systemsor processesin a
distributedapplication;eachsystemis givena uniquename(

KseBAWCXN�Y�|
,
K_e©ADCXNDYª�

, ...), andassignedits own
systemsoperations.

Whennamingsysteminputeventsandtheir associatedoperations,they shouldbeexpressedat thelevel of
intentratherthanin termsof thephysicalinputmediumor interfacewidgetlevel.

It is also improves clarity to start the nameof a systeminput event with a verb (add...,enter..., end...,
make...).For example,we shoulduse

NDUsCXN�E;VWCXN�Y� ¤£
ratherthan

N�UsCXNDE:«tNDe�>FE:NWASA�N9G- ¤£
,
NDU_GBK-R�Z�N� ¤£

ratherthanNDU_CXNDE � N�CTH�EWU	«tNDe .

6.2 Contracts for SystemOperations

A systemsequencediagramdoesnot describethe effect of the executionof an operationinvoked. It is
missingthedetailsnecessaryto understandthesystemresponse– thesystembehaviour.

Part of the understandingof the systembehaviour is to understandthe systemstatechangescarriedout
by systemoperations.A systemstateis a snapshotof the systemat a particularmomentof time which
describestheobjectsof classescurrentlyexisting,currentvaluesof attributesof theseobjects,andcurrent
links betweentheobjectsat that time. Theexecutionof a systemoperationchangesthesystemstateinto
anotherstate:old objectsmayberemoved,new objectsandlinks maybecreated,andvaluesfor attributes
of objectsmaybemodified. This sectionintroduceshow we to write a contract for a systemoperationto
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describewhatstatechangesthattheoperationcommitsto achieve.

Thecontract of anoperationis definedmainly in termsof its pre-conditionsandpost-conditions:

= Pre-conditionsaretheconditionsthatthestateof thesystemis assumedto satisfybefore theexecu-
tion of theoperation.

= Post-conditionsaretheconditionsthat thesystemstatehasto satisfywhentheexecutionoperation
hasfinished.

In formalspecificationliterature,thecontractfor anoperation
��M] ¤£

canbewrittenasaHoare-triple

¬
Pre-Conditions­ ��M� ¤£ ¬ Post-Conditions­

roughlymeaningthat if theexecutionof
��M] ¤£

startsfrom a statesatisfyingPre-Condition, thenwhenthe
executionhasfinished,systemwill bein astatesatisfyingPost-Condition.

Pre-ConditionsandPost-conditionareBooleanstatements.A post-conditionis a statementof what the
world shouldlook like after the executionof anoperation.For instance,if we definetheoperation“get-
Square”onanumber, thepostconditionwouldtake theform

E;NDASH�Z�Cr®¯CLb�O°A1y±CLb�O°A
, whereresultis theoutput

and
CLb�O^A

is theobjectonwhich theoperationis invoked.

A pre-conditionis astatementof how weexpecttheworld to bebeforetheoperationis executed.Wemight
definea pre-conditionfor the“getSquare”operationas

CLb�O°A�²³®´�
. Sucha pre-conditionsaysthat it is an

errorto invoke “getSquare”onanegative numberandtheconsequencesof is undefined.

Therefore,thepre-conditionshallbecheckedeitherby thecaller to ensureit is truebeforetheexecution,
and/orcheckedtheobjectexecutingtheoperationto flaganerrorwhenit is not true.

As anexample,considertheoperation
NDU_CXNDE:VWCXNDY� ¦H©M�I¶µ m >�a¶{�§�HJR�UsCTOTCTeªµ�VSU_CXN`h�N�E�£ :

= Its pre-conditioncanbestatedasUPCis knownto thesystem.

= its post-conditionsinclude:

– If anew sale,a
K+R�Z[N

wascreated(instancecreation).

– If anew sale,thenew
K+R�Z[N

wasassociatedwith the
>��xK��

(associationformed).

– A
K+R�Z[NWA:\�OLU+N9VWCXN�Y

wascreated(instancecreation).

– The
K+R�Z�NDA;\�OLU+NSVWCXNDY·�°§�H�R�UsCTOLCTe

wassetto
§�HJR�UsCTOTCTe

(attributemodification).

– The
K+R�Z�NDA;\�OLU+NSVWCXNDY

wasassociatedwith a
>¥E¦?�G�H�I�CLK�M�N9I�O PQI9R�CTO�?�U

, basedon m >�a match(asso-
ciation formed).

It is recommendedto expresspost-conditionsin thepasttense,in orderto emphasisethey aredeclarations
aboutapaststatechange,ratherthanaboutactions.For example,wehadbetterto write

ReportNo. 259,July 2002 UNU/IIST, P.O. Box 3058,Macau



84 Contracts for SystemOperations

A
K+R�Z[NWA:\�OLU+N9VWCXN�Y

wascreated.

ratherthan

Createa
K+R�Z[NWA:\�OLU+N9VWCXN�Y

.

Therecanbemany possiblepre-andpost-conditionswecandeclarefor anoperation.Generatingcomplete
andaccuratesetsof pre- andpost-conditionsis not likely. For the post-conditions,we aresuggestedto
focuson thefollowing effectsof theoperation:

= Instancescreationanddeletion.

= Attributesmodification.

= Associationsformedandbroken.

For pre-conditions,we aresuggestedto note thingsthat are importantto test in software at somepoint
duringtheexecutionof theoperation.

Contractsof operationareexpressedin thecontext of theconceptualmodel: only instancesof classesin
theconceptualmodelcanbecreated;only associationsshown in theconceptualmodelcanbeformed.

6.2.1 DocumentingContracts

Wearesuggestedto usethefollowing schemafor presentingacontract:

Contract

Name: Nameof operation,andparameters.

Responsibilities: An informaldescriptionof theresponsibilitythisoperationmustfulfill.

Type: Nameof type(concept,softwareclass,interface).

CrossReferences: Systemfunctionreferencenumbers,usecases,etc.

Note: Designnotes,algorithms,andsoon.

Exceptions: Exceptionalcases.

Output : Non-UI outputs,suchasmessagesor recordsthataresentoutsideof thesystem.

Pre-conditions: As defined.

Post-conditions: As defined
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6.2.2 Contracts for someoperationsin POSTsystem

Contract for
N�UsCXNDE:VWCXNDY

Contract

Name: enterItem(upc:UPC,quantity:Integer).

Responsibilities: Enter(or record)saleof anitemandaddit to thesale.Displaytheitemdescriptionand
price.

Type: System.

CrossReferences: SystemFunctions:R1.1,R1.3,R1.9
UseCases:Buy Items

Note: Usesuperfastdatabaseaccess.

Exceptions: If theUPCis notvalid, indicatethatit wasanerror.

Output :

Pre-conditions: UPCis known to thesystem.

Post-conditions: = If anew sale,a
K+R�Z[N

wascreated(instancecreation).= If anew sale,thenew
K+R�Z[N

wasassociatedwith the
>��xK��

(associationformed).= A
K+R�Z[NWA:\�OLU+N9VWCXN�Y

wascreated(instancecreation).= The
K+R�Z[NWA:\�OLU+N9VWCXN�Y·�°§�HJR�U_CTOLCTe

wassetto
§�HJR�UsCTOTCTe

(attributemodification).= The
K+R�Z[NWA:\�OLU+N9VWCXN�Y

wasassociatedwith the
K-R�Z�N

.= The
K+R�Z[NWA;\]O^U-N9VWCXNDY

wasassociatedwith a
>¥E¦?�G�HJI�CLK�M�N9I�O PQI9R�CTOT?�U

, basedon m >�a
match(associationformed).

Contract for
N�U_GBK+R�Z�N

Contract

Name: endsale().

Responsibilities: Recordthatit is theendof entryof saleitems,anddisplaysaletotal.

Type: System.

CrossReferences: SystemFunctions:R1.2
UseCases:Buy Items

Note:

Exceptions: If asaleis notunderway, indicatethatit wasanerror.

Output :
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Pre-conditions: UPCis known to thesystem.

Post-conditions: = K+R�Z�N���O^A�a]?�Y�M_Z[N�CXN
wassetto

CTEWHJN
(attributemodification).

Here, wenoticethat wehavediscovereda new attributefor class
K+R�Z[N

which is
O^A�a]?�Y�M_Z[N�CXN

, soweshould
addit to theconceptualmodelthatwecreatedin Chapter3.

Contract for
Y�RB��N9>¨R�e�Y�N�UsC

Contract

Name: makePayment(amount:Quantity).

Responsibilities: Recordthepayment,calculatebalanceandprint receipt.

Type: System.

CrossReferences: SystemFunctions:R2.1
UseCases:Buy Items

Note:

Exceptions: If saleis notcomplete,indicatethatit wasanerror.
If theamountis lessthanthesaletotal, indicateanerror.

Output :

Pre-conditions:

Post-conditions: = A
>@R�e�YdNDU_C

wascreated(instancecreation).= >¨R�e�Y�N�UsCW�°R�Y�?�H�UsC9�+NDU_G�N�E;N9G
wassetto

R�Y�?�H�UsC
(attributemedication).= The

>@R�eBYdN�UsC
wasassociatedwith the

K+R�Z[N
(associationformed).= The

K+R�Z[N
wasassociatedwith the

K_C`?�E:N
, toaddit to thehistoricallogof completed

sales(associationformed).

Contract for startUp

It is easyto identify a
K_C`R�EDC m M usecasefor the POSTsystem,andthusidentify a

AWC`R�EDC m M� ¤£ operation.
And in fact,everysystemshouldhave suchanoperation.However, althoughthe

K_C`R�EWC m M usecaseandtheAWC`R�EWC m M� ¤£ operationarealwayscarriedout first whenthesystemstartto work, they canbefinalizedonly
after it is clearaboutwhatareneededfor carryingout theotherusecasesandoperations.ThecontractofAWC`R�EWC m M� ¤£ for thePOSTsystemcanbegivenasfollows.

Contract

Name: startUp().

ReportNo. 259,July 2002 UNU/IIST, P.O. Box 3058,Macau



Contracts for SystemOperations 87

Responsibilities: Initialise thesystem

Type: System.

CrossReferences:

Note:

Exceptions:

Output :

Pre-conditions:

Post-conditions: = A Sore, POST, ProductCatalog andProductSpecificationwerecreated(instance
creation).= >¥E¦?�G�H�I�C:a]R�C`R�Z�?:h

wasassociatedwith
>FE;?�G�HJI�CLK�MJN:I�O PQISR�CTOT?�U

(associationformed).= K_C`?�E;N
wasassociatedwith

>FE;?�G�HJI�C:a]R�C`R�Zi?:h
(associationformed).= K_C`?�E;N

wasassociatedwith
>��xK��

(associationformed).= >��xK��
wasassociatedwith

>¥E¦?�G�HJI�C:a]R�C`R�Z�?:h
(associationformed)

6.2.3 How to makea contract

Apply thefollowing adviceto createcontract:

1. Identify thesystemoperationsfrom thesystemsequencediagram.

2. For eachsystemoperation,constructacontract.

3. Startby writing the � NWAXM�?�U�AWO l O^Z�OTCTO�NDA section,informally describingthepurposeof theoperation.

4. Thencompletethe Post-conditionssection,declaratively describingthe statechangesthat occurto
objectsin theconceptualmodel.

5. To describethepost-conditions,usethefollowing categories:

= Instancescreationanddeletion.= Attributesmodification.= Associationsformedandbroken.

6.2.4 Contracts and other Documents

= Usecasessuggestthesysteminputeventsandsystemsequencediagram.

= Thesystemoperationsarethenidentifiedfrom systemsequencediagrams.

= Theeffectof thesystemoperationis describedin contractwithin thecontext of theconceptualmodel.
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6.3 AnalysisPhaseConclusion

Theanalysisphaseof developmentemphasiseson understandingof therequirements,concepts,andoper-
ationsrelatedto thesystem.Investigationandanalysisareoftencharacterisedasfocusingon questionsof
what– whataretheprocesses,concepts,associations,attributes,operations.

In Chapter4 andChapter5, we have exploredthefollowing minimal but usefulsetof artifactsthatcanbe
usedto capturetheresultsof aninvestigationandanalysis:

AnalysisArtifact QuestionsAnswered
UseCases Whatarethedomainprocesses?
ConceptualModel Whataretheconcepts,associationsandattributes?
SystemSequenceDiagrams Whatarethesysteminputeventsandoperations?
Contracts Whatdo thesystemoperationsdo?

Questions

1. Discusshow postconditionsof an operationcanbe generatedfrom the usecaseof the operation
andthe conceptualmodel. Whatarethe relationshipsamongthe threemain kinds of effectsof an
operationdescribedin thepost-conditions?

2. Discussthe diferencesandrelationshipsbetweencontractsof operationshereandthe VDM-style
specificationof pre-andpostconditionsof anoperationthatyouhave learntfrom othermodules.

3. Wediscussedtheusecases,conceptualmodel,systemsequencediagrams,andcontractsregardingto
thewholesystemto bedeveloped.Discusstheuseof thetechniquesof usecases,conceptualmodel,
systemsequencediagrams,andcontractsin acomponent-baseddevelopment.
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Chapter 7

DesignPhase:Collaboration Diagrams

Topicsof Chapter 7

= Notionof collaborationdiagrams

= UML notationfor collaborationdiagram

= Thenatureof thedesignphase

= Patternsfor assigningresponsibilitiesto objects

= UsePatternsto createcollaborationdiagrams

A contractfor systemoperationsdescribeswhatthesystemoperationdoes.but it doesnotshow a solution
of how softwareobjectsaregoing work collectively to fulfill the contractof the operation. The later is
specifiedby an interactiondiagramsin UML. Therefore,a major taskof thedesignphaseis to createthe
interactiondiagramsfor thesystemoperations.

The UML definestwo kinds of interactiondiagrams,either of which canbe usedto expresssimilar or
identicalmessagesinteractions1:

1. collaborationdiagrams

2. objectsequencediagrams

7.1 Object SequenceDiagrams

Sequencediagramsillustrateinteractionsin akind of fenceformatasshown in Figure7.1

Noticeherethedifferencesbetweenasystemsequencediagramandanobjectdiagraminclude:
1Givenanunderlyingclassmodel,someCASEtoolscangenerateonefrom another.
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:ClassA :ClassB

message1()

message2()

message3()

message4()

Figure7.1: ObjectSequenceDiagram

= A systemsequencediagramillustratestheinteractionbetweenthewholesystemandexternalactors,
while anobjectsequencediagramshows theinteractionsbetweenobjectsof thesystem.

= A systemsequencediagramshows only system’s externaleventsandthusidentifiessystemopera-
tions,while anobjectsequencediagramidentifiesoperationsof objects.

= Systemsequencediagramsarecreatedduringtheanalysisphase,while objectsequencediagramsare
modelscreatedandusedin thedesignphase.

If we treat an object as a subsystem,and other objectsas external actors,then an object diagramis a
sequencediagramof thissub-system.

7.2 Collaboration Diagrams

A collaboration diagram is a graph(asshown in Figure7.2) showing a numberof objectsandthe links
betweenthem,which in additionshows themessagesthatarepassedfrom oneobjectto another.

:ClassA :ClassBmessage1()

1: message2()

2: message3()

Figure7.2: CollaborationDiagram

As both collaborationdiagramsand object sequencediagramscan expresssimilar constructs,different
peoplemaypreferoneto another. Weshallmainlydiscussandusecollaborationdiagrams.

7.2.1 Examplesof collaboration diagrams

Supposeafter receiving thecashpaymentfrom theCustomer, theCashierrecordstheamountof thecash
received by sendingthe message

Y�RB��NS>@R�e�YdNDUsCD :ISRBA9b-�+NDU+G�NDE:N:G_£
to the

>��xK��
. The

>��xK]�
carriesout
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this requestby sendingthe message
Y�RB��N9>¨R�e�Y�N�UsCD :I9RBASb-�+NDU_G�N�E;N9G_£

to the (current)
K+R�Z[N

, which carries
out thetaskby creatinga

>@R�e�YdNDU_C
. This interactionis shown by thecollaborationdiagramin Figure7.3.

Fromaprogrammingpointof view, Figure7.3representsthefollowing pseudoprogram:

:POSTmakePayment(cashTendered) 1:makePayment(cashTendered) :Sale

:Payment

1.1:created(cashTendered)

direction of message first internal message

link line

parameter

instancefirst message

Figure7.3: An exampleof acollaborationdiagram

:POST accepts a call of it method makePayment()
(from an Interface Object);

:POST calls for the method makePayment() of :Sale;

:Sale calls the constructor of class Payment to create a new :Payment

Therefore,a collaborationdiagramfor anoperationrepresentsanalgorithmthatimplementtheoperation.

Wenow explainsomebasicUML notationusedin collaborationdiagrams:

1. Instances: An instance(or object) usesthe samegraphicsymbol as its type (or class),but the
designatorstringis underlined. Additionally, theclassnameshouldalwaysbeprecededby a colon.
An valuefor anattributeof anobjectis representedas

R�C�CTEWO l H�CXN9~oR�YdN�®´R�C�CTEWO l H�CXN � R�Z�HsN .
2. Links: A link betweentwo objectsis a connectionpathbetweenthe two objects;it indicatesthat

someform of navigationandvisibility betweentheinstancesis possible.More formally, a link is an
instanceof anassociation.Viewing two instancesin aclient/server relationship,apathof navigation
from theclient to theserver meansthatmessagesmaybesentfrom theclient to theserver.

3. Messages: Messagesbetweenobjectsare representedvia a labelledarrow on a link line. Any
numberof messagesmaybesentalongthis link. A sequencenumberis addedto show thesequential
orderin which themessagearesent.This is shown in Figure7.4. A messagecanbepassedbetween
two objectsonly whenthereis an associationbetweenthe classesof objects,suchasCaptured-by
associationbetween

K+R�Z[N
and

>��xK]�
, and thetwo objectsarelinkedby thisassociation.

4. Parameters: Parametersof a messagemaybeshown within theparenthesesfollowing themessage
name.Thetypeof theparametermayoptionallybeshown, suchas

Y�RB��N9>@R�eBYdN�UsCD :I9RBASb-�_N�U_G�N�E;N9Gqµ¸ HJR�U_CTOLCTes£
.
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:ClassA :ClassB

msg1()

1:message1()
2:message2()
3:message3()

Figure7.4: Messages

7.2.2 Morenotational issues

Representinga return value Somemessagesentto an object requiresa value to be returnedto the
sendingobject.A returnvaluemaybeshown by precedingthemessagewith a returnvaluevariablename
and an assignmentoperator(‘:=’). The type of the return value may operationallybe shown. This is
illustratedin Figure7.5.Thestandardsyntaxfor messagesis:

:Sale

msg()

1:tot:=total():Integer

:Module :Student
1:name:=getName():StringgetClassList()

:POST

Figure7.5: Returnvalues

return := message(parameter : parameterType) : returnType

Representingiteration An objectmayrepeatedlysenda messageto anotherobjecta numberof times.
This is indicatedby prefixingthemessagewith astart(‘*’). This is shown in Figure7.6.

For any otherkind of iterationswe maycombinetheasteriskwith an iteration clausein squarebrackets,
suchas

= *
w�¡�¹º|��B}

— themessagewill besentrepeatedly, until
¡

becomeslessthan
|��

,

= *[item not found]— themessagewill besentrepeatedly, until the
OLCXN�Y

is found.

To expressmorethanonemessagehappeningwithin thesameiterationclause(for example,a setof mes-
sageswithin a for loop), repeatthe iterationclauseon eachmessage.This is illustratedin Figure7.7.
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Ø

:POST :Sale

:POST :Sale

msg1()

msg1()

1:*[i:=1..10] li:=nextLineItem():SalesLineItem

1:*li:=nextLineItem():SalesLineItem

Figure7.6: Iterationwith andwithout recurrencevalues

Ø

:A

msg1()
msg1()
{
for i:=1 to 10
  {
    myB.msg2()
    myC.msg3()
   }
}

myB:B

myC:C

1:*[i:=1..10] msg2()

2:*[i:=1..10] msg3()

Figure7.7: Multiple messagewithin thesameiterationclause

Representingcreation of instances TheUML creationmessageis createwhich is independentof pro-
gramminglanguages,shown beingsentto theinstancebeingcreated.Optionally, thenewly createdinstance
mayincludea

¹¶¹�U+ND�»²¶²
symbol(SeeFigure7.8).

:POST << new>>
:Sale

msg1()

create(cashier)

Figure7.8: InstanceCreation

A
I�E:N:R�CXN

messagecanoptionallytake parameterswhensomeattributesof theobjectto becreatedneedto
besetaninitial value.

Representingmessagenumber sequencing Theorderof messagesis illustratedwith sequencenumbers,
asshown in Figure7.9. Thenumberingschemeis:

1. Thefirst messageis notnumbered.Thus,
YvA¦h-|� ¤£

is unnumbered.
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2. The orderandnestingof subsequentmessagesis shown with a legal numberingschemein which
nestedmessageshave appendedto thema number. Nestingis denotedby prependingthe incoming
messagenumberto theoutgoingmessagenumber.

:A :B

:C

msg1() 1:msg2()

1.1:msg3()

2.1:msg5()

2:msg4()

:D

2.2:msg6()

Figure7.9: Sequencenumbering

Representingconditional messages Sometimes,a messagemaybeguardedandcanbesentfrom one
objectto anotheronly whenaconditionholds.This is illustratedin Figure7.10.

msg1()

:POST :Sale

:SalesLineItem

1:[new sale] create()

1.1:create()

Figure7.10:Conditionalmessage

At apointduringtheexecutionof anobject,achoiceof severalmessages,guardedby differentconditions,
will besent. In a sequentialsystem,anobjectcansendonemessageat a time andthustheseconditions
mustbe mutually exclusive. Whenwe have mutually exclusive conditionalmessages,it is necessaryto
modify thesequenceexpressionswith aconditionalpathletter. This is illustratedin Figure7.11.Notethat

= Either
|�R

or
| l couldexecuteafter

YvA¦h-|� ¤£
, dependingon theconditions.

= Thesequencenumberfor bothis 1, and
R

and l representthetwo paths.

= Thiscanbegeneralisedto any numberof mutuallyexclusive ConditionalMessages.
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:A :B

:D :C

msg1() 1a:[condtion] msg2()

1b:[not condition] msg4() 1a.1:msg3()

1b.1:msg5()

Figure7.11:Mutually exclusive messages

Representingmultiobjects We call a logical set of instances/objectsas a multiobject. In general,a
multiobjectis aninstanceof a containerclasseachinstanceof which is a setof instancesof a givenclass
(or type).

For example,
K¼N�C;�-½SK+R�Z[NWA

is a classeachinstanceof which is a setof sales.Many implementationdata
structuresareexamplesof containerclasses:Array, List, Queue,Stack,Set,Tree,etc.

Therefore,eachmultiobject is usually implementedas a group of instancesstoredin a containeror a
collectionobject,suchasC++ STL vector, Java vectoror a SmalltalkOrderedCollection.

In acollaborationdiagram,amultiobjectrepresentsasetof of objectsat the“many” endof anassociation.
In UML, amultiobjectis representedasastackiconasillustratedin Figure7.12.

sales:Sales

Figure7.12:A multiobject

We representa messagesentto a multiobject in the standardway with the standardmeaning,seeFig-
ure7.13.

Noticethata messageto a multiobjectis not broadcastto eachelementin themultiobject;it is a message
to themultiobjectwhich is anobjectitself.

To performanOperationon eachobjectin a multiobjectrequirestwo messages:an iterationto the mul-
tiobject to extract links to the individual objects,thena messagesentto eachindividual objectusingthe
(temporary)link. This is illustratedin Figure7.14

Typically theselectionmessagein eachiterationreturnsa referenceto an individual object,to which the
originalsendersendsamessage.

Figure7.14indicatesthata
K+R�Z�N

objecthasreceiveda messageto print itself, which thenrequireseachof
the

K+R�Z[NWA;\]O^U-N9VWCXNDY
objectscontainedin the

K+R�Z�N
objectto print itself.
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:Sale

msg1()

1:s:=size():int

:A

:SalesLineItem

:C

msg1(0

msg2()
1:add(e:C)
2:delete(e:C)

Figure7.13:Messageto multiobject

:Sale

:SalesLineItem

sli:SalesLineItem

1*:[for each] sli:=next()

2:print()print()

Figure7.14:Performinganoperationoneachobjectof amultiobject

7.3 CreatingCollaboration Diagrams

7.3.1 Overview of DesignPhase

During the designphase,thereis a shift in emphasisfrom applicationdomainconceptstoward software
objects,andfrom what toward how. The objectsdiscoveredduring analysisserve asthe skeletonof the
design,but thedesignermustchooseamongdifferentwaysto implementthem. In particular, thesystem
operationsidentifiedduringtheanalysismustbeassignedto individualobjectsor classes,theseoperations
mustbe expressedas algorithms. Also, complex operationsmustbe decomposedinto simpler internal
operationswhichareassignedto (or carriedoutby) furtherobjects.

The major task in the designis to createthe collaborationdiagramsfor the systemoperationsidentified
in therequirementanalysisphase.Themostimportantanddifficult part in thegenerationof collaboration
diagramsis the assignmentof responsibilitiesto objects. Therefore,the restof this chapterwill mainly
discussthegeneralprinciplesfor responsibilityassignment,whicharestructuredin aformatcalledpatterns.

Thecreationof collaborationdiagramsis dependentupontheprior creationof thefollowing artifacts:

= Conceptualmodel: from this, thedesignermaychooseto definesoftwareclassescorrespondingto
concepts.Objectsof theseclassesparticipatein interactionsillustratedin theinteractiondiagrams.

= Systemoperationscontracts:fromthese,thedesigneridentifiestheresponsibilitiesandpost-conditions
thattheinteractiondiagramsmustfulfill.

= Essential(or real) usecases:from these,the designermay gleaninformationaboutwhat tasksthe
interactiondiagramsfulfill, in additionto whatis in thecontracts(rememberthatcontractsdonotsay
verymuchabouttheUI-outputs).
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7.3.2 RealUseCases

Aswebrieflysaidin Chapter4,arealusecaseis therealor actualdesignof theusecasein termsof concrete
input andoutputtechnologyandits overall implementation.For example,if a graphicaluserinterfaceis
involved,therealusecasewill includediagramsof thewindows involved,anddiscussionof thelow-level
interactionwith interfacewidgets.

For example,if we areto usewindow widgetsin thePOSTsystem,we maydescribetherealusecasefor
theBuy Items with Cashusecaseasfollows:

Usecase: Buy Items with Cash
Actors: Customer(initiator), Cashier.
Purpose: Capturea saleandits cashpayment.
Overview: A Customerarrives at a checkout with items to purchase.The

Cashierrecordsthe purchaseitemsandcollectsa cashpayment.
Oncompletion,theCustomerleaveswith theitems.

Type Real
CrossReferences: Functions:R1.1,R1.2,R1.3,R1.7,R1.9,R2.1.

X-

Price

Tendered

Total

UPC Quantity

Balance

Desc

Enter Item End Sale Make Payment

Object Store

A

B

C

D

E

G

JIH

F

Figure7.15:Window-1
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Typical Courseof Events
Actor Action SystemResponse

1. ThisusecasebeginswhenaCustomerar-
rives at a POSTcheckout with items to
purchase.

2. For eachitem, the Cashiertypes in the
UPC in A of Window-1 (shown in Fig-
ure7.15). If thereis morethanoneof an
item, the quantitymay optionallybe en-
teredin E. They pressH after eachitem
entry.

3. Addstheitem informationto therunning
salestransaction.

The descriptionand price of the current
itemaredisplayedin B andF of Window-
1.

4. On completion of the item entry, the
Cashierindicatesto the POSTthat item
entryis completedby pressingwidgetI.

5 Calculatesandpresentsthesaletotal and
displayit in C.

6. ......

7.3.3 GRASP: Patterns for AssigningResponsibilities

Responsibilities

A responsibilityis a contractor obligationof anobject. Responsibilitiesarerelatedto the obligationsof
objectsin termof their behaviour.

Therearein generaltwo typesof responsibilities:

1. Doing responsibilities:theseareabouttheactionsthatanobjectcanperformincluding

= doingsomethingitself
= initiating anactionor operationin otherobjects
= controllingandcoordinatingactivities in otherobjects

2. Knowing responsibilities:theseareabouttheknowledgeanobjectmaintains:

= knowing aboutprivateencapsulateddata
= knowing aboutrelatedobjects
= Knowing aboutthingsit canderive or calculate

Wenoticethatobjectssupporttheconceptof informationhiding, i.e. dataencapsulation. All informationin
anobject-orientedsystemis storedin its objectsandcanonly bemanipulatedwhentheobjectsareordered
to performactions.In orderto useanobject,weonly needto know theinterfaceof theobject.
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Thegeneralstepsto createcollaborationdiagramsis describedasfollows. Startwith the responsibilities
which areidentifiedfrom theusecases,conceptualmodel,andsystemoperations’contracts.Assignthese
responsibilitiesto objects,thendecidewhattheobjectsneedsto doto fulfill theseresponsibilitiesin orderto
identify furtherresponsibilitieswhich areagainassignedto objects.Repeatthesestepsuntil theidentified
responsibilitiesarefulfilled andacollaborationdiagramis completed.

For example,wemayassigntheresponsibilityfor print a
K+R�Z�N

to the
K+R�Z�N

instance(adoingresponsibility),
Or weassigntheresponsibilityof knowing thedateof a

K-R�Z�N
to the

K+R�Z[N
instanceitself (aknowing respon-

sibility). Usually, knowing responsibilitiesareoften inferablefrom theconceptualmodel,becauseof the
attributesandassociationsit illustrates.

Responsibilitiesof anobjectareimplementedby usingmethodsof theobjectwhicheitheractaloneor col-
laboratewith othermethodsandobjects.For example,the

K+R�Z[N
classmightdefineamethodthatperforming

printing a
K+R�Z[N

instance;saya methodnamed
M_EWOLUsC

. To fulfill that responsibility, the
K+R�Z[N

instancemay
have to collaboratewith otherobjects,suchassendingamessageto

K+R�Z[NWA:\�OLU+N9VWCXN�Y
objectsaskingthemto

print themselves.

Within UML, responsibilitiesareassignedto objectswhencreationa collaborationdiagram,andthecol-
laborationdiagramrepresentsboth of the assignmentof responsibilitiesto objectsandthe collaboration
betweenobjectsfor their fulfilment.

For example,Figure7.14indicatesthat

1.
K-R�Z�N

objectshave beengiven a responsibilityto print themselves, which is invoked with a
M_EWOLUsC

message.

2. Thefulfilment of this responsibilityrequirescollaborationwith
K+R�Z[NWA;\]O^U-N9VWCXNDY

objectsaskingthem
to print.

7.3.4 GRASP: Patternsof GeneralPrinciples in AssigningResponsibilities

ExperiencedOO developersbuild up bothgeneralprinciplesandidiomatic solutionscalledpatternsthat
guidethemin thecreationof software.Mostsimply, apatternis anamedproblem/solutionpair thatcanbe
appliedto new context, with adviceonhow to applyit in novel situations.

Weshallpresentapatternin thefollowing format:

Pattern Name: thenamegivento thepattern

Solution: descriptionof thesolutionof theproblem

Problem: descriptionof theproblemthatthepatternsolves

Now we arereadyto exploretheGRASPpatterns:GeneralResponsibilityAssignmentSoftwarePatterns.
They includethefollowing fivepattern:Expert,Creator, LowCoupling, High Cohesion,andController.
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Expert

Pattern Name: Expert

Solution: Assigna responsibility to the information expert – the classthat has information
necessaryto fulfill the responsibility.

Problem: Whatis themostbasicprincipleby which responsibilitiesareassignedin OOD?

Example

In thePOSTapplication,someclassneedsto know thegrandtotal of a sale.Whenweassignresponsibili-
ties,wehadbetterto statetheresponsibilityclearly:

Whoshouldberesponsiblefor knowing thegrandtotalof thesale?

By Expert,weshouldlook for thatclassof objectsthathastheinformation

¾ all the ¿+À�ÁzÂ;Ã]Ä^Å+ÆSÇWÈXÆDÉ instancesof the ¿+À�Á[Æ instance,and

¾ thesumof their subtotal.

thatis neededto determinethetotal. Considerthepartialconceptualmodelin Figure7.16.

Sale

date
time

Sales
LineItem

quantity

Product
Specification

price
upc

description

1..*

* Described-by

Contains

Figure7.16:Associationsof theSale

Only the ¿+À�Á[Æ knows this this information; therefore,by Expert, ¿+À�Á[Æ is the correctclassof objectsfor
this responsibility. Now we canstartworking on the collaborationdiagramrelatedto the assignmentof
responsibilityfor determiningthegrandtotal to ¿+À�Á[Æ , by drawing Figure7.17.

After assigningthe responsibilityof getting the grandtotal to ¿+À�Á�Æ , it needsto get the subtotalof each
line item. The informationneededto determinethe line item subtotalis ¿+À�Á[ÆWÂ;Ã]Ä^Å-Æ9ÇWÈXÆDÉ�Ê°Ë�ÌJÀ�ÅsÈTÄTÈTÍ and

ReportNo. 259,July 2002 UNU/IIST, P.O. Box 3058,Macau



CreatingCollaboration Diagrams 101

Sale

date
time

total()

t:=total() :Sale

Class with a 
method identified

Figure7.17:Partialcollaborationdiagram

ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�Ä ÔxÒ9À�ÈTÄ Ð ÅcÊ Ó Ï Ä�ÒSÆ . As the ¿+À�Á�ÆDÂ;Ã�ÄLÅ+ÆSÇWÈXÆDÉ knowsits Ë�ÌJÀ�Å_ÈTÄLÈTÍ anditsassociated
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�ÓJÆ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å ,

by Expert, ¿-À�Á�ÆDÂ;Ã]Ä^Å+ÆSÇWÈXÆDÉ shouldberesponsiblefor returningits subtotalto the ¿+À�Á[Æ . In termsof a col-
laborationdiagram,the ¿+À�Á�Æ needsto send ÂSÌJÕ�È Ð È`À�Á messageto eachof the ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É andsumthe
results;thedesignis shown in Figure7.18.

:Sale

:SalesLineItemsli:SalesLineItem

1*:[for each] sli:=next()t:=total()

2: st:=subtotal()

Sale

date
time

total()

SalesLineItem

quantity

subtotal()

Figure7.18:Gettingthesubtotal

In orderto fulfill theresponsibilityof knowingandreturningits subtotal,a ¿+À�Á[ÆWÂ;Ã]Ä^Å-Æ9ÇWÈXÆDÉ needsto know
whereto gettheproductprice. The

ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�ÓJÆ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å is aninformationexperton answeringits price;
therefore,amessagemustbesentto it askingfor its price.Thedesignis shown in Figure7.19,which is the
completecollaborationdiagramrepresentingthedesignfor operationÈ Ð È`À�Á¤Ö¤× .

Remarkson theExpert Pattern TheExpertpatternis usedmorethanany otherpatternin theassignment
of responsibilities;it is a basicguidingprincipleusedagainandagainin OOD. It expressesthecommon
intuition thatobjectsdo thingsrelatedto theinformationthey have.

Thefulfilment of a responsibilityoftenrequiresinformationspreadacrossdifferentclassesof objects.This
meansthat thereareoftenmany “partial” expertswho will collaboratein thetask. Whenever information
is spreadacrossdifferentobjects,theobjectswill needto interactvia messagepassingin orderto exchange
informationandto sharethework. Informationwhich is spreadacrossdifferentobjectsis exchangedvia
thelinks betweenassociatedobjects.

Expertleadsto designswhereasoftwareobjectdoesthoseoperationswhicharenormallydoneto thereal-
world (or domain)objectit represents;this is calledthe“ DO it Myself” strategy. Fundamentally, objects
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:Sale

:SalesLineItemsli:SalesLineItem

1*:[for each] sli:=next()t:=total()

2: st:=subtotal()

2.1: p:=price()

:ProductSpecification

Sale

date
time

total()

SalesLineItem

quantity

subtotal()

Product
Specification

description
price
upc

price()

Figure7.19:Gettingthepriceof aproduct

do thingsrelatedto informationthey know.

Theuseof theExpertpatternalsomaintainencapsulation, sinceobjectsusetheirown informationto fulfill
responsibilities.This alsoimplies low coupling, which meansno extra links neededto be formedapart
from thosewhich have to bethere.Low couplingimplieshigh independency of objectsthatleadsto more
robustandmaintainablesystems.

Creator

Thecreationof objectsis oneof themostcommonactivitiesin anOOsystem.Consequently, it is important
to have ageneralprinciplefor theassignmentof creationresponsibilities.

Pattern Name: Creator

Solution: AssignclassB the responsibility to createan instanceof a classA (B is a creator
of A objects)if oneof the following is true:

¾ B aggregates A objects.
¾ B contains A objects.
¾ B records instancesof A objects.
¾ B closely uses A objects.¾ B has the initialising data that will be passedto A when it is created(thus B

is an expert with respectto creating A objects.

Problem: Whatshouldberesponsiblefor creatinganew instanceof someclass?
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Example

In thePOSTapplication,considerthepartof theconceptualmodelshown in Figure7.20.

Sale

date

time

SalesLineItem

quantity

description
price
upc

ProductSpecification

Contains

Described-by

1..*

*

Figure7.20:Partialconceptualmodel

Sincea ¿+À�Á[Æ contains(in fact,aggregates)many ¿+À�Á�ÆDÂ;Ã�ÄLÅ+ÆSÇWÈXÆDÉ objects,theCreatorpatternsuggests¿+À�Á[Æ
is a goodcandidateto beresponsiblefor creating¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É objects.This leadsto a designof object
interactionsin acollaborationdiagram,asshown in Figure7.21.

makeLineItem()

Sale

date

time

total()

:Sale

:SalesLineItem

makeLineItem(quantity)

1:create(quantity)

Figure7.21:CreateaSalesLineItem

Theassignmentof thisresponsibilityrequiresthata É�ÀBØ�Æ9Ã]Ä^Å+ÆSÇWÈXÆDÉ methodbedefinedin ¿+À�Á�Æ . In general,
amethodhasto bedefinedin aclassto fulfill eachresponsibilityassignedto thatclass.

Sometimesa creatoris found by looking for the classthat hasthe initialising datathat will be passedin
duringthecreationof anobject. This is actuallyanexampleof theExpertpattern.For example,assume
thata

Î À�ÍBÉdÆ�ÅsÈ instanceneedsto be initialised,whencreated,with the ¿+À�Á[Æ total. Since ¿+À�Á[Æ knows the
total, ¿-À�Á�Æ is acandidatecreatorof the

Î À�Í�ÉdÆDÅ_È object.

Low Coupling

Coupling is a measureof how stronglyoneclassis connectedto, hasknowledgeof, or reliesuponother
classes.A classwith low (or weak)couplingis notdependenton toomany otherclasses.

A classwith high (or strong)couplingreliesuponmany otherclasses.Suchclassesareundesirable;they
suffer from thefollowing problems:
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¾ Changesin relatedclassesforcelocalchanges,i.e. changesin thisclass.

¾ Changesin thisclassforcethechangesin many otherrelatedclasses.

¾ Harderto understandin isolation.

¾ Harderto reuseasits reuserequirestheuseof therelatedclass.

Whenweassignaresponsibilityto aclass,wewouldliketo assignresponsibilitiesin awaysothatcoupling
betweenclassesremainslow. This is capturedby theLow Coupling Pattern describedbelow.

Pattern Name: Low Coupling

Solution: Assigna responsibilitysothat coupling remainslow

Problem: How to supportlow dependency anincreasedreuse?

Example

Considertheclasses
Î À�Í�ÉdÆDÅsÈ , Î�Ù ¿�Ú and ¿+À�Á[Æ in thePOSTsystem.Assumeweneedtocreatea

Î À�ÍBÉdÆ�ÅsÈ
instanceandassociateit with the ¿+À�Á�Æ (seethecontractfor ÉtÀ�Ø�Æ Î À�Í�ÉdÆDÅsÈ givenin Chapter6).SincePOST
“r ecords” a Payment, thecreatorpatternsuggests

Î�Ù ¿�Ú asa candidatefor creatingthe
Î À�ÍBÉdÆ�ÅsÈ . This

would leadto adesignshown in Figure7.22.

:POST p:Payment

:Sale

1:create()

2:addPayment(p)

makePayment

Figure7.22:POSTcreatesPayment

This assignmentof responsibilitiescouplesthe
Î�Ù ¿�Ú classto theknowledgeof the

Î À�Í�ÉdÆDÅsÈ class.An
alternative assignmentof the responsibilityto creationof the

Î À�Í�É�Æ�ÅsÈ andto associateit with the ¿+À�Á[Æ
allowsusto dosoandis shown in Figure7.23.

:POST :Sale

:Payment

makePayment() 1:makePayment()

1.1:create()

Figure7.23:SalecreatesPayment

Assumethat ¿+À�Á�Æ will beeventuallycoupledwith
Î À�Í�ÉdÆDÅsÈ . The seconddesignis preferablebecauseit

doesnotneedanextralink formedbetween
Î�Ù ¿�Ú and

Î À�Í�ÉdÆDÅsÈ . Thisassignmentof responsibilityis also
justifiableasit is reasonableto think thata ¿+À�Á[Æ closelyusesa

Î À�Í�ÉdÆDÅsÈ .
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In object-orientedprogramminglanguagessuchasC++, Java, andSmalltalk,commonformsof coupling
from ÛcÁiÀ�Â9Â¦Ü to ÛcÁ�ÀBÂ9Â�Ý include:

¾ ÛcÁ�ÀBÂSÂ¦Ü hasanattributethatrefersto a ÛcÁ�ÀBÂSÂ	Ý instance,or ÛcÁ�ÀBÂ9Â�Ý itself.

¾ ÛcÁ�ÀBÂSÂ¦Ü hasa methodwhich referencesan instanceof ÛcÁiÀ�Â9Â	Ý , or ÛcÁ�ÀBÂ9Â�Ý itself, by any means.
Thesetypically includea parameteror local variableof type ÛcÁ�ÀBÂ9Â�Ý , or theobjectreturnedfrom a
messagebeinganinstanceof ÛcÁ�ÀBÂ9Â�Ý .

¾ ÛcÁ�ÀBÂSÂ¦Ü is adirector anindirectsubclassof ÛcÁiÀBÂSÂ	Ý .

Couplingmay not be that importantif reuseis not a goal. And thereis not absolutemeasureof when
couplingis toohigh. While highcouplingmakesit difficult to reusecomponentsof thesystem,asystemin
which thereis very little or nocouplingbetweenclassesis rareandnot interesting.

High Cohesion

Cohesionis a measureof how stronglyrelatedandfocusedtheresponsibilitiesof a classare.A classwith
highcohesionhashighly relatedfunctionalresponsibilities,anddoesnotdoatremendousamountof work.
Suchclasseshasasmallnumberof methodswith simplebut highly relatedfunctionality.

A classwith low cohesionis undesirableasit suffersfrom thefollowing problems:

¾ hardto comprehend;

¾ hardto reuse;

¾ hardto maintain;

Oneimportantnatureof a goodOOD is to assignresponsibilitiesto classesthatarenaturallyandstrongly
relatedto theresponsibilities,andevery classhassomethingto do but doesnot have too muchto do. It is
oftenthecasethataclasstakesonaresponsibilityanddelegatespartsof thework to fulfill theresponsibility
to otherclasses.Thisnatureis capturedby thehighcohesionpattern.

Pattern Name: High Cohesion

Solution: Assigna responsibilitysothat cohesionremainshigh

Problem: How to keepcomplexity manageable?

Example

Thesameexampleusedfor Low Couplingcanbeusedfor HighCohesion.Assumewehaveaneedto create
a
Î À�Í�É�Æ�ÅsÈ instanceandassociateit with the ¿+À�Á[Æ (seethecontractfor ÉtÀ�Ø�Æ Î À�Í�ÉdÆDÅsÈ givenin Chapter5).
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SincePOST“r ecords” a Payment, the creatorpatternsuggests
Î�Ù ¿�Ú as a candidatefor creatingtheÎ À�ÍBÉdÆ�ÅsÈ . This is the designshown in Figure7.22. However, this designplacesthe responsibilityfor

making a paymentin the
Î�Ù ¿�Ú . The

Î�Ù ¿�Ú takes on part of the responsibilityfor carrying out the
É�ÀBØ�Æ Î À�Í�ÉdÆDÅ_È systemoperation.Imaginethattherewerefifty systemoperations,all receivedby

Î�Ù ¿�Ú .
If it did thework relatedto each,it wouldbecome“bloated” incohesive object.

In contrast,asshown in Figure7.23,theseconddesigndelegatesthepaymentcreationresponsibilityto the
¿+À�Á[Æ , whichsupporthighercohesionin thePOST. Sincetheseconddesignsupportbothhighcohesionand
low coupling,it is desirable.

Thebenefitsfrom theuseof theHigh CohesionPatterninclude:

¾ Clarity andeaseof comprehensionof thedesignis increased.

¾ Maintenanceandenhancementsaresimplified.

¾ Low couplingis oftensupported.

¾ Supportsreuse.

Controller

Controllerpatterndealswith theidentifiedsystemoperations.

Controller Pattern.

Pattern Name : Controller

Solution: Assignthe responsibility for handling a system(input) event to a classrepresent-
ing oneof the following choices:

¾ Representsthe “overall system”(facade controller).¾ Representsthe overall businessor organisation(facade controller).¾ Representssomethingin the real-world that is active (for example,the role
of a person)that might be involved in the task (role controller).¾ Representsan artificial handler of all system(input) events of a usecase,
usually named“ Þàß�Â�Æ�Û]ÀBÂ�ÆSá¶À�É�Æ¶âäãoÀ�Å Ñ Á�Æ Ï ” (use-case controller).

Problem: Whoshouldberesponsiblefor handlingaasysteminputevent?

Thispatternalsosuggeststo usethesamecontroller classfor all systeminputeventsin thesameusecase.
It alsoimplies that a controlleris a non-user interfaceobjectresponsiblehandlinga systeminput event,
andthatcontrollerdefinesthemethodfor thesystemoperationcorrespondingto thesysteminputevent.An
interfaceobjectmayacceptasysteminputevent,but it doesnotcarryoutany of theresponsibilities(or any
partof thework) of thesystemoperationratherthansimplypassing(or delegating)it ontothecontroller.
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Example

In thePOSTapplication,we have identifiedseveralsystemoperations,including ÆDÅsÈXÆ Ï ÇWÈXÆ�É�Ö¤× , Æ�Å Ñ ¿+À�Á[Æ�Ö¤× ,
and É�ÀBØ�Æ Î À�Í�ÉdÆDÅsÈDÖ¤× .
During systembehaviour analysis(seeChapter6), systemoperationsarerecordedto theclass ¿sÍBÂDÈXÆDÉ as
shown in Figure7.24

System

enterItem()
endSale()
makePayment()

Figure7.24:Systemoperationsrecordedin a typenamed¿_Í©ÂDÈXÆDÉ
However, this doesnot meanthat a classnamed ¿sÍBÂWÈXÆ�É fulfils themduring the design. Rather, during
design,a Controllerclassis assignedtheresponsibilityfor systemoperations.

By theControllerpattern,hereareourchoices;

1. POST: representstheoverall system.

2. Store: representstheoverall businessor organisation.

3. Cashier: representssomethingin the real-world (suchasthe role of a person)that is active and
mightbeinvolvedin thetask.

4. BuyItemsHandler:representsanartificial handlerof all systemoperationsof ausecase.

In termsof collaborationdiagrams,this meansthatoneof thediagramsin Figure7.25will beused.

Thefinal decisionon which of thesefour is themostappropriatecontrolleris influencedby otherfactors,
suchascohesionandcoupling.

In thedesign,thesystemoperationsidentifiedduringthesystembehaviour analysisareassignedto oneor
morecontrollerclasses,suchas

Î�Ù ¿�Ú (seeFigure7.26).

Discussionabout Controller

¾ Controller andUseCases: Thesamecontrollerclassshouldbeusedfor all thesysteminputevents
of one usecaseso that it is possibleto maintaininformationaboutthe stateof the usecase,for
example,to identify out-of-sequencesysteminputevents(e.g.a É�ÀBØ�Æ Î À�Í�ÉdÆDÅ_È operationbeforean
Æ�Å Ñ ¿+À�Á�Æ operation).Differentcontrollersmaybeusedfor differentusecases.
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:Store

:Cashier

:BuyItemHandle

:POSTenterItem(upc,quantity)

enterItem(upc,quantity)

enterItem(upc,quantity)

enterItem(upc,quantity)

Figure7.25:Choicesof Controllers

enterItem()
endSale()
makePayment()

System

enterItem()
endSale()
makePayment()

POST

.........

Figure7.26:Allocationof systemoperationto acontrollerclass

¾ Use-CaseController: If use-casecontrollerareused,thenthereis adifferentcontrollerfor eachuse
case.Suchacontrolleris notadomainobject;it is anartificial constructto supportthesystem.

¾ Controller and the other Patterns: Poorly designedcontrollersclasseswill have low cohesion–
unfocusedandhandlingtoo many looselyresponsibilities.Examplesof poorly designedcontrollers
include:

– Thereis only a singlecontrollerclassreceiving À�ÁLÁ systeminput events,andtherearemany of
them.

– Thecontrolleritself performsmany of thetasksnecessaryto fulfill thesystemoperations,with-
outdelegatingthework.

Thesolutionsto solve theseproblemsinclude

1. Add morecontrollers.

2. Designthe controllerso that it is primarily delegatesthe fulfilment of eachsystemoperation
responsibilityon to objects,ratherthandoingall or mostof thework itself.
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¾ Rolecontrollers: Assigna responsibilityto a human-roleobject in a way that mimics what that
role doesin the real world is acceptable.However, if a role controlleris chosen,avoid the trap of
designingperson-like objectsto doall thework.

7.3.5 A Designof POST

This sectionappliesthe GRASPpatternsto assignresponsibilitiesto classes,andto createcollaboration
diagramsfor POST. We considerBuy Items with CashandStart Up usecasesin this design.Beforewe
startthework on thedesign,wefirst statethefollowing guidelinesfor makingacollaborationdiagram:

1. Createa separatediagramfor eachsystemoperationwhich have identifiedandwhosecontractsare
defined.

2. If thediagramgetscomplex, split it into smallerdiagrams.

3. Usingthecontractresponsibilitiesandpost-conditions,andusecasedescriptionasa startingpoint,
designasystemof interactingobjectsto fulfill thetasks.Apply theGRASPto developagooddesign.

This is partly illustratedin Figure7.27.

Cashier System

enterItem(upc,quantity) Postconditions

1. If a new sale, a new
Sale was created ...

Operation:  enterItem

makePayment(amount)

endSale()

Operation: makePayment

Postconditions:

1. ...
:POST

:POST

enterItem(upc,quantity)

makePayment(amount)

Figure7.27:Guidelinesfor design

With Buy Items with CashandStart Up usecases,wehave identifiedfour systemoperationsÆDÅsÈXÆ Ï ÇWÈXÆ�É ,
ÆDÅ Ñ ¿+À�Á[Æ , É�ÀBØ�Æ Î À�Í�ÉdÆDÅsÈ , and ¿_È`À Ï ÈDßsÓ .

Accordingto our guidelineswe shouldconstructat leastfour collaborationdiagrams.Accordingto the
Controllerpattern,the

Î�Ù ¿�Ú classcouldbechosenascontrollerfor handlingtheseoperations.If so,we
have thefour startingdiagramsshown in Figure7.28to complete.

Collaboration diagram for ÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ

First by Controller,
Î�Ù ¿]Ú is a candidateas the controller for handlingthis operation. And

Î�Ù ¿�Ú is
satisfactoryif thereareonly a few systemoperations.Wemake this choicein ourexample.
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:POST

:POST

:POST

:POSTenterItem()

endSale()

makePayment()

startUp()

1: ????()

1: ????()

1: ????()

1: ????()

POST

enterItem()

endSale()

makePayment()

startUp()

Figure7.28:Systemoperations

After assigningthe responsibilityfor handling ÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ to
Î�Ù ¿�Ú , we needto look at the contractof

ÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ what
Î�Ù ¿�Ú needsto do to fulfill this responsibility.

Displaying item description and price

In general,modelobjectsarenot responsiblefor displayof information. Thesearetheresponsibilitiesof
interfaceobjectswhichcanaccessto dataknown by modelobjectsandcansendmessagesto modelobjects.
However, modelobjectsdonotsendmessagesto interfaceobjectsin orderto keepthesystemindependent
of theinterface.

Creatinga new ¿-À�Á�Æ

Thepost-conditionsof ÆDÅsÈXÆ Ï ÇWÈXÆ�É indicatearesponsibilityfor creationanobject ¿+À�Á[Æ . TheCreatorpattern
suggests

Î�Ù ¿�Ú is a reasonablecandidatecreatorof the ¿+À�Á[Æ , as
Î�Ù ¿]Ú recordsthe ¿-À�Á�Æ . Also by havingÎ�Ù ¿]Ú createthe ¿+À�Á�Æ , the

Î�Ù ¿�Ú caneasilybeassociatedwith it over time.

In additionto theabove,whenthe ¿+À�Á�Æ is created,it mustcreateanemptycollectionto recordall thefuture
¿+À�Á[Æ9Ã]Ä^Å-Æ9ÇWÈXÆDÉ thatwill beadded.This collectionwill bemaintainedby the ¿+À�Á[Æ instance,which implies
by Creatorthatthe ¿-À�Á�Æ is agoodcandidatefor creatingit.

Therefore,wehave thecollaborationdiagramshown in Figure7.29.
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:POST :Sale

:SalesLineItem

1:[new sale] create()

1.1:create()

enterItem(upc,qty)

Figure7.29:Salecreation

Creatinga new ¿-À�Á�ÆDÂ;Ã]Ä^Å+ÆSÇWÈXÆDÉ

Theotherpost-conditionsin thecontractfor ÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ indicatetheresponsibilitytocreatea ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É
instance.Fromtheconceptualmodelandcreator, ¿+À�Á[Æ isanappropriatecandidatecreatorfor the ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É
object.And by having the ¿-À�Á�Æ create¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É , the ¿+À�Á[Æ canbeassociatedwith the ¿+À�Á[ÆWÂ;Ã]Ä^Å-Æ9ÇWÈXÆDÉ
objectover time by storingthenew instancein its collectionof line items. Thepostconditionsalsoindi-
catethat thenew ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É objectsneedsa quantitywhenit is created.Therefore,the

Î�Ù ¿�Ú must
passthe quantityalongto ¿+À�Á[Æ , which mustpassit alongasa parameterin the creationmessageto the
¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É .

Finding a
Î¥Ï¦Ð�Ñ Ì�Ò�ÈL¿�Ó�Æ9Ò�ÈTÄ ÔQÒ9À�ÈTÄ Ð Å Thepostconditionin thecontractof Æ�ÅsÈXÆ Ï ÇWÈXÆDÉ alsorequiresthenewly

created¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É to beassociatedwith the
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å thatmatchesthe Ì©Ó�Ò of the item.

Thisimpliesthattheparametersto the ÉtÀ�Ø�Æ9Ã]Ä^Å-Æ9ÇWÈXÆDÉ messagesentto the ¿+À�Á�Æ includethe
Î¥Ï¦Ð�Ñ Ì�Ò�ÈL¿�Ó�Æ9Ò�Ä ÔQÒ9À�ÈTÄ Ð Å

instance,denotedby ÂXÓ�Æ:Ò , whichmatchesthe Ì©Ó�Ò . Thisthenrequiresto retrievethis
Î¥Ï¦Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ9Ò�ÈTÄ ÔQÒ9À�ÈTÄ Ð Å

objectsbefore the messageÉ�ÀBØ�ÆSÇWÈXÆDÉ�Ö¤ÂXÓ�Æ:Ò�å�Ë�ÈTÍJ× is sent to the ¿+À�Á[Æ . From the conceptualmodel and
the Expertpattern,

ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�È`À©Ã Ð:æ logically containsall the
Î¥Ï¦Ð�Ñ Ì�Ò�ÈL¿�Ó�Æ9Ò�Ä ÔQÒ9À�ÈTÄ Ð Å�Â . Thusby Expert,ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�È`À�Ã Ð9æ is agoodcandidatefor lookingup the

ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�ÓJÆ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å .

Visibility to a ProductCatalog

After wehaveassignedtheresponsibilityto
ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�È`À©Ã Ð:æ for lookingupthe

Î¥Ï¦Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ9Ò�Ä ÔQÒ9À�ÈTÄ Ð Å , we
souldalsodecidetheobjectthatshouldsendthemessageto the

Î¥Ï¦Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð:æ toaskfor a
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å .

In orderfor oneobject ç�è to senda messageto anotherobject ç�é , object ç�è mustbecurrentlylinked to
object ç�é . In OOD, the linkagebetweentwo objectsis closelyrelatedto theconceptof visibility of an
object.Thedifferenceandrelationshipbetweentheconceptsof associationandvisibility are:

¾ If ç�è hasvisibility to ç�é , theremustbe a link betweenç�è and ç�é , and thus theremustbe an
associationbetweenclassè andclassé .

¾ If thereis currenta link ç	è and ç�é , thenoneof thetwo objectshasvisibility to theother, thoughit
is notnecessarilythey have visibility to eachother.

Weshouldnow restatemorepreciselyaboutthemessagepassingbetweenobjectsas
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In orderoneobject ç�è to senda messageto anotherobject ç	é , object ç�è mustcurrentlyhave
visibility to object ç	é .

Therearethefollowing four waysthatvisibility canbeachievedfrom object ç�è to ç�é :

1. Attribute visibility – ç�é is an attribute of ç�è . This is a relatively permanentvisibility becauseit
persistsaslongasthetwo objectsexists.

2. Parametervisibility – ç�é is a parameterof a methodof ç�è . This is a relatively temporaryvisibility
becauseit persistswithin thescopeof themethod.

3. Locally declaredvisibility – ç	é is declaredasa local objectin a methodof ç�è . This is a relatively
temporaryvisibility becauseit persistswithin thescopeof themethod.

4. Globalvisibility – ç	é is in somewaygloballyvisible. This is a relatively permanentvisibility.

Now comebackto ourquestionaboutwhichobjecthasvisibility andcansendamessage
Î¥Ï¦Ð�Ñ ÌJÒ�È:Û]À�È`À�Ã Ð:æ

objectto find a specification.This is not clear in the conceptualmodel. So we needaddan association
which links a classand

Î¥Ï¦Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð:æ , andthe links betweentheseobjectsareestablishedduring the
initial ¿_È`À Ï ÈDßsÓ usecaseso that it canbe usedwhencreatinga ¿-À�Á�ÆDÂ;Ã]Ä^Å+ÆSÇWÈXÆDÉ . The postconditionsof
¿_È`À Ï ÈDßsÓ includethe creationof the

Î�Ù ¿�Ú andthe
ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�ÈTÁ Ð:æ , andthe formationof theassociation

betweenthesetwo objects. This implies that we cansafelyassumethat thereis a permanentconnection
from the

Î�Ù ¿�Ú objectto the
Î¥Ï¦Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð:æ object. Therefore,it is possiblefor the

Î�Ù ¿�Ú to sendthe
message,denoteby Â`Ó�Æ9Ò�Ä ÔQÒ9À�ÈTÄ Ð Å , to the

Î¥Ï¦Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð:æ object. Basedon this discussion,we now can
completethecollaborationdiagramfor Æ�ÅsÈXÆ Ï ÇWÈXÆDÉ shown in Figure7.30.

:POST :sale

:ProductCataLog

:ProductSpecification

sli:SalesLineItem

:SalesLineItem

enterItem(upc,qty) 1:[new] create()

2: spec:=specification(upc)

3:makeLineItem(spec,qty)

2.1: spec=find(upc)

1.1:create()

3.2:add(sli)

3.1:create(spec,qty)

Figure7.30:The ÆDÅsÈXÆ Ï ÇWÈXÆ�É collaborationdiagram

Fromthecollaborationdiagram,wecanwrite apseudo-codefor themethodÆDÅsÈXÆ Ï ÇWÈXÆ�É�Ö¤× of the
Î�Ù ¿�Ú :

POST--enterItem(upc,qty)
{
if new sale then <<new>>Sale.create()
spec:=ProductCataLog.specification(upc)
Sale.makeLineItem(spec,qty)

}
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Remarksabout messagesto multiobjects

Noticethatin general,amessage,suchasÔrÅ Ñ and À Ñ�Ñ , senttoamultiobjectis to thecollectionobjectitself,
not to every objectin thecollection.Themessageê�Ê[ê�ç¼Ò Ï Æ:À�ÈXÆ�Ö¤× sentto the ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É multiobjectis
for thecreationof thecollectiondatastructurerepresentedby themultiobject,it is not thecreationof an
instanceof class¿+À�Á�ÆDÂ;Ã�ÄLÅ+ÆSÇWÈXÆDÉ . The À Ñ�Ñ message(3.2) sentto the ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É multiobjectis to add
elementto thecollectiondatastructurerepresentedby themultiobject.

Collaboration Diagram for ÆDÅ Ñ ¿+À�Á[Æ

The first designdecisionis to choosea controller to handlethis systemoperation. We continueto useÎ�Ù ¿]Ú asthecontrollerfor thisoperation.

Thecontractof ÆDÅ Ñ ¿-À�Á�Æ�Ö¤× requires

¾ ¿-À�Á�Æ�Ê�Ä^Â�Û Ð É�Ó_Á[Æ�ÈXÆ wassetto È Ï ÌsÆ (attributemodification).

By Expert, it shouldbe the ¿+À�Á[Æ itself to carry out this responsibility, sinceit owns and maintainsthe
Ä^Â�Û Ð É�Ó_Á[Æ�ÈXÆ attribute. Thusthe

Î�Ù ¿�Ú will senda message,denotedby ÕSÆ9Ò Ð ÉdÆ�Û Ð É¨Ó+Á�Æ�ÈXÆ , to the ¿-À�Á�Æ in
orderto setit to È Ï ÌsÆ . Thisassignmentof responsibilityis shown in Figure7.31.

:Sale
1:becomeComplet()endSale()

:POST

becomeComplete()
{
 isComplete:=true
}

Figure7.31:Completionof itementry

Calculating the ¿+À�Á[Æ total Althoughwe arenot at themomentconcernedourselveswith how the sale
totalwill bedisplayed,we mustensure that all informationthat mustbedisplayedis knownandavailable
fromthedomainobjects. Notethatno classcurrentknows thesaletotal, sowe needto createa designof
theobjectinteractions,usingacollaborationdiagram,to calculatethesaletotal.

In Section7.4.1,weusedtheassignmentof theresponsibilityfor knowing andreturningthetotalof saleto
understandtheuseof theExpertPattern.Therewe obtainedthecollaborationdiagramillustratedin Fig-
ure7.19.In Figure7.32,weonly addsomepseudo-codesto clarify thepurposesof someof theoperations.

In general,sincearithmeticis not usually illustratedvia messages,the detailsof the calculationscanbe
shown by attachingconstraintsto thediagramthatdefinesthecalculations.

We have onequestionunanswered:whowill sendthe È Ð È`À�Á message to the ¿+À�Á[Æ ? Most likely it will bean
objectin theinterface,suchasaJava applet.
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:Sale

2.1: p:=price()

:ProductSpecification

Sale

date
time

total()

SalesLineItem

quantity

subtotal()

Product
Specification

description
price
upc

price()

tot:=total()

:SalesLineItemsli:SalesLineItem

1*:[for each] sli:=next()

Sale--total()
{

}

 tot:=0
foreach SalesLineItem, sli

tot:=tot+sli.subtotal()
return tot

2: st:=subtotal()
{
  return quantity*prodSpec.price()
}

SalesLineItem--subtotal()

Figure7.32:sale-totalcollaborationdiagram

Collaboration diagram for É�ÀBØ�Æ Î À�Í�ÉdÆDÅ_È

Again,weshalluse
Î�Ù ¿�Ú againasthecontroller. DuringourdiscussionaboutthepatternsLowCoupling

andCohesion, we decidedthatwe shouldassignthe responsibilityof thecreationof the
Î À�Í�ÉdÆDÅ_È to the

¿+À�Á[Æ ratherthanto the
Î�Ù ¿�Ú . Additionally, it is reasonableto think thata ¿+À�Á[Æ will closelyusea

Î À�Í�ÉdÆDÅsÈ ,
andour choiceis thusalso justifiableby the Creatorpattern. This discussionleadsto the collaboration
diagramin Figure7.33

:POSTmakePayment(cashTendered) 1:makePayment(cashTender) :Sale

:Payment

1.1:create(cashTendered)

by Controller by Low Coupling,
High Cohesion

Figure7.33: É�ÀBØ�Æ Î À�Í�ÉdÆDÅ_È collaborationdiagram

Thiscollaborationdiagramsatisfiesthepostconditionsthat

¾ the
Î À�Í�É�Æ�ÅsÈ wascreated,

¾ The
Î À�Í�É�Æ�ÅsÈ wasassociatedwith the ¿+À�Á[Æ , and

¾ Î À�Í�ÉdÆDÅsÈWÊ°À�É Ð Ì�ÅsÈ wassetwith ÒSÀBÂ9ë-Ú+ÆDÅ Ñ Æ Ï Æ Ñ .

Logging the ¿+À�Á[Æ

Oncecomplete,the requirementsstatethat the ¿+À�Á�Æ shouldbeplacedin anhistoricallog. By theExpert
pattern.By expert,it is reasonablefor the ¿_È Ð�Ï Æ to know all theloggedsales.
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However, in somefinancialapplications,theobjectrepresentingtheoverall businessmaybecomeincohe-
sive if weassignit with all theresponsibilitiesof loggingall thefinancialinformation.In suchacase,other
alternativesincludetheuseof classicaccountingconceptssuchasa ¿+À�Á[ÆWÂ:Ã±Æ Ñ�æ Æ Ï . Noticethatthepostcon-
ditionsof the contractof ÉtÀ�Ø�Æ Î À�Í�ÉdÆDÅsÈ includeassociatingthe ¿+À�Á[Æ with the ¿_È Ð�Ï Æ . If a ¿+À�Á[ÆWÂ;Ã�Æ Ñ�æ Æ Ï ,
ratherthanthe ¿_È Ð�Ï Æ , is usedfor logging thecomplete¿+À�Á[Æ , ¿+À�Á�ÆDÂ;Ã±Æ Ñ�æ Æ Ï would ideally be addedto the
conceptualmodel,andthecontractfor ÉtÀ�Ø�Æ Î À�Í�ÉdÆDÅsÈ wouldbeadjustedaccordinglyaswell. Thiskind of
discovery andchangeduringthedesignphaseis perfectlyreasonableandto beexpected.

For our POSTsystem,we will stick with theoriginal planof usingthe ¿+È Ð�Ï Æ for logging thesales.This
leadsto thecollaborationdiagramin Figure7.34.

:POSTmakePayment(cashTendered)

:Payment

1.1:create(cashTendered)

:Store

s:Sale

completedSales:Sale

2:addSale(s)

2.1:add(s)

1:makePayment(cashTendered)

Figure7.34:Loggingacompletesale

Calculating the balance

Theresponsibilitiessectionof thecontractof É�ÀBØ�Æ Î À�Í�ÉdÆDÅsÈ requiresthatthebalanceis calculated;it will
beprintedona receiptanddisplayed.Notethatnoclasscurrentlyknows thebalance,soweneedto assign
thisresponsibilityto aclass.To calculatethebalance,thesaletotalandpaymentcashtenderedarerequired.
By Expert, ¿+À�Á�Æ and

Î À�Í�ÉdÆDÅsÈ arepartialexpertonsolvingthisproblem.

If the
Î À�Í�ÉdÆDÅsÈ is primarily responsiblefor knowing thebalance,it would needvisibility to the ¿+À�Á�Æ , in

order to sendthe messageto the ¿-À�Á�Æ to ask for its total. Sincethe
Î À�Í�ÉdÆDÅsÈ doesnot currentlyhave

visibility to the ¿+À�Á[Æ , thisapproachwould increasetheoverall couplingin thedesign.

In contrast,if the ¿+À�Á[Æ takestheprimary responsibilityfor knowing thebalance,it needsthevisibility to
the

Î À�Í�ÉdÆDÅsÈ , in orderto sendit themessageto askfor its cashtendered.Sincethe ¿+À�Á[ÆWÂ , asthecreatorof
thethe

Î À�Í�ÉdÆDÅsÈ alreadyhasthevisibility to the
Î Í�À�ÉdÆDÅ_È , thisapproachdoesnotnot increasetheoverall

coupling,andit is apreferabledesign.Thisdesignis shown in Figure7.35

An interfaceobjectwill beresponsiblefor sendingthemessageÕSÀ�Á�À�Å_ÒSÆ to the ¿-À�Á�Æ .
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:Sale pmt:Payment1: amt:=amount()

2:t:=total()

bal:=balance()

Sale--balance
{  return pmt.amount()-total()  }

Figure7.35:Collaborationdiagramfor thecalculationof thesalebalance

Collaboration diagram for ¿_È`À Ï ÈDßsÓ

Most, if not all, systemshave a ¿_È`À Ï ÈDßsÓ usecase,andsomeinitial systemoperationrelatedto thestarting
up of the application. Although this ¿_È`À Ï ÈDßsÓ systemoperationis the earliestone to execute,delay the
developmentof a collaborationdiagramfor it until afterall othersystemoperationshave beenconsidered.
This ensuresthat significantinformationhasbeendiscoveredconcerningwhat initialisationactivities are
requiredto supportthelatersystemoperationinteractiondiagrams.

The ÂWÈ`À Ï ÈDßJÓ operationabstractlyrepresentsthe initialisation phaseof executionwhenan applicationis
launched.How anapplicationstartsup andinitialisesis dependentupontheprogramminglanguageand
operatingsystem.

In all cases,a commondesignidiom is to ultimately createan initial domain object, which is the first
problemdomainobjectcreated.In its initialisationmethodthis objectsis thenresponsiblefor thecreation
of otherproblemdomainobjectsandfor their initialisation.

The problemof who shouldbe responsiblefor creatingthe initial domainobject is dependentuponthe
object-orientedprogramminglanguageandoperatingsystem.For example,if a graphicaluserinterfaceis
used,suchasa Java applet,its executionmaycausetheattributesto be initialised. Oneof theseattributes
maybetheinitial domainobject,suchas ¿+È Ð�Ï Æ which is thenresponsiblefor thecreationof otherobjects,
suchas

Î�Ù ¿�Ú :

public class POSTApplet extends Applet
{
public void init()
{
post = store.getPOST();

}
// Store is the initial domain object.
// The Store constructor creates other domain objects
private Store store = new Store();

private POST post;
private Sale sale;
}
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Thecollaborationdiagramfor the ÂWÈ`À Ï ÈDßsÓ operationillustrateswhathappenswhentheinitial problemdo-
mainobjectis created,ratherthanhow theinitial domainobjectis created.Thus,thiscollaborationdiagram
is languageindependent, andapplicableto differentlanguages.Therefore,thecreationof a collaboration
diagramfor the ÂDÈ`À Ï ÈDßsÓ operationstartswith sendinga Ò Ï Æ9À�ÈXÆ�Ö¤× messageto theinitial domainobjectto cre-
ateit. However, thequestionis how to choosethis initial domainobject.Oneof thefollowing alternatives
canbechosento betheclassof theinitial domainobject:

¾ A classrepresentingtheentirelogical informationsystem.

¾ A classrepresentingtheoverallbusinessor organisation.

Choosingbetweenthesealternativesmaybe influencedby High CohesionandLow Couplingconsidera-
tions.

Therefore,for thePOSTapplication,wecaneitherchoose
Î�Ù ¿�Ú or ¿_È Ð�Ï Æ astheinitial domainobject.We

choosethe ¿_È Ð�Ï Æ asthe
Î�Ù ¿�Ú is alreadychosenasthecontrollerto beresponsiblefor handlingthesystem

operations.

Persistentobjects:
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�Ä ÔxÒ9À�ÈTÄ Ð Å

In arealisticapplicationthe
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�Ä ÔxÒ9À�ÈTÄ Ð Å objectswill bemaintainedin apersistentstoragemedium,

suchasrelationalor object-orienteddatabase.Duringthe ÂDÈ`À Ï ÈDßsÓ operation,if thereareonly afew of these
objects,they mayall beloadedinto thecomputer’sdirectmemory. However, if therearemany, loadingthem
all would consumetoo muchmemoryor time. More likely, individual objectswill be loadedon-demand
into thememoryasthey arerequired.

Thedesignof how to dynamicallyon-demandloadobjectsfrom a databaseinto memoryis not considered
in this module. You may have to learnthis whenyou cometo do your SoftwareEngineeringProjectin
thenext semester. Here,we simply assumethatall the

Î¥Ï¦Ð�Ñ Ì�Ò�ÈL¿�Ó�Æ9Ò�Ä ÔQÒ9À�ÈTÄ Ð Å canbecreatedin thedirect
memory.

Createthe ¿+È Ð�Ï Æ and start up the system

Fromthecontractof ÂDÈ`À Ï ÈDßJÓ , andtheearlydiscussion,thecreationof acollaborationdiagram

1. startswith amessageÒ Ï Æ:À�ÈXÆ�Ö¤× beingsentto the ¿+È Ð�Ï Æ ,
2. in ordertocreatethe

Î�Ù ¿]Ú andtoallow it tohavevisibility andsendmessagesto thethe
ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð:æ

(seethe ÆDÅsÈXÆ Ï ÇWÈXÆ�É collaborationdiagram),the ¿_È Ð�Ï Æ needsto createthe
Î¥Ï¦Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð:æ , repre-

sentedby Ó�Ò first,

3. thenthe ¿+È Ð�Ï Æ createsthe
Î�Ù ¿�Ú andpassesthe Ó�Ò asa parameterof the messageÒ Ï Æ9À�ÈXÆ�Ö¤× to theÎ�Ù ¿�Ú .
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118 CreatingCollaboration Diagrams

4. whenthe
ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð9æ is created,it needstocreatetheemptycollectionof the

ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�Ä ÔxÒ9À�ÈTÄ Ð Å
objectsto which furtherspecificationscanbeadded.

Thisalgorithm(or design)is illustratedin thecollaborationdiagramin Figure7.36.

Ø

:Store :POST
create() 2:create(pc)

:pc:ProductCatalog :ProductSpecification

1.1:create()

ps:ProductSpecification

1.2:loadProdSpecs()

1.create()

1.2.2:*add(ps)

1.2.1:*create(upc,price,description)

Figure7.36:Collaborationdiagramfor ¿_È`À Ï ÈTÌ©Ó
Noticein thefigurethat Ó�Ò callsamethodof itself:

Productcatalog -- loadProdSpecs()
{
Repeat

ps=new ProductSpecification(upc,price,description);
Collection(ProductSpecification).add(ps)

Until finished
}

A deviation betweenanalysisand design

Thecollaborationdiagramfor ¿_È`À Ï ÈDßsÓ illustratesthatthe ¿+È Ð�Ï Æ only createone
Î�Ù ¿�Ú object.However,

theconceptualmodelthatwe createdin Chapter5 modelsa realstorewhich mayhousemanyrealpoint-
of-saleterminals.

Regardingto thisdeviation,therearethefollowing pointsto bemade:

1. The ¿_È Ð�Ï Æ in thecollaborationdiagramis nota realstore;it is asoftwareobject.

2. The
Î¨Ð ÂWÈ in thediagramis nota realterminal;it is asoftwareobject.

3. The collaborationdiagramrepresentsthe interactionbetweenone ¿_È Ð�Ï Æ andone
Î�Ù ¿�Ú (certainly

with otherobjects).This is whatwearerequiredto doby therequirementthatwearecurrentconsid-
ering.
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4. Generalisationfrom a single
Î�Ù ¿�Ú objectto many

Î�Ù ¿�Ú objectsrequiresthatthe ¿_È Ð�Ï Æ to create
many

Î�Ù ¿�Ú instances.And theinteractionsbetweenthesemany
Î�Ù ¿�Ú objectswith otherobjects

would needto besynchronisedin orderto maintainthe integrity of thesharedinformation,suchas
loggingcomplete¿+À�Á�Æ objects,andlookingup theproductspecification.Thesewould involve multi-
threadcomputationor concurrent computation. Designandprogramconcurrentsystemsis out of
the scopeof this module,but it is the main topic of MC306: ProgrammingConcurrentComputer
Systems.

7.3.6 ConnectingUser Interface Objects to Domain Objects

Although we arenot concernedourselveswith the designof user interfaceobjects, we are interestedin
knowing how anuserinterfaceobject,onceit is designed,is linkedto adomainobject.

As discussedduringthecreationof the ¿_È`À Ï ÈDßsÓ collaborationdiagram,if agraphicaluserinterfaceis used,
suchasa Java applet,thentheappletis responsiblefor initiating thecreationof the initial domainobject.
Theinitial domainobjectin turn createdotherobjects.Thentheappletrequestsa referenceto the

Î�Ù ¿�Ú
objectfrom the ¿_È Ð�Ï Æ , andstoresthereferencein anattribute. With this attributevisibility to the

Î�Ù ¿�Ú ,
theappletmaydirectlysendmessagesto the

Î�Ù ¿�Ú . This is illustratedin Figure7.37.

:POSTApplet store:Storecreate()

1:create()

2:p:=getPOST():POST

Figure7.37:Interactionsbetweentheappletandadomainobject

Oncetheapplethasaconnectionwith thecontroller
Î�Ù ¿�Ú , it canforwardsysteminputeventsmessageto

it, suchasthe Æ�ÅsÈXÆ Ï ÇWÈXÆDÉ , ÆDÅ Ñ ¿+À�Á[Æ , andsoon.

For example,considerthecaseof the ÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ messageasillustratedin Figure7.38:

1. TheCashiertypesin Ì©Ó�Ò and Ë�ÈTÍ (whicharenotshown in theFigure).

2. TheCashierrequestsÆ�ÅsÈXÆ Ï ÇWÈXÆDÉ by pressingthebutton“Enter Item”.

3. Thewindow forwardthemessageby sending
Ð Å	ìFÅ_ÈXÆ Ï ÇWÈXÆDÉ�Ö¤× to the èFÓ�Ó_Á[Æ�È .

4. The èFÓ�Ó_Á[Æ�È thensendsthemessageÆ�ÅsÈXÆ Ï ÇWÈXÆDÉuÖ¦Ì�Ó�Ò�å�Ë�ÈTÍs× to the
Î�Ù ¿�Ú .

5. The èFÓ�Ó_Á[Æ�È getsa referenceto the ¿+À�Á�Æ (if it did not have one)by sendinga message
æ Æ�ÈL¿+À�Á�Æ�Ö¤× to

the
Î�Ù ¿�Ú .

6. èFÓ�Ó_Á[Æ�È sendsa È Ð È`À�Á messageto the ¿+À�Á�Æ in orderto gettheinformationneededto displaytherunning
total.

Interface and domain layer responsibilities

Wehave to rememberthefollowing generalprinciple:
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X-

Price

Tendered

Total

UPC Quantity

Balance

Desc

Enter Item End Sale Make Payment

Object Store

Cashier

press button

p:POST

onEnterItem()

Interface Layer

Domain Layer

:POSTApplet

:sale:Sale

3:t=total():Float

1:enterItem(upc,qty)

2:[no sale] sale:=getSale():Sale

1.1: create()

Figure7.38:Connectinginterfaceanddomainobjects

Theinterfacelayer shouldnot haveany domainlogic responsibilities.It shouldonly be re-
sponsiblefor interface(presentation)tasks,such asupdatingwidgets.

The interfacelayer shouldforward requestsfor all domain-orientedtaskson to the domain
layer, which is responsiblefor handlingthem.

Interfacelayerhasvisibility to thedomainlayerandcandirectlysendmessagesto thedomain
layer. However, the domainobjectsusuallydo not havevisibility to the interfacelayer, and
cannotsendmessagesto theinterfacelayer.

This principlesupportstheseparationbetweenthedesignof thedomainlayer (applicationlayer)andthe
designof theinterface.

7.3.7 DesignClassDiagrams

Duringthecreationof acollaborationdiagram,werecordthemethodscorrespondingto theresponsibilities
assignedto aclassin thethird sectionof theclassbox. For example,seeFigure7.39.

Theseclasseswith methodsaresoftwareclassesrepresentingtheconceptualclassesin theconceptualmod-
els.Thenbasedontheseidentifiedsoftwareclasses,thecollaborationdiagramsandtheoriginalconceptual
model,wecancreateadesignclassdiagram which illustratethefollowing information:

¾ classes,associationsandattributes

¾ methods,

¾ typesof attributes
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:Sale

:SalesLineItemsli:SalesLineItem

1*:[for each] sli:=next()t:=total()

2: st:=subtotal()

2.1: p:=price()

:ProductSpecification

Sale

date
time

total()

SalesLineItem

quantity

subtotal()

Product
Specification

description
price
upc

price()

Figure7.39:Recordingmethodsof classeswhencreateacollaborationdiagram

¾ navigability

¾ dependencies

Stepsin making a designclassdiagram

Usethefollowing strategy to createadesignclassdiagram:

1. Identify all theclassesparticipatingin theobjectinteractions.Do thisby analysingthecollaboration
diagrams.

2. Draw themin aclassdiagram.

3. Copy theattributesfrom theassociatedconceptsin theconceptualmodel.

4. Add methodnamesby analysingthecollaborationdiagrams.

5. Add typeinformationto theattributesandmethods.

6. Add theassociationsnecessaryto supporttherequiredattributevisibility.

7. Add navigability arrows necessaryto theassociationsto indicatethedirectionof attributevisibility.

8. Add dependency relationshiplinesto indicatenon-attributevisibility.

Thesesteps,exceptfor stepsí & î , aremostlystraightforward.
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122 CreatingCollaboration Diagrams

Add associationsand navigability

Eachendof an associationis calleda role. In a designclassdiagram,the role many be decoratedwith
a navigability arrow. Navigability is a propertyof the role which indicatesthat it is possibleto navigate
uni-directionallyacrosstheassociationfrom objectsof thesourceto thetargetclass.An Exampleis shown
in Figure7.40.

POST

enterItem()

endSale()

makePayment

Sale

date
time
isComplete

becomeComplete

makeLineItem()
makePayment()
total()

1 Captures 1

Figure7.40:Showing navigability

Navigability is usuallyinterpretedasattributevisibility from thesourceclassto thetargetclass.Duringthe
implementationin aOOPlanguageit is usuallytranslatedasthesourceclasshaving anattributethatrefers
to aninstanceof thetargetclass.For example,the

Î�Ù ¿�Ú classwill defineanattributethatreferencea ¿+À�Á[Æ
instance.

In a designclassdiagram,associationsarechosenby aspartansoftware-orientedneed-to-know criterion–
whatassociationsareneededin orderto satisfythevisibility andongoingmemoryneedsindicatedby the
collaborationdiagrams?This is in contrastwith theassociationsin theconceptualmodel,which maybe
justifiedby intentionto enhancecomprehensionof theproblemdomain.

Therequiredvisibility andassociationsbetweenclassesareindicatedby thecollaborationdiagrams.Here
arecommonsituationssuggestinganeedto defineanassociationwith anavigability from è to é :

¾ è sendsamessageto é , e.g.the
Î�Ù ¿�Ú sendsÉtÀ�Ø�Æ9Ã]Ä^Å-Æ9ÇWÈXÆDÉ to the ¿+À�Á[Æ .

¾ è createaninstanceof é , e.g.the ¿+È Ð�Ï Æ createsthe
Î�Ù ¿�Ú , the

Î�Ù ¿�Ú createsthe ¿+À�Á[Æ .
¾ è needsto maintainaconnectionto é by having anattributewhosevalueis of type é , e.g.the ¿_È Ð�Ï Æ

shouldhave anongoingconnectionwith the
Î�Ù ¿�Ú and

ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�ÈTÁ Ð:æ objectsit created.

¾ è receivesamessagewith anobjectof é asaparameter.

Basedon theabove discussion,wehave Figure7.41asa thedesigndiagramwith navigability information
for thePOSTsystem.

Noticethatthis is notexactly thesamesetof associationsthatwegeneratedfor theconceptualmodel:

¾ TheLooks-inassociationbetween
Î�Ù ¿�Ú and

Î¥Ï¦Ð�Ñ Ì�Ò�È:Û]À�È`À�Á Ð:æ wasdiscoveredduringthedesign.

¾ The ã Ð Ì	Â�ÆWÂ associationbetween¿_È Ð�Ï Æ and
Î�Ù ¿�Ú is now one-to-oneassociation,ratherthanone-

to-many.
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Store

address:Address
name:Text

addSale() ProductCatalog

specification()
loadProdSpecs()

ProductSpecification

description:Text
price:Quantity
upc:UPC

SalesLineItem 

quantity:Integer

subtotal()

Payment

amount:Quantity

Sale

date:date
time:Time
isComplete:Boolean

becomeComplete()
makeLineItem()
makePayment()
total()

POST

endSale()
enterItem()
makePayment

Uses1

1

1

1

Houses

1

*

Logs-completed

1

1Paid-by

1 1..*

Contains

*

1

Describes

1 1..*

Contains

1

1

Looks-in

Figure7.41:Designdiagramwith associationandnavigability

Add dependencyrelationships

Apart from theattributevisibility, therearetheotherthreekindsof visibility: parametervisibility, locally
declaredvisibility, andglobalvisibility. For examples:

1. The
Î�Ù ¿�Ú softwareobjectreceivesareturnedobjectof type

Î¥Ï¦Ð�Ñ Ì�Ò�ÈL¿�Ó�Æ9Ò�Ä ÔQÒ9À�ÈTÄ Ð Å from thespecifi-
cationmessageit sentto a

ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð:æ . Thus,
Î�Ù ¿�Ú hasashort-termlocally declaredvisibility

to the
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å .

2. The ¿+À�Á[Æ receives a
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�ÓJÆ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å as a parameterin the É�ÀBØ�Æ9Ã�ÄLÅ+ÆSÇWÈXÆDÉ message;it has

parametervisibility to a
Î¥Ï¦Ð�Ñ Ì�Ò�ÈL¿�Ó�Æ9Ò�Ä ÔQÒ9À�ÈTÄ Ð Å .

A non-attributevisibility maybeillustratedwith adashedarrowedline indicatingadependencyrelationship
from thesourceclassto thetargetclass.This is shown in Figure7.42

SomeRemarks

¾ Somemany of theconceptsin the conceptualmodel,suchas Û]À�Â9ë�Ä`Æ Ï , ïgÀ�Å_À æ Æ Ï , ÛcÌ�ÂDÈ Ð ÉdÆ Ï , and
ÇWÈXÆ�É , arenot presentin the design. They arenot requiredto be thereby the requirement(the use
case)thatwearecurrentlyconsidering.

¾ Sometimes,it needsto addsomeclasseswhich arenot in theconceptualmodelbut discoveredlater
duringthedesigninto thedesignclassdiagram.
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Store

address:Address
name:Text

addSale() ProductCatalog

specification()
loadProdSpecs()

ProductSpecification

description:Text
price:Quantity
upc:UPC

SalesLineItem 

quantity:Integer

subtotal()

Payment

amount:Quantity

Sale

date:date
time:Time
isComplete:Boolean

becomeComplete()
makeLineItem()
makePayment()
total()

POST

endSale()
enterItem()
makePayment

Uses1

1

1

1

Houses

1

*

Logs-completed

1

1Paid-by

1 1..*

Contains

*

1

1 1..*

Contains

1

1

Looks-in

Describes

Figure7.42:Designdiagramwith associationandnavigability

¾ Wedonotshow themessageÒ Ï Æ9À�ÈXÆ�Ö¤× senttoaclassasamethodof theclass,becauseits interpretation
is dependentonprogramminglanguages.

¾ Accessingmethodsarethosewhich retrieve (accessormethod) or set(mutatormethods) attributes.It
is a commonidiom to have anaccessorandmutatorfor eachattribute, andto declareall attributes
private(to enforceencapsulation).Thesemethodsarealsousuallyexcludedfrom theclassdiagram
becauseof thehighnoise-to-valueratio they generate.

7.4 Questions

1. Whatis thedifferencebetween*msg(),*[true] msg(),and[true] msg()in acollaborationdiagram?

2. You might think it would be moreobvious just to numberall the messagesin a collaborationdia-
gramusing ê�å9ð	å�Ê�Ê�ÊBå ratherthanusingthenestedscheme.Whatdiferencewould it make? Canyou
constructasituationin which it wouldbeambiguous?

3. We have saidthat the UML creationmessageis denotedby Ò Ï Æ:À�ÈXÆ�Ö¤× (sometimeswith parameters)
with the newly createdobjectlabelledwith Þ�ÞñÅ+Æ�òàâ�â . In a collaborationdiagram,objectsmy
be deleted/destroyed aswel ascreated.The UML notationfor a messagedestroying an object isÑ ÆWÂWÈ Ï;Ð Í+Ö¤× with thedeletedobjectslabelledwith Þ¶Þ Ñ ÆWÂDÈ Ï¦Ð Í�Æ Ñ â¶â .

Can you think of a situationwhen we needto show in a collaborationdiagraman object being
destroyed?

4. Developacollaborationdiagramin which:
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(a) anobject
Ù

receivesmessageÉdÆ æ from anactor;

(b)
Ù

createanew object
Î

;

(c)
Î

sendsamessageto ó ;

(d) then
Ù

destroy
Î

.

We did not get into theprecisesyntaxanddetailedmeaningof theUML sequencediagrams.Read
aboutthesyntaxof a sequencediagramsfrom RationalRosetool or from a bookto understandhow
activationsof objectsandflow of control aredescribedin a sequencediagram. Draw a sequence
diagramwhichmodelstheabove interactions.

5. If thereis a messageôõçzöø÷ Ð�Ð Ö¤× from object
Ù

to object
Î

, shouldbe ô thenameof anattributeofÙ
or
Î

?

Discusswhen it would andwould not be meaningfulanduseful to namethe returnvalue from a
message?

6. Whatis thedifferencebetweenthetwo sequencediagramfragmentsshown in Figure7.43?

Ø

m: Mung

[i=0] foo()

[i=1] bar()

m: Mung

[i=0] foo()

[i=1] bar()

Figure7.43:Two sequencediagramfragments

7. Whatis thedifferencebetweenthetwo collaborationdiagramsshown in Figure7.44?

8. Discusstherelationshipbetweentheconceptualmodelandthedesignclassmodelin termsof their
classesandassociations.Whatarethepossiblewaystoassciatetwoclassesin adesignclassdiagram?

9. Considerthefollowing method.

msg1()
{
for i:=1 to 10 myB.msg2()
for i:=1 to 10 myC.msg3()
}

How do you, in a collaborationdiagram,representtheabove situation?Do you have any problemif
westill usethecollaborationdiagramin Figure7.7?

10. In thelecture,wegaveanincomplete/generalcollaborationdiagramfor operation
æ Æ�ÈL¿_ÈTÌ Ñ ÆDÅsÈ°áoÀ�ÉdÆWÂ�Ö¤×

from an instanceof class Ã±Æ9Ò�ÈTÌ Ï Æ Ï , asthe lecturermay teachmoreor lessthantwo modules,and
moreor lessthanthreestudents.For thesameapplication,designa generalcollaborationdiagram
for

æ Æ�ÈL¿_ÈTÌ Ñ Æ�ÅsÈ°á¶À�É�ÆDÂ�Ö¤× .
11. If we introduceuse-casehandlersascontrollers,whatchangesneedto bemadein theartifactsof the

requirementsanalysisandthedesign?
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Ø

:A :B

:D :C

msg1() 1a:[condtion] msg2()

1b:[not condition] msg4() 1a.1:msg3()

1b.1:msg5()

:A :B

:D :C

msg1() 1:[condtion] msg2()

2:[not condition] msg4() 1.1:msg3()

2.1:msg5()

Figure7.44:Two sequencediagramfragments
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Chapter 8

Implementing a Design

Topicsof Chapter 8

¾ Thenotionof theinterfaceof aclassandits features

¾ Definitionof aclassin aprogramminglanguage

¾ Definitionof amethodof aclassin aprogramminglanguage.

Theendgoalof anobject-orienteddevelopmentof a systemis the creationof codein anobject-oriented
programminglanguage.The artifactscreatedin the designphaseprovide a significantdegreeof the in-
formationnecessaryin order to generatethe code. Implementationin an object-orientedprogramming
languagerequireswriting sourcecodefor:

¾ classdefinitions– definetheclassesin thedesignclassdiagramin termsof theprogrammingnotation.

¾ methoddefinitions– definethemethodsof classesin thedesignclassdiagramin termsof thepro-
grammingnotation.

Weshalldiscussthesedefinitionsin Java. Wefirst discusssomenotations.

8.1 Notation for ClassInterface Details

The interfaceof a classprimarily consistsof thedeclarationsof all themethods(or operations)applicable
to instancesof this class,but it may also include the declarationof other classes,constants,variables
(attributes),andinitial values.Therefore,theinterfaceof a classprovidesits outsideview andemphasises
theabstractionwhile hiding its structureandthesecretesof its behaviour. By contrast,the implementation
of aclassis its insideview, whichencompassesthesecretesof its behaviour. Theimplementationof aclass
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primarily consistsof thedefinitionsof all themethods(or theimplementationof all theoperations)declared
in theinterfaceof theclass.

Theinterfaceof aclasscanbein generaldividedinto threeparts

¾ Public: A declarationthat is accessibleto all the clientswhich arethe classesthat have attribute
visibility to this class.

¾ Protected: A declarationthatis accessibleonly to theclassitself, its subclasses,andits friends1.

¾ Private: A declarationthatis accessibleonly to theclassitself andits friends.

TheUML providesa rich notationto describefeaturesof the interfaceof a class.Attributesareassumed
to beprivateby default. Thenotationfor otherkind of interfacedeclarationsis shown in Figure8.1. The

Attribute
Attribute:Type
attribute:type=initial value
/derivedAttribute
...

Class-Name

method1()
method2(parameter list):return type
abstractMethod()

+publicMethod()
-privateMethod()

#protectedMethod()
.......

POST

+endSale()
+enterItem()
+makePayment

ProductCatalog

+specification()
-loadProdSpecs()

ProductSpecification

description
price
upc

Store

address
name

+addSale()

Sale
date
time
isComplete

+becomeComplete()
+makelineItem()
+makepayment()
+total()

SalesLineItem

quantity

+subtotal()

Payment

amount

Figure8.1: Interfacedetails

figurealsoincludesomeinterfaceinformationabouttheclassesin thePOSTsystem.Notice that,except
for Á Ð À Ñ�ÎFÏ;Ð�Ñ ¿�ÓJÆ:ÒDÂ�Ö¤× which is aprivatemethodof

Î¥Ï¦Ð�Ñ Ì�Ò�È:Û]À�È`À�Á Ð:æ , all othermethodsarepublic.

8.2 Mapping a Designto Code

At thevery least,designclassdiagramsdepicttheclassname,superclasses,methodsignatures,andsimple
attributesof a class.This is sufficient to createa basicclassdefinitionin anobject-orientedprogramming
language.More informationcanbeaddedlateronaftersuchabasicdefinitionis obtained.

1Friendsarecooperative classesthatarepermittedto seeeachother’s privateparts.
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8.2.1 Defining a classwith methodsand simpleattrib utes

Considertheclass ¿+À�Á[ÆWÂ;Ã]Ä^Å_ÈXÆ Ï ÇWÈXÆDÉ andthepartialdesignclassdiagramin Figure8.2. A mappingof the

SalesLineItem

quantity:Integer

subtotal():Quantity

ProductSpecification

description:Text
price:Quantity
upc:UPC

public class SalesLineItem
{
public SalesLinteItem(ProductSpecification spec, int qty);

public float subtotal();

private int quantity
}

* Described-by 1

Figure8.2: ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É in Java

classbox for ¿+À�Á[ÆWÂ;Ã]Ä^Å-Æ9ÇWÈXÆDÉ in thedesigndiagramto thebasicattributedefinitionsandmethodsignatures
for theJava definitionof ¿-À�Á�ÆDÂ;Ã]Ä^Å+ÆSÇWÈXÆDÉ is straightforward.

Notethat,wehadto addtheJavaconstructor¿-À�Á�ÆDÂ;Ã]Ä^Å+Æ�ÄLÈXÆ�É�Ö¦Ê�Ê�Êi× becauseof thefactthata Ò Ï Æ9À�ÈXÆ�Ö¤Â`Ó�Æ9Ò�å�Ë�ÈTÍJ×
messageis sentto a ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É in the Æ�ÅsÈXÆ Ï ÇWÈXÆDÉ collaborationdiagram.This indicates,in Java, thata
constructorsupportingtheseparametersis required.

Observe alsothat thereturntype for the ÂWÌ�Õ�È Ð È`À�Á methodwaschangedfrom óFÌJÀ�ÅsÈTÄTÈTÍ to a simple ù Ð À�È .
This impliestheassumptionthatin theinitial codingwork, theprogrammerdoesnot wantto take thetime
to implementa óFÌ�À�ÅsÈTÄLÈTÍ class,andwill deferthat.

8.2.2 Add referenceattrib utes

A referenceattrib ute is anattributethatrefersto anothercomplex object,not to aprimitive typesuchasa
String,Number, andsoon.

Thereferenceattributeof a classaresuggestedbytheassociationsandnavigabilityin a design
classdiagram.

For example,a ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É hasanassociationto a
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�ÓJÆ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å , andwith navigability to it.

Thisnavigability isneededfor sendingthemessageÓ Ï Ä�ÒSÆ to the
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�Ä ÔxÒ9À�ÈTÄ Ð Å fromthe ¿+À�Á�ÆDÂ;Ã�ÄLÅ+ÆSÇWÈXÆDÉ

in thecollaborationdiagramfor È Ð È`À�Á of the ¿+À�Á[Æ . In Java, this meansthataninstancevariablereferringto
a
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�ÓJÆ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å instanceis suggested.
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Referenceattributesareoften implied, ratherthanexplicit, in a classdiagram.Sometimes,if a role name
for an associationis presentin a classdiagram,we canuseit asthe basisfor the nameof the reference
attributeduringcodegeneration.TheJava definitionof theclass¿-À�Á�ÆDÂ;Ã]Ä^Å+ÆSÇWÈXÆDÉ with a referenceattribute
Ó Ï;Ð�Ñ ¿�ÓJÆ:Ò is shown in Figure8.3.

SalesLineItem

quantity:Integer

subtotal():Quantity

ProductSpecification

description:Text
price:Quantity
upc:UPC

public class SalesLineItem
{
public SalesLinteItem(ProductSpecification spec, int qty);

}

* Described-by 1

public float subtotal();

private ProductSpecification prodSpec;

prodSpec

private int quantity;

Simple attribute

Reference attribute

Role name used in attribute name

Figure8.3: Add referenceattributes

In the sameway aswe have definedthe Java classfor ¿-À�Á�ÆDÂ;Ã]Ä^Å+ÆSÇWÈXÆDÉ , we candefinethe Java classforÎ�Ù ¿]Ú . This is shown in Figure8.4.

ProductCatalog

specification()

Sale

date:date
isComplete:Boolean
time:Time

becomeComplete()
makeLineItem()
makePayment()
total()

POST

endSale()
enterItem(upc:Integer, qty:Integer)
makePayment(cashTendered:Float)

1 1Captures

1

1Looks-in

public class POST
{
public POST(ProductCatalog pc);

public void enterItem(int upc, int qty);
public void makePayment(float cashTendered);

private ProductCatalog prodCatalog;
private Sale sale;
}

public void endSale();

Figure8.4: ThePOSTclassin Java
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8.2.3 Defining a method fr om a collaboration diagram

A collaborationdiagramshowsthemessagesthataresentin responseto amethodinvocation.Thesequence
of thesemessagestranslatesto aseriesof statementsin amethoddefinition.

For example,considerthecollaborationdiagramfor the ÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ operationgivenin Figure8.5.

:POST :sale

:ProductCataLog

:ProductSpecification

sli:SalesLineItem

:SalesLineItem

enterItem(upc,qty) 1:[new] create()

2: spec:=specification(upc)

3:makeLineItem(spec,qty)

2.1: spec=find(upc)

1.1:create()

3.2:add(sli)

3.1:create(spec,qty)

Figure8.5: The ÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ collaborationdiagram

WeshoulddeclaredÆ�ÅsÈXÆ Ï ÇWÈXÆDÉ asamethodof the
Î�Ù ¿�Ú class:

public void enterItem(int upc, int qty)

This is alsoshown in Figure8.4. Thenwe have to look at themessagessentby
Î�Ù ¿�Ú in responseto the

messageÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ receivedby
Î�Ù ¿]Ú .

Message1: Accordingto the collaborationdiagram,in responseto the ÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ message,the first
statementis to conditionallycreateanew ¿+À�Á[Æ .

if (isNewSale()) { sale = new Sale(); }

This indicatesthat the definition of the
Î�Ù ¿�Ú – Æ�ÅsÈXÆ Ï ÇWÈXÆDÉ method— needsthe introductionof a new

methodto the
Î�Ù ¿�Ú class: Ä^Â;ávÆDò�¿+À�Á[Æ . This is asmallexampleof how, duringthecodingphase,changes

from thedesignwill appear. It is possiblethat this methodcouldhave beendiscoveredduring theearlier
solutionphase,but thepoint is thatchangeswill inevitably arisewhile programming.

Asafirst attempt,this(private)methodwill performatestbasedonwhetheror notthe ÂDÀ�Á[Æ instancevariable
is ÅJÌ�Á^Á (i.e. Â�À�Á�Æ doesnotpoint to anythingyet):

private boolean isNewSale()
{
return ( sale == null);

}
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Youmaywonderwhy notsimplyhard-codethis testinto the ÆDÅ_ÈXÆ Ï ÇWÈXÆDÉ method?Thereasonis thatit relies
on a designdecisionaboutthe representationof information. In general,expressionsthat aredependent
on representationdecisionsarebestwrappedin methodssothat if therepresentationchanges,thechange
impactis minimised.Furthermore,to a readerof thecode,the Ä^Â;ávÆDò�¿+À�Á[Æ testis moreinformative in terms
of semanticintentthantheexpression

if (sale == null)

On reflection,you will realizethat this testis not adequatein thegeneralcase.For example,what if one
salehascompleted,anda secondsaleis aboutto begin. In thatcase,the Â�À�Á[Æ attributewill not benull; it
will point to thelastsale.Consequently, someadditionaltestis requiredto determineif it is anew sale.To
solve this problem,assumethat if thecurrentsaleis in the Ò Ð É�Ó_Á�Æ�ÈXÆ state,thena new salecanbegin. If it
turnsout laterthis is aninappropriatebusinessrule,achangecanbeeasilymade.Therefore,

private boolean isNewSale()
{
return ( sale == null ) || ( sale.isComplete() );

}

Basedon the above codingdecisions,the new method Ä^Â;ávÆDò�¿+À�Á[Æ needsto beaddedto the
Î�Ù ¿�Ú class

definitiongiven in Figure8.4. Thedesignclassdiagramdepictingthe
Î�Ù ¿�Ú classshouldbeupdatedto

reflectthiscodechange.

Message2: The secondmessagesentby the
Î�Ù ¿�Ú is ÂXÓ�Æ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å to the the

ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð:æ to
retrieve a

ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�Ä ÔQÒSÀ�ÈTÄ Ð Å :

ProductSpecification spec =
prodCatalog.specification(upc);

Noticetheuseof thereferenceattribute Ó Ï;Ð�Ñ Û]À�È`À�Á Ð:æ .

Message3: Thethird messagesentby
Î�Ù ¿�Ú is the É�ÀBØ�Æ9Ã]Ä^Å+ÆSÇWÈXÆDÉ to the ¿+À�Á[Æ :

sale.makeLineItem(spec, qty);

In summary, each sequencedmessage within a method,asshownonthecollaboration diagram,is mapped
to a statementin theJavamethod.

Therefore,thecompleteÆDÅsÈXÆ Ï ÇWÈXÆ�É of
Î�Ù ¿�Ú methodis givenas:
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public void enterItem(int upc, int qty)
{
if (isNewsale()){sale=new Sale();}

ProductSpecification spec = prodCatalog.specification(upc);

sale.makeLineItem(spec,qty);
}

8.2.4 Container/collectionclassesin code

It is often necessaryfor an object to maintainvisibility to a groupof otherobjects;the needfor this is
usuallyevidentfrom themultiplicity valuein a classdiagram– it maybegreaterthanone.For example,a
¿+À�Á[Æ mustmaintainvisibility to agroupof ¿+À�Á[ÆWÂ;Ã]Ä^Å-Æ9ÇWÈXÆDÉ instances,asshown in Figure8.6.

Sale

date:Date
time:Time
isComplete:Boolean

becomComplete()
makeLineItem()
makePayment()
total()

SalesLineItem

quantity: Integer

subtotal()
1 1..*

Contains

public class sale
{
...

private Vector LineItems

A container class is necessary to maintain
attribute visibility to all the SalesLineItems

Figure8.6: Referenceto acontainer

In object-orientedprogramminglanguages,theserelationshipsareoftenimplementedwith theintroduction
of anintermediatecontaineror collection.Theone-sideclassin theassociationdefinea referenceattribute
pointinga container/collectioninstance,whichcontainsinstancesof themany-sideclass.

Thechoiceof a containerclassis influencedby therequirements;key-basedlookuprequirestheuseof a
ãoÀBÂ9ë�È`À�Õ�Á[Æ , agrowing orderedlist requiresa ú_Æ:Ò�È Ð�Ï , andsoon.

With thesediscussions,we cannow definethe É�ÀBØ�ÆSÃ�ÄLÅ+Æ9ÇWÈXÆ�É methodof the ¿+À�Á[Æ classasshown in Fig-
ure8.7.

Note that thereis anotherexampleof codedeviating from the collaborationdiagramin this method: the
genericÀ Ñ�Ñ messagehasbeentranslatedinto theJava-specificÀ Ñ�Ñ ì¥Á�Æ�ÉdÆDÅsÈ message.
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:POST :Sale

:SalesLineItem sl:SalesLineItem

enterItem(upc,qty) 3: makeLineItem(spec,qty)

3.1: create(spec,qty)3.2: add(sl)

{

}

public void makeLineItem(ProductSpecification spec, int qty)

 lineItems.addElement(new SalesLineItem(spec,qty));

Figure8.7: Sale– makelineItemmethod

8.2.5 Exceptionsand error handling

Error handlinghasbeenignoredso far in the developmentof a solution,aswe would like to focuson
thebasicquestionsof responsibilityassignmentandobject-orienteddesign.However, in real application
development,it is wiseto considererrorhandlingduringthedesignphase.For example,thecontractscan
beannotatedwith abrief discussionof typicalerrorsituationsandthegeneralplanof response.

The UML doesnot have a specialnotationto illustrateexceptions.Rather, the messagenotationof col-
laborationdiagramsis usedto illustrateexceptions. A collaborationdiagrammay startwith a message
representinganexceptionhandling.

8.2.6 Order of implementation

Classesneedto beimplemented(andideally, fully unit tested)from leastcoupledandmostcoupled.For ex-
ample,in thePOSTsystem,possiblefirstclassesto implementareeither

Î À�Í�ÉdÆDÅsÈ or
Î¥Ï¦Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ9Ò�Ä ÔQÒ9À�ÈTÄ Ð Å .

Next areclassesonly dependenton theprior implementations–
Î¥Ï¦Ð�Ñ Ì�Ò�È:Û]À�È`À�Á Ð:æ or ¿+À�Á[ÆWÂ:Ã�ÄLÅ+Æ9ÇWÈXÆ�É

8.3 Questions

1. DefineaJava classfor
ÎFÏ;Ð�Ñ ÌJÒ�È`ÒSÀ�È`À�Ã Ð9æ .

2. DefineaJava classfor ¿_È Ð�Ï Æ .
3. DefineaJava classfor ¿+À�Á[Æ .
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Chapter 9

AdvancedModelling Conceptsand Design
Techniques

Topicsof Chapter 9

¾ Iterative developmentprocess

¾ Generalization-specialization

¾ Moreaboutassociations

¾ UML Packages

¾ Statediagrams

9.1 Iterati veDevelopmentProcess

In thecasestudyof thePOSTsystem,we have carriedout threemajorstepsof development:requirement
analysisand specification,design,and implementation,by mainly consideringonly one usecase,Buy
Items with Cash. For this usecase,we have alsomadeassumptionsto significantlysimplify theproblem
(recallthefiveattributesof complex systems).

However, for somecomplex applications,aniterativedevelopmentprocessor aniterativelife-cycleis more
effectivecomparedwith thewaterfall life-cycle,in whicheachmacro-stepis doneoncefor theentiresystem
requirements.

An iterative life-cycle is basedon successive enlargementandrefinementof a systemthroughmultiple
developmentcyclesof analysis,design,implementation(andtesting).Eachcycle tacklesa relatively small
setof requirements,proceedingthroughanalysis,design,implementationandtesting. Thesystemgrows
incrementallyaseachcycle is completed.This is illustratedin Figure9.1.
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Analysis

Design

Implementation

Iterative Cycles
of Development

Analysis

Design

Implementation

Analysis

Design

Implementation

Time

Figure9.1: Iterative developmentcycles

Noticethattheimplementationresultof aprior cyclecanfeedinto thebeginningof thenext cycle. Thusthe
subsequentanalysisanddesignresultsarecontinuallybeingrefinedandinformedfrom prior implementa-
tion work.

9.1.1 Usecaseand iterati vedevelopment

As for thePOSTsystem,adevelopmentcycle is assignedto implementoneor moreusecases,or simplified
versionsof usecases.This is shown in Figure9.2.

Duringtheprojectplanningstage,usecasesshouldberanked,andhighrankingusecasesshouldbetackled
in earlydevelopmentcycles. Themostusefulstrategy is to first pick usecasesthatsignificantlyinfluence
thecorearchitecture,i.e. theusecasesthatconcernsthemostof theimportantdomainconcepts.

9.1.2 Developmentcycle2 of POST

To illustratetheiterativedevelopment,weconsidertheseconddevelopmentcyclefor thePOSTapplication.
In this cycle, we considerthegeneralBuy Items usecaseby addingmorefunctionality to theBuy Item
with Cashusecase,sothatit approachesthefinal completeusecase.

Thefirst cycle mademany simplificationsothattheproblemwasnot overly complex. Onceagain–forthe
samereason–arelatively smallamountof additionalfunctionalitywill beconsidered:

Theadditionalfunctionalityis thatcash,credit,andcheck paymentswill besupported.
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Development

   Cycle 1

Development Development
........

Use Case A-

Simplified

Version

.....

.....

.....

Use Case A-

Full

Version

........

.......

.......

Use Case B

......

......

.......

Use  Case C

.......

.......

.......

   Cycle 2    Cycle 3

Figure9.2: Usecasedrivendevelopmentcycles

Also, mostof thesimplificationsthatweremadefor thefirst cycle applyto this cycle,suchasthatthereis
no inventorymaintenance,thesystemis notpartof a largerorganization,andsoon.

Now werevisit theBuy Items usecases.This timeweshallalsogive thesub-use-casesPay by Cash,Pay
by Credit, andPay by Check.

Usecase: Buy Items

Actors: Customer(initiator), Cashier.
Overview: A Customerarrives at a checkout with items to purchase.The

Cashierrecordsthepurchaseitemsandcollectspayment.Oncom-
pletion,theCustomerleaveswith theitems.

Typical Courseof Events
Actor Action SystemResponse
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1. This usecasebeginswhena Customerarrivesat
aPOSTcheckout with itemsto purchase.

2. TheCashierrecordstheidentifierfrom eachitem. 3. Determinesthe item price and addsthe
item information to the running sales
transaction.

If thereis more than one of the sameitem, the
Cashiercanenterthequantityaswell.

The descriptionandprice of the current
itemarepresented.

4. Oncompletionof theitementry, theCashierindi-
catesto thePOSTthatitementryis completed.

5 Calculatesandpresentsthesaletotal.

6. TheCashiertells theCustomerthetotal
7. TheCustomerchoosespaymentmethod:

(a) If cashpayment,initiate PaybyCash.

(b) If creditpayment,initiate PaybyCredit.

(c) If checkpayment,initiate PaybyCheck.

8. Logsthecompletedsale.
9. Printsa receipt.

10. TheCashiergivestheprintedreceiptto theCus-
tomer.

11. TheCustomerleaveswith theitemspurchased.
Alternative Courses

¾ Line 2: Invalid identifierentered.Indicateerror.

¾ Line 7: Customercouldnotpay. Cancelsalestransaction.

Usecase: Pay by Cash

Actors: Customer(initiator), Cashier.
Overview: A Customerpaysfor asaleby cashat apoint-of-saleterminal.

Typical Courseof Events
Actor Action SystemResponse

1. ThisusecasebeginswhenaCustomerchoosesto
payby cash,afterbeinginformedof thesaletotal

2. The Customergives a cashpayment–the“cash
tendered”–possiblygreaterthanthesaletotal.

3. TheCashierrecordsthecashtendered. 4. Shows the balancedue back to the cus-
tomer.

5. The Cashierdepositsthe cashreceived and ex-
tractsthebalanceowing.
TheCashiergivesthebalanceowing to theCus-
tomer
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Alternative Courses

¾ Line 2: Customerdoesnot have sufficient cash.May cancelsaleor initiate
anotherpaymentmethod.

¾ Line 7: Cashdrawerdoesnotcontainsufficientcashto paybalance.Cashier
requestsadditionalcashfrom supervisoror asksCustomerfor differentpay-
mentmethod.

Usecase: Pay by Credit

Actors: Customer(initiator),Cashier, CreditAuthorizationService(CAS),
AccountsReceivable.

Overview: A Customerpaysfor a saleby credit at a point-of-saleterminal.
The paymentis validatedby an externalcredit authorizationser-
vice,andis postedto anaccountsreceivablesystem.

Typical Courseof Events
Actor Action SystemResponse

1. This usecasebegins when a Customerchooses
to payby credit,afterbeinginformedof thesale
total.

2. TheCustomergivestheCashierthecreditcard.
3. TheCashierrecordsthe informationof thecredit

cardandrequestsacreditpaymentauthorization.
4. Generatesa credit paymentrequestand

sendsit anexternalCAS.
5. CASauthorisesthepayment. 6. Receivesa creditapproval reply from the

CAS
7 Posts(records)the credit paymentand

approval reply information to the Ac-
counts Receivable system (The CAS
owesmoney to theStore,henceA/R must
trackit.)

8. Displayauthorizationsuccessmessage.
Alternative Courses

¾ Line 4: Creditrequestdeniedby CAS.Suggestdifferentpaymentmethod.

Usecase: Pay by Check

Actors: Customer(initiator),Cashier, CheckAuthorizationService(CAS).
Overview: A Customerpaysfor a saleby checkat a point-of-saleterminal.

The paymentis validatedby anexternalcheckauthorizationser-
vice.
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Typical Courseof Events
Actor Action SystemResponse

1. This usecasebegins when a Customerchooses
to payby check,afterbeinginformedof thesale
total

2. The Customerwrites a checkandgives it to the
Cashiertogetherwith thebankcard.

3. The Cashierrecordsbank card information and
requestscheckpaymentauthorization.

4. Generatesa checkpaymentrequestand
sendsit anexternalCheckAuthorization
Service.

5. CheckAuthorizationServiceauthorizesthe pay-
ment.

6. Receivesacheckapproval reply from the
CheckAuthorisationService

7. Displayauthorizationsuccessmessage.
Alternative Courses

¾ Line 4: Creditrequestdeniedby CheckAuthorizationService.Suggestdif-
ferentpaymentmethod.

9.1.3 Extending the conceptualmodel

Going throughthe ConceptCategory List andusing the nounphraseidentification,we canhave a draft
conceptualmodelshown in Figure9.3.

Check
Approval Request

Credit

Authorization Service
Credit

Approval request

Check
Authorization Service

Credit Check
Approval Reply Approval ReplyBank CardAccounts Receivable

Cash Payment Credit Payment Check Payment Credit Card Check

POST Item Sale ProductCatalogStore

ProductSpecificationCashier Customer ManagerSalesLineItem

Figure9.3: Draft conceptualmodelfor cycle2 of thedevelopmentof POST

9.2 Generalisation

TheconceptsCashPayment,CreditPayment, andCheckPaymentareall verysimilar. A ¿+À�Á�Æ canbepaidby
any of thesemethodsof payment.A partialclassdiagrammodelingthis is givenin Figure9.4.

Therearethefollowing problemswith themodelin Figure9.4:
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Sale

Time
date

CheckPayment

CreditPayment

CashPayment

amount:Money

amount:Money

amount:Money

1

0..1

1 0..1

1

0..1

Figure9.4: A ¿+À�Á[Æ canbepaidby any of thepaymentmethods

1. Therearetoomany distinctassociation(thoughthey havethesamename),onebetweeneachpayment
methodandthe ¿+À�Á[Æ .

2. Themultiplicities in themodeldo not correctlycapturethefact thata ¿+À�Á�Æ is paidby oneandonly
oneof thepaymentmethods;andaninstanceof a

Î À�ÍBÉdÆ�ÅsÈ of any kind is to paya ¿+À�Á[Æ instance.

3. If a new kind of paymentwere introduced,a new associationwould alsohave to be addedto the
model.

4. Themodeldoesnotexplicitly show thesimilaritiesof thethreeconceptsof paymentmethodswhich
probablyhave a largeamountof commonstructure.

9.2.1 The notion of generalization

Theseproblemscanbe overcomeby makinguseof the notion of generalization. Generalization is the
activity of identifying commonalityamongconceptsanddefiningsupertypeandsubtyperelationships.In
a generalization-specialization relationship,oneclassis identifiedasa ‘general’ classanda numberof
othersas‘specializations’of it.

In UML, a generalizationrelationshipis representedby a large hollow trianglepointing to the ‘general
concept’from a ‘specializedconcept’.With thenotionof generalizationandtheUML modellingnotation
for it, theassociationsbetweenthe ¿+À�Á[Æ andthepaymentmethodcanbeclearlydescribedby themodelin
Figure9.6.

9.2.2 The meaningof the generalization-specializationrelationship

Whatis therelationshipof asupertypeto asubtype?

A supertypedefinitionis moregeneral or encompassingthana subtypedefinition.
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Payment

Cash

Payment

Credit

Payment

Check

Payment

Payment

Cash

Payment

Credit

Payment

Check

Payment

Figure9.5: Generalization-specialization hierarchywith separateandsharedtrianglenotations

Cash

Payment

Credit

Payment

Check

Payment

Payment

amount:Money

Sale

time
date

1 1Paid-by

Figure9.6: A ¿+À�Á[Æ canbepaidby oneandonly of thepaymentmethods

For example,considerthesupertype
Î À�Í�ÉdÆDÅsÈ andits subtypes( Û]ÀBÂ9ë Î À�Í�ÉdÆDÅsÈ andsoon). Assumethe

definition of
Î À�Í�ÉdÆDÅsÈ is that it representsthe transactionof transferringmoney (not necessarilycash)

for a purchasefrom oneparty to another, andthatall paymentshave anamountof money transferred.A
Û Ï Æ Ñ ÄTÈ Î À�Í�ÉdÆDÅ_È is a transferof money via a credit institution which needsto be authorized.Thus, the
definitionof

Î À�Í�ÉdÆDÅ_È encompassesandis moregeneralthanthedefinitionof Û Ï Æ Ñ ÄLÈ Î À�Í�ÉdÆDÅsÈ .
If wedefineaclassasasetof objects,thensubtypesandsupertypesarerelatedin termsof setmembership:

All members of a subtypesetaremembers of their supertypeset:

¿sÌJÕ�ÈTÍSÓ�ÆD¿-Æ�ÈFû»¿_Ì�ÓJÆ Ï ÈTÍ9ÓJÆW¿-Æ�È

This is alsotermedastheIs-a-Rule for testingacorrectsubtype:

Subtypeis a Supertype

Inheritance of attrib utesand associations

Whena generalization-specialization hierarchyis created,statementsabouta supertypethat apply to its
subtypesaremade.For example,Figure9.6 statesthatall

Î À�Í�ÉdÆDÅsÈLÂ have anamountandareassociated
with a ¿+À�Á[Æ . All

Î À�Í�ÉdÆDÅsÈ subtypesmustconformto having anamountandpayingfor a ¿+À�Á[Æ . In general,
this ruleof inheritancefrom (conformanceto) asupertypeis the ê�ü�ü�ý Rule:
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ê�ü�ü�ý of the supertype’s definition shouldbe applicableto the subtype. The subtypemust
conformto ê�ü�ü�ý of thesupertypes’s:

¾ attributes¾ associations

Therulesto ensurethatasubtypeis correctarethe ê�ü�ü�ý andIs-aRules.

When to definea subtype

A type partition is adivisionof a typeinto disjoint subtypes.Whenis it usefulto showa typepartition?

Thefollowing arestrongmotivationsto partitiona typeinto subtypes:

1. Thesubtypeshave additionalattributesof interest.

2. Thesubtypeshave additionalassociationsof interest.

3. Thesubtypeconceptis operatedupon,handled,reactedto or manipulateddifferentlythanthesuper-
typeor othersubtypes,in waysthatareof interest.

4. Thesubtypeconceptrepresentsananimatething(for example,animal,robot)thatbehavesdifferently
thanthesupertypeor othersubtypes,in waysthatareof interest.

In a designclassdiagram,in additionto addingnew featuresto a subclass,it sometimeshappensthat a
classrequiresacustomizedversionof amethod(operation)thatit hasinheritedfrom its superclass.

For example,assumethat the ò]ÄTÈLë Ñ�Ï À�ò operationin è�Ò9Ò Ð Ì	Å_È simply adjustthe balanceto take into ac-
count the money withdrawn. A high-interestaccount,on the otherhand,might want to deterinvestors
from making withdrawals by imposinga fixed charge for eachwithdrawal. Whenever a withdrawal is
made,thebalanceshouldadditionallybedecrementedby theamountof thefixedcharge. This meansthat
ã�Ä æ ë�ÇSÅsÈXÆ Ï ÆWÂDÈ°è¨ÒSÒ Ð Ì�ÅsÈ classneedsto refinethe ò]ÄTÈLë Ñ�Ï À�ò operationof of è¨ÒSÒ Ð Ì�ÅsÈ classto provide this
extendedfunctionality.

9.2.3 Abstract classes

Thereis a particularkind superclasses,which arecalledabstract classes. Whenthesystemis running,no
concreteinstanceof anabstractclassis ever created.It is usefulto identify abstracttypesin a conceptual
modelbecausethey constrainwhattypesit is possibleto have concreteinstancesof. A class Ú is calledan
abstract classif everymember(or aninstance)of Ú mustalsobeamemberof asubtype.

Therefore,anabstractclassdoesnot hasinstancesof it own, andevery instanceof this typecreateddur-
ing the executionof the systemis createdvia the creationof an instanceof a subtypeof it. For exam-
ple, assumeevery

Î À�Í�ÉdÆDÅ_È instancemustmorespeciallybeaninstanceof thesubtype Û Ï Æ Ñ ÄLÈ Î À�Í�É�Æ�ÅsÈ ,

ReportNo. 259,July 2002 UNU/IIST, P.O. Box 3058,Macau



144 Generalisation

Û]ÀBÂSë Î À�Í�ÉdÆDÅ_È , or Û�ë�Æ:ÒDØ Î À�Í�ÉdÆDÅ_È . Then
Î À�Í�ÉdÆDÅsÈ is an abstracttype. In contrast,if therecan existÎ À�ÍBÉdÆ�ÅsÈ instances(in thesystem)which arenot membersof a subtype,it is not anabstracttype. These

two casesareillustratedin Figure9.7.

Payment

CashPayment CreditPaymentCheckPayment

(a): Every payment is made by one of the three methods

Payment

CashPayment

CheckPayment

CreditPayment

(b) There are payments which do not belong to any of the three kinds

Figure9.7: (a):
Î À�Í�ÉdÆDÅ_È is anabstracttype;(b):

Î À�Í�ÉdÆDÅsÈ is notanabstracttype

In UML, thenameof anabstracttypein aclassdiagramis italicized, seeFigure9.8.

Cash

Payment

Credit

Payment

Check

Payment

amount:Money

Payment

Figure9.8: Thenameof anabstracttypeis italicized

If anabstracttype is implementedin softwareasa classduringthedesignphase,it will usuallyberepre-
sentedby anabstract class, meaningthatno instancesmaybecreatedfor theclass.An abstract method
is onethatis declaredin anabstractclass,but not implemented;in theUML it is alsonotedwith italics.

9.2.4 Typehierarchiesin the POSTapplication

This sectionpresentsthethegeneralizationsbetweentypeswhich canbejustifiedby thefour motivations
discussedearlier.
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Subtypesof
Î À�Í�ÉdÆDÅ_È

Thesubtypesof paymenthave additionalassociationsthatareof interest,seeFigure9.9.

Cash

Payment

Credit

Payment

Check

Payment

amount:Money

Sale

time
date

1 1Paid-by Payment

Creditcard Check

1

* 1

1

Identified-credit-with Paid-with

Figure9.9: Justifyingthesubtypesof
Î À�Í�ÉdÆDÅsÈ

Subtypesof è³Ì�ÈLë Ð�Ï Äiþ©À�ÈTÄ Ð Å�¿-Æ ÏSÿ ÄTÒWÆ

Thesubtypesof è³Ì�ÈLë Ð�Ï Äiþ©À�ÈTÄ Ð Å�¿-Æ ÏWÿ Ä�ÒSÆ have additionalassociationsthatareof interest,seeFigure9.10.

AuthorizationService

address
name
phoneNumber

Credit

Authorization

Check
Authorization

     Service      Service

CreditPayment CheckPayment

1

*

1

*
Authorizes Authorizes

Figure9.10:Justifyingthesubtypesof è³Ì�ÈLë Ð�Ï Ä�þ�À�ÈTÄ Ð Å�¿¼Æ ÏWÿ Ä�ÒSÆ
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Subtypesof è³Ì�ÈLë Ð�Ï Äiþ©À�ÈTÄ Ð Å Ú Ï À�Å�ÂDÀ�Ò�ÈTÄ Ð Å

The subtypesof è³Ì�ÈLë Ð�Ï Ä�þ�À�ÈTÄ Ð ÅcÚ Ï À�Å�ÂDÀ�Ò�ÈTÄ Ð Å have additionalassociationsthat are of interest,seeFig-
ure9.11.

Payment

    Transaction
Authorization

date
time

Payment
Authorization
   Reply

Payment
Authorization

Request

CreditPayment
  Approval
   Reply

CreditPayment

   Reply
  Approval
   Reply

CreditPayment

   Reply
  Denial

CheckPayment
  Denial

CreditPayment
  Approval

CheckPayment
  Approval

   Request    Request

Figure9.11:Justifyingthesubtypesof è³Ì�ÈLë Ð�Ï Ä�þ�À�ÈTÄ Ð ÅcÚ Ï À�Å�ÂDÀ�Ò�ÈTÄ Ð Å

Modelling changingstates

Assumethata paymentcaneitherbe in anunauthorizedor authorizedstate,andit is meaningfulto show
thisin theconceptualmodel(it maynotreallybe,but assumesofor discussion).Oneapproachto modelling
this is to definesubtypesof

Î À�Í�ÉdÆDÅsÈ : ß�Å_À�Ì�ÈLë Ð�Ï Ä�þ©Æ Ñ�Î À�ÍBÉdÆ�ÅsÈ and è³Ì�ÈLë Ð�Ï Ä�þ©Æ Ñ�Î À�Í�ÉdÆDÅ_È . However, note
thatapaymentdoesnotstayin oneof thesestates;it typically transitionsfrom unauthorizedto authorized.
This leadsto thefollowing guideline:

Do notmodelthestatesof a conceptÜ asa subtypeof Ü . Rather:

1. Definea statehierarchy andassociatethestateswith Ü , or

2. Ignoreshowingthestatesof a conceptin theconceptualmodel;showthestatesin a state
diagraminstead.

Thefirst choiceis shown in Figure9.12.
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Payment PaymentState
* 1Is-in

Unathorized
  Payment

Authorized
  Payment

Figure9.12:Modellingchangingstates

9.3 Mor eabout Associations

9.3.1 Associative types

As we saidbefore,thatattributesof classdescribepropertiesof the instancesof a class.A ¿+ÈTÌ Ñ ÆDÅsÈ class
might have anattribute Å+À�ÉdÆ , for example,andevery ¿_ÈTÌ Ñ Æ�ÅsÈ instancewouldcontaina datavaluegiving
thenameof thestudent.

Sometimes,however, it is necessaryto recordinformationthat is morenaturallyassociatedwith the as-
sociationbetweentwo classesthanwith eitherof the rolesof the the associationindividually. In other
words,an associationbetweentwo classescanhave interestingpropertiesthat needto be modelled,and
thesepropertiescannotbenaturallydescribedasattributesof eitherof theclassesthattheassociationlinks.

For example,considerthe associationÈ`ÀBØ�ÆWÂ betweenthe classes¿_ÈTÌ Ñ Æ�ÅsÈ and ï Ð�Ñ Ì�Á[Æ . Assumethat the
systemneedsto recordall themarksgainedby studentson all themodulesthatthey aretaking. TheUML
notationthatwehave introducedsofar for classdiagramsdoesnotenableusto modelthissituationeasily:

¾ It is not sufficient to adda ÉtÀ Ï Ø attribute to the ¿_ÈTÌ Ñ ÆDÅsÈ class,asa studentin generaltakesmany
modulesandthereforeit will benecessaryto recordmorethanone É�À Ï Ø for eachstudent.An at-
tributewhichallowsasetof marksto bestoredwouldgetroundthisproblem,but wouldnotpreserve
the informationaboutwhich mark wasgainedfor which module. It would not be desirableto get
roundtheproblemby having thestudentinstancesexplicitly storesomekind of moduleidentifiers.
Thiswouldduplicatesomeof theinformationmodelledby theassociationÚ_ÀBØ�ÆDÂ .

¾ Thesameproblemsariseif weconsiderto adda ÉtÀ Ï Ø attributeto the ï Ð�Ñ Ì�Á�Æ class,aseachmodule
canbetakenby many students.

Intuitively, anexammarkis neithera propertythata studenthasin isolationnor a propertythata module
hasin isolation. It is rathera propertyof the associationÚ_ÀBØ�ÆWÂ that linked the studentandthe module.
Whatis requiredis somewayof describingapropertyof anassociation.Thenotionof anAssociativeclass
is introducedfor thispurpose.

In UML, the ÚsÀ�Ø�ÆWÂ associationbetween¿_ÈTÌ Ñ Æ�ÅsÈ and ï Ð�Ñ Ì�Á[Æ is furtherdescribedby anassociative class
in thewayshown in Figure9.13.
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Ø

Student

name

Module

credit

Takes-according-to

Registration

mark
semester

Figure9.13:Associative class

Like othertypes,anassociative typecanbeassociatedwith otherclass.For example,a class(in thesense
of a groupof studentswhoaretaughttogether)might bedefinedasa setof registrations,namelythosefor
all thestudentsregisteredto takeaparticularmodulein aparticularsemester. Thissituationis modelledby
theclassdiagramin Figure9.14.

Ø

Student

name

Module

credit

Takes-according-to

mark
semester

Registration Class
11..*

Contained-in

Figure9.14:Associative classcanbelinkedto anotherclass

For thePOSTapplication,thefollowing domainrequirementsneedtheuseof anassociative type:

¾ AuthorizationservicesassignamerchantID to eachstorefor identificationduringcommunications.

¾ A paymentauthorizationrequestfrom thestoreto anauthorizationservicerequirestheinclusionof
themerchantID thatidentifiesthestoreto theservice.

¾ Furthermore,astorehasadifferentmerchantID for eachservice.

This is modelledby theclassdiagramin Figure9.15.

Cluesthat an associative type might beuseful in a conceptualmodel

¾ An attributeis relatedto anassociation.

¾ Instancesof theassociative typehave a life-time dependency on theassociation.

¾ Thereis a many-to-many associationbetweentwo concepts,and informationassociatedwith the
associationitself.
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Ø

Store

address
name

AuthorizationService

address
name
phoneNumber

ServiceContract

merchantID

Authorizes-payments-via

* 1..*

Figure9.15:An associative classin thePOSTapplication

¾ Only oneinstanceof theassociative typeexistsbetweentwo objectsparticipatingin theassociation.

Thepresenceof many-to-many associationis acommoncluethatausefulassociative typeis lurking in the
backgroundsomewhere;whenyouseeone,consideranassociative type.

9.3.2 Qualified associations

In Figure9.16,a qualifier is usedin an associationto distinguishthe setof objectsat the far endof the
associationbaseduponthequalifiervalue.An associationwith aqualifieris aqualified association.

Ø

TypeX qualifier TypeY1

(a)   Many objects of TypeY are linked to one object of Type X

(b) One object of TypeY is linked to one object of TypeX via an identifier

TypeX TypeY*

Figure9.16:UML notationualifiedassociation

For example,
ÎFÏ;Ð�Ñ ÌJÒ�ÈL¿�Ó�Æ:Ò�ÈTÄ ÔxÒ9À�ÈTÄ Ð Å�Â may be distinguishedin a

ÎFÏ;Ð�Ñ ÌJÒ�È:Û]À�È`À�Á Ð9æ by their UPC,asillus-
tratedin Figure9.17.

We canseethat the useof a qualifier in an associationreducesthe multiplicity at the far end from the
qualifier, usuallydown from many to one.Depictinga qualifierin aconceptualmodelcommunicateshow,
in the domain,thingsof onetype aredistinguishedin relationto anothertype. They shouldnot, in the
conceptualmodel,beusedto expressdesigndecisionsaboutlookupkeys,althoughthatis suitablein later
designdiagrams.
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Ø

Product
Catalog upc

1 Contains 1 Product
Specification

Product
Catalog

Product
Specification

1 1..*Contains
(a)

(b)

Figure9.17:A qualifierin thePOSTapplication

9.4 Packages:OrganizingElements

Theconceptualmodelfor developmentcycletwo of thePOSTapplicationis approachinganunwieldysize;
it indicatestheneedto partitionthemodelelementsinto smallersubsets.

Further, wewould like to grouptheelementsinto packagesto supportahigher-level view.

In UML, apackage is shown asa tabbedfolderasshown in Figure9.18.

¾ Subordinatepackagesmaybeshown within it.

¾ Thepackagenameis within thetabif thepackagedepictsits elements,otherwiseit is centeredwithin
thefolder itself.

Domain Concepts

Core Elements Sales

Figure9.18:A UML package

An element,suchas a type or class,is ownedby the packagewithin which it is defined,but may be
referencedin otherpackages.Whenanelementis beingreferenced,theelementnameis qualifiedby the
packagenameusingthepathnameformat

Î À�ÒDØ�À æ ÆSá¶À�É�Æ¶ç�ç	ì¥Á�Æ�ÉdÆDÅsÈ°áoÀ�ÉdÆ
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A typeor a classin a foreignpackagemaybemodifiedwith new associations,but mustotherwiseremain
unchanged.This illustratedin Figure9.19.

Core Elements

Store POST
1 1..*

Houses

Sales

Core Elements::

    POST

Sale

1

1

Captures

Figure9.19:A referencedtypein apackage

If amodelelementis in somewaydependentonanother, thedependency maybeshown with adependency
relationship,depictedwith anarrowedline. A packagedependency indicatesthatelementsof thedependent
packagein somewayknow aboutor arecoupledto elementsin thetargetpackage.

For example, if a packagereferencesan elementowned by another, a dependency exists. Thus ¿+À�Á�ÆDÂ
packagehasadependency on theCoreElementspackage,seeFigure9.20.

Domain Concepts

Core Elements Sales

Figure9.20:A packagedependency

How to partition the conceptualmodel into packages To partitiontheconceptualmodelinto packages,
placeelementstogetherthat:

¾ arein thesamesubjectarea–closelyrelatedby conceptandpurpose

¾ arein ageneralization-specialization hierarchytogether

¾ participatein thesameusecases

¾ arestronglyassociated.

It is usefulthat all elementsrelatedto the conceptualmodelbe rootedin a packagecalledDomainCon-
cepts, andthatwidely shared,common,coreconceptsbedefinedin a packagenamedsomethinglike Core
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Elementsor CommonConcepts.

9.4.1 POSTconceptualmodelpackages

Thissectiongivesapackageorganizationfor thePOSTapplication.

Domain Concepts

Core

Authorization
Transactions

Sales

ProductsPayments

Figure9.21:Domainconceptpackage

Core package

Putthewidely sharedconceptsor thosewithoutanobviousowner(or home)into theCore/Miscpackage.

Salespackage

Exceptfor theuseof compositeaggregation,thereis nonew concept,attributeor associationadded.

Productspackage

With exceptof compositeaggregation,thereareno new concepts,associationsor attributesaddedto this
package.

Paymentspackage

New conceptsare itentified, new associationsareprimarily motivatedby a need-to-know criterion. For
example,thereis aneedto remembertherelationshipbetweena Û Ï Æ Ñ ÄTÈ Î À�Í�ÉdÆDÅ_È anda Û Ï Æ Ñ ÄTÈ:Û]À Ï;Ñ . Some
associationsarealsoaddedfor comprehension,suchas é³À�ÅJØ�Û]À Ï;Ñ Ç Ñ ÆDÅ_ÈTÄ ÔxÆDÂtÛcÌ	ÂDÈ Ð ÉdÆ Ï .
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POST Store Manager

Core

Sale salesLineItem Cashier Customer

Sales

Item ProductCatalog ProductSpecification

Products

Payment

Cash
Payment

Credit
Payment

Check
Payment

Credit
Authorization
  service

Credit
Authorization
  service

Authorization
  Service

Accounts
Receivable

Bank
Card

Credit
Card

Check

Payments

Figure9.22:Domainpackage

Note the useof the associative type
Î À�Í�É�Æ�ÅsÈ°è³Ì�ÈLë Ð�Ï Ä�þ�À�ÈTÄ Ð Å � Æ¤Ó_Á�Í - a reply arisesout of the association

betweenapaymentandits authorizationservatice.

Authorization TransactionsPackage

Noticethat thenamesof someassociationsareleft unspecifiedasthey canbeeasilyunderstood:transac-
tionsarefor thepayment.

9.5 Modelling Behaviour in StateDiagrams

A statediagramof anobjectshows

¾ all themessagesthatcanbesentto theobject,

¾ theorderin whichmustbereceived,

¾ theeffect of messages– whatactionstheobjectperformsor whatmessagesit sendsto otherobjects
afterreceiving aparticularmessage.
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CreditPayment
  Approval
   Reply    Reply

  Approval
   Reply

CreditPayment

   Reply

CreditPaymentCreditPayment
  Denial

CheckPayment
  Denial   Approval

   Request
  Approval
CheckPayment

   Request

Payment

Authorization
   Reply

Payment

Authorization
   Request

Payment

Authorization
     Transaction

Authorization Transactions

Figure9.23:Anotherdomainpackage

Ø

Store

name
address

POST Manager1 1..*

Houses

1

1..*

Employs

Core

Figure9.24:Corepackage

A statediagramcanalsobeusedto describethe legal sequenceof systeminput eventsin thecontext of a
usecase;andto definethebehaviour, all thestatetransitionsfor theinputeventsacrossall theusecases,of
thesystem.

Events

¾ An event is asignificantor noteworthyoccurrence.

¾ In asoftwaresystem,anobjectmustbeableto detectandrespondto events.

¾ Theeventsdetectedby anobjectaresimply themessagessentto it.

Examples

1. Considera CD playerasa real-world object,which containsa drawer to hold theCD. Supposethe
playerprovidesbuttonslabelled‘load’, ‘play’ and‘stop’.

Theeventsthattheplayercandetectaresimply thepressingof thethreebuttons.

To respondto anevent,suchas‘load’, theplayerwill openthedrawer if it is closed,andwill close
thedrawer if it is open.
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Ø

Cusomter

Sale

date
isComplete
time

Core::POST

SlesLineItem

quantity

Cashier

Core::Store

1

1

Initiates

1

1Captured-on

*

1Logs-completed

1

1

Records-sales-on

1 1..*

Sales

Figure9.25:Salespackage

2. Considera telephone.It candetecttheevent‘the receiver is takenoff thehook’.

Sates

¾ A stateof anobjectis theconditionof theobjectat amomentin time– thetimebetweenevents.

¾ Theobjectbeingmodelledis thoughtof asbeingin differentstatesatdifferenttime.

¾ The definingpropertyof statesis that the statethat an object is in can affect how it respondsto
particularevents.

¾ Thefactthatanobjectis in differentstatescanbeidentifiedby observingit respondingdifferentlyto
thesameeventat differenttime.

Examplesof States

1. At any time,a telephonecanbein oneof thetwo states:Ä Ñ Á�Æ and À�Ò�ÈTÄ ÿ Æ :
¾ It is in stateÄ Ñ Á[Æ afterthereceiver is placedon thehookuntil it is takenoff thehook.¾ It is in stateÀ�Ò�ÈTÄ ÿ Æ afterthereceiver is takenoff thehookuntil it is placedon thehook.

2. TheCD playercanbein oneof at leasttwo states:
Ñ�Ï À�òQÆ Ï�Ù Ó�Æ�Å and

Ñ�Ï À�òQÆ Ï ÛcÁ Ð Â�Æ Ñ :
¾ Whenit is in

Ñ�Ï À�òQÆ ÏBÙ ÓJÆDÅ , it closesthedrawer afterit detects‘load’.¾ Whenit is in
Ñ�Ï À�òQÆ Ï ÛcÁ Ð Â�Æ Ñ , it opensthedrawer afterit detects‘load’.

A third state
Î Á�À�Í�Ä^Å æ canbeidentifiedby consideringtheeffect of the‘stop’ event.

Here,weneedto clarify themeaningof
Ñ�Ï À�òQÆ Ï ÛcÁ Ð Â�Æ Ñ and

Î ÁiÀ�ÍBÄLÅ æ .
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Ø

Sales::

SalesLineItem

Product
Specification

description
price
upc

Item

ProductCatalog

Core::Store
Stocks

1 * 1

0..1

Records-sale-of

Describes

1

*

*

1

Described-by

1 1..*

Products

Figure9.26:Productspackage

StateTransitions

¾ In general,detecting(receiving) aneventcancauseanobjectto movefrom onestateto another. Such
amove is calledastatetransition.

¾ A state transition is a relationshipbetweentwo statesthat indicatesthat whena eventoccurs,the
objectchangesfrom theprior stateto thesubsequentstate.

¾ Thebehaviors of anobjectis describedin termsof it statetransitions.

Examplesof StateTransitions

1. Whentheevent“off hook” occurs,thestatetransitionfrom stateÄ Ñ Á�Æ to state À�Ò�ÈTÄ ÿ Æ is takenplace.

2. If event“load” occurswhentheCD is in
Ñ�Ï À�òQÆ ÏBÙ Ó�Æ�Å state,thestatetransitionfrom

Ñ�Ï À�òQÆ Ï�Ù Ó�ÆDÅ toÑ�Ï À�òQÆ Ï ÛcÁ Ð Â�Æ Ñ is takenplace.

UML Notation for StateDiagram

¾ A UML statediagram illustratestheinterestingeventsandstatesof anobject,andthebehaviour of
anobjectin reactionto anevent.

¾ Statetransitionsareshown asarrows, labelledwith their events.

¾ Statesareshown in roundedrectangles.

¾ It is commonto includeaninitial pseudo-statewhichautomaticallytransitionsto anotherstatewhen
theinstanceis created.
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Ø

Ckeck
Authorization
  Service

Payment

amount

CheckCredit
PaymentCashPayment

amountTendered

Core::Store AuthorizationService

address
name
phoneNumber

Authorizes-payment-of

1 1..*

ServiceContract

merchantID

Authorization
  Service

Creditpayment

** *

*

Authorized-by

Authorized-by

Ckeck

1

1

Pays

CreditCard
expiryDate
number

BankCard

number

*

*

1
Accounts
Receivable

1

Logged-in

Establishes-
credit-for

*

*
Establishes-

identity-for

Sales::Customer

1

1
Identifies

AuthorizationTransaction::
PaymentAuthorizationReply

Payments

Figure9.27:Paymentspackage

This is shown in Figure9.29

Example: CD Player Figure9.30givesastatediagramfor theCD player.

A final staterepresentsthestatereachedwhenanobjectis destroyed,or stopsreactingto events.

Guards

¾ For theCD player, it is not correctthattheplayeralwaysgoesinto playingstatewhentheplaybutton
is pressed– evenwithoutaCD in thedrawer.

¾ It shoulddosoonly whenthereis aCD in thedrawer. Moreprecisely:

– Whenthe event ‘play’ occurs,the playergoesinto the
Î ÁiÀ�ÍBÄLÅ æ stateif thereis a CD in the

drawer.

– Whenthe event ‘play’ occurs,they play goesto
Ñ�Ï À�òQÆ Ï ÛcÁ Ð Â�Æ Ñ stateif thereis no CD in the

drawer.

¾ This indicatestheneedof aconditionalguard – or booleantestfor astatetransition.

¾ A guardedstatetransitioncanbetakenonly whentheguardis true.

Examplesof Guarded Transitions

Diagramsin Figure9.31show theUML notationfor guardedtransitions.

Actions

ReportNo. 259,July 2002 UNU/IIST, P.O. Box 3058,Macau



158 Modelling Behaviour in StateDiagrams

Ø

Core::Store

Payment::
Authorization
  Service

Authorization
Transaction

Payment

date
time

Payment

Authorization
    Reply

Payment

Authorization
    Request

CreditPayment
   Approval    Approval

CreditPayment
   Approval
    Reply

CreditPayment

    Reply
   Approval
    Reply     Reply

   Denial
CheckPayment

   Denial
CheckPayment

    Request

CheckPayment

    Request

Payments::

CreditPayment

Payments::

CheckPayment

1

*

Receives Sends

1

*

1

*

Sends

1

*

Receives

1

1

1

1

1

1

1

1

1

11

1

Authorization Transactions

Figure9.28:Paymentspackage

Ø

Idle Active
off hook

on hook

Figure9.29:UML notationfor statediagrams

¾ A transitioncancauseanaction to fire.

¾ In a softwareimplementation,firing an actionmay representthe the invocationof a methodof the
classof theobjectof thestatediagram.

¾ An actionmustbecompletedbeforethetransitionreachesthenew state.

¾ An actioncannotbeinterruptedby any othereventthatmightbedetectedby theobject– actionsare
atomic.

Examplesof Actions areshown in Figure9.32.

NestedStates

¾ A stateallowsnestingto containsubstates.

¾ A substateinheritsthetransitionsof its superstate(theenclosingstate).
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Ø

Closed

Playing Open

powerOn

stop

play
stop

play

load

play

stop

powerOff

powerOff

load

load

Figure9.30:A satediagramof theCD player

¾ Nestedstatecanbe usedto refinea statediagramat a higher level of abstractinto onewith finer
states.

¾ Nestedstatescanbeusedfor bettermodellingof thebehaviour of anobject.

Examplesof NestedStatesareshown in thediagramsin Figure9.33.

UseCaseStateDiagram

¾ A usefulapplicationof statediagramsis to describethe legal sequenceof systeminput eventsin a
usecase.

¾ For example,considertheBuy Items usecase

– It is not legal to performthe É�ÀBØ�Æ�Û Ï Æ Ñ ÄTÈ Î À�ÍBÉdÆ�ÅsÈ operationuntil the ÆDÅ Ñ ¿-À�Á�Æ eventhashap-
pened.

Thiscanbeillustratedin Figure9.34.

A StateDiagram for
Î�Ù ¿]Ú

¾ A
Î�Ù ¿�Ú instancereactsdifferently to the ì¥ÅsÈXÆ Ï ÇWÈXÆDÉ message,dependingon its statasshown in

Figure9.35
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Ø

stop

stop

load

play  [CD in]

play  [CD in]

play  [no CD]

play  [no CD]

play

load
load

Closed

OpenPlaying

Ø

Idle Active

off hook

[valid subscriber]

on hook

Figure9.31:Guardedtransitions

Ø

Closed Open

Idle Active

load / open drawer

load / close drawer

off hook / paly dial tone

[valid subscriber]

on hook

Figure9.32:Examplesof actions
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Ø

Idle

PlayingDialTone

Dialing Connecting

Talking

Active

digitdigit
connected

complete

off hook / play dial tone

[valid subscriber]

on hook

Ø

Cloded

Open

play

[no CD]

loadload

stop

Not Playing

Playing play

[CD in]

Play

poweroff
poweroff

load

stop

Figure9.33:Nestedstates

Ø

WaitingForSale EnteringItems

WaitingForPayment

AuthorizingPayment

enterItem

makeCashPayment

enterItem

endSale

handleReply

makeCheckPayment

makeCreditPayment

Figure9.34:A satediagramof Buy Itemsusecase
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Ø
WaitingForSale EnteringSale

enterItem

enterItem

Figure9.35:A statediagramfor the
Î�Ù ¿�Ú object
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Chapter 10

SummingUp

Topicsof Chapter 10

¾ Summingup thematerials

¾ Thescopeof theexam

¾ About therevision

WeusetheUML notationfor packageto summerizethematerialsof thiscourse.

Ø

(Chapters 1-3) (Chapters 4-8)

Basic OO Technique

Advanced Topics

MC206

Introductory Material

Figure10.1:ThreePartsof theCourse
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Ø

OO Requirement Analysis

  (Chapters 4-5)

OO Design

(chapters 6-7)

OO Implementation

(Chapter 8)

Basic OO Techniques

Figure10.2:TheBasicOOTechniques

Ø

Problem Descriptions
          &
System Functions

Conceptual ModelUse Case

System Sequence Diagram System Operation Contract

Leads-to

Is-used-to-create

Identifies

Is-created-from

Identifies Has

Is-the-context for defining
 Is-useful-for

Requirement Phase

Figure10.3:Requirementphase

Ø

Use Case

Real UseCase

High Level
Use Case

Exapanded

Use Case

Use Cases

Essential Use Case

Question:
Processes?

Answers

Figure10.4:UseCases
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Ø

Conceptual Model

Concept
Has

Association

Use Cases::Exapanded Use Case
Is-built-from

Category-List/Noun-phrases

Are techniques for creating

Conceptual Models

Attributes

Questions

Concepts? Associations? Attributes

Answers

Figure10.5:ConceptualModel

Ø

Use Cases:: Expanded Use CaseSSD
Is-Created-from

System Operations

Identifies

Question: what are the system operations

Answers

System Sequence Diagrams

Figure10.6:Systemsequencediagrams

Ø

Contract

Responsibility Preconditions Postconditions

Is-for

Creation
Attribute
Modification

Association
Formed

Depends-upon

Use Cases::Expanded Use Case

Depends-on

Conceptual Models::Conceptual Model

System Sequence Diagrams:: System Operations

Instance

Question:What does an operation do?

Answers

Contract for Operations

Figure10.7:Contract
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166 SummingUp

Ø

Collaboration Diagram Design Class Diagrams

Patterns Cotracts for Operations::Contract Conceptual Models:: Conceptual Model

Expert Low Coupling

High Cohesion

Creator

Is-created-according-to
Is-based-on

Leads-to

Is-Based-on

Design Phase

Controller

is-according-to

Ø

Design Phase::Collaboration Diagram

Design Phase::Design Class Diagrams

Mainly-depends-on
Method Definition

Maninly-depends-on

Class Definition

OO code

OO Implementation

Figure10.8:DesignPhase

Ø

Generalization Associative Type State Diagram

Advanced Modelling

Package

Iterative Life-cycle

Advanced Topics

Figure10.9:AdvancedTopics
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Chapter 11

Coursework

11.1 Bvis Car Hir eCompany: The ProblemDescription

You areinvited to designa computersystemfor a carhire company. Thesystemwill recorddetailsof the
company’s fleetof carsandits hire transactions.A conversationwith thedirectorof thecompany produced
the following descriptionof the requirementsfor the system. The requirementswerebasedon the way
thecompany currentlyworkswith a “paper-based”manualsystem.Thecurrentmanualsystemworksas
follows:

� Thecompany keepsafile of its customers.Whenregisteringanew customerthefollowing informa-
tion is recorded:name,telephonenumberandaddress.Thecustomerfile is usedfor all customers–
notethat“non-regular” customerscanberemovedfrom thecustomerfile.

� For eachcar, the detailsrecordedshouldinclude its registrationnumber(unique),make, model,
enginecapacity, hire class(1 - 6) andthedateof registration,togetherwith thedateof eachservice,
themileageat theservice,andthenameof themechanicresponsible.Themileageof eachcaris also
recorded– this is updatedeachtimea caris returnedfrom ahire.

� Carshaveaminorserviceevery6,000milesandamajorserviceevery12,000miles(approximately).
Carsare servicedat the first opportunitywhen they exceeda serviceinterval. The company has
its own garageandoneof its mechanicsis put in charge of a particularservice. The management
requiresthat the dateof any serviceperformedon a car is recorded,togetherwith the nameof the
mechanicresponsiblefor theservice.

� Whena vehicleis hired,if thecustomeris not known to thesystem,their name,address,telephone
number, anddriving licencenumberarerecordedon the hire form, togetherwith the identification
of thehiredvehicle. Thedatesof thebeginning andendof thehire arerecorded(thesecondis an
estimateandwill beupdatedwhenthevehiclesis returned)asarethenumberof milesat thestartof
thehireperiod.

� Whenthecar is returned,actualreturndateandthemileagearerecordedin thehire agreementfile,
andthecostof hire is calculated,basedon thedaily hire rate. Thecustomermustmake a payment
(by cashonly) andgeta receiptbeforeleaving thecompany.
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168 Bvis Car Hir e Company: The ProblemDescription

� Themanagementrequiresthatevery completedhire is recordedwith thedetailsof thecustomer, the
datesof thebeginningandendof hire,andtheamountof thepayment.

� Thereis a recordkept for eachhire classof vehicles:thedaily, weekly, andmonthlyhire ratesare
recorded.Theseratesvary from modelto modelaccordingto thehireclass.

� Thegaragekeepsa recordof thename,addressandhometelephonenumberof eachmechanic;the
managementmustkeeptrack of the mechanicswith the samenameandtelephonenumber. It is a
requirementof thecompany thatall mechanicsholdacurrentdriving license.

You areto develop andimplementa computer-basedsystemto replacethe currentmanualsystem.The
systemshouldbepaperless.Functionsareto beprovidedfor thefollowing queriesandupdates.

1. Registeranew customer.

2. Recordthataparticularcarhasbeenhired.

3. Recordthataparticularcarhasbeenreturned.

4. Calculatethecostbasedon thedaily hire rate.

5. Displaytheappropriatedetails,andprint outa receipt.

6. Log acompletedhire.

7. Recordaservicefor aparticularcar, togetherwith thedateof theservice,thetypeof theservice,and
thenameof themechanicresponsible.

8. Removeacustomer.

9. Add anew carto thefleet.

10. Deleteacarthatis no longerin thehirefleet.

11. Add amechanicwhohasjoinedthecompany.

12. Remove thedetailsof amechanicwhohasleft thecompany.

13. Determineif aparticularcaris duefor aparticularservice.

14. List theinformation(history)aboutall hiresfor aspecifiedcar.

15. List theinformation(history)aboutall servicesthataspecifiedcarhashad.

Questions

1. CharacterisetheBvis CarHire Company describedabove in termsof thefiveattributesof acomplex
systemdiscussedin Chapter3 of thecoursenotes.Elaboratetheproblemdescriptionasnecessaryto
supportyouranalysis.

2. Presentthesystemfunctionsaccordingto theguidelinesin Section4.1of thecoursenotes.
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Bvis Car Hir e Company: The ProblemDescription 169

3. Identify theessentialusecaseswhich cover andsupporttheunderstandingof therequiredfunctions
in theproblemdescription.

4. Write anexpandedversion for eachof theseusecases.

5. Draw a usecasediagramfor the usecasesthat you identifiedin the previous questionto show the
relationshipsbetweentheactorsandtheusecases,andtherelationshipsbetweentheusecases.

6. Usingtheguidelines,strategies,andnotationdiscussedin Chapter5of thecoursenotes,work through
theproblemstatementandtheuse-casemodelthatyouhave producedto identify classes(concepts),
associations,andattributesin theapplicationdomain.Youshouldgive enoughdiscussionto support
your identification.Draw aconceptualmodelwhichincludes,theclasses,associations,andattributes
thatyouhave identified.

7. Use the techniquesdiscussedin Chapter6 of the coursenotesto identify the systemoperations
from thetypical courseof eventsof theusecasesthatyou have produced.Draw a systemsequence
diagramsfor the typical courseof eventsof the usecasesthat you think most significantfor the
developmentof thesystem.

8. Basedonyouruse-casemodelandconceptualmodelthatyouhave produced,write thecontractsfor
thesystemoperationsthatyou have identifiedin Question2 of this worksheet.You mayfind that
you needto refineor modify your use-casemodelandconceptualmodelwhile you areworking on
thisquestion.

9. Basedontheuse-casemodelthatyouproduced,theconceptulamodelandthecontractsof thesystem
operationsthatyou defined,work outadesignfor thesystem.Thedesigndocumentshouldinclude

(a) Thecollaborationdiagramswhichshow theassignmentof responsibilitiesto classesof objects.

(b) Enoughdiscussionabouttheuseof thepatternsin yourassignmentof responsibilitiesto classes
of objects.

(c) Thedesignclassdiagramswhichshows themethods/operationsof classes.

Again,you mayfind thatyou needto refineor modify your use-casemodel,conceptualmodel,and
thecontractsof thesystemoperationswhile youareworkingon thisquestion.

10. Following yourcollaborationdiagrams,defineJava definitionsfor at leasttheclassesin yourdesign
classdiagrams.
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