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Abstract. Softwaredesigninconsistencycanbe hardto tracemanually Com-
puterassistancen detectingandresolvinginconsistencyssuescanhelpimprove
the quality of sophisticategoftwaredesigns.This paperdescribesa rule-based
(or productionsystem)solutionto the aforementionegroblem.We characterize
classe®f inconsistencyhatoccurin softwaredesign We de ne aproductiorsys-
temlanguageandrulesspeci ¢ to softwaredesignsmodeledn UML. Usingthis
approachye areableto detectinconsistenciesjotify theusersyecommendes-
olutions,andautomaticallyx theinconsistencyluringthe designprocess.

1 Intr oduction

Maintainingconsistencyn alarge, evolving designmodelis dif cult. Changego the
modelmayintroduceinconsistenciesyhichthenneedo bedetecteandresolvedA de-
signmodelis inconsistentf it containscon icting informationaboutthe systemand/or
violatesprede nedconstraintsSuchconstrainténcludebothgoodpracticedor thiskind
of designandspeci ¢ requirementdérom the stakeholder$or this systemThetermin-
consistencyefersto asingleinstanceof suchcon ict orviolation. To manuallyidentify
andresolvedesigninconsistenciesanbetediousanderrorprone.Computerassistance
in handlingdesignconsistencyssuess inevitablyrequired.

Recently a numberof researctieamshavemadeprogressn providing computer
baseddesignconsistencychecking,notablythe xlinkit tool [17], Argo/UML [23], and
the process-orientedesignguidanceapproacH5]. Inconsistencyhasalsobeenrecog-
nizedasa majorchallengan requirementgngineering20], andvan Lamsweerddas
developed typology of inconsistenciethatoccurin goal-basedequirementsnodels
[29]. However asyet, no suchtypology hasbeendevelopedor inconsistencyin de-
signmodels.For UML, constraintexpresseth OCL [21] areintendedo maintainthe
well-formednessftheUML semanticsWe areinterestedn abroaderclassof inconsis-
tenciesjncludingproblemgelatedo informationredundancynonconformanco stan-
dardsandrequirementsandthe propagatiorof changehrougha modelasit evolves.

Our goalis to developa softwaredesignenvironmenthatautomateshe detection
andresolutionof designinconsistencies designmodels Observationsf softwarede-
veloperssuggesthat designersoften tolerateinconsistencies their modelsbecause
thealternativesnaybeto leaveinformationout, or to makeprematuredesigndecisions
[19]. Hence,a supportenvironmenshouldnot try to preventinconsistencyandneeds



to be exible in the mannerin whichit indicatesthe presencef inconsistencieo the
designerOurapproacthis to detectandtrackinconsistencieautomaticallyasthedesign
modelis edited,andto suggestikely resolutionsvherepossible Our approactusesa
productionsystenrunningin the backgroundf aneditor. The productionrulesrecog-
nize inconsistenciesandtrack themby addingentriesto the working memoryof the
productionsystem.The useof a productionsystemgivesus a powerful patternmatch-
ing approacho inconsistencyletectionandallowsrulesto modify thebehaviorf other
rules,dependingnthe context.

We de ne aclassi cationschemef designinconsistenciethatoccurin the design
representatioranddevelopour productionrulesbasedn theseclasse®f inconsisten-
cies.This papemresentpartof our classi cationschemeof designinconsistencieand
describesninconsistencydenti cation mechanisnspeci ¢ to UML designmodels.

Section2 describeghe classi cation schemeandexamplesof designinconsisten-
cies.Section3 introducesproductionsystemsandde nesselectedJML constructsn
productionsystemanddesigninconsistencyules.Section4 describeghe architecture
of theimplementationevaluatesindcomparesherule-baseépproacto otherresearch
results.Section5 drawsconclusionandsummarizeguture work.

2 Classeof Designinconsistency

We cananalyzesoftwaredesignconsistencyfrom two perspectivesOneis the design
description whichis concernedvith maintaininga consistentepresentationf thede-
sign. Anotheris the actualdesign which is concernedvith building the actualsystem
whereinconsistenciemayarisefrom implementingdesignconcepts.

Wepresenthreeclasse®f inconsistenciewithin thedesigndescriptionredundancy
conformancéo constraintandstandardsandchangeTheseclassesoversyntacticand
semantidnconsistenciesf the descriptionlanguageandlanguage-independenbn-
straintsandstandardsExamplesaredrawnfor eachclassin UML. A detaileddiscussion
of theclassi cationschemendinconsistenciewithin theactualdesigncanbefoundin
[15].
Redundancy One of the mostfrequentlyoccurringinconsistencysourcess redun-
dancyof information. More speci cally, a redundancyoccurswhena designartifact
(perhapgpartial)is representechultipletimes,possiblyin varyingviews.Redundancies
canoccureitherin designor datarepresentation.
Designrelatedredundancyariseswhentwo designunits havecommonelementsor
overlap[28], in the representation-or example a structural redundancyefersto an
overlapbetweerseveraktructuraland/orbehavioradiagramslt is knownasstructue
clashin the contextof requirementspeci cations[29]. Suchredundancynay be de-
sirablesinceit canprovideadditionalinformationto a requiremenspeci cationfrom
differentperspectivesanddescribethe behaviorof a designunit undervariousscenar
ios.Forinstancein modelingfeatureinteractiong30], two kindsof featuredependence
relationscanbeintroducedspecializatiorandinterference In bothcasesthereis redun-
dantinformation.

Forexamplejn UML, featurescanbeexpresseasusecasesyhich canbefurther
elaboratedisingbehavioramodelingconstructsuchassequenceiagramandcollabo-



rationdiagram We de ne afeature, ,to beaspecializatiorof anotherfeature, , if
meetsall of therequirementsf . Thiscanbeexpressedsingusecasegeneralization,
in which “the child usecaseinheritsthe behaviorand meaningof the parentusecase;
thechild mayaddto or overridethebehaviorof its parent; andthechild maybe substi-
tutedany placethe parentappears”[2]. Basedon this de nition, we saythe designis
consistenif isasubgraplof . ThisisillustratedusingtheMeetingScheduleexem-
plarin gures 1(a)to1(c),wheretheusecasesreelaboratedy therespectivesequence
diagramsNotethat gure 1(b)is asubgraplof gure 1(c). An inconsistencyccursif
thesubgraptpropertyis violated.

OO

Request a new meeting Request a specific meeting

(a) UseCaseDiagram:Requesta New Meeting

i - Initiator OrganizeMeetin i m: Meeting i

i: Initi _ OrganizeMeeting |om: ing |
i - Initiator OrganizeMeetin i m: Meetin, i

initiateMeeting()

new()

initiateMeeting()
new() return m

return m .
addLocation(l, m)

completed
addTime(t, m)
completed
(b) Sequenc®iagram:RequesaNew (c) Sequenc®iagram:Request Spe-
Meeting ci ¢ Meeting

Fig. 1. FeaturedDependenc&elation— Specialization

The secondexampleshowsfeatureinterferencenodeledn a statediagramwhere
two or more featureshaveoverlappingspeci cations,and the stateswith con icting
propertiesmay be reachablevhentheir guardingconditionsare satis ed at the same
time.In gure 2,aninconsistencynayoccurif bothfeaturesareenabledsincethedes-
tinationstateshavecontradictorypropertiesStandardolutionsincludefeatureprioriti-
zation.

In theaboveexamplesinformationis conveyedhroughtheintegrity of multiple per
spectivesandconsistencyanbe maintaineddy toleratingthe redundancyThus,over
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Fig. 2. Telephond-eaturdnterference

lapsof designunitsarenecessargonditionsof theinconsistenciearisingfrom redun-
dancy but not sufcient conditionsthereof.

Data relatedredundancysuallyarisesfrom the complexrelationsbetweendata.For
examplea dataobjectmay berelatedto otherobjectsvia multiple pathsin the object
diagramWhenchangesremadeto this object,all pathsmustbeveri ed for validity. In
somecasestemovingredundantiatarelationscansimplify themodelandhelpkeepthe
modelconsistentFigure3 describeshecasenheretherelationsbetweerMeetingRoom
andCoordinatoarerepresenteth bothdirectionsin anobjectdiagram Eliminatingone
of therelationsmakesthe modelsimpler

Booked

Relation

4

MeetingRoom Coordinator

Z Booked IsAssignedTo

\

IsAssignedTo

Fig. 3. DataRepresentatioRedundancyn the MeetingScheduleExample

Conformance to Constraints and Standards In softwaredesignsthereare many
considerationsutsideof thesystenrequirementsTheseextra-requiremeniacludecon-
formanceto constraintg21], standard$13, 10], andpatternqd12].
Constraintscanbefrom intra-systencon icts, inter-systemmismatchesandthe mod-
elinglanguageln UML, theconstraintarespeci edby OCL [21]. Exampledrom the
UML FoundatiorandCoreConstraintSetareincludedbelow

1. TheAssociationEndmusthavea uniquenamewithin the Association.
2. No Attributesmayhavethe samenamewithin a Classi er.
3. At mostoneAssociationEndanaybe an aggregationor composition.

Standadsincludebestpracticesjndustry standardsand corporatestandardsConfor

manceto standardss requiredn manydevelopmentultures Nonconformancéo stan-
dardsaisednconsistenciegndneedo beidenti ed. Forexampleawell knownobject-
orienteddesignstandardtheLaw of Demeteystateghat” Themethod®ofa classshould
not dependn any way on the structuie of any class,exceptthe immediate(top-level)



structute of their ownclass.Further, eachmethodshouldsendmessageto objectsbe-
longingto a verylimited setof classesonly.” [27]

We illustratetheviolation of this designconceptbasecon theaboveinterpretations
by asimplelibrary example A borroweris trying to locatecopiesof abookby aknown
author The borrowerasksthelibrarianto nd thebookby its uniquecall numberand
thenusestherecordof the bookto locatethe copiesof the book.It canberepresented
in Javacodeasthefollowing:
class Borrower

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

The exampleis illustratedby a sequenceliagramin gure 4(a). Theviolation hereis
that,in orderto receiveinformationprovidedby the BookRecord , the Borrower tra-
verseghelinkstotheBookRecord providedbytheLibrarian . Thecorrectionsshown
in gure 4(b).

O)
AN
E% A O O
a: Borrower b : Librarian iwﬁ ; : : :

a : Borrower b : Librarian
1. b = getLibrarian()
=1

1. b = getLibrarian()

Pm—

p. ¢ = findBookByCallNumber ()

2. ¢ = listBookCopiesByCallNumber()

3. p = listCopies()

(a) Violation (b) Correction
Fig. 4. An Library Exampleon Conformanceo the Law of Demeter

Softwae designpatternsarewell knownbothin theliteratureandin practice To beable
to usethese a designemuststudythemin depthanddeterminewhich patternis appli-
cableto the problemin hand.This canbe a dif cult task.In particular misusesanbe
introduceddueto misunderstandingndmisinterpretatiorof the pattern.Thereforewe
de ne inconsistenciethatarisefrom misusesandviolationsof patternsThis requires
methodgo recognizethe patternandcheckfor violation. Two exampledrom [12] are
includedbelow

The Singletonpatternis an objectcreationalpattern.lt ensureghatthe designated
classhasonly oneinstanceandis ableto provideaglobalaccespointto theinstancelt
canbeusedwhenmultiple instance®f aclassareprohibitedin asystemorto preclude
theunnecessargbjectinstantiationof a class.For example a systemcanhavemany
printers,but shouldonly haveoneprinter spooler Moreover the Singletonclassis re-
sponsiblefor providingaccesgo the referenceo theinstanceThis patternis violated



if asingletonclassis usedin the designandinstance®f this classare storedby other
classes.

TheFagadepatternis anobjectstructuralpattern .t is usedto providea setof inter-
facegoasubsystemvhichallowseasyaccesso thesubsystenil heintentof thispattern
is to minimizecommunicatiormnddependencigsetweersubsystemm orderto reduce
the complexityof the whole system Figure5 illustratesthe useof Fa@depatternin a
subsystenaccessingnodel.If aclassdiagramof adesignresembleshediagramonthe
left, aFa@depatterncanbeemployedlf theuseof the Fa@depatternis appropriatén
thedesign thentheabsencef afacadeis inconsistentvith this practice.

client classes

_— / ] Facade

subsystem classes

Fig. 5. TheFa@dedesignpattern(on theright)

Change A softwaredesignmayundegonumeroushangedeforecompletiondueto
changeequestsperformanceuning,andcorrectionof environmenassumptionsDur-
ing the procesof makingdesignchangesinconsistenciemay easilybeintroduced.

Onesourceof inconsistencys in makingchangesisingedit blocks.An edit block
is agroupof editstepsequiredto completeadesiredchangeo thedesignmodel.If the
stepsarenot performedasonegroup,it is possiblehatsomestepsmaybemissedthus
puttingthedesignmodelin aninconsistenstate.

For examplean edit block canbe a designmodeltransformatiorfrom onerepre-
sentationto another When changesare madeincrementallyby hand,the systemwiill
remainin aninconsistenstateduring the entire modi cation processlif anunrelated
changeequests receivedduringthis processtheneitherthe newrequestasto be put
onhold until themodi cation is complete pr newinconsistenciewill beintroducedo
themodel.An exampleof suchis to converta designrepresenteth UML to onein an
architecturabescriptionanguagee.g.,Rapide[16].

3 Inconsistencyldenti cation

In section2, anumberof classe®f generallyoccurringdesigninconsistenciearepre-
sentedWe observedhatto identify thesenconsistenciesye cande ne patternorcon-
ditionsthatmatchtheviolationsto designconsistenciedMoreoverit is desirablé¢o have
automatedr computerassistedesolutionto them.This leadsnaturallyto the produc-
tion system(or rule-based}olution.



Inthissectionwede ne UML construct@&ndinconsistenceglementdgor production
system presentulesthatcaptureclasse®f inconsistenciefrom section2, andde ne
theidenti cation andresolutionprocesswithin the productionsystemWe rst review
productionsystemconcepts.

A productionsystems a reasoningsystemthat usesforward-chainingderivation
techniqueslt usesrules,calledproductionrulesor productionsn short,to represenits
generaknowledge andkeepsanactivememory knownastheworkingmemory(WM),
of facts(or assertionsyvhich arecalledworkingmemoryelementfWMES) [3, 11].

A productionrule is usuallywrittenin thefollowing form:

IF conditions THEN actions

The conditions alsoknown as patterns are partial descriptionsof working mem-
ory elementswhichwill betestedagainsthe currentstateof theworkingmemory For
examplethefollowing rule debitsa bankaccount.

IF (transaction type:"debit" amount: x accountid:  a)
(account id: a balance: vy X )
THENREMOVEL

MODIFY 2 (balance [y-x])

wherea, x andy arevariables; x is atestfor balance x; REMOVEL deleteghe
rst (i.e.transaction ) WME from the working memory;andMODIFY 2 selectghe
secondVVME andassignghevalueof y-x to balance .

Eachconditioncanbeeitherpositiveor negative A negativeconditionis of theform
- cond , wherecond representapositivecondition.A ruleis applicabldf all of thevari-
ablescanbe evaluatedisingthe WMEs in the currentWM suchthatthe conditionsare
met.A positiveconditionis satis edif thereis amatching?WME in theWM; anegative
conditionis satis edif thereis no matching?ME in the WM.

A workingmemoryelementasthefollowing form,

(type attribute :value ... attribute value )

wheretype andattribute areatoms,i.e. astringwithin “ ”, aword, or anumeral,
andvalue is anatomor alist within ().

Thebasicoperatiorof aproductionsystems acyclic applicationof threestepsuntil
no morerulescanbeapplied:

1. recognizeidentify applicableruleswhoseconditionsaresatis ed by the WM;
2. resolvecon ict: amongall applicablerules(or con ict sel), chooseoneto execute;
3. act applytheactiongivenin theconsequendf the executedule.

Thepriority schemeor con ict resolutionis usedin our method.In this schemea
ruleis choserto executeby its preassignegriority. In caseof thesamepriority, the rst
rule in orderof presentations chosenOtherschemeganbefoundin [3, 15].

3.1 Inconsistencyldenti cation Using Production System

Toidentify inconsistencyn UML desigmnmodelswede ne productiorruleswhosecon-
ditionsdescribanconsistencynstancesandwhoseconsequendctionsdescribeappro-
priateresolutiongo theseinstancesBy convertinganUML modelto andfrom thepro-
ductionsystemrepresentationye canusethe productionsystemto checkfor incon-
sistencieandresolvethemappropriatelyMost actionsrequireusets input; therefore,



we useanapproactsimilarto Argo/UML in thatit deliversinconsistencyoticesto the
usetsworkspaceandhavethe userinitiate the resolutionandprovideinput data.The
detailsof theimplementatioraredescribedn sectior4.

In this section,we rst de ne working memoryelementsfor UML constructsand
necessarynformationto representnconsistencieandtheir resolutionschemeNext,
we describefour typesof rulesthatarede ned to ensurethe validity of inconsistency
status:

inconsistencyulesthatidentify inconsistenciesf designs;
resolutionrulesthatrespondo usets choiceof xing;
cleanuprulesthatremoveexpiredinconsistencyvorkingmemoryelementsandthe
correspondingvorkspacetems;

orphancontrol rulesthatremovetheworkingmemoryelementsvhoseparenWME
eitheris invalid or hasbeendeleted.

Last,we describedynamiccontrolswhichlet theuserenableanddisableinconsistency
rules.

De nitions for Working Memory Elements While usingthegeneraWME represen-
tation,the compositionrelationbetweentwo elementqe.g.,a classandits methodare
regardedastheparentandchild respectively)s representethroughtheattributepid in
the child clause Sinceeachchild hasonly oneparent,but eachparentmay havemore
thanonechild, in this con guration, the changen thelist of childrenwill notrequire
modi cation to the parentthusminimizing maintenancef existingWMEs.

For examplethefollowing two working memoryelementglescribea public class,
Meeting , andits public attribute time , of classTimeStamp .

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

Thedetailedde nitions of working memoryelementanbefoundin appendixA and
in [15].

For eachinconsistencyule, if the conditionis satis ed, oneor moreinconsistency
WMEs areaddedo theworking memory Theinconsistency typede nesthemain
inconsistencyworking memoryelement,which indicatesthe occurrenceof anincon-
sistencyin a designandthelocationinformationof theinvolved designelementsThe
userchoice  typeprovidesresolutionoptionsto theuser Theuserinput  typerepre-
sentsnputfrom the userto a selectedesolutionoption.

InconsistencyRules In thissectionwe presenexample®f productionrulesthatcap-
turetheinconsistenciegenti ed in section2. The formalizationof the conditionsof
eachrule describeghe violation of a consistencyequirementThe consequenaction
of arulewill addaninconsistencfyWME to denotethe occurrencef theinconsistency
andresolutionoptionsincludingadd/remove/modifyvorking memoryandcustomized
functioncalls.Withoutlossof generalitytheinconsistencyulesbelowarede ned with
only adescriptiormessag@ndlocationsof theinconsistencyDomainspeci ¢ resolu-
tionscanbeaddedo individual rules.

Feature Dependence Specializatioin describingleaturesusingSequenc®iagrams,
if feature is a specializatiorof feature illustratedin the correspondingliagrams,



thenaninconsistencyccursif amessag®er objectthatappearsn 'sdiagram,s ab-
sentfrom thatof . Notethatin someinstancesthisinconsistencynay be considered
spurious(newld() is afunctionthatgeneratesiniquestrings.)

Rule 1 Anobjectis absenfromthespecializedsequenceliagram.

IF (sequenceDiagram id: psd usecaselD: uid )
(sequenceDiagram id: csd usecaselD: 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:[newld()] ruleid:"fd-1"

location:((sequenceObject so) (sequenceDiagram  psd)

(sequenceDiagram  csd))
msg:"An object is missing from the sequence diagram of
the specialized use case.")

FeaturlInterferenceWhentwo featureshaveoverlappingpeci cationscon icting states
may bereachedsimultaneously

Rule 2 Con icting statesreachabldn 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:[newld()] 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 No Attributesmayhavethe samenamewithin a Classi er.
IF (attribute id: a name:z pid: t)
(attribute id: a a name:z pid: t)
THEN ADD(inconsistency id:[newld()] ruleid:"uml-1"
location:((attribute a ) (attribute a))
msg:"Attributes must be unique within a class.")

Standads ConformanceRulesTheserulesare de ned to ensurespeci ¢ designstan-
dardsarefollowedin thedesignmodel.

Rule 4 A designmodelshouldobeythe Law 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:[newld()] ruleid:"sc-1"
location:((sequenceMessage m) (sequenceMessage m)
(sequenceObject c))
msg:"Violation of the Law of Demeter."”)
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PatternRecognitionRulesThe condition of a patternrecognitionrule formalizesone
distinctivecharacteristiof the patternanddescribesheviolation of its usage.

Rule 5 Whena Singletorpatternis usedn a designnootherclassobjectsshouldkeep
a refelenceto the singletonclassobject.

A Singletonpatternis recognizedf the classhasa static methodreturninganinstance
of the classanda staticattributethatstoresnstance®f this class.

IF (class id: ¢ name:cn )
(method id: m pid: ¢ return: cn modifier:"static")
(attribute id: a pid: ¢ classtype: cn modifier:"static")
(attribute id: a pid: ¢ c classtype: c¢n)
THEN ADD(inconsistency id:[newld()] ruleid:"pr-1"
location:((class ¢ ) (method n) (attribute a))

msg:"Reference to the object of a singleton class
should not be stored in any other classes.")

ResolutionRules Resolutiorrulesareusedo automaticallyesolveinconsistencyden-
ti ed in designmodelsuponreceivinguserchoicesafteraninconsistencyoticeis de-

livered.In generalaresolutiorrule correspondo asingleuserchoicein responséo an

inconsistencyioti cation, therefore gachinconsistencyule mayhavemultiple resolu-

tion rulesde ned. We demonstratéhe de nition andapplicationof resolutionruleson

two inconsistencyuleswhich havewell de ned actions.Rules6 and7 areresolutions
to UML Constraint Rule3.

Rule 6 Modify the nameof the Attribute.

IF (attribute id: x name: z)
(inconsistency id: s)
(userchoice pid: s action:modify targetlID: X
targetType:attribute attribute:name)
(userinput pid: s action:modify targetlID: X
attribute:name value: V)
THENMODIFY 1 (name V)
REMOVE2,3,4
Rule 7 Removehe Attribute.
IF (attribute id: x name: z)
(inconsistency id: s)
(userchoice pid: s action:remove targetlID: X
targetType:attribute attribute:name)
(userinput pid: s action:remove targetlD:  x)
THENREMOVE 1,2,3,4

CleanupRules Cleanupulesareusedoremoveexpiredinconsistencyvorkingmem-
ory elementdrom theWM, thuskeepingtheinconsistencynessagesgalid with respect
to the currentmodel.For everyinconsistencyule, thereis anassociated@leanuprule.
This rule checkswhetherthe negationof the antecedendf the correspondingnconsis-
tencyrule is true, andwhetherthe inconsistencyWME existsin the WM. If bothare
true, the cleanuprule may be executedo removetheinfeasibleinconsistencyvorking
memoryelementHerewe showjust onesuchrule. Rule 8 is the cleanuprule for Rule
3. Cleanuprulesfor the otherinconsistencyulescanbewritten in the similar fashion.
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Rule 8 RemoveénconsistencyWMEif no Attributeshavethe samenamewithin 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 recursivaeemovalof
WMEs. Therefore uponthe executionof arule, orphanWMESs canbeleft in the WM.
An orphanis a pieceof working memoryelementthat hasa parentpointer (via pid)
linking to a non-existing?ME in the WM. As we rely onthe hierarchicalstructureof
the WMEs to expresgherelationshipof variousUML designelementsthe validity of
theinconsistencyWMEs mustbe maintainedTo achievethis,we de ne orphancontrol
productionrulesto removeorphanWMESs.

Rule9 belowdescribesrpharremovalrulesfor userchoice  inconsistencWMES.
Similar orphancontrolrulescanbede ned for all working memoryelements.

Rule 9 Removall userchoiceorphans.

IF -(inconsistency id: s)
(userchoice pid: s)
THENREMOVE2

Dynamic Controls Abovewe havedescribedhe productionrulesusedto updatethe
working memoryelementgo re ect the changesn designknowledgebaseandincon-
sistencystatus Anotheruseof productiornrulesis to modify theapplicabilityof existing
rulesonthe y . Thisallowstheuserto enableor disableproductionrulesduringthede-
signprocessTo achievethis, eachof theinconsistencyulesdescribechbovemustbe
modi ed to includea controlspeci cationin the conditions.This speci cationhasthe
following form:

-(rule id:  unique constant disabled:yes)

Eachruleisidenti ed by auniqueconstantlf theassociatedontrolspeci cationis
presenin the working memory the antecedenof the rule is unsatis edwhich causes
therule to beinapplicablein the currentWM.

Forexamplethe conditionsof rule 2, becomehefollowing:

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 chaptey we describethe currentimplementationRIDE (Rule-basednconsis-
tencyDetectionEngine),by presentinghe architectureof the system,andanalysisof
themethod.
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4.1 Architecture

RIDE is a Javaimplementatiorwhich canbe integratednto an existingUML Design
Environmentsuchas Argo/UML Editor [1] and RationalRose[26]. It usesJesg14]
— an off-the-shelfJavaRule Enginethatimplementshe RETE algorithm,to execute
productionrules.We planto integrateit with Argo/UML Editor to performon-the-y
inconsistencyxheckingof UML models.

Thearchitectureof the RIDE systemis illustratedin Figure6.

o UML Model
Editor Legend

RIDE System Boundary | ] component

User |:| System
Synchronizer === ——> Dependency

F :
_______ R .

User

Jess Rule
Engine

Fig. 6. The Architectureof RIDE

Therearethreecomponentén RIDE:

Synchronizer As boththe editor andthe rule enginemaintaintheir own representa-
tions of the UML modelandinconsistencyeport,a Synchronizeexiststo keepthem
identical.lt sendschange®f the editor' s modelto therule enginevia the Rule Engine
AbstractionLayer, anddeliversinconsistencyeportandmodi cationsdueto resolution
by theruleenginebackto theeditor Synchronizecanbethoughtof asaneditorspeci ¢
plug-in becausét understand¢he editor' s datarepresentatioandchangenoti cation
mechanism.

Rule Engine Abstraction Layer This componentallows replacingJessby another
rule engine.

Rule Editor Thiscomponenprovidesauserinterfacewhichallowstheuserto manage
therule base Theusercandisplaystatusof rules,andadd/delete/modifyules.

4.2 Discussion

In this section,we discussthe time complexity of RIDE, and compareit with Argo,
xlinkit, anddesignguidanceapproachOur analyticalevaluationof RIDE is basedon
RETE Algorithm usedby therule engine Jesssinceit performsthe corecomputation.

Thebestcasetime complexityof onerecognizeresolveandactcycleis ,and
the worstcasecomplexityis boundedoy either or [11], where is
thenumberof patternsn arule, isthenumberof rulesin RETE network,and is
thenumberof elementsn working memory Thisis comparableo theworstcasetime
complexityof xlinkit, in which anevaluatiorfunctionfor eachrule hasworstcaseime
complexityof ,Where isthesizeof thenodesetof arule,and isthemaximum
level of quanti er nesting[17,18].
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Xlinkit usesanXML-based[4] rst-order logicrulelanguagén de ning consistency
rulesandverifying consistencyf XML documentsin particular UML designmodels
representeth XMI [22] format. Therule languagausesXPath[7] to selectasetof ele-
mentsasthedomainof eachrule andapplythe subsequertonditionsto theseslements.
Eachrule expresseadesirableconsistencyropertyf violated,aninconsistencyink is
addedothelink basere ecting theinconsistenelementsif satis ed,aconsistencyink
canbe addednsteadBoth links arerepresenteih the XLink languagg9]. Whenap-
plying to UML modelstherulesarede ned for the UML Foundation/Coreonstraints
describedn OCL.

Thexlinkit approachs declarativeanditerative.A rule in xlinkit usuallystartswith
a clauseto characterize particulartype of elementandmustbeiteratedoverevery
elementin its domain.On the otherhand,RIDE focuseson identi cations of patterns
of violationto consistencyules.SincemostUML documentsrelargely consistentin
practice gachinsertedVME matche®nly limited numberof patternshenceminimizes
theoccurrencef theworstcasetime complexity Therule engineonly selectonerule
to re in respons#o eachchangean theworkingmemoryinsteadof iteratingthroughthe
entiresetof productionrules.Eachexecutions actingon arelatively smallsetof data;
thus,theresultis returnedncrementallyallowing moreaccessibilityMoreover RIDE
is integratednto anUML editor; thusthe patternmatchingandrule executionwill be
runningat the backgroundn real-time,parallelto the usets edits.Adding feedbacko
theworkspacesilently andincrementallyalsominimizesinterruptionsfor the user On
theotherhand xlinkit is a staticcheckerEachexecutiormustgo throughtheentirerule
basebeforeanyresultsarereturned Sincethe designprocesss to makechangeso the
model,RIDE hasthe advantag®f providingjust-in-time,non-interruptivefeedbacko
theuser

The designguidanceapproachof Casset al. usesa designenvironmenthat inte-
gratesaprocessnodelwith xlinkit to performincrementatonsistencgheckson UML
designmodelsin parallelwith the designprocesq6]. The procesanodel,de ned asa
hierarchyof designstepsusingthe processnodelinglanguagel.ittle-JIL [5], provides
guidancdn selectingwhich rulesto applyat eachdesignstep,andusesxlinkit to check
theconsistencyf the UML modelin handagainstheselectedules.As aresult,fewer
irrelevantinconsistencynessagewill bereturnedo theuser However it limits theset
of rulesthatcanbeappliedateachstep,basedn predeterminetieuristicsywhich might
notbeoptimalin generalln ourapproachtherulesmaybearrangedy priority, butno
limitation on applicabilityis placeda priori.

In their approachCasset al. focusedon traceabilityconsistencypetweerrequire-
mentsanddesigrelementsHoweverthisapproachequiresawell-de nedprocessnodel
to bein placebeforethe usercantake advantagef automatedonsistencychecking.
This requiresmaintenanceffort on the procesamodelandit is not clearhow this ap-
proachwould dealwith deviationsfrom the prede nedprocessmodel(which canalso
be consideredasatype of inconsistency8]). Their approacthasthe sameworst-case
time complexityasxlinkit, andlike xlinkit, it doesnot provideautomatedesolutiongo
inconsistencies.

Anothernominalcontributionin this areais the work on Argo/UML Editor — an
applicationof intelligentuserinterface . TheeditorprovidesanintegratedJML model-
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ing tool which allowsthe userto createandedit UML models,andprovidesfeedback
onthemodelthroughcritics [24]. Critics canperformanalysisonissuesf correctness,
completenesgonsistencyetc. Thefeedbacks deliveredto theuserasa To-Doitemin
adesignatedo-Do List in theworkspaceThe editorhastwo backgroundhreadshat
work in parallelduringthe modelingprocessThe critique thread selectsa critic from
critic waiting queueswhosede nition is mostcloselyrelatedto the currentupdatein
design.Theinvalid feedbackemovalthreadperiodicallymakesa passthroughthe To-
Do List, andveri es if theitemis still valid by reapplyingthecritic onthecurrentmodel.
If theitemreturnsasavalid critique, it will remainin the To-Do List; otherwisejt is re-
movedfrom thelist. Correctiveautomatiorof critiquesis implementedhroughwizards
[25].

Themainfocusof researcion Argo/UML is thedevelopmenbf anintelligentuser
interface.Althoughit offers nine differenttypesof designcritiques,it doesnot pro-
vide strongcoverageof eachtype of critique. In particular inconsistenciearetreated
asagenericproblemof nding contradictionswithin thedesign[24]. The critiquesare
merelyproceduratescription®f designheuristicsHowever ourapproactoffersafor-
mal descriptionlanguagdor inconsistenciesangingfrom the syntaxandsemantic®of
theUML languageto generalanguage-independetdnstraint@ndstandardsTheres-
olutionsto inconsistenciesfferedby RIDE canbeimplementedassimply asmanipu-
lation of working memoryelementspr ascomplexobject-orientegorograms.

Animportantweaknesi Argoisin selectiorof whichcritiquesto applywhen.The
usercanenableanddisablegroupsof critics manually but this putsthe responsibility
of ensuringthe relevanceof critiqueson the end user In addition,the currentimple-
mentatiorhasalooselyde nedrelationbetweercritics, editactiontypes,anduser/goal
modelssuchthateventuallyall enablectriticswill becycled[24]. Thismayresultin an
excessiveaumberof irrelevantcritiquesbeingappliedaftereacheditaction.In our ap-
proach the applicability of rulesis determinechutomaticallyby therule engine which
requiresno actionfrom the user but optionsareprovidedto disableundesirableules.

5 Conclusionsand Future Work

Inthispaperweintroducedatypologyof inconsistencyn softwaredesignandusedhis
typologyto de ne productionrulesfor a production-system-baséaconsistencynan-
agementool. This tool canbe integratednto a UML designenvironmento provide
on-the- y inconsistencygheckingandresolutionwhile UML modelsareedited.

In our framework,the applicationof rulesis automaticallycontrolledvia con ict
setresolutionandthedynamiccontrollingmechanisnallowsrule manipulation®onthe
y . ThisimprovesuponotherapproachesuchasArgo/UML, which offersonly manual
controlsto the userfor enablinggroupsof critics [24], andxlinkit, whereno controlis
availableto theuser[17]. As it runs,the productionsystemcancreateandmodify per
sistentworkingmemoryitems,includingthe UML modelitself. This providesanumber
of advantages:

— Rulescanautomaticallymodify the UML modelto resolvecertaininconsistencies;
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— Rulescanmodify the behaviorof otherrules,by changingthe contentf working

memory Suchmodi cation mayrangefrom simply enabling/disablingtherrules,
to meta-ruleghatlook for patternsof occurrencesf chronicinconsistency;

— Rulescandetectandmonitorinconsistenciethatarenotresolvedmmediately by

puttingthe appropriateentriesinto working memory;

— Setsof rulescaneffect complexmulti-stepresolutions suchas convertinga data

modelto normalform.

Theworstcasetime complexityof this methodis comparabléo that of xlinkit. As

ourdetectiorstepsarecarriedoutincrementallyin parallelwith editingtaskswe expect
thattime complexityis lessrelevantthanfor batchcheckingapproachesOur current
prototypeimplementationRIDE systemusesanoff-the-shelfrule-engineJessWe are
continuingworking on theintegrationwith Argo/UML tool.

Therearetwo generalirectionsfor futurework. Oneis to continuethestudyof spe-

ci ¢ inconsistencylasse®f boththe designdescriptionsandactualdesignsandtheir
standardsolutions.Anotheris to observethe patternof inconsistencyccurrencesnd
useproductionsystento analyzethecycleof patternandprovideautomatedesolution.
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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 the classis de ned in.
name Thenameof theclass.
modifier |[Example modi ers: public, private, default,
protected
method id A uniqueidenti er string.
pid Theclassid to which themethodbelonggo.
name Thenameof themethod.
modifier |[Example modiers: public, private, default,
protected
parameter id A uniqueidenti er string.
pid Themethodidenti er to which the parameteis partof.
name Thenameof theparameter
type Theclassnamethatthe parameters 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 cationexpressiorof the stateasstring.
transition id A uniqueidenti er string.
from Thestateid of the origin of thetransition.
to Thestateid of the destinatiorof thetransition.
Sequenc®iagram
Type |Attribute Value

sequenceDiagram |id

A uniqueidenti er string.

name

Thenameof thesequenceliagram.

notes

Additional notes.

associateTo

associated.

sequenceObject id

A uniqueidenti er string.

pid

Thesequenceéliagramid to which the objectbelongs.

name

The objectnameor variablename.

type

Thetypeof theobject,i.e. theclassname.

sequenceMessage |id

A uniqueidenti er string.

pid Thesequenceliagramid to which the objectbelongs.
name Thenameof themessage.
from Theobjectid of theorigin of themessage.
to Theobjectid of thedesignatiorof themessage.
code sync, async, destroy, return, new
InconsistencyresolutiorElements
Type |Attribute Value
inconsistency id A uniqueidenti er string.
ruleid A uniquenameof the offendingrule.
name Theuniguenameof the offendinginconsistencyule.
location List of WME type andid pairsof offendingelements.
msg Thetextthatdescribeshe detail of theinconsistency
userchoice id A uniqueidenti er string.
pid TheinconsistencyWME identi er.
action Thespeci cationof thefunctioncall.
actionText |Theexplainationof theaction.
targetlD Thereferenceso theidenti er of the offendingelement.
userinput id A uniqueidenti er string.
pid TheinconsistencyWME identi er.
action add, remove, modify
targetlD Theidenti er of theoffendingelement.

The use caseid to which the sequencediagramis




