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ABSTRACT:Constructingcomplex softwaresystemsby
integrating different software componentsis a promising
andchallengingapproach.With the functionality of soft-
warecomponentsgiven by modelsit is possibleto ensure
consistency of suchmodelsbeforeimplementationin order
to successfullybuild thesystem.Modelsconsistingof dif-
ferentsubmodels,theabsenceof anoverall formal seman-
ticsandthenumerouspossibilitiesof employing modelsre-
quiresthe developmentof techniquesensuringthe consis-
tency. In this paper, we discussthe issueof consistency of
modelsmadeup of differentsubmodelsproposinga con-
ceptfor themanagementof consistency. Consistency man-
agementrelieson a conceptof consistency anda process
for ensuringconsistency of models.We introducea consis-
tency conceptfor softwarecomponentsmodeledin theUni-
fiedModelingLanguage(UML) anddevisesuitableconsis-
tency checks.On this basis,we proposea processhow to
locateandresolveinconsistencies,thusensuringtheconsis-
tency of modelsandby thattheconsistency of component-
basedsystemsderivedfrom thosemodels.

I . INTRODUCTION

Software systemsusually are large and complex. Be-
causeof thesizeaswell asbecauseof thecomplexity, en-
gineeringsucha softwaresystemis not a taskto be taken
lightly. Thereforemany variantsof thewell knownandgen-
erallysuccessfuldivide-and-conquerapproacharein usein
thesoftwareengineeringprocess.

Onesuchan approachconsistsof building the software
systemfrom smallersoftwaresystems,sometimesreferred
to assubsystemsor moreusuallyascomponents.A com-
ponentis a softwaresystemor programon its own, of such
asizeandcomplexity thatengineeringit is a reasonableef-
fort, in generalfar lessdifficult thanengineeringthewhole
system.Suchacomponentitself maybecomposedof other,
smallerandsimplercomponents.

In orderto dealwith thecomplexity of softwaresystems,
theuseof modelsis nowadaysawell-establishedapproach.

Models are usedwithin the software engineeringprocess
for meansof communication,documentationandrequire-
mentscaptureandallow theabstractionfrom implementa-
tion detailssuchasprogramminglanguageandcomputer
platform.With thefunctionalityof componentdescriptions
given in form of models,the foundationfor the ability of
reasoningaboutthenatureof complex systemsmadeup of
simplercomponentsis in place.

Successfullyintegratingcomponentson themodellevel
givesrise to the following problemof modelconsistency:
Theoverallmodelmadeupof anumberof componentmod-
elshasto beconsistentandnotcontradictory. Otherwise,an
implementationof the overall model will not be feasible,
therebymakingtheoverallmodeluseless.

In thispaper, wediscusstheissueof consistency of mod-
elsmadeupof differentsubmodelsproposingaconceptfor
themanagementof consistency. Consistency management
relieson a conceptof consistency anda processfor ensur-
ing consistency of models.Weintroduceaconsistency con-
cept for softwarecomponentsmodeledin an extensionof
UML [18] anddevisesuitableconsistency checks.Thepa-
per is organizedasfollows: First, we discussthe issueof
modelingof components.Then,in sectionIII, we discuss
consistency of modelsand,in sectionIV, consistency man-
agementin general. In sectionV, we proposea general
methodologyfor ensuringconsistency of modelswhich we
applyto theproblemof ensuringconsistency of component
modelsin sectionVI.

I I . MODELING OF COMPONENTS

Software systemsor programscomprisemany differ-
ent, partially overlappingaspects- such as the static or
structuralones:dataandarchitecture,andthe dynamicor
process-like ones: visible behavior or interfacebehavior,
hiddenbehavior or functionality, and interaction,the as-
pectcoveredby communication,collaboration,cooperation
andcoordination.Also componentscompriseall theseas-
pects,as they are softwaresystems,too. Composingthe
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Fig. 1. A modelin relationto realityandto aprogramcomposedof components

componentsinto a larger softwaresystemthenconsistsof
puttingthemtogetherin asufficiently carefulmanner, such
thatwith respectto all aspectsinvolvedthecomponentsfit
together. In orderto beableto composethecomponentsas
required,onewantsto reasonaboutandto analysepossible
compositionsof the components,onewantsto understand
their eventualconfiguration,onewantsto beconvincedof
their consistency. In this paper, we areparticularly inter-
estedin the consistency of interactionsperformedby the
components.

It is through modeling software, that software can be
studiedbestin orderto enablereasoningaboutit, analysing
it, understandingit. As, in the caseof software compo-
nents,we want to studytheir compositionwith respectto
all aspectsinvolved, a model of suchsoftwareshouldre-
flect the componentsaswell astheir composition,thereby
coveringall relevantaspectsin a sufficiently preciseman-
ner. Figure1 visualizesthemodelingsituationfor software
consistingof components.

The above representationclarifies that the details of
the interactionof the programcomponentscanbe studied
throughthedetailsof the interactionof themodelcompo-
nents,provided that two conditionsarefulfilled. The first
conditionis, that themeaningof modelsis fixed in sucha
waythatreasoning,analysisandunderstandingof modelsis
possible.Thesecondconditionis, thattheabstractionfrom
programto model indeedpreservesall aspectdetailsrele-
vantto theinteractionof programcomponents.Thismeans
thattheinteractionof programcomponentsgeneratedfrom
model componentsis in principle the sameinteractionas
theonewe studyon themodellevel.

Regardingthe first condition,the meaningof modelsis
usually fixed by the use of a modeling language. Such
a modeling languageallows us to constructmodelssuch
that the meaningof modelscanbecommunicated.As the
modelinglanguagedeterminesthe semanticsof modelsit
is crucialfor theability of constructingusefulmodels.The

modelinglanguageinsofar providesthe meansof abstrac-
tion from the real world and the program,concentrating
on certainaspectsandnot consideringotheraspects.Typ-
ically, a model consistsof several submodels,eachsub-
model concentratingon specificaspects.Concerningthe
secondcondition,we observe that thenatureof themodel-
ing languagedeterminesthekind of abstractionandthereby
alsothepreservationof aspectdetails.

As a consequence,the choiceandthe characteristicsof
themodelinglanguagearecrucial to thesuccessof model-
ing. How canwe determinewhethera modelinglanguage
is suitableor not?

Givenaproblemdomainandanunderstandingof thesys-
temtobebuilt, themodelerhasacertaingenericconceptual
modelin mind. This genericconceptualmodeldetermines
theaspectsto bemodeledandthusthekind of abstraction.
Thechosenmodelinglanguagemustthensupportthesame
aspects.

In Figure 2, the relationshipof the genericconceptual
modelandthe modelinglanguageis illustrated. Abstrac-
tion from the real world andthe programyields a generic
conceptualmodel. The genericconceptualmodelconcen-
trateson certainaspectsof therealworld andtheprogram.
Thechosenmodelinglanguagemustsupporttheconstruc-
tion of concretemodelsandconsequentlymustsupportthe
sameaspectsasthe genericconceptualmodel. As a con-
sequence,the setof aspectsthe genericconceptualmodel
includesservesasa classificationcriteria for thechoiceof
thesemanticsof themodelinglanguage.In particular, each
individual aspectservesasa requirementfor thesemantics
of themodelinglanguage:It mustbepossibleto expressin
amodeltheaspectof thegenericconceptualmodel.During
analysisanddesign,a concretemodelis constructedusing
thechosenmodelinglanguage.

Thepreviousideascanbeexemplifiedfor theproblemof
modelingcomponent-basedsoftwarechoosingthe Unified
Modeling Language[18] as our modeling language. We
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first notethat,asa general-purposemodelinglanguage,the
UML coversall the above mentionedaspectsand should
thereforebe in principle suitablefor studyingthe interac-
tion of programcomponentsat themodellevel. TheUML
offers a numberof different sublanguagesand a typical
UML modelconsistsof severalsubmodels,eachsubmodel
concentratingonimportantaspectsof thesystemtobemod-
eled.

Concerningthe ability of analysingthe interactionof
component-basedsoftwareatthemodellevel,afixedmean-
ing of modelsis crucial. Deploringly, the UML doesnot
have a formally definedsemanticsand thereforethe rea-
soningandanalysisof componentmodelsarenot straight-
forward. In orderto apply UML to the successfulmodel-
ing of components,thedeficienciesof UML with respectto
consistency of differentsubmodelshave to be copedwith:
Givenacomponentmodelin UML consistingof submodels
eachconcentratingondifferentaspects,it hasto beensured
that the overall model hasa propersemanticsand is not
contradictory. In thefollowing threesections,we therefore
discussthe notion of consistency in general,proposinga
generalmethodologyfor consistency managementof UML
models. This methodologyis thenappliedin orderto en-
sureconsistentinteractionof softwarecomponents.

I I I . CONSISTENCY

In this section,we introduceand discussthe notion of
consistency. First, we explain generalconceptsof consis-
tency within softwareengineeringandintroducethe terms
of a consistency problemandconsistency condition. Then
we explaincharacteristicsof consistency problems.

A. General concepts

The use of models consistingof different submodels
within software developmenthas numerousadvantages.
Differentpersonsmaywork on differentsubmodelssimul-
taneouslydriving forward the developmentof the system.

Different typesof submodelsallow the separationof dif-
ferentaspectsof the systemto be built suchasstructural
aspectsor dynamicbehavior of systemcomponents.

However, making use of different submodelsalso in-
volvesdrawbacks. In a traditional approach,thereexists
only one model of the system. This model can then be
transformedduringcodinginto arunningsoftwareproduct.
In thecaseof a collectionof submodels,this is not aseasy
anymorebecauseoneneedsto describewhich submodelis
transformedinto which partof thecode.This givesriseto
the problemof differentpartsof the codenot working to-
getherasonewishesleadingto a systemnot functioning.
In ordernot to run into suchproblems,it hasto beensured
thatdifferentsubmodelsarecompatiblewith eachotheror
consistenton themodellevel.

Dif ferentsubmodelsof a modelarecalledconsistentif
they can be integratedinto a single model with a proper
semantics. As a consequence,consistency of submodels
ensurestheexistenceof an implementation:if consistency
is ensured,animplementationof submodelsis obtainedby
implementingtheintegratedmodel.Otherwise,suchanin-
tegratedmodelandimplementationmightnot exist.

Thepreviousdefinitionallows usto discussconsistency
on a high level of abstraction.For particulartypesof mod-
elsconsistingof specificsubmodelswith a specificseman-
tics, this definition must be refined by resolvingwhat it
meansto integratesubmodelsinto a single model. Sub-
modelsthatcanbeintegratedarethencalledconsistent.

Dependingon the modelsusedwithin software devel-
opment,we candistinguishbetweendifferentscenariosof
consistency. If the semanticsof eachsubmodelis defined
in termsof a commonsystemmodel[3], thenconsistency
of submodelscanbe refinedto be the existenceof a non-
emptysystemmodel. Otherwise,if the semanticsof each
submodelis definedin its own semanticdomain,thenthese
semanticdomainsmust be integratedinto a commonse-
manticdomain. Consistency canthenbe refinedto be the
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possibilityof integratingthesemanticsof submodels.
Whenever submodelsof a modelarenot consistent,we

speakof aconsistencyproblem. If modelsconsistingof dif-
ferentsubmodelsareappliedwithin softwaredevelopment,
therehave to be techniquesin order to ensurethe consis-
tency of the overall model and to resolve inconsistencies
within themodel. In orderto resolvepotentialinconsisten-
cies,onehasfirst to getaclearideaof whenamodelis con-
sistentor not. For this purpose,oneusesconsistencycon-
ditions: A consistency conditiondefineswhethera model
is consistentor not. Givena modelconsistingof different
submodelsanda numberof consistency conditions,it can
now bedeterminedwhetherthemodelis consistentor not.
Consistency conditionsinsofar provide the basisof defin-
ing consistency of models.Consistency conditionsdepend
heavily onthemodelinglanguageusedandon thedevelop-
mentprocessbecausethey both determinethe aspectsde-
scribed.

B. Characteristicsof ConsistencyProblems

Consistency problemscan be characterizedon the one
handaccordingto thesituationthey occurandon theother
handdependingon theconsistency condition.

Oneproblemof consistency arisesin caseswhereaspec-
ificationconsistsof differentpartsbecauseasystemis mod-
eledfrom differentviewpoints [1], [8]. Thisallowsthecon-
centrationon differentaspectsin differentmodels. How-
ever, differentviewpoint specificationsmustbe consistent
andnot contradictory, becausethe implementationof such
aninconsistentspecificationwouldotherwisebeunfeasible.
This type of consistency problemwe will call horizontal
consistency.

One importantprerequisitefor this type of consistency
problemto ariseis that thereis a certainviewpoint over-
lap,alsocalledcorrespondence[1]. Thismeansthatview-
point specificationsare not completelyindependentfrom
eachotherbut alsodescribecommonaspects.

Another quite different problem of consistency arises
when a specificationis transformedinto anotherrefined
specification.It is thendesirablethat therefinedspecifica-
tion is consistentwith thepreviousspecification,in orderto
keeptheoverall specificationconsistent.This typeof con-
sistency problemwe will call vertical consistency. Vertical
consistency problemsare inducedby a developmentpro-
cesswhich prescribeshow andwhenmodelsareiteratively
refined.

A quitedifferentcharacterizationis obtainedby looking
attheconsistency conditionfor aconsistency problem.Syn-
tactic consistencyensuresthat a model is consistentwith
respectto thesyntaxandis ensuredby formulatingconsis-
tency conditionsonthesyntaxof models.Concerninghori-
zontalconsistency problems,syntacticconsistency ensures
that the overall model consistingof submodelsis syntac-
tically correct. With regardsto vertical consistency prob-
lems, syntacticconsistency ensuresthat changingof one

part of the modelwithin the developmentprocessstill re-
sultsinto a syntacticallycorrectmodel.

Semanticconsistencyensuresthat a model is consistent
with respectto its semanticsandis ensuredby formulating
consistency conditionson the semanticsof models. With
respectto a horizontalconsistency problem,semanticcon-
sistency requiresmodelsof differentviewpoints to be se-
mantically compatiblewith regardsto the aspectsof the
systemwhich aredescribedin thesubmodels.For vertical
consistency problems,semanticconsistency requiresthata
refinedmodel is semanticallyconsistentwith the model it
refines.

IV. CONSISTENCY MANAGEMENT

Ensuringthe consistency of modelswithin a software
developmentprocessgivesrise to the needof consistency
management.In this section,we introduceanddiscussthe
notion of consistency managementidentifying important
characteristics.Along thesecharacteristicswe categorize
relatedwork relevantto ensuringconsistency of models.

A. Thenotionof consistencymanagement

Given a set of modelsand a developmentprocess,it
arisesthequestionhow to ensureconsistency of suchmod-
els within the developmentprocess. Obviously, this re-
quiresan understandingor conceptof consistency andthe
definitionof consistency conditions,thespecificationwhen
consistency conditionsarechecked andwhat to do in the
caseof inconsistenciesin orderto resolve these.We thus
needasortof managementof consistency andintroducethe
termconsistencymanagement: Consistencymanagementis
thetechniquewhichhasasitsgoalto ensuretheconsistency
of modelswithin a softwareengineeringprocess.

In order to generallyensurethe consistency of models,
thefoundationof consistency managementis theability to
decidewhethertwo modelsareconsistentor not. As acon-
sequence,consistency managementrelies on consistency
conditions. However, beforebeing able to defineconsis-
tency conditions,it mustbeclarifiedwhich modelsarein-
consistentbecausethey cannotbe semanticallyintegrated.
Thebasisfor consistency managementis thereforeacareful
inspectionof modelsusedandtheir semantics,leadingto a
definitionof consistency.

Givensuchadefinitionof consistency, consistency man-
agementmust enablethe definition of consistency condi-
tions for models. This includesthe identificationof po-
tential consistency problemsand the decisionwhenmod-
elsshouldbeconsistentwith respectto which consistency
condition.

Once these foundationsfor consistency management
havebeenfixedandconsistency conditionsdefined,consis-
tency managementalsoinvolvestheembeddingof dealing
with consistency within a developmentprocess. For this
purpose,givena setof consistency conditionsanda setof
models,consistency managementshoulddescribefor each
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Fig. 3. Consistency Management

consistency conditionhow a consistency checkcanbeper-
formedonmodelsin orderto ensureconsistency of models
with respectto theconsistency conditions.

In Figure3 consistency managementis illustrated.Con-
sistency managementdependsheavily onthemodelinglan-
guageusedmirroring the underlying genericconceptual
model. The modelinglanguagealways includesa certain
form of syntacticconsistency ensuredby the syntactical
correctnessof models. It furthermoreprescribesa certain
degree of semanticconsistency ensuredby semanticsof
models. Dependingon the underlyinggenericconceptual
modelandthe developmentprocess,consistency manage-
mentmustensureadditionalsyntacticandsemanticconsis-
tency. In orderto achievethis,consistency managementre-
liesona foundationfor consistency consistingof aconcept
of consistency including consistency conditions. It pre-
scribesaprocessincludingtheidentificationof consistency
problemsanddefinitionof consistency conditions.On the
basisof these,consistency managementinvolvesthe loca-
tion of potentialinconsistenciesandtheperformingof con-
sistency checksduring the overall software development
process.

B. Relatedapproaches

Existingapproachescanbecategorizedinto severalcate-
gories.Thefirst categorycontainsapproacheswherea par-
ticular consistency problemis tackled.For instance,Fradet
et al. [10] proposean approachto consistency checking
of diagramsconsistingof nodesandedgeswith multiplici-
ties. They distinguishbetweengenericandinstancegraphs
anddefinethe semanticsof a genericgraphto be the set
of instancegraphsthat fulfill theconstraintsof thegeneric
graph. Consistency is thendefinedto be equivalentto the
semanticsof thegenericgraphbeingnotanemptyset.Con-
sistency checkingis thenperformedby solvingasystemof
linear inequalitiesderivedfrom thegenericgraph.Also in
this category falls the approachby Li et al. [15] who ana-

lyze timing constraintsof sequencediagramsfor their con-
sistency solvingsystemsof linearinequalities.

Anothercategorycanbeseenin approachesthatachieve
consistency of object-orientedmodelsby completelyfor-
malizing them,therebyintegratingall modelsinto onese-
mantic domain. Moreira and Clark [16] translateobject-
orientedanalysismodelsto LOTOS in order to detectin-
consistencies.Chenget al. [4] formalizeOMT modelsin
termsof LOTOSspecifications.Usingthesespecifications,
they performconsistency analysisusingtools for stateex-
plorationandconcurrency analysis.Grosse-Rhode[12] in-
tegratesall modelsby translatingtheminto transformation
systems. The probleminvolved with completelyformal-
izing modelsis that the applicationis thenrestrictedto a
certainproblemdomainmirroredby thechoiceof semantic
domain.

A third categorycanbeseenin approachesthatdealwith
consistency of modelsthatarenot object-oriented.Zave et
al. [21] defineconsistency basedon a translationinto log-
icsanddefinea setof partialspecificationsto beconsistent
if andonly if its compositionis satisfiable.Their approach
thereforerequiresthatmodelsaregivenasemanticsin form
of logics.Boitenetal. [2] defineconsistency onthebasisof
developmentrelationsanddefinea setof partial specifica-
tionsto beconsistentif andonly if acommondevelopment
relation exists. This approachrequiresthe existenceof a
formal semanticsfor modelsand the conceptof develop-
mentrelationsdefinedfor modelsusedwithin thedevelop-
mentprocess.

Another, quitedifferent,categoryof relatedwork canbe
seenin approachesthat deal with inconsistency manage-
ment[17] [11]. Ratherthentrying to achievecompletecon-
sistency, theseapproachestackletheproblemof managing
inconsistencies.This managementis basedon thelocation
of inconsistenciesandthe appropriatehandling(resolving
of inconsistency or toleratingit). Concentratingon thepro-
cessof consistency management,they assumethatthefoun-
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dationof consistency managementin termsof consistency
conditionsis alreadyin place.

In thefollowing section,we presentanapproachto con-
sistency managementbasedon theideaof partially formal-
izing themodelfor enablingconsistency checks.As a con-
sequence,our approachcanbe regardedasa combination
of the approachesin the first andthe secondcategory. As
our approachalsocomprisesthe ideaof consistency man-
agementwithin a developmentprocess,it is alsorelatedto
thefourthcategoryalthoughtheideaof toleratinginconsis-
tenciesis not in focus.

V. A METHODOLOGY FOR CONSISTENCY

MANAGEMENT OF UML MODELS

Having discussedthe issueof consistency and consis-
tency management,we now turn our attentionto the mod-
eling of component-basedsystems. We will model these
systemsusing UML becauseUML is nowadaysa well-
acceptedmodelinglanguage.Despiteits numerousadvan-
tagessuchasuser-friendlinessby visual models,thereare
currentlyalsocertaindrawbackswhenit comesto establish-
ing consistency of models.Wecandescribethesituationas
follows:

Dueto theunclearsemanticsanddifferentemployments
of UML within thedevelopmentprocess,ageneralconcept
of consistency managementfor UML modelsis missing[5].
Concerningsyntacticconsistency, this type of consistency
is partly achievedby definingwell-formednessruleson the
metamodel.Dueto theabsenceof agenerally-acceptedfor-
mal semantics,semanticconsistency is currentlynot well-
supported.Nevertheless,semanticconsistency is of great
importanceandmustbedealtwith. Anotherproblemis the
informal developmentprocessfollowedwhich leadsto the
needof flexible notionsof consistency. We thusconclude
thatconsistency conditionsfor UML modelsdependon the
problemdomainthe languageis appliedto andthe devel-
opmentprocessfollowed.

In the following, we will proposea generalmethodol-
ogy for consistency managementof modelsexemplifiedfor
the caseof UML models. This methodologywill thenbe
appliedto theproblemof consistency whenmodelingcom-
ponents,focusingon consistency of interactionof compo-
nents.

Ourapproachto consistency managementof UML mod-
elsis basedon thefollowing observation:Thefundamental
questionto answerwhengivenacollectionof UML models
is whetherthereexist a commonsemanticinterpretationof
them. Althougha formally definedsemanticsdoesnot ex-
ist, it is still possibleto restrictoneselfto certainaspectsof
modelsandthendeterminewhetheranintegrationor com-
monsemanticinterpretationexists.

The conceptof our approachis illustratedin Figure 4.
Submodelsusedwithin developmentoverlap in a number
of aspects.For ensuringconsistency, submodelsare inte-
gratedinto acommonsemanticdomain,thatsupportsthese

Submodel Submodel

Aspect 1

Aspect n

..

Semantic Domain

mapping mapping

Fig. 4. Conceptof our approach

overlappingaspects.If a concretemodel cannotbe inte-
grated,thenit is inconsistent.

We thereforeproposethefollowing methodologyfor es-
tablishingconsistency:

Step1: Identificationof genericconceptualmodel,aspects,
modelinglanguage. Thefirst stepin themethodologyis to
establisha genericconceptualmodel of the problemdo-
main and thosesystemsone wishesto model. This can
only bedoneon aninformal basisandinvolvesabstracting
from minoraspectsandconcentratingon importantaspects
the modelshouldsupport. The aspectsto be capturedby
themodelmustbeelaboratedto a classificationof aspects.
Themodelinglanguagehasto befixedandthedevelopment
processis definedasto which submodelsareto beusedin
which stepof thedevelopmentprocess.Furthermore,con-
sistency requirementsfor the applicationdomainmustbe
identifiedandstatedin textual form.

Step2: Identificationof consistencyproblems.Thebasisfor
theidentificationof consistency problemsis obtainedby re-
lating submodelsto aspectsandtherebydiscoveringwhich
submodelsmodel the sameaspectsof the system.Due to
this commondescriptionof aspectsin differentsubmodels
(alsocalledoverlapof aspects)consistency problemsmay
occurif the descriptionof aspectscontainscontradictions.
Theseconsistency problemsareidentifiedandstatedusing
aprototypicalsituationleadingto theconsistency violation.
Concerningeachprototypicalsituation,we relateit to the
developmentprocessfor decidingwhensuchaprototypical
situationmayoccur. Furthermore,wedecidein how far the
submodelsmustbe syntacticallyconsistentandwe define
syntacticconsistency conditions.

Step3: Choiceof a semanticdomain.For eachconsistency
problemidentified,we chooseanappropriatesemanticdo-
main. This semanticdomainmust supportthoseaspects
that lead to the consistency problem (i. e. the aspects
wheresubmodelsoverlap). Furthermore,the semanticdo-
mainshouldprovide tool supportin orderto facilitatecon-
sistency checks.In orderto validatethat the semanticdo-
mainis indeedappropriatewetranslatetheprototypicalsit-
uationsinto thesemanticdomain.
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Step4: Definition of partial mapping. All aspectsof the
modelthat leadto the identifiedconsistency problemmust
bemappedinto thesemanticdomain.Thedefinitionof the
partialmappingiscrucialfor thecorrectnessof laterdefined
consistency conditionsandno aspectsof themodelshould
be left out that influencetheconsistency of themodel. On
the otherhand,only thoseaspectsof the modelshouldbe
mappedinto thesemanticdomainthatareimportantfor the
consistency becauseotherwisethe later analysismay get
too complex.

Step5: Specificationof consistencyconditions.In the lan-
guageof thesemanticdomainconsistency conditionsmust
beformulatedthatensuretheestablishmentof consistency
within the model. Here, also the generalconsistency re-
quirementsfor theconceptualmodelmustbetakeninto ac-
count. The order of consistency test to be performedby
groupingthe consistency conditionsaccordingto their ef-
ficiency mustbe determinedandfixedwithin the develop-
mentprocess.

Step6: Locationof inconsistenciesandanalysisof poten-
tial inconsistencies.Given a concretemodelconsistingof
submodels,the prototypicalsituationsspecifiedearlierare
usedto locatepotential inconsistencies.This is doneby
finding all instancesof a prototypicalsituationin the con-
cretemodel.Usingtheanalysistechniquesof thesemantic
domain the previously formulatedconsistency conditions
mustbeanalyzedfor modelsmappedinto (thelanguageof)
thesemanticdomain.

VI . APPLICATION TO COMPONENTS MODELED IN

UML

In this section,we will apply the generalmethodology
for consistency managementin orderto ensuretheconsis-
tency of modelsfor component-basedsystems.

A. Identificationof genericconceptualmodel,aspectsand
modelinglanguage

The basisof our methodologyis firstly the identifica-
tion of the genericconceptualmodel i. e. the identifica-
tion of aspects,secondlythe choiceof the modelinglan-
guage,thirdly thedefinitionof thedevelopmentprocessand
fourthly theidentificationof consistency requirements.

Concerningthe modelingof components,we recall our
discussionof modelingsoftwarecomponentsandelaborate
the aspectsto a classificationof aspects,seeFigure5. In

CapsuleA CapsuleB
P1:Protocol::RoleA P2:Protocol::RoleB

SA SB

SProtocol

Protocol

RoleA RoleB

<<connector>>

Fig. 6. Submodelsandtheir usagein UML-RT

general,wecandistinguishbetweenstaticanddynamicas-
pects. The static aspectscan be divided into a structure
aspectdescribingthe structureof the systemandthe data
typeaspectdealingwith thedefinitionof datatypes.With
respectto thedynamicaspects,wecandistinguishbetween
communicationandlocalbehavior.

Concerningthe modeling language,we alreadystated
that we will use UML. More precisely, we concentrate
on UML-RT [20], a profile of UML for modeling real-
time systemsand incorporating the conceptof compo-
nentscalled capsules. In the following, we shortly de-
scribeconceptsof UML-RT andthenwe relatesubmodels
usedwithin UML-RT to the previously identifiedaspects,
therebyshowing thatUML-RT indeedcoversall theidenti-
fiedaspects.

UML-RT is anextensionof theUML by introducingthe
notionsof capsules, ports, connectors, protocolsandproto-
col roles. Originally targetedat enablingmodelingof com-
plex real-timesystems,UML-RT hasalsobeenseenasa
candidatefor modelingsoftwarearchitectures[19] andfor
modelingconcurrentsystemsin general.In the following,
conceptsof UML-RT areexplainedin detail.

A capsuleis a stereotypedactive classand is usedfor
modelinga self containedcomponentof a system. Other
thanordinaryclasses,capsuleoperationscanonly becalled
from within the capsule. For communicationwith other
capsulesa capsulemay have one or more ports through
which it is interconnectedto othercapsulesvia connectors.
A connectoris an associationbetweencapsules.It repre-
sentsa hardwareconnectionvia which capsulescommuni-
cateby sendingandreceiving signals.Thesesignalsenter
or leave a capsuleat a port. A port realizesa protocol role
which specifiesthe signalssentandreceived via the port.
Oneor moreprotocolrolesform a protocol.

Fromthe point of view of behavioral modeling,a state-
chartmaybeassociatedto a capsule.A capsulestatechart
describeshow thecapsulereactsto signalsreceivedvia its
portsandwhensignalsaresentvia its ports. Statetransi-
tions of capsulestatechartsmay alsoincludecalls of cap-
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Fig. 7. A simplifieddevelopmentprocess

suleoperations.For protocols,thereexist alsothepossibil-
ity of modelingall validsequencesof messageexchangesin
a protocolstatechart.Theprotocolstatechartthereforeex-
pressesrequirementsratherthanspecifyingthe implemen-
tationof a protocol.

In Figure 6, conceptsof UML-RT are illustratedusing
a very simpleexampleconsistingof two capsuleinstances
CapsuleA andCapsuleB connectedbyaconnectorvia the
two portsP1 andP2. Theportsareboundto theprotocol
rolesRoleA andRoleB, respectively. Eachcapsuleis as-
sociatedto a capsulestatechart,SA andSB respectively, de-
scribingthedynamicbehavior of thecapsule.Theprotocol
statechartSProtocol isassociatedto theconnectorbetweenthe
two capsules.

Regarding the suitability of UML-RT for modeling
component-basedsystems,we first relate submodelsof
UML-RT to theaspects.We notethatdatatypeandstruc-
tureaspectis coveredby theclassdiagramandthecapsule
collaborationdiagramof UML-RT. Thecommunicationas-
pect is coveredby the protocolstatechartand the capsule
statechart.Thelatteralsocoverstheaspectof local behav-
ior.

Concerningthe use of submodelswithin the develop-
mentprocess,we will assumea simpledevelopmentpro-
cessconsistingof threesteps: In the first step,a capsule
collaborationdiagramis usedto modelthestructureof the
systemandfor eachcapsulethe datatype aspectis mod-
eledin a commonclassdiagram. In the secondstep,pro-
tocol statechartsmaybeaddedto themodeldescribingthe
communicationaspectwith respectto theallowedmessage
exchangesvia connectors.In the third step,capsulestate-
chartsaredefinedfor eachcapsuledescribingthecommu-
nicationand local behavior aspectof capsules.This sim-
plified developmentprocessis illustratedin Figure 7, for
spacereasonsthecommonclassdiagramis not shown.

With regardsto consistency requirements,we identify
the property of deadlock freenessand protocol confor-
mance.Concerningdeadlockfreeness,thecommunication
resultingfrom the interactionof capsulesshouldbe dead-

a)

b)

CapsuleCCapsuleA CapsuleB

SProtocol 1 SProtocol 2

c)
CapsuleA CapsuleB

SA
SBSProtocol

CapsuleA CapsuleB

SA
SB

Fig. 8. Prototypicalsituationfor consistency problemsin UML-RT

lock free.Protocolconformancerequirestheconformityof
capsuleinteractionwith the protocolspecifiedin the pro-
tocol statechartsassociatedto the connectorbetweenthe
capsulesin focus.

B. Identificationof consistencyproblems

The basisfor the identificationof consistency problems
is a descriptionof modelingaspectseachsubmodelcov-
ers. As we areparticularly interestedin ensuringconsis-
tent interactionof componentswe restrictourselvesto the
communicationandinteractionaspect.In thefollowing,we
identify consistency problems,describeprototypicalsitua-
tions, relatethe prototypicalsituationsto the development
processanddiscussthe issueof syntacticconsistency for
theidentifiedconsistency problems.

In thecaseof UML-RT, we cangroupthesubmodelsto
themodelingaspectsthey concernfinding out thatcapsule
statechartandprotocolstatechartbothrelateto thecommu-
nicationmodelingaspect.

After identificationof thepossibleaspectoverlapof cap-
sule statechartsand protocol statecharts,we now look at
this problemin detail. We realizethat the following two
consistency problemsmayoccur:

a) the consistency problem betweentwo capsulestate-
charts
b) the consistency problem betweentwo capsulestate-
chartsandaprotocolstatechart

In Figure8, a prototypicalsituationfor eachof the two
consistency problemsa) andb) is presented.Theseproto-
typical situationsareusedlater for locatingpotentialcon-
sistency problems.In our case,the first consistency prob-
lem may occurif two capsulestatechartsfor two capsules
aredefinedandthesecapsuleareconnectedvia a connec-
tor. Thesecondconsistency problemoccurs,if additionally
a protocolstatechartis associatedwith the connectorthat
connectsthetwo capsules.In orderto point out theimpor-
tanceof theseprototypicalsituations,considerc) in Fig-
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ure 8. Although the protocolstatechartsboth describethe
communicationaspectof the system,a consistency prob-
lem doesnot occur assumingno additionalconformance
requirementbetweenthetwo protocolsassociatedto differ-
entconnectors.

The prototypical situationsare relatedto the develop-
ment processin the way that both consistency problems
arisewithin thethird stepof thedevelopmentprocess.Con-
sideringthe developmentprocess,this is not surprisingas
only in the third stepthereare two submodelsdescribing
thecommunicationandinteractionaspect.

Both consistency problemshave syntacticandsemantic
characteristics.Concerningsyntacticconsistency, syntacti-
calconsistency conditionsin form of well-formednessrules
for thesyntaxof modelscanbe formulatedin orderto en-
ablea commonsemanticinterpretation.Possiblerulesare
that thesetof signalssentin SA mustbea subsetof theset
of signalsreceivedin SB. If thesubmodelsaresyntactically
consistent,semanticconsistency must still be established
becausenot every syntacticallyconsistentmodel is neces-
sarily semanticallyconsistent.Thefollowing threestepsof
themethodologydealwith semanticconsistency.

C. Choiceof a semanticdomain

For eachconsistency problem, we have to choosean
appropriatesemanticdomainwhich enablesto determine
whethertwo modelsmay be integratedsemantically. It is
important that the semanticdomain supportsthe model-
ing aspectsin which the two modelsoverlap. Concerning
both consistency problems,the modelingaspectof over-
lap is communication. We chooseas a semanticdomain
CSP[14] which providesa mathematicalmodel for con-
currency basedonasimpleprogrammingnotationandsup-
portedby tools [9]. In fact, the existenceof language and
tool supportare most important to our aim of specifying
andverifyingconsistency constraints,despitetheexistence
of moreexpressive mathematicalmodels.Next, we briefly
review the syntaxandsemanticsof the CSPprocesseswe
areusing.

Givena set � of actionsanda setof processnames� ,
thesyntaxof CSPis givenby

P ����� STOP � SKIP � a � P � P �A � B� P � P � P � P � P
� P � a � pn

wherea ��� , A  B !"� , andpn �#� .
Processnamesareusedfor definingrecursive processes

using equationspn � P. The interpretationof the oper-
ationsis asfollows. The processesSTOP andSKIP rep-
resent,respectively, deadlockand successfultermination.
Theprefix processesa � P performsactiona andcontin-
ueslike P. The parallelcompositionP �A � B� Q resultsin
an interleaving of P andQ exceptfor theactionsin A $ B,
which have to beperformedsynchronously. Theprocesses
P � Q andP � Q representinternalandexternalchoicebe-
tweenP andQ, respectively. Thatmeans,while P � Q per-
formsaninternal( % -)actionwhenevolving into P or into Q,

for P � Q thisrequiresanobservableactionof eitherP orQ.
For example, & a � P'(�)& b � Q' performs% in orderto be-
comeeithera � P or b � Q. Instead,& a � P'*�+& b � Q'
mustperforma or b andevolvesinto P or Q, respectively.
This distinctionshallberelevantfor thetranslationof stat-
echartdiagramsbelow. Finally, the processP � a behaves
likeP exceptthatall occurrencesof actiona arehidden.

The semanticsof CSP is usually defined in terms of
traces, failures, anddivergences[14]. A traceis justafinite
sequencess �,�.- of actionswhich maybeobservedwhen
aprocessis executing.A failure & s A' provides,in addition,
thesetA of actionsthatwill berefusedby theprocessafter
executings. Divergencesaretracesthatarefollowedby in-
finite internalcomputations(without any communication).
We denoteby /0& P' thesetof all tracesof P.

Togetherwith thesesemanticmodelscomeseveral no-
tionsof processrefinement.We write P 132 Q if /4& Q'5!
/6& P' , i.e., every traceof Q is also a traceof P. Analo-
gously, P 187 Q if thefailuresof Q areincludedin thefail-
uresof P, etc. In general,theideais thatQ is a refinement
of P if Q is moredeterministic(morecompletelyspecified)
thanP. Theserefinementrelationsshallbeusedto express
consistency constraints.

D. Definitionof a partial mapping

After choosingthe semanticdomain of CSP, we now
haveto defineapartialmappingof modelsinto CSP. Onthe
onehand,this mappingmusttake into accountall aspects
leadingto theconsistency problem.On theotherhand,the
mappingshouldonly take into accounttheseimportantas-
pectsin orderto keepthelateranalysisfeasible.

In orderto beableto focuson the importantaspect,we
first refinethe communicationmodelingaspect,now con-
sideringhow the communcationis modeled. Concerning
theconsistency problems,we focuson protocolstatecharts
andcapsulestatechartsandconstructa tableof comparison
(seeFigure9), showing thedifferencesandalsosimilarities
concerningthe communicationmodelingaspect.We note
thatlocalbehavior is only modeledwithin thecapsulestat-
echartandnot in the protocolstatechartandcanthusnot
leadto theconsistency problems.It canbederivedthatthe
mappingdoesnot needto take into accountlocalbehavior.

Our mappingof statechartsto CSPprocessesis inspired
by Hiemer[13]. For a precisedescriptionof our mapping,
the readeris referredto [6] and [7]. In thefollowing, we
briefly summarizeour results:

For eachcapsulestatechartS, a CSP processis con-
structed(denotedby CSP& S' ) parameterizedover thestates
of the statechart.Similarly, we alsotranslatethe protocol
statechartinto a CSPprocess.Additionally, we definefor
eachCSPprocessCSP& S' a view processthat restrictsthe
processto themessagesexchangedvia aspecificportp and
denotethis processby Vp & CSP& S'9' . Informally, this view
processmirrors our decisionto concentrateon messages
sentovera specificport.
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single-partymulti-partynumber of participants of 
the communication

not modelednot modeledtemporal constraints

not modeled explicitlynot modeledlifetimes of objects

not modeled explicitlynot modeled explicitlydistinction between 
synchronous and 
asynchronous messages

modeled by local actions not modeledlocal behavior

messages ordered for one
capsule

order of messages for
participants

order of messages

bi-directionaluni-directionaldirection of communication

localglobalkind of behavior description

Capsule StatechartProtocol StatechartDiagram
Modeling Aspect

Fig. 9. Modelingaspectsof capsuleandprotocolstatecharts

According to the UML specification,eachstatechartis
associatedto aneventqueuewhereincomingmessagesare
stored.However, thebehavior of suchaneventqueueis not
defined. In orderto be bothpreciseandflexible aboutthe
sizeof buffersandtheir behavior, we assumethat thestor-
ageandschedulingof eventsis the taskof theconnectors.
Currently, connectorbehavior is not supportedby UML-
RT. For this reason,we proposeto useconnectorstereo-
typesfor selectingspecific,pre-definedconnectorbehavior.
We associateevery connectorstereotypeto a CSPprocess
CON describingits behavior.

Given two capsulesconnectedby two ports p: and p;
via aconnectorassociatedto aconnectorprocessCONand
capsulestatechartsassociatedto thecapsulesnamedSA and
SB, wedefinethesemanticsof this constructby

Vp :<& CSP& SA '='>�?� p @ in  p @ out �A� CON �?� pB in  pB out �A� Vp;C& CSP& SB '9'
We denotethisprocesswith CSPp DFE pG & SA  CON SB ' .
E. Specificationof semanticconsistencyconditions

Having describedthemappingof partialmodelsinto the
semanticdomainCSP, we arenow ableto specifyconsis-
tency conditionsfor modelstranslatedto CSP. Referringto
Figure 8, for eachprototypicalsituationwe must specify
the desiredsemanticconsistency. This desiredsemantic
consistency describeswhat propertiesthe implementation
shouldhave andis deducedfrom the consistency require-
mentsspecifiedin thefirst stepof themethodology.

Concerningthefirst prototypicalsituation,werequirethe
behavior resultingfrom theexecutionof thecomponentsto
bedeadlockfree. This canbe formulatedasa consistency
conditionasfollows:

Condition1 (Deadlock freeness)Two capsulestatecharts
SA andSB of two capsulesconnectedby a connectorwith
behavior CON via theportsp : andp; areconsistent,if the
inducedsystemof CSPprocessesCSPp DFE pG & SA  CON SB ' is
deadlockfree.

Concerningthesecondprototypicalsituation,werequire
thattheinteractionresultingfrom theexecutionof thecap-
sule statechartsconforms to the protocol. This can be
checkedusingarefinementnotionbetweentheCSPprocess
of the capsule-connector-capsuleconstructand the CSP
processof theprotocol.Accordingly, we define:

Condition2 (ProtocolConsistency)Two capsulesA and
B connectedby a connectorCON via the ports p : and
p; are consistentwith a protocol P if f CSP& P'H1 7
CSPp DIE pG & SA  CON SB ' .

It is importantto notice that we mustbasethis consis-
tency conditionon the failuresmodelof CSPbecausethe
tracesmodelonly allows thespecificationof safetycondi-
tions [14]. However, we want the capsulesto exhibit the
completeprotocolbehavior andnot just a part of it. The
tracesmodelcanonly beusedfor expressingthatsomeac-
tion will not occurandnot thatall actionsindeedoccur.

With respectto the developmentprocess,we already
discoveredthat consistency problemsconcerningthe con-
sistency of the interactiononly occur within the last step
of our simplified developmentprocess. Semanticconsis-
tency checksshouldbe performedby first checkingdead-
lock freenessbecausethis only involvesthe translationof
capsulestatecharts.If this condition also holds, protocol
consistency shouldbe checked by additionally translating
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Fig. 10. TheFDR tool anda traceto adeadlock

theprotocolstatechart.

F. Locationof inconsistenciesandanalysis

Given a concreteUML-RT model,we canusethe pro-
totypical situationsfor the consistency problemsto locate
potentialinconsistencies.This is doneby finding all parts
of themodelwheretheprototypicalsituationarises,thereby
findingall potentialconcreteconsistency violations.

First, syntacticconsistency betweenthe capsulestate-
chartsandof thecapsulestatechartswith theprotocolstat-
echartshouldbe checked. If syntacticconsistency is en-
sured,semanticconsistency conditionsareevaluatedusing
themodelchecker FDR [9] for CSPthatallows theevalu-
ationof theseconditions.Theoutputof themodelchecker
will thenbeeitherthatthemodelis consistentwith respect
to the semanticconsistency conditionsor it will output a
counterexample(seeFigure10).

VI I . CONCLUSION

In this paper, we have discussedthe issueof modeling
of software componentswith a focus on how to achieve
consistency of interactionon the model level. We first
discussedthe issueof modelingin generaland identified

that the compositionof softwarecomponentsandtheir in-
teractioncanbe studiedon the model level if the abstrac-
tion from systemcomponentspreservesall aspectsthatare
relevant and if the meaningof modelsis fixed suchthat
reasoningand analysisof modelscan be performed. We
pointedout the importanceof the choiceof the modeling
languageandthentackledtheproblemof modelingcompo-
nentswith UML, therebydiscoveringthatUML hasshort-
comingsconcerningtheconsistency of models.

Therefore,we have studiedthe notion of consistency in
detail. A model madeup of submodelsis called consis-
tent if thesubmodelscanbe integratedinto a singlemodel
with a well-definedsemantics.The needfor consistency
managementwithin modelinghasbeenidentifiedandit has
beenshown that relatedapproachescurrently do not of-
fer a conceptof consistency managementfor UML mod-
els. A generalmethodologyfor consistency management
of UML modelshasbeenpresented.Ourapproachis based
on the ideathat submodelsdescribingcommonaspectsof
the systemmust have a non-contradictorysemanticsand
shouldthereforebe integratableinto a commonsemantic
domain.Themethodologyhasbeenappliedto theproblem
of achieving consistentinteractionof softwarecomponents
modeledin UML-RT which is aUML profile incorporating
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thenotionof componentsandconnectors.
Futurework canbegroupedinto severaldirections.Con-

cerningthemethodology, this mustbeappliedto otherap-
plication domainsin order to show its generalapplicabil-
ity. With respectto theconcretestepsof themethodology,
the choiceof the semanticdomaincould be supportedby
a catalogueof semanticdomainsandtheir relationshipsto
modelingaspects.In orderto facilitatethedetectionof con-
sistency violationsby thesoftwareengineer, the extension
of themethodologyto includea stepof constructingUML
modelsfrom theoutputof themodelchecker maybecome
necessary.

Anotherdirectionof researchcanbeseenin theimprove-
mentof theUML in orderto enabletheexchangeof consis-
tency conditionswithin a profile. This will requirea more
sophisticatedprofile mechanismandcasetool supportfor
beingableto storeandchangeconsistency conditions.

Finally, concerningthe modeling of components,our
work shouldbe extendedto other aspectsof component-
basedsystemssuch as reconfiguration,yielding a more
completeset of consistency conditions and thereby en-
ablingfurtheranalysisof component-basedsystemson the
modellevel.
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