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Abstract. Softwaredesigninconsistencycanbe hardto tracemanually. Com-
puterassistancein detectingandresolvinginconsistencyissuescanhelpimprove
the quality of sophisticatedsoftwaredesigns.This paperdescribesa rule-based
(or productionsystem)solutionto theaforementionedproblem.We characterize
classesof inconsistencythatoccurin softwaredesign.Wede�ne aproductionsys-
temlanguageandrulesspeci�c to softwaredesignsmodeledin UML. Usingthis
approach,weareableto detectinconsistencies,notify theusers,recommendres-
olutions,andautomatically�x theinconsistencyduringthedesignprocess.

1 Intr oduction

Maintainingconsistencyin a large,evolvingdesignmodelis dif�cult. Changesto the
modelmayintroduceinconsistencies,whichthenneedtobedetectedandresolved.A de-
signmodelis inconsistentif it containscon�icting informationaboutthesystem,and/or
violatesprede�nedconstraints.Suchconstraintsincludebothgoodpracticesfor thiskind
of designandspeci�c requirementsfrom thestakeholdersfor this system.Thetermin-
consistencyrefersto asingleinstanceof suchcon�ict or violation.To manuallyidentify
andresolvedesigninconsistenciescanbetediousanderrorprone.Computerassistance
in handlingdesignconsistencyissuesis inevitablyrequired.

Recently, a numberof researchteamshavemadeprogressin providingcomputer-
baseddesignconsistencychecking,notablythexlinkit tool [17], Argo/UML [23], and
theprocess-orienteddesignguidanceapproach[5]. Inconsistencyhasalsobeenrecog-
nizedasa majorchallengein requirementsengineering[20], andvanLamsweerdehas
developeda typologyof inconsistenciesthatoccurin goal-basedrequirementsmodels
[29]. However, asyet, no suchtypology hasbeendevelopedfor inconsistencyin de-
signmodels.ForUML, constraintsexpressedin OCL [21] areintendedto maintainthe
well-formednessof theUML semantics.Weareinterestedin abroaderclassof inconsis-
tencies,includingproblemsrelatedto informationredundancy,nonconformancetostan-
dardsandrequirements,andthepropagationof changethrougha modelasit evolves.

Our goal is to developa softwaredesignenvironmentthatautomatesthedetection
andresolutionof designinconsistenciesin designmodels.Observationsof softwarede-
veloperssuggestthat designersoften tolerateinconsistenciesin their modelsbecause
thealternativesmaybeto leaveinformationout,or to makeprematuredesigndecisions
[19]. Hence,a supportenvironmentshouldnot try to preventinconsistency, andneeds
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to be�exible in themannerin which it indicatesthepresenceof inconsistenciesto the
designer. Ourapproachis to detectandtrackinconsistenciesautomaticallyasthedesign
modelis edited,andto suggestlikely resolutionswherepossible.Our approachusesa
productionsystemrunningin thebackgroundof aneditor. Theproductionrulesrecog-
nize inconsistencies,andtrack themby addingentriesto the working memoryof the
productionsystem.Theuseof a productionsystemgivesusa powerfulpatternmatch-
ingapproachto inconsistencydetection,andallowsrulestomodify thebehaviorof other
rules,dependingon thecontext.

We de�ne aclassi�cationschemeof designinconsistenciesthatoccurin thedesign
representation,anddevelopour productionrulesbasedon theseclassesof inconsisten-
cies.Thispaperpresentspartof ourclassi�cationschemeof designinconsistenciesand
describesaninconsistencyidenti�cation mechanismspeci�c to UML designmodels.

Section2 describestheclassi�cationschemeandexamplesof designinconsisten-
cies.Section3 introducesproductionsystems,andde�nesselectedUML constructsin
productionsystemanddesigninconsistencyrules.Section4 describesthearchitecture
of theimplementation,evaluatesandcomparestherule-basedapproachtootherresearch
results.Section5 drawsconclusionsandsummarizesfuturework.

2 Classesof DesignInconsistency

We cananalyzesoftwaredesignconsistencyfrom two perspectives.Oneis thedesign
description, which is concernedwith maintaininga consistentrepresentationof thede-
sign.Anotheris theactualdesign, which is concernedwith building theactualsystem
whereinconsistenciesmayarisefrom implementingdesignconcepts.

Wepresentthreeclassesof inconsistencieswithin thedesigndescription:redundancy,
conformancetoconstraintsandstandards,andchange.Theseclassescoversyntacticand
semanticinconsistenciesof the descriptionlanguage,andlanguage-independentcon-
straintsandstandards.Examplesaredrawnfor eachclassin UML. A detaileddiscussion
of theclassi�cationschemeandinconsistencieswithin theactualdesigncanbefoundin
[15].

Redundancy Oneof the most frequentlyoccurringinconsistencysourcesis redun-
dancyof information.More speci�cally, a redundancyoccurswhena designartifact
(perhapspartial)is representedmultipletimes,possiblyin varyingviews.Redundancies
canoccureitherin designor datarepresentation.
Designrelatedredundancyariseswhentwo designunits havecommonelements,or
overlap[28], in the representation.For example,a structural redundancyrefersto an
overlapbetweenseveralstructuraland/orbehavioraldiagrams.It is knownasstructure
clashin thecontextof requirementsspeci�cations[29]. Suchredundancymaybe de-
sirablesinceit canprovideadditionalinformationto a requirementspeci�cationfrom
differentperspectives,anddescribethebehaviorof a designunit undervariousscenar-
ios.Forinstance,in modelingfeatureinteractions[30], two kindsof featuredependence
relationscanbeintroduced,specializationandinterference. In bothcases,thereis redun-
dantinformation.

Forexample,in UML, featurescanbeexpressedasusecases,whichcanbefurther
elaboratedusingbehavioralmodelingconstructssuchassequencediagramandcollabo-
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rationdiagram.Wede�ne afeature,� , to beaspecializationof anotherfeature,� , if �

meetsall of therequirementsof � . Thiscanbeexpressedusingusecasegeneralization,
in which “the child usecaseinheritsthebehaviorandmeaningof theparentusecase;
thechild mayaddto or overridethebehaviorof its parent;andthechild maybesubsti-
tutedanyplacetheparentappears”[2]. Basedon this de�nition, we saythedesignis
consistentif � is asubgraphof � . Thisis illustratedusingtheMeetingSchedulerexem-
plarin �gures 1(a)to 1(c),wheretheusecasesareelaboratedby therespectivesequence
diagrams.Notethat�gure 1(b) is a subgraphof �gure 1(c).An inconsistencyoccursif
thesubgraphpropertyis violated.

Request a new meeting Request a specific meeting

(a)UseCaseDiagram:Requesta New Meeting

i : Initiator : OrganizeMeeting m: Meeting

new()

initiateMeeting()

return m

completed

(b) SequenceDiagram:RequestaNew
Meeting

i : Initiator : OrganizeMeeting m: Meeting

new()

return m

addLocation(l, m)

addTime(t, m)

initiateMeeting()

completed

(c) SequenceDiagram:RequestaSpe-
ci�c Meeting

Fig.1. FeatureDependenceRelation– Specialization

Thesecondexampleshowsfeatureinterferencemodeledin a statediagram,where
two or more featureshaveoverlappingspeci�cations,and the stateswith con�icting
propertiesmay be reachablewhentheir guardingconditionsaresatis�ed at the same
time.In �gure 2, aninconsistencymayoccurif bothfeaturesareenabled,sincethedes-
tinationstateshavecontradictoryproperties.Standardsolutionsincludefeatureprioriti-
zation.

In theaboveexamples,informationisconveyedthroughtheintegrityof multipleper-
spectives,andconsistencycanbemaintainedby toleratingtheredundancy. Thus,over-
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Initiate a

Call

Display
Caller ID

Hide
Caller ID

Initiate a
Call

Fig.2. TelephoneFeatureInterference

lapsof designunitsarenecessaryconditionsof theinconsistenciesarisingfrom redun-
dancy, butnot suf�cient conditionsthereof.
Data relatedredundancyusuallyarisesfrom thecomplexrelationsbetweendata.For
example,a dataobjectmayberelatedto otherobjectsvia multiple pathsin theobject
diagram.Whenchangesaremadeto thisobject,all pathsmustbeveri�ed for validity. In
somecases,removingredundantdatarelationscansimplify themodelandhelpkeepthe
modelconsistent.Figure3describesthecasewheretherelationsbetweenMeetingRoom
andCoordinatorarerepresentedin bothdirectionsin anobjectdiagram.Eliminatingone
of therelationsmakesthemodelsimpler.

Relation

Booked IsAssignedTo

Booked

MeetingRoom Coordinator

IsAssignedTo

Fig.3. DataRepresentationRedundancyin theMeetingSchedulerExample

Conformance to Constraints and Standards In softwaredesigns,therearemany
considerationsoutsideof thesystemrequirements.Theseextra-requirementsincludecon-
formanceto constraints[21], standards[13,10], andpatterns[12].
Constraintscanbefrom intra-systemcon�icts, inter-systemmismatches,andthemod-
eling language.In UML, theconstraintsarespeci�edby OCL [21]. Examplesfrom the
UML FoundationandCoreConstraintSetareincludedbelow.

1. TheAssociationEndsmusthavea uniquenamewithin theAssociation.
2. No Attributesmayhavethesamenamewithin a Classi�er.
3. At mostoneAssociationEndmaybeanaggregationor composition.

Standardsincludebestpractices,industrystandards,andcorporatestandards.Confor-
manceto standardsis requiredin manydevelopmentcultures.Nonconformanceto stan-
dardsraisesinconsistencies,andneedtobeidenti�ed. Forexample,awell knownobject-
orienteddesignstandard,theLawof Demeter, statesthat“Themethodsof a classshould
not dependin anyway on thestructure of any class,exceptthe immediate(top-level)
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structure of their ownclass.Further, eachmethodshouldsendmessagesto objectsbe-
longingto a verylimitedsetof classesonly.” [27]

We illustratetheviolationof this designconceptbasedon theaboveinterpretations
by asimplelibrary example.A borroweris trying to locatecopiesof abookby aknown
author. Theborrowerasksthelibrarianto �nd thebookby its uniquecall number, and
thenusestherecordof thebookto locatethecopiesof thebook.It canberepresented
in Javacodeasthefollowing:
class Borrower

�������

getLibrarian().findBookByCallNumber().li stCopi es();
�����

�

Theexampleis illustratedby a sequencediagramin �gure 4(a).Theviolation hereis
that,in orderto receiveinformationprovidedby theBookRecord , theBorrower tra-
versesthelinkstotheBookRecord providedbytheLibrarian .Thecorrectionisshown
in �gure 4(b).

a : Borrower b : Librarian c : BookRecord

1. b = getLibrarian()

2. c = findBookByCallNumber()

3. p = listCopies()

(a) Violation

a : Borrower b : Librarian

1. b = getLibrarian()

2. c = ()

(b) Correction

Fig.4. An Library ExampleonConformanceto theLaw of Demeter

Softwaredesignpatternsarewell knownbothin theliteratureandin practice.To beable
to usethese,adesignermuststudythemin depthanddeterminewhichpatternis appli-
cableto theproblemin hand.This canbea dif�cult task.In particular, misusescanbe
introduceddueto misunderstandingandmisinterpretationof thepattern.Therefore,we
de�ne inconsistenciesthatarisefrom misusesandviolationsof patterns.This requires
methodsto recognizethepatternandcheckfor violation.Two examplesfrom [12] are
includedbelow.

TheSingletonpatternis anobjectcreationalpattern.It ensuresthat thedesignated
classhasonly oneinstanceandis ableto provideaglobalaccesspointto theinstance.It
canbeusedwhenmultiple instancesof aclassareprohibitedin asystem,or to preclude
theunnecessaryobjectinstantiationsof a class.For example,a systemcanhavemany
printers,but shouldonly haveoneprinterspooler. Moreover, theSingletonclassis re-
sponsiblefor providingaccessto thereferenceto theinstance.This patternis violated
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if a singletonclassis usedin thedesignandinstancesof this classarestoredby other
classes.

TheFaçadepatternis anobjectstructuralpattern.It is usedto provideasetof inter-
facestoasubsystemwhichallowseasyaccessto thesubsystem.Theintentof thispattern
is to minimizecommunicationanddependenciesbetweensubsystemsin orderto reduce
thecomplexityof thewholesystem.Figure5 illustratestheuseof Façadepatternin a
subsystemaccessingmodel.If aclassdiagramof adesignresemblesthediagramonthe
left, aFaçadepatterncanbeemployed.If theuseof theFaçadepatternis appropriatein
thedesign,thentheabsenceof a façadeis inconsistentwith thispractice.

Facade

client classes

subsystem classes

Fig.5. TheFaçadedesignpattern(on theright)

Change A softwaredesignmayundergonumerouschangesbeforecompletion,dueto
changerequests,performancetuning,andcorrectionof environmentassumptions.Dur-
ing theprocessof makingdesignchanges,inconsistenciesmayeasilybeintroduced.

Onesourceof inconsistencyis in makingchangesusingedit blocks.An edit block
is agroupof editstepsrequiredto completeadesiredchangeto thedesignmodel.If the
stepsarenotperformedasonegroup,it is possiblethatsomestepsmaybemissed,thus
puttingthedesignmodelin aninconsistentstate.

For example,anedit block canbea designmodeltransformationfrom onerepre-
sentationto another. Whenchangesaremadeincrementallyby hand,the systemwill
remainin an inconsistentstateduring the entiremodi�cation process.If an unrelated
changerequestis receivedduringthisprocess,theneitherthenewrequesthasto beput
onholduntil themodi�cation is complete,or newinconsistencieswill beintroducedto
themodel.An exampleof suchis to converta designrepresentedin UML to onein an
architecturaldescriptionlanguage,e.g.,Rapide[16].

3 InconsistencyIdenti�cation

In section2, a numberof classesof generallyoccurringdesigninconsistenciesarepre-
sented.Weobservedthatto identify theseinconsistencies,wecande�ne patternsorcon-
ditionsthatmatchtheviolationstodesignconsistencies.Moreover, it isdesirabletohave
automatedor computer-assistedresolutionto them.This leadsnaturallyto theproduc-
tion system(or rule-based)solution.
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In thissection,wede�ne UML constructsandinconsistencyelementsfor production
system,presentrulesthatcaptureclassesof inconsistenciesfrom section2, andde�ne
theidenti�cation andresolutionprocesswithin theproductionsystem.We �rst review
productionsystemconcepts.

A productionsystemis a reasoningsystemthat usesforward-chainingderivation
techniques.It usesrules,calledproductionrulesor productionsin short,to representits
generalknowledge,andkeepsanactivememory, knownastheworkingmemory(WM),
of facts(or assertions)whicharecalledworkingmemoryelements(WMEs) [3,11].

A productionrule is usuallywritten in thefollowing form:
IF conditions THEN actions

The conditions, alsoknown aspatterns, arepartial descriptionsof working mem-
ory elements,whichwill betestedagainstthecurrentstateof theworkingmemory. For
example,thefollowing ruledebitsabankaccount.

IF (transaction type:"debit" amount: x accountid: a)
(account id: a balance: y

�

���

x � )
THENREMOVE1

MODIFY 2 (balance [ y-x ])

wherea, x andy arevariables;
���

x � is a testfor balance
�

x ; REMOVE1 deletesthe
�rst (i.e. transaction ) WME from theworking memory;andMODIFY 2 selectsthe
secondWME andassignsthevalueof y-x to balance .

Eachconditioncanbeeitherpositiveornegative.A negativeconditionisof theform
- cond , wherecond representsapositivecondition.A ruleisapplicableif all of thevari-
ablescanbeevaluatedusingtheWMEs in thecurrentWM suchthattheconditionsare
met.A positiveconditionis satis�edif thereis amatchingWME in theWM; anegative
conditionis satis�edif thereis nomatchingWME in theWM.

A workingmemoryelementhasthefollowing form,
(type attribute � :value � ... attribute � :value � )

wheretype andattribute � areatoms,i.e. a stringwithin “ ”, a word,or a numeral;
andvalue � is anatomor a list within ().

Thebasicoperationof aproductionsystemis acyclic applicationof threestepsuntil
nomorerulescanbeapplied:

1. recognize: identify applicableruleswhoseconditionsaresatis�edby theWM;
2. resolvecon�ict : amongall applicablerules(or con�ict set), chooseoneto execute;
3. act: applytheactiongivenin theconsequentof theexecutedrule.

Thepriority schemefor con�ict resolutionis usedin our method.In this scheme,a
rule is chosento executeby its preassignedpriority. In caseof thesamepriority, the�rst
rule in orderof presentationis chosen.Otherschemescanbefoundin [3,15].

3.1 InconsistencyIdenti�cation Using Production System

Toidentify inconsistencyin UML designmodels,wede�ne productionruleswhosecon-
ditionsdescribeinconsistencyinstances,andwhoseconsequentactionsdescribeappro-
priateresolutionsto theseinstances.By convertinganUML modelto andfrom thepro-
ductionsystemrepresentation,we canusethe productionsystemto checkfor incon-
sistenciesandresolvethemappropriately. Most actionsrequireuser's input; therefore,



8

weuseanapproachsimilar to Argo/UML in thatit deliversinconsistencynoticesto the
user's workspace,andhavetheuserinitiate theresolutionandprovideinput data.The
detailsof theimplementationaredescribedin section4.

In this section,we �rst de�ne working memoryelementsfor UML constructsand
necessaryinformationto representinconsistenciesandtheir resolutionscheme.Next,
we describefour typesof rulesthatarede�ned to ensurethevalidity of inconsistency
status:

– inconsistencyrulesthatidentify inconsistenciesof designs;
– resolutionrulesthatrespondto user'schoiceof �xing;
– cleanuprulesthatremoveexpiredinconsistencyworkingmemoryelementsandthe

correspondingworkspaceitems;
– orphancontrol rulesthatremovetheworkingmemoryelementswhoseparentWME

eitheris invalid or hasbeendeleted.

Last,wedescribedynamiccontrolswhich let theuserenableanddisableinconsistency
rules.

De�nitions for Working Memory Elements WhileusingthegeneralWME represen-
tation,thecompositionrelationbetweentwo elements(e.g.,a classandits methodare
regardedastheparentandchild respectively)is representedthroughtheattributepid in
thechild clause.Sinceeachchild hasonly oneparent,but eachparentmayhavemore
thanonechild, in this con�guration, thechangein the list of childrenwill not require
modi�cation to theparent,thusminimizingmaintenanceof existingWMEs.

For example,thefollowing two working memoryelementsdescribea public class,
Meeting , andits public attribute,time , of classTimeStamp .

(class id:cls001 name:Meeting modifier:public)
(attribute id:attr001 pid:cls001 name:time classtype:TimeStamp

modifier:public)

Thedetailedde�nitions of working memoryelementscanbefoundin appendixA and
in [15].

For eachinconsistencyrule, if theconditionis satis�ed,oneor moreinconsistency
WMEsareaddedto theworking memory. The inconsistency typede�nesthemain
inconsistencyworking memoryelement,which indicatesthe occurrenceof an incon-
sistencyin a designandthelocationinformationof theinvolveddesignelements.The
userchoice typeprovidesresolutionoptionsto theuser. Theuserinput typerepre-
sentsinput from theuserto a selectedresolutionoption.

InconsistencyRules In thissection,wepresentexamplesof productionrulesthatcap-
ture the inconsistenciesidenti�ed in section2. The formalizationof theconditionsof
eachrule describestheviolation of a consistencyrequirement.Theconsequentaction
of arulewill addaninconsistencyWME to denotetheoccurrenceof theinconsistency,
andresolutionoptionsincludingadd/remove/modifyworking memoryandcustomized
functioncalls.Withoutlossof generality, theinconsistencyrulesbelowarede�nedwith
only a descriptionmessageandlocationsof theinconsistency. Domainspeci�c resolu-
tionscanbeaddedto individual rules.
FeatureDependence– SpecializationIn describingfeaturesusingSequenceDiagrams,
if feature� is a specializationof feature� illustratedin thecorrespondingdiagrams,
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thenaninconsistencyoccursif a messageor objectthatappearsin � 's diagram,is ab-
sentfrom thatof � . Notethatin someinstances,this inconsistencymaybeconsidered
spurious.(newId() is a functionthatgeneratesuniquestrings.)

Rule 1 Anobjectis absentfromthespecializedsequencediagram.
IF (sequenceDiagram id: psd usecaseID: uid � )

(sequenceDiagram id: csd usecaseID: uid � )
(usecaseAssociation id: a type:generalization parent: uid �

child: uid � )
(sequenceObject id: so pid: psd name: n)
-(sequenceObject pid: csd name: n)

THENADD(inconsistency id:[newId()] ruleid:"fd-1"
location:((sequenceObject so ) (sequenceDiagram psd )
(sequenceDiagram csd ))
msg:"An object is missing from the sequence diagram of
the specialized use case.")

FeatureInterferenceWhentwofeatureshaveoverlappingspeci�cations,con�icting states
maybereachedsimultaneously.

Rule 2 Con�icting statesreachablein statediagrams.
IF (state id: st � name: n � )

(state id: st �
�

�

���

� st �
� name: n � specification: B)

(state id: st �
�

�

���

� st �
� name: n � specification:

���
	

B � )
(transition id: a from: st � to: st �

� )
(transition id: b from: st

�
to: st �

�
)

THEN ADD(inconsistency id:[newId()] ruleid:"fi-1"
location:((state st � ) (state st �

� ) (state st �
� ))

msg:"Conflicting states occur simultaneously in State
Diagrams.")

UML ConstraintsDe�ned in OCL.

Rule 3 NoAttributesmayhavethesamenamewithin a Classi�er.
IF (attribute id: a � name: z pid: t )

(attribute id: a �

�

���

� a �
� name: z pid: t )

THEN ADD(inconsistency id:[newId()] ruleid:"uml-1"
location:((attribute a � ) (attribute a � ))
msg:"Attributes must be unique within a class.")

StandardsConformanceRulesTheserulesarede�ned to ensurespeci�c designstan-
dardsarefollowed in thedesignmodel.

Rule 4 A designmodelshouldobeytheLaw of Demeter.

IF (sequenceMessage id: m� from: T � to: T � return: c pid: p)
(sequenceObject name: c type: T �

�

���

� T �
� pid: p)

(sequenceMessage id: m� from: T � to: T � pid: p)
THEN ADD(inconsistency id:[newId()] ruleid:"sc-1"

location:((sequenceMessage m� ) (sequenceMessage m� )
(sequenceObject c))
msg:"Violation of the Law of Demeter.")
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PatternRecognitionRulesThe conditionof a patternrecognitionrule formalizesone
distinctivecharacteristicof thepatternanddescribestheviolationof its usage.

Rule 5 Whena Singletonpatternis usedin a design,nootherclassobjectsshouldkeep
a referenceto thesingletonclassobject.
A Singletonpatternis recognizedif theclasshasa staticmethodreturninganinstance
of theclassanda staticattributethatstoresinstancesof this class.
IF (class id: c � name: cn � )

(method id: m pid: c � return: cn � modifier:"static")
(attribute id: a � pid: c � classtype: cn � modifier:"static")
(attribute id: a � pid: c �

�

���

� c � � classtype: cn � )
THEN ADD(inconsistency id:[newId()] ruleid:"pr-1"

location:((class c � ) (method m) (attribute a � ))
msg:"Reference to the object of a singleton class
should not be stored in any other classes.")

ResolutionRules Resolutionrulesareusedtoautomaticallyresolveinconsistencyiden-
ti�ed in designmodelsuponreceivinguserchoicesafteraninconsistencynoticeis de-
livered.In general,aresolutionrulecorrespondsto asingleuserchoicein responseto an
inconsistencynoti�cation, therefore,eachinconsistencyrulemayhavemultipleresolu-
tion rulesde�ned.We demonstratethede�nition andapplicationof resolutionruleson
two inconsistencyruleswhich havewell de�ned actions.Rules6 and7 areresolutions
to UML Constraint- Rule3.

Rule 6 Modify thenameof theAttribute.
IF (attribute id: x name: z)

(inconsistency id: s)
(userchoice pid: s action:modify targetID: x

targetType:attribute attribute:name)
(userinput pid: s action:modify targetID: x

attribute:name value: v )
THENMODIFY 1 (name v )

REMOVE2,3,4

Rule 7 RemovetheAttribute.
IF (attribute id: x name: z)

(inconsistency id: s)
(userchoice pid: s action:remove targetID: x

targetType:attribute attribute:name)
(userinput pid: s action:remove targetID: x )

THENREMOVE 1,2,3,4

CleanupRules Cleanuprulesareusedtoremoveexpiredinconsistencyworkingmem-
ory elementsfrom theWM, thuskeepingtheinconsistencymessagesvalid with respect
to thecurrentmodel.For everyinconsistencyrule, thereis anassociatedcleanuprule.
This rulecheckswhetherthenegationof theantecedentof thecorrespondinginconsis-
tencyrule is true,andwhetherthe inconsistencyWME existsin theWM. If both are
true,thecleanuprulemaybeexecutedto removetheinfeasibleinconsistencyworking
memoryelement.Herewe showjust onesuchrule.Rule8 is thecleanuprule for Rule
3. Cleanuprulesfor theotherinconsistencyrulescanbewritten in thesimilar fashion.
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Rule 8 RemoveinconsistencyWMEif noAttributeshavethesamenamewithin a Clas-
si�er. (Note: � testsfor setmembership.)

IF (attribute id: x name: z pid: t )
(attribute id: y name: w

�

���

� z � pid: t )
(inconsistency location:

���

(attribute x ) �

�

���

(attribute y ) �

ruleid:"uml-1")
THENREMOVE3

Orphan Control Rules Theproductionalgorithmdoesnotallow recursiveremovalof
WMEs.Therefore,upontheexecutionof a rule,orphanWMEs canbeleft in theWM.
An orphanis a pieceof working memoryelementthat hasa parentpointer(via pid)
linking to a non-existingWME in theWM. As we rely on thehierarchicalstructureof
theWMEs to expresstherelationshipof variousUML designelements,thevalidity of
theinconsistencyWMEsmustbemaintained.To achievethis,wede�ne orphancontrol
productionrulesto removeorphanWMEs.

Rule9belowdescribesorphanremovalrulesfor userchoice inconsistencyWMEs.
Similarorphancontrolrulescanbede�ned for all working memoryelements.

Rule 9 Removeall userchoiceorphans.
IF -(inconsistency id: s)

(userchoice pid: s)
THENREMOVE2

Dynamic Controls Abovewe havedescribedtheproductionrulesusedto updatethe
working memoryelementsto re�ect thechangesin designknowledgebaseandincon-
sistencystatus.Anotheruseof productionrulesis to modify theapplicabilityof existing
rulesonthe�y . Thisallowstheuserto enableor disableproductionrulesduringthede-
signprocess.To achievethis, eachof the inconsistencyrulesdescribedabovemustbe
modi�ed to includea controlspeci�cationin theconditions.This speci�cationhasthe
following form:

-(rule id: � unique constant � disabled:yes)
Eachrule is identi�ed by auniqueconstant.If theassociatedcontrolspeci�cationis

presentin theworking memory, theantecedentof the rule is unsatis�edwhich causes
therule to beinapplicablein thecurrentWM.

Forexample,theconditionsof rule2, becomethefollowing:
IF -(rule id:"fi-1" disabled:yes)

(state id: st � name: n � )
(state id: st �

�

�

���

� st � � name: n � specification: B)
(state id: st �

�

�

���

� st
�

� name: n � specification:
���
	

B � )
(transition id: a from: st � to: st �

� )
(transition id: b from: st � to: st �

� )

4 Implementation

In this chapter, we describethe currentimplementation,RIDE (Rule-basedInconsis-
tencyDetectionEngine),by presentingthearchitectureof thesystem,andanalysisof
themethod.
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4.1 Ar chitecture

RIDE is a Javaimplementationwhich canbeintegratedinto anexistingUML Design
Environment,suchasArgo/UML Editor [1] andRationalRose[26]. It usesJess[14]
— anoff-the-shelfJavaRuleEnginethat implementstheRETEalgorithm,to execute
productionrules.We plan to integrateit with Argo/UML Editor to performon-the-�y
inconsistencycheckingof UML models.

Thearchitectureof theRIDE systemis illustratedin Figure6.

RIDE System Boundary


Synchronizer


Rule Editor
 Rule Engine Abstraction Layer


User


User


Jess Rule

Engine


UML Model

Editor
 Legend


Component


System


Dependency


Fig.6. TheArchitectureof RIDE

Therearethreecomponentsin RIDE:

Synchronizer As both theeditorandtherule enginemaintaintheir own representa-
tionsof theUML modelandinconsistencyreport,a Synchronizerexiststo keepthem
identical.It sendschangesof theeditor'smodelto therule enginevia theRuleEngine
AbstractionLayer, anddeliversinconsistencyreportandmodi�cationsdueto resolution
by theruleenginebackto theeditor. Synchronizercanbethoughtof asaneditorspeci�c
plug-in becauseit understandstheeditor's datarepresentationandchangenoti�cation
mechanism.

Rule Engine Abstraction Layer This componentallows replacingJessby another
ruleengine.

RuleEditor Thiscomponentprovidesauserinterfacewhichallowstheusertomanage
therulebase.Theusercandisplaystatusof rules,andadd/delete/modifyrules.

4.2 Discussion

In this section,we discussthe time complexityof RIDE, andcompareit with Argo,
xlinkit, anddesignguidanceapproach.Our analyticalevaluationof RIDE is basedon
RETEAlgorithm usedby theruleengine,Jess,sinceit performsthecorecomputation.

Thebestcasetimecomplexityof onerecognize,resolve,andactcycleis ������� , and
theworstcasecomplexityis boundedby either �����
	���
���� or ������� [11], where � is
thenumberof patternsin a rule, � is thenumberof rulesin RETEnetwork,and � is
thenumberof elementsin working memory. This is comparableto theworstcasetime
complexityof xlinkit, in whichanevaluationfunctionfor eachrulehasworstcasetime
complexityof ��������� , where� is thesizeof thenodesetof arule,and � is themaximum
levelof quanti�er nesting[17,18].
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Xlinkit usesanXML-based[4] �rst-order logic rulelanguagein de�ning consistency
rulesandverifying consistencyof XML documents,in particular, UML designmodels
representedin XMI [22] format.Therule languageusesXPath[7] to selectasetof ele-
mentsasthedomainof eachruleandapplythesubsequentconditionsto theseelements.
Eachruleexpressesadesirableconsistencyproperty. If violated,aninconsistencylink is
addedto thelink base,re�ecting theinconsistentelements;if satis�ed,aconsistencylink
canbeaddedinstead.Both links arerepresentedin theXLink language[9]. Whenap-
plying to UML models,therulesarede�ned for theUML Foundation/Coreconstraints
describedin OCL.

Thexlinkit approachis declarativeanditerative.A rule in xlinkit usuallystartswith
a � clauseto characterizea particulartypeof element,andmustbeiteratedoverevery
elementin its domain.On theotherhand,RIDE focuseson identi�cations of patterns
of violation to consistencyrules.SincemostUML documentsarelargelyconsistent,in
practice,eachinsertedWME matchesonly limited numberof patterns,henceminimizes
theoccurrenceof theworstcasetimecomplexity. Theruleengineonly selectsonerule
to �re in responsetoeachchangein theworkingmemory, insteadof iteratingthroughthe
entiresetof productionrules.Eachexecutionis actingonarelativelysmallsetof data;
thus,theresultis returnedincrementallyallowing moreaccessibility. Moreover, RIDE
is integratedinto anUML editor; thusthepatternmatchingandrule executionwill be
runningat thebackgroundin real-time,parallelto theuser's edits.Adding feedbackto
theworkspacesilently andincrementallyalsominimizesinterruptionsfor theuser. On
theotherhand,xlinkit is astaticchecker. Eachexecutionmustgothroughtheentirerule
basebeforeanyresultsarereturned.Sincethedesignprocessis to makechangesto the
model,RIDE hastheadvantageof providingjust-in-time,non-interruptivefeedbackto
theuser.

The designguidanceapproachof Casset al. usesa designenvironmentthat inte-
gratesaprocessmodelwith xlinkit to performincrementalconsistencychecksonUML
designmodelsin parallelwith thedesignprocess[6]. Theprocessmodel,de�ned asa
hierarchyof designstepsusingtheprocessmodelinglanguageLittle-JIL [5], provides
guidancein selectingwhichrulesto applyateachdesignstep,andusesxlinkit to check
theconsistencyof theUML modelin handagainsttheselectedrules.As aresult,fewer
irrelevantinconsistencymessageswill bereturnedto theuser. However, it limits theset
of rulesthatcanbeappliedateachstep,basedonpredeterminedheuristics,whichmight
notbeoptimalin general.In ourapproach,therulesmaybearrangedby priority, butno
limitation onapplicabilityis placeda priori.

In their approach,Casset al. focusedon traceabilityconsistencybetweenrequire-
mentsanddesignelements.However, thisapproachrequiresawell-de�nedprocessmodel
to be in placebeforethe usercantakeadvantageof automatedconsistencychecking.
This requiresmaintenanceeffort on theprocessmodelandit is not clearhow this ap-
proachwould dealwith deviationsfrom theprede�nedprocessmodel(which canalso
beconsideredasa typeof inconsistency[8]). Their approachhasthesameworst-case
timecomplexityasxlinkit, andlike xlinkit, it doesnotprovideautomatedresolutionsto
inconsistencies.

Anothernominalcontributionin this areais thework on Argo/UML Editor — an
applicationof intelligentuserinterface.TheeditorprovidesanintegratedUML model-
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ing tool which allowstheuserto createandedit UML models,andprovidesfeedback
on themodelthroughcritics [24]. Criticscanperformanalysison issuesof correctness,
completeness,consistency, etc.Thefeedbackis deliveredto theuserasaTo-Doitemin
a designatedTo-Do List in theworkspace.Theeditorhastwo backgroundthreadsthat
work in parallelduringthemodelingprocess.Thecritique threadselectsa critic from
critic waiting queues,whosede�nition is mostcloselyrelatedto thecurrentupdatein
design.Theinvalid feedbackremovalthreadperiodicallymakesapassthroughtheTo-
DoList, andveri�es if theitemisstill validbyreapplyingthecritic onthecurrentmodel.
If theitemreturnsasavalid critique,it will remainin theTo-DoList; otherwise,it is re-
movedfromthelist. Correctiveautomationof critiquesis implementedthroughWizards
[25].

Themainfocusof researchonArgo/UML is thedevelopmentof anintelligentuser
interface.Although it offers nine different typesof designcritiques,it doesnot pro-
vide strongcoverageof eachtypeof critique.In particular, inconsistenciesaretreated
asa genericproblemof �nding contradictionswithin thedesign[24]. Thecritiquesare
merelyproceduraldescriptionsof designheuristics.However, ourapproachoffersafor-
mal descriptionlanguagefor inconsistenciesrangingfrom thesyntaxandsemanticsof
theUML language,to generallanguage-independentconstraintsandstandards.Theres-
olutionsto inconsistenciesofferedby RIDE canbeimplementedassimply asmanipu-
lationof workingmemoryelements,or ascomplexobject-orientedprograms.

An importantweaknessin Argois in selectionof whichcritiquesto applywhen.The
usercanenableanddisablegroupsof critics manually, but this putstheresponsibility
of ensuringthe relevanceof critiqueson the enduser. In addition,the currentimple-
mentationhasalooselyde�nedrelationbetweencritics,editactiontypes,anduser/goal
modelssuchthateventuallyall enabledcriticswill becycled[24]. Thismayresultin an
excessivenumberof irrelevantcritiquesbeingappliedaftereacheditaction.In our ap-
proach,theapplicabilityof rulesis determinedautomaticallyby theruleengine,which
requiresnoactionfrom theuser, butoptionsareprovidedto disableundesirablerules.

5 Conclusionsand Future Work

In thispaper,weintroducedatypologyof inconsistencyin softwaredesign,andusedthis
typologyto de�ne productionrulesfor a production-system-basedinconsistencyman-
agementtool. This tool canbe integratedinto a UML designenvironmentto provide
on-the-�y inconsistencycheckingandresolutionwhile UML modelsareedited.

In our framework,the applicationof rulesis automaticallycontrolledvia con�ict
setresolution,andthedynamiccontrollingmechanismallowsrulemanipulationsonthe
�y . ThisimprovesuponotherapproachessuchasArgo/UML, whichoffersonly manual
controlsto theuserfor enablinggroupsof critics [24], andxlinkit, whereno control is
availableto theuser[17]. As it runs,theproductionsystemcancreateandmodify per-
sistentworkingmemoryitems,includingtheUML modelitself.Thisprovidesanumber
of advantages:

– Rulescanautomaticallymodify theUML modelto resolvecertaininconsistencies;
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– Rulescanmodify thebehaviorof otherrules,by changingthecontentsof working
memory. Suchmodi�cation mayrangefrom simplyenabling/disablingotherrules,
to meta-rulesthatlook for patternsof occurrencesof chronicinconsistency;

– Rulescandetectandmonitorinconsistenciesthatarenot resolvedimmediately, by
puttingtheappropriateentriesinto working memory;

– Setsof rulescaneffect complexmulti-stepresolutions,suchasconvertinga data
modelto normalform.

Theworstcasetime complexityof this methodis comparableto thatof xlinkit. As
ourdetectionstepsarecarriedoutincrementallyin parallelwith editingtasks,weexpect
that time complexityis lessrelevantthanfor batchcheckingapproaches.Our current
prototypeimplementation,RIDE system,usesanoff-the-shelfrule-engine,Jess.Weare
continuingworkingon theintegrationwith Argo/UML tool.

Therearetwo generaldirectionsfor futurework.Oneis to continuethestudyof spe-
ci�c inconsistencyclassesof boththedesigndescriptionsandactualdesigns,andtheir
standardsolutions.Anotheris to observethepatternof inconsistencyoccurrencesand
useproductionsystemto analyzethecycleof patternandprovideautomatedresolution.
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A De�nitions for Working Memory Elements

ClassDiagram,Class
Type Attribute Value
classDiagram id A uniqueidenti�er string.

name Thenameof thediagram.
class id A uniqueidenti�er string.

pid Theclassdiagramidenti�cation to which theclassis de�ned in.
name Thenameof theclass.
modifier Example modi�ers: public, private, default,

protected
method id A uniqueidenti�er string.

pid Theclassid to which themethodbelongsto.
name Thenameof themethod.
modifier Example modi�ers: public, private, default,

protected
parameter id A uniqueidenti�er string.

pid Themethodidenti�er to which theparameteris partof.
name Thenameof theparameter.
type Theclassnamethattheparameteris typed.
modifier Example modi�ers: public, private, default,

protected
attribute id A uniqueidenti�er string.

pid Theidenti�er of thetypeto which theattributebelongs.
name Thenameof theattribute.
type Theclassnamethattheattributeis typed.
modifier Examplemodi�ers: public,private,default,protected

Association
Type Attribute Value
association id A uniqueidenti�er string.

name Thenameof theassociation.
associationEnd id A uniqueidenti�er string.

name Thenameof theassociation.
pid The identi�er of the associationto which this associationend

belongs.
class Theclassnameof theend.
type generalization, realization, dependency,

association
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StateDiagram
Type Attribute Value
state id A uniqueidenti�er string.

name Thenameof thestate.
specification Thespeci�cationexpressionof thestateasstring.

transition id A uniqueidenti�er string.
from Thestateid of theorigin of thetransition.
to Thestateid of thedestinationof thetransition.

SequenceDiagram
Type Attribute Value
sequenceDiagram id A uniqueidenti�er string.

name Thenameof thesequencediagram.
notes Additionalnotes.
associateTo The use case id to which the sequencediagram is

associated.
sequenceObject id A uniqueidenti�er string.

pid Thesequencediagramid to which theobjectbelongs.
name Theobjectnameor variablename.
type Thetypeof theobject,i.e. theclassname.

sequenceMessage id A uniqueidenti�er string.
pid Thesequencediagramid to which theobjectbelongs.
name Thenameof themessage.
from Theobjectid of theorigin of themessage.
to Theobjectid of thedesignationof themessage.
code sync, async, destroy, return, new

InconsistencyResolutionElements
Type Attribute Value
inconsistency id A uniqueidenti�er string.

ruleid A uniquenameof theoffendingrule.
name Theuniquenameof theoffendinginconsistencyrule.
location List of WME typeandid pairsof offendingelements.
msg Thetext thatdescribesthedetailof theinconsistency.

userchoice id A uniqueidenti�er string.
pid TheinconsistencyWME identi�er.
action Thespeci�cationof thefunctioncall.
actionText Theexplainationof theaction.
targetID Thereferencesto theidenti�er of theoffendingelement.

userinput id A uniqueidenti�er string.
pid TheinconsistencyWME identi�er.
action add, remove, modify
targetID Theidenti�er of theoffendingelement.


