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ABSTRACT: Constructingcomplex softwaresystemsyy
integrating different software componentss a promising
and challengingapproach.With the functionality of soft-
ware componentgjiven by modelsit is possibleto ensure
consisteng of suchmodelsbeforeimplementatiorin order
to successfullybuild the system.Modelsconsistingof dif-
ferentsubmodelsthe absencef an overall formal seman-
ticsandthe numerougossibilitiesof employing modelsre-
quiresthe developmentof techniquesnsuringthe consis-
teng. In this paper we discusgtheissueof consisteng of
modelsmadeup of differentsubmodelgproposinga con-
ceptfor themanagememf consisteng. Consisteng man-
agementrelies on a conceptof consisteng and a process
for ensuringconsisteng of models.We introducea consis-
teng/ concepfor softwarecomponentsnodeledn the Uni-
fiedModelingLanguagdUML) anddevisesuitableconsis-
teng/ checks.On this basis,we proposea processhow to
locateandresoleinconsistencieghusensuringheconsis-
tengy of modelsandby thatthe consisteng of component-
basedsystemslerivedfrom thosemodels.

I. INTRODUCTION

Software systemsusually are large and complex. Be-
causeof the sizeaswell asbecausef the compleity, en-
gineeringsucha software systemis not a taskto be taken
lightly. Thereforemary variantsof thewell known andgen-
erally successfutlivide-and-conqueapproactarein usein
the softwareengineeringprocess.

Onesuchan approachconsistsof building the software
systemfrom smallersoftwaresystemssometimeseferred
to assubsystemsr more usuallyascomponents A com-
ponentis a softwaresystemor programon its own, of such
asizeandcompleity thatengineeringt is areasonablef-
fort, in generafarlessdifficult thanengineeringhewhole
system.Suchacomponenitself maybecomposeaf other
smallerandsimplercomponents.

In orderto dealwith the complexity of softwaresystems,
theuseof modelsis nowadaysawell-establishedpproach.

Models are usedwithin the software engineeringprocess
for meansof communicationdocumentatiorand require-
mentscaptureandallow the abstractiorfrom implementa-
tion detailssuchas programminglanguageand computer
platform. With thefunctionalityof componentescriptions
givenin form of models,the foundationfor the ability of
reasoningaboutthe natureof complex systemsnadeup of
simplercomponentss in place.

Successfullyintegratingcomponent®n the model level
givesrise to the following problemof model consisteng:
Theoverallmodelmadeup of anumberof componenimod-
elshasto beconsistenandnotcontradictory Otherwisean
implementationof the overall modelwill not be feasible,
therebymakingthe overall modeluseless.

In this paperwe discusgheissueof consisteng of mod-
elsmadeup of differentsubmodelgproposinga concepfor
the managemendf consisteng. Consisteng management
relieson a conceptof consisteng anda procesdor ensur
ing consistenyg of models.We introducea consisteng con-
ceptfor software componentsnodeledin an extensionof
UML [18] anddevise suitableconsisteng checks.The pa-
peris organizedasfollows: First, we discussthe issueof
modelingof components.Then,in sectionlll, we discuss
consisteng of modelsand,in sectionlV, consisteng man-
agementin general. In sectionV, we proposea general
methodologyfor ensuringconsisteng of modelswhich we
applyto the problemof ensuringconsisteng of component
modelsin sectionVI.

Il. MODELING OF COMPONENTS

Software systemsor programscomprisemary differ-
ent, partially overlappingaspects- such as the static or
structuralones: dataandarchitecture andthe dynamicor
process-lile ones: visible behaior or interface behaior,
hidden behavior or functionality, and interaction, the as-
pectcoveredby communicationgollaborationcooperation
andcoordination.Also componentg€ompriseall theseas-
pects,asthey are software systemstoo. Composingthe
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Fig. 1. A modelin relationto reality andto a programcomposeaf components

componentsnto a larger software systemthen consistsof
puttingthemtogetheiin a sufiiciently carefulmanneysuch
thatwith respecto all aspectsnvolvedthe componentdit
together In orderto beableto composehecomponentss
required onewantsto reasoraboutandto analysepossible
compositionsof the componentspnewantsto understand
their eventualconfiguration,onewantsto be corvinced of
their consisteng. In this paper we are particularly inter-
estedin the consisteng of interactionsperformedby the
components.

It is through modeling software, that software can be
studiedbestin orderto enablereasoningaboultit, analysing
it, understandingt. As, in the caseof software compo-
nents,we wantto studytheir compositionwith respecto
all aspectdnvolved, a model of suchsoftware shouldre-
flect the componentaswell astheir composition thereby
covering all relevantaspectsn a sufficiently preciseman-
ner. Figurel visualizesthe modelingsituationfor software
consistingof components.

The above representatiorclarifies that the details of
the interactionof the programcomponentsanbe studied
throughthe detailsof the interactionof the modelcompo-
nents,provided that two conditionsarefulfilled. The first
conditionis, thatthe meaningof modelsis fixedin sucha
waythatreasoninganalysisandunderstandingf modelss
possible.Thesecondcconditionis, thatthe abstractiorfrom
programto modelindeedpreseresall aspectdetailsrele-
vantto theinteractionof programcomponentsThis means
thattheinteractionof programcomponentgeneratedrom
model componentss in principle the sameinteractionas
theonewe studyon themodellevel.

Regardingthe first condition, the meaningof modelsis
usually fixed by the use of a modelinglanguage. Such
a modelinglanguageallows us to constructmodelssuch
thatthe meaningof modelscanbe communicated As the
modelinglanguagedetermineghe semanticof modelsit
is crucialfor theability of constructingusefulmodels.The

modelinglanguagensofar providesthe meansof abstrac-
tion from the real world and the program, concentrating
on certainaspectsand not consideringotheraspects.Typ-
ically, a model consistsof several submodelsgachsub-
model concentratingon specificaspects. Concerningthe
secondcondition,we obsene thatthe natureof the model-
ing languagaletermineshekind of abstractiorandthereby
alsothe preserationof aspectetails.

As a consequencedhe choiceandthe characteristic®f
themodelinglanguagearecrucialto the succes®f model-
ing. How canwe determinewhethera modelinglanguage
is suitableor not?

Givenaproblemdomainandanunderstandingf thesys-
temto bebuilt, themodelethasacertaingenericconceptual
modelin mind. This genericconceptuamodeldetermines
theaspectdo be modeledandthusthekind of abstraction.
Thechosemmodelinglanguagemustthensupportthe same
aspects.

In Figure 2, the relationshipof the genericconceptual
modelandthe modelinglanguages illustrated. Abstrac-
tion from the realworld andthe programyields a generic
conceptuamodel. The genericconceptuaimodelconcen-
trateson certainaspect®f therealworld andthe program.
The chosenmodelinglanguagemustsupportthe construc-
tion of concretemodelsandconsequentlynustsupportthe
sameaspectsasthe genericconceptuaimodel. As a con-
sequencethe setof aspectghe genericconceptuaimodel
includessenesasa classificatiorcriteriafor the choiceof
thesemantic®f the modelinglanguageIn particular each
individual aspecsenesasa requirementor the semantics
of themodelinglanguageit mustbe possibleto expressn
amodeltheaspecof thegenericconceptuamodel.During
analysisanddesign,a concretemodelis constructedising
thechosemmodelinglanguage.

Thepreviousideascanbe exemplifiedfor the problemof
modelingcomponent-basesbftware choosingthe Unified
Modeling Language[18] as our modelinglanguage. We
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first notethat,asa general-purposmodelinglanguagethe
UML coversall the abose mentionedaspectsand should
thereforebe in principle suitablefor studyingthe interac-
tion of programcomponentat the modellevel. The UML
offers a numberof different sublanguagesnd a typical
UML modelconsistof severalsubmodelseachsubmodel
concentratingghimportantaspect®f thesystento bemod-
eled.

Concerningthe ability of analysingthe interaction of
component-basezbftwareatthemodellevel, afixedmean-
ing of modelsis crucial. Deploringly, the UML doesnot
have a formally definedsemanticsand thereforethe rea-
soningandanalysisof componenimodelsarenot straight-
forward. In orderto apply UML to the successfumodel-
ing of componentsthedeficiencieof UML with respecto
consisteng of differentsubmodelshave to be copedwith:
Givenacomponenimodelin UML consistingof submodels
eachconcentratingn differentaspectsit hasto beensured
that the overall model hasa propersemanticsand is not
contradictory In the following threesectionswe therefore
discussthe notion of consisteng in general,proposinga
generamethodologyfor consisteng managemerf UML
models. This methodologyis thenappliedin orderto en-
sureconsistentnteractionof softwarecomponents.

I11. CONSISTENCY

In this section,we introduceand discussthe notion of
consisteng. First, we explain generalconceptsf consis-
teng within softwareengineeringandintroducethe terms
of a consisteng problemandconsisteng condition. Then
we explain characteristicef consisteng problems.

A. Geneal concepts

The use of models consistingof different submodels
within software developmenthas numerousadwantages.
Differentpersonsnay work on differentsubmodelsimul-
taneouslydriving forward the developmentof the system.

Differenttypesof submodelsallow the separatiorof dif-
ferentaspectf the systemto be built suchas structural
aspect®r dynamicbehaior of systemcomponents.

However, making use of different submodelsalso in-
volvesdrawbacks. In a traditional approach there exists
only one model of the system. This model can then be
transformediuring codinginto arunningsoftwareproduct.
In the caseof a collectionof submodelsthis is not aseasy
anymorebecaus@neneedso describewhich submodels
transformednto which partof the code. This givesriseto
the problemof differentpartsof the codenot working to-
getherasonewishesleadingto a systemnot functioning.
In ordernotto runinto suchproblemsjt hasto beensured
thatdifferentsubmodelsare compatiblewith eachotheror
consistenbnthemodellevel.

Differentsubmodelf a modelare called consistentf
they canbe integratedinto a single modelwith a proper
semantics. As a consequenceconsisteng of submodels
ensureghe existenceof animplementationif consisteng
is ensuredanimplementatiorof submodelss obtainedby
implementingthe integratedmodel. Otherwise suchanin-
tegratedmodelandimplementatiormight not exist.

The previous definition allows usto discussconsisteng
onahigh level of abstractionFor particulartypesof mod-
elsconsistingof specificsubmodelsvith a specificseman-
tics, this definition must be refined by resolving what it
meansto integrate submodelsnto a single model. Sub-
modelsthatcanbeintegratedarethencalledconsistent.

Dependingon the modelsusedwithin software devel-
opment,we candistinguishbetweendifferentscenarioof
consisteng. If the semanticof eachsubmodels defined
in termsof a commonsystemmodel[3], thenconsisteng
of submodelxanbe refinedto be the existenceof a non-
empty systemmodel. Otherwise,if the semanticof each
submodels definedin its own semanticdomain,thenthese
semanticdomainsmust be integratedinto a commonse-
manticdomain. Consisteng canthenbe refinedto be the



possibility of integratingthe semantic®f submodels.

Wheneer submodelof a modelare not consistentwe
spealof aconsistencyroblem If modelsconsistingof dif-
ferentsubmodelsreappliedwithin softwaredevelopment,
therehave to be techniquesn orderto ensurethe consis-
teng of the overall model andto resole inconsistencies
within themodel. In orderto resole potentialinconsisten-
cies,onehasfirst to getaclearideaof whenamodelis con-
sistentor not. For this purpose pneusesconsistencyon-
ditions A consisteng condition defineswhethera model
is consistenbr not. Givena modelconsistingof different
submodelsand a numberof consisteng conditions,it can
now be determinedvhetherthe modelis consistenbr not.
Consisteng conditionsinsofar provide the basisof defin-
ing consisteng of models.Consisteng conditionsdepend
heavily onthemodelinglanguagaisedandonthedevelop-
mentprocessbecausehey both determinethe aspectgde-
scribed.

B. Characteristicsof Consistencyroblems

Consisteng problemscan be characterizedn the one
handaccordingto the situationthey occurandon the other
handdependingon the consisteng condition.

Oneproblemof consisteng arisesn casesvhereaspec-
ification consistof differentpartshecauseasystenis mod-
eledfrom differentviewpoints [1], [8]. Thisallowsthecon-
centrationon differentaspectsn differentmodels. How-
ever, differentviewpoint specificationgnustbe consistent
andnot contradictory becausehe implementatiorof such
aninconsistenspecificatiorwould otherwisebeunfeasible.
This type of consisteng problemwe will call horizontal
consistency

Oneimportantprerequisitefor this type of consisteng
problemto ariseis that thereis a certainviewpoint over
lap, alsocalledcorrespondencdl]. This meanghatview-
point specificationsare not completelyindependenfrom
eachotherbut alsodescribecommonaspects.

Another quite different problem of consisteng arises
when a specificationis transformedinto anotherrefined
specification.lt is thendesirablethatthe refinedspecifica-
tion is consistentvith thepreviousspecificationjn orderto
keepthe overall specificationconsistent.This type of con-
sisteng problemwe will call vertical consistencyVertical
consisteng problemsare inducedby a developmentpro-
cesswhich prescribehiow andwhenmodelsareiteratively
refined.

A quitedifferentcharacterizatioiis obtainedby looking
attheconsisteng conditionfor aconsisteng problem.Syn-
tactic consistencyensureghat a modelis consistenwith
respecto the syntaxandis ensuredy formulatingconsis-
teng/ conditionson the syntaxof models.Concerningori-
zontalconsisteng problems syntacticconsisteng ensures
that the overall model consistingof submodelds syntac-
tically correct. With regardsto vertical consisteng prob-
lems, syntacticconsisteng ensureghat changingof one

part of the modelwithin the developmentprocessstill re-
sultsinto a syntacticallycorrectmodel.
Semanticconsistencyensureghat a modelis consistent

with respecto its semanticandis ensuredyy formulating
consisteng conditionson the semanticof models. With
respecto a horizontalconsisteng problem,semanticcon-
sisteny requiresmodelsof differentviewpointsto be se-
mantically compatiblewith regardsto the aspectsof the
systemwhich aredescribedn the submodels For vertical
consistenyg problems semanticconsisteng requiresthata
refinedmodelis semanticallyconsistentwith the modelit
refines.

IV. CONSISTENCY MANAGEMENT

Ensuringthe consisteng of modelswithin a software
developmentprocesgyivesrise to the needof consisteng
managementln this section,we introduceanddiscusshe
notion of consisteng managementdentifying important
characteristics.Along thesecharacteristicsve cateyorize
relatedwork relevantto ensuringconsisteng of models.

A. Thenotionof consistencynanajement

Given a set of modelsand a developmentprocess,it
ariseghe questiorhow to ensureconsisteng of suchmod-
els within the developmentprocess. Obviously, this re-
quiresan understandin@r conceptof consisteng andthe
definitionof consisteng conditions the specificationrwhen
consisteng conditionsare checled andwhatto do in the
caseof inconsistenciesn orderto resole these. We thus
needasortof managementf consisteng andintroducethe
termconsistencynanayjement Consistencynanagemenis
thetechniquavhich hasasits goalto ensurgheconsisteng
of modelswithin a softwareengineeringprocess.

In orderto generallyensurethe consisteng of models,
thefoundationof consisteng managemenis the ability to
decidewhethertwo modelsareconsistenbr not. As acon-
sequencegconsisteng managementelies on consisteng
conditions. However, beforebeing able to define consis-
teng conditions,it mustbe clarified which modelsarein-
consistenbecausehey cannotbe semanticallyintegrated.
Thebasisfor consisteng managemeris thereforea careful
inspectionof modelsusedandtheir semanticsleadingto a
definitionof consisteng.

Givensucha definitionof consisteng, consisteng man-
agemenimust enablethe definition of consisteng condi-
tions for models. This includesthe identification of po-
tential consisteng problemsand the decisionwhen mod-
elsshouldbe consistenwith respecto which consisteng
condition.

Once these foundationsfor consisteng management
have beenfixedandconsisteng conditionsdefined consis-
tenyy managementlsoinvolvesthe embeddingof dealing
with consisteng within a developmentprocess. For this
purposegivena setof consisteng conditionsanda setof
models,consisteng managemenshoulddescribefor each
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consisteng conditionhow a consisteng checkcanbe per
formedon modelsin orderto ensureconsisteng of models
with respecto the consisteng conditions.

In Figure3 consisteng managemeris illustrated. Con-
sisteny managemendepend$ieasily onthemodelinglan-
guageused mirroring the underlying generic conceptual
model. The modelinglanguagealways includesa certain
form of syntacticconsisteng ensuredby the syntactical
correctnes®f models. It furthermoreprescribesa certain
degree of semanticconsisteng ensuredby semanticsof
models. Dependingon the underlyinggenericconceptual
modelandthe developmentprocessconsisteng manage-
mentmustensureadditionalsyntacticandsemantiaconsis-
teng. In orderto achieve this, consisteng managemerne-
lies onafoundationfor consisteng consistingof aconcept
of consisteng including consisteng conditions. It pre-
scribesa processncludingtheidentificationof consistenyg
problemsanddefinition of consisteng conditions. On the
basisof these,consisteng managemeninvolvesthe loca-
tion of potentialinconsistencieandthe performingof con-
sisteny checksduring the overall software development
process.

B. Relatedappmadces

Existingapproachesanbe categyorizedinto severalcate-
gories.Thefirst category containsapproachewherea par
ticular consisteng problemis tackled.For instance Fradet
et al. [10] proposean approachto consisteng checking
of diagramsconsistingof nodesandedgeswith multiplici-
ties. They distinguishbetweergenericandinstancegraphs
and definethe semanticof a genericgraphto be the set
of instancegraphsthatfulfill the constraintsof the generic
graph. Consisteng is thendefinedto be equivalentto the
semantic®f thegeneriographbeingnotanemptyset.Con-
sisteng checkingis thenperformedby solvinga systemof
linearinequalitiesderived from the genericgraph. Also in
this categyory falls the approachby Li etal. [15] who ana-

lyze timing constraintof sequenceliagramgor their con-
sisteny solvingsystemf linearinequalities.

Anothercategyory canbe seenin approachethatachiese
consisteng of object-orientedmodelsby completelyfor-
malizing them, therebyintegratingall modelsinto one se-
mantic domain. Moreira and Clark [16] translateobject-
orientedanalysismodelsto LOTOS in orderto detectin-
consistenciesChenget al. [4] formalize OMT modelsin
termsof LOTOS specificationsUsing thesespecifications,
they performconsisteng analysisusingtools for stateex-
plorationandconcurreng analysis.Grosse-Rhod§gl2] in-
tegratesall modelshy translatingtheminto transformation
systems. The probleminvolved with completelyformal-
izing modelsis that the applicationis thenrestrictedto a
certainproblemdomainmirroredby the choiceof semantic
domain.

A third catggory canbeseenin approachethatdealwith
consisteng of modelsthatarenot object-oriented Zave et
al. [21] defineconsisteng basedon a translationinto log-
ics anddefinea setof partial specificationgo be consistent
if andonly if its compositionis satisfiable.Their approach
thereforerequireghatmodelsaregivenasemanticén form
of logics. Boitenetal. [2] defineconsisteng onthebasisof
developmentrelationsanddefinea setof partial specifica-
tionsto beconsistentf andonly if acommondevelopment
relation exists. This approachrequiresthe existenceof a
formal semantic§or modelsand the conceptof develop-
mentrelationsdefinedfor modelsusedwithin the develop-
mentprocess.

Another, quitedifferent,categyory of relatedwork canbe
seenin approacheshat deal with inconsisteng manage-
ment[17] [11]. Ratherthentrying to achieze completecon-
sisteng, theseapproachesacklethe problemof managing
inconsistenciesThis managemernis basedon thelocation
of inconsistenciesindthe appropriatehandling(resolving
of inconsisteng or toleratingit). Concentratingpn thepro-
cesof consisteng managementhey assumehatthefoun-



dationof consisteng managemernin termsof consistenyg
conditionsis alreadyin place.

In thefollowing section we presentanapproactto con-
sisteny managemerthasedntheideaof partially formal-
izing themodelfor enablingconsisteng checks.As acon-
sequencegur approachcanbe regardedasa combination
of the approachesn the first andthe secondcategory. As
our approachalsocompriseghe ideaof consisteng man-
agementvithin a developmentprocessit is alsorelatedto
thefourth category althoughtheideaof toleratinginconsis-
tencieds notin focus.

V. A METHODOLOGY FOR CONSISTENCY
MANAGEMENT OF UML MODELS

Having discussedhe issueof consisteng and consis-
tengy managementye now turn our attentionto the mod-
eling of component-basedystems. We will modelthese
systemsusing UML becausedJML is nowadaysa well-
acceptednodelinglanguage Despiteits numerousadwan-
tagessuchasuserfriendlinessby visual models,thereare
currentlyalsocertaindravbackswhenit comedo establish-
ing consisteng of models.We candescribehe situationas
follows:

Dueto theunclearsemanticanddifferentemployments
of UML within the developmeniprocessagenerakconcept
of consisteng managemerfor UML modelsis missing[5].
Concerningsyntacticconsisteny, this type of consistenyg
is partly achievedby definingwell-formednessulesonthe
metamodelDueto theabsencef agenerally-acceptefir-
mal semanticssemanticconsisteng is currentlynot well-
supported. Neverthelesssemanticconsisteng is of great
importanceandmustbe dealtwith. Anotherproblemis the
informal developmentprocesdollowed which leadsto the
needof flexible notionsof consisteng. We thusconclude
thatconsisteng conditionsfor UML modelsdependnthe
problemdomainthe languages appliedto andthe devel-
opmentprocesdollowed.

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

Ourapproacho consisteng managemerf UML mod-
elsis basednthefollowing obsenation: Thefundamental
guestiorto answemwhengivenacollectionof UML models
is whetherthereexist a commonsemantidnterpretatiorof
them. Although a formally definedsemanticgloesnot ex-
ist, it is still possibleto restrictoneselfto certainaspectof
modelsandthendeterminewhetheranintegrationor com-
monsemantidnterpretatiorexists.

The conceptof our approachis illustratedin Figure 4.
Submodelausedwithin developmentoverlapin a number
of aspects.For ensuringconsisteng, submodelsare inte-
gratedinto acommonsemantiadomain,thatsupportghese

Submodel

mapping mapping

Semantic Domain

Fig.4. Concepbf ourapproach

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

We thereforeproposethe following methodologyfor es-
tablishingconsisteng:

Stepl: Identificationof genericconceptuamodel,aspects,
modelinglanguage. Thefirst stepin the methodologyis to
establisha genericconceptuaimodel of the problem do-
main and those systemsone wishesto model. This can
only be doneon aninformal basisandinvolvesabstracting
from minor aspectandconcentratingpn importantaspects
the model shouldsupport. The aspectdo be capturedby
themodelmustbe elaboratedo a classificatiorof aspects.
Themodelinglanguagéhasto befixedandthedevelopment
processds definedasto which submodelsreto be usedin
which stepof the developmentprocess Furthermorecon-
sisteny requirementdor the applicationdomainmustbe
identifiedandstatedn textual form.

Step2: Identificationof consistencyroblemsThebasisfor
theidentificationof consisteng problemds obtainedby re-
lating submodelgo aspectandtherebydiscoreringwhich
submodelsnodelthe sameaspectof the system. Due to
this commondescriptionof aspectsn differentsubmodels
(alsocalledoverlapof aspectsfonsisteng problemsmay
occurif the descriptionof aspectcontainscontradictions.
Theseconsisteng problemsareidentifiedandstatedusing
aprototypicalsituationleadingto theconsisteng violation.
Concerningeachprototypicalsituation,we relateit to the
developmentprocesdor decidingwhensucha prototypical
situationmayoccut Furthermorewe decidein how farthe
submodelanustbe syntacticallyconsistentand we define
syntacticconsisteng conditions.

Step3: Choiceof a semantiadomain.For eachconsisteng
problemidentified,we choosean appropriatesemantiado-
main. This semanticdomain must supportthoseaspects
that lead to the consisteng problem(i. e. the aspects
wheresubmodelverlap). Furthermorethe semanticdo-
mainshouldprovide tool supportin orderto facilitatecon-
sisteny checks.In orderto validatethat the semanticdo-
mainis indeedappropriateve translatethe prototypicalsit-
uationsinto the semanticdomain.



aspect

N

static dynamic

7\

datatype structure local behavior communication

Fig. 5. Aspectsof component-basesystems

Step4: Definition of partial mapping All aspectsof the
modelthatleadto the identifiedconsisteng problemmust
be mappednto the semanticdomain. The definition of the
partialmappingds crucialfor thecorrectnessf laterdefined
consisteng conditionsandno aspectof the modelshould
be left out thatinfluencethe consisteng of the model. On
the otherhand,only thoseaspectof the modelshouldbe
mappednto the semantiaddlomainthatareimportantfor the
consisteng becauseotherwisethe later analysismay get
too complex.

Step5: Specificatiorof consistencyonditions.In the lan-
guageof the semantiadomainconsisteng conditionsmust
be formulatedthatensurethe establishmenof consisteng
within the model. Here, alsothe generalconsisteng re-
guirementdor theconceptuamodelmustbetakeninto ac-
count. The order of consisteng testto be performedby
groupingthe consisteng conditionsaccordingto their ef-
ficiengy mustbe determinedandfixed within the develop-
mentprocess.

Step6: Locationof inconsistenciesnd analysisof poten-
tial inconsistenciesGiven a concretemodel consistingof
submodelsthe prototypicalsituationsspecifiedearlierare
usedto locate potentialinconsistencies.This is done by
finding all instancef a prototypicalsituationin the con-
cretemodel. Usingthe analysistechnique®f the semantic
domainthe previously formulatedconsisteng conditions
mustbeanalyzedor modelsmappednto (thelanguageof)
the semantiadomain.

VI. APPLICATION TO COMPONENTS MODELED IN
UML

In this section,we will apply the generalmethodology
for consisteng managemenin orderto ensurethe consis-
teng/ of modelsfor component-baseslystems.

A. ldentificationof genericconceptuamodel,aspectsand
modelinglanguage

The basisof our methodologyis firstly the identifica-
tion of the genericconceptuaimodeli. e. the identifica-
tion of aspectssecondlythe choiceof the modelinglan-
guagethirdly thedefinitionof thedevelopmenprocessand
fourthly theidentificationof consisteng requirements.

Concerningthe modelingof componentswe recall our
discussiorof modelingsoftwarecomponentsindelaborate
the aspectdo a classificationof aspectsseeFigure5. In
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generalwe candistinguishbetweerstaticanddynamicas-
pects. The static aspectscan be divided into a structure
aspectdescribingthe structureof the systemandthe data
type aspectdealingwith the definition of datatypes. With
respecto thedynamicaspectswe candistinguishbetween
communicatiorandlocal behaior.

Concerningthe modeling language,we already stated
that we will use UML. More precisely we concentrate
on UML-RT [20], a profile of UML for modeling real-
time systemsand incorporatingthe conceptof compo-
nentscalled capsules. In the following, we shortly de-
scribeconceptof UML-RT andthenwe relatesubmodels
usedwithin UML-RT to the previously identified aspects,
therebyshowving thatUML-RT indeedcoversall theidenti-
fied aspects.

UML-RT is anextensionof the UML by introducingthe
notionsof capsulesports, connectos, protocolsandproto-
colroles Originally targetedat enablingmodelingof com-
plex real-timesystems UML-RT hasalsobeenseenasa
candidatdor modelingsoftwarearchitecture$19] andfor
modelingconcurrensystemsn general.In thefollowing,
conceptof UML-RT areexplainedin detail.

A capsuleis a stereotypedactive classandis usedfor
modelinga self containedcomponenf a system. Other
thanordinaryclassescapsuleoperationganonly becalled
from within the capsule. For communicationwith other
capsulesa capsulemay have one or more ports through
whichit is interconnectedo othercapsulevia connectos.
A connectoris an associatiorbetweencapsules.It repre-
sentsa hardwareconnectionvia which capsulecommuni-
cateby sendingandreceving signals. Thesesignalsenter
or leave a capsuleata port. A port realizesa protocolrole
which specifiesthe signalssentandreceved via the port.
Oneor moreprotocolrolesform a protocol

Fromthe point of view of behaioral modeling,a state-
chartmay be associatedo a capsule.A capsulestatechart
describeshow the capsulereactsto signalsrecevedvia its
portsandwhensignalsare sentvia its ports. Statetransi-
tions of capsulestatechartsnay alsoinclude calls of cap-
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suleoperationsFor protocols thereexist alsothe possibil-
ity of modelingall valid sequencesf messagexchangesn
a protocolstatechart.The protocolstatecharthereforeex-
pressesequirementsatherthanspecifyingthe implemen-
tationof a protocol.

In Figure 6, conceptsof UML-RT areillustratedusing
a very simpleexampleconsistingof two capsulenstances
CapsuleA andCapsuleB connectedby aconnectowviathe
two portsP1 andP2. The portsareboundto the protocol
rolesRoleA andRoleB, respectiely. Eachcapsules as-
sociatedo a capsulestatechartS, andSs respectirely, de-
scribingthe dynamicbehavior of the capsule The protocol
statecharBqotocol IS aSsociatetb theconnectobetweerthe
two capsules.

Regarding the suitability of UML-RT for modeling
component-basedystems,we first relate submodelsof
UML-RT to the aspectsWe notethat datatype andstruc-
tureaspecis coveredby the classdiagramandthe capsule
collaboratiordiagramof UML-RT. Thecommunicatioras-
pectis coveredby the protocol statecharandthe capsule
statechartThelatter alsocoversthe aspecbf local beha-
ior.

Concerningthe use of submodelswithin the develop-
mentprocesswe will assumea simple developmentpro-
cessconsistingof threesteps: In the first step,a capsule
collaborationdiagramis usedto modelthe structureof the
systemandfor eachcapsulethe datatype aspectis mod-
eledin a commonclassdiagram. In the secondstep,pro-
tocol statechartsnay be addedto the modeldescribingthe
communicatioraspectvith respecto the allowed message
exchangesvia connectors.In the third step,capsulestate-
chartsaredefinedfor eachcapsuledescribingthe commu-
nication and local behavior aspectof capsules.This sim-
plified developmentprocesss illustratedin Figure 7, for
spacaeasonshecommonclassdiagramis not shown.

With regardsto consisteng requirementswe identify
the property of deadlockfreenessand protocol confor
mance.Concerningdeadlockfreenessthe communication
resultingfrom the interactionof capsuleshouldbe dead-

a) Sa C3—0O Sg 95—
O—03 }—
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— - Protocol - 1
O—O .
1
CapsuleA CapsuleB
c)
SProtocoI 1 SProtocoI 2
O—

f
I

Fig. 8. Prototypicalsituationfor consisteng problemsn UML-RT

CapsuleB

lock free. Protocolconformanceequiresthe conformity of
capsuleinteractionwith the protocol specifiedin the pro-
tocol statechartsassociatedo the connectorbetweenthe
capsulesn focus.

B. Identificationof consistencyroblems

The basisfor the identificationof consisteng problems
is a descriptionof modeling aspectseachsubmodelcov-
ers. As we are particularly interestedn ensuringconsis-
tentinteractionof componentsve restrictoursehesto the
communicatiorandinteractionaspectln thefollowing, we
identify consisteng problems describeprototypicalsitua-
tions, relatethe prototypicalsituationsto the development
processand discussthe issueof syntacticconsisteng for
theidentifiedconsisteng problems.

In the caseof UML-RT, we cangroupthe submodelgo
the modelingaspectghey concernfinding out that capsule
statecharandprotocolstatecharbothrelateto the commu-
nicationmodelingaspect.

After identificationof the possibleaspecbverlapof cap-
sule statechartsand protocol statechartsywe now look at
this problemin detail. We realizethat the following two
consistenyg problemsmayoccur:

a) the consisteng problem betweentwo capsulestate-
charts

b) the consisteng problem betweentwo capsulestate-
chartsanda protocolstatechart

In Figure 8, a prototypicalsituationfor eachof the two
consisteng problemsa) andb) is presented.Theseproto-
typical situationsare usedlater for locating potentialcon-
sisteny problems.In our case the first consisteng prob-
lem may occurif two capsulestatechart$or two capsules
aredefinedandthesecapsuleare connectedvia a connec-
tor. Thesecondconsisteng problemoccurs,if additionally
a protocol statecharfs associatedvith the connectorthat
connectghetwo capsulesin orderto point out theimpor-
tanceof theseprototypical situations,considerc) in Fig-



ure 8. Although the protocolstatechart®oth describethe
communicationaspectof the system,a consisteng prob-
lem doesnot occur assumingno additional conformance
requiremenbetweerthetwo protocolsassociatedbo differ-
entconnectors.

The prototypical situationsare relatedto the develop-
ment processin the way that both consisteng problems
arisewithin thethird stepof thedevelopmenprocessCon-
sideringthe developmentprocessthis is not surprisingas
only in the third steptherearetwo submodelsdescribing
thecommunicatiorandinteractionaspect.

Both consisteng problemshave syntacticand semantic
characteristicsConcerningsyntacticconsisteng, syntacti-
cal consisteng conditionsin form of well-formednessules
for the syntaxof modelscanbe formulatedin orderto en-
ablea commonsemantidnterpretation.Possiblerulesare
thatthe setof signalssentin Sy mustbe a subsebf the set
of signalsrecevedin Ss. If thesubmodelsaresyntactically
consistent,semanticconsisteng muststill be established
becauseot every syntacticallyconsistenimodelis neces-
sarily semanticallyconsistentThe following threestepsof
themethodologydealwith semanticconsisteny.

C. Choiceof a semanticdomain

For eachconsisteng problem, we have to choosean
appropriatesemanticdomainwhich enablesto determine
whethertwo modelsmay be integratedsemantically It is
important that the semanticdomain supportsthe model-
ing aspectsn which the two modelsoverlap. Concerning
both consisteng problems,the modeling aspectof over
lap is communication. We chooseas a semanticdomain
CSP[14] which provides a mathematicamodel for con-
curreny basedn a simpleprogrammingiotationandsup-
portedby tools[9]. In fact, the existenceof language and
tool supportare mostimportantto our aim of specifying
andverifying consisteng constraintsgdespitethe existence
of moreexpressve mathematicamodels.Next, we briefly
review the syntaxand semanticof the CSPprocessesve
areusing.

GivenasetA of actionsanda setof processames\/,
thesyntaxof CSPis givenby

P:=STOP|SKIP|a— P|P[A|BP|PNP|POP
[P\a|pn

whereae A, A,BC A, andpne N.

Processiamesare usedfor definingrecursve processes
using equationspn = P. The interpretationof the oper
ationsis asfollows. The processe$STOP and SKI P rep-
resent,respectiely, deadlockand successfutermination.
The prefix processea — P performsactiona andcontin-
ueslike P. The parallelcompositionP[A | B]Q resultsin
aninterleaving of P andQ exceptfor theactionsin AN B,
which have to be performedsynchronouslyThe processes
P QandP O Q represeninternalandexternalchoicebe-
tweenP andQ, respectiely. Thatmeanswhile P11 Q per
formsaninternal(r-)actionwhenevolving into P or into Q,

for PO Q thisrequiresanobsenableactionof eitherP or Q.
For example,(a — P)r(b — Q) performsr in orderto be-
comeeithera — Porb — Q. Instead(a — P) O (b — Q)
mustperforma or b andevolvesinto P or Q, respectiely.
This distinctionshall berelevantfor the translationof stat-
echartdiagramsbelown. Finally, the processP \ a behaes
like P exceptthatall occurrencesf actiona arehidden.

The semanticsof CSPis usually definedin terms of
tracesfailures anddivergenceg14]. A traceis justafinite
sequences € A* of actionswhich maybeobsenedwhen
aprocesss executing.A failure(s, A) provides,in addition,
thesetA of actionsthatwill berefusedoy the processafter
executings. Divergencesaretraceshatarefollowedby in-
finite internalcomputationgwithout any communication).
We denoteby T (P) thesetof all tracesof P,

Togetherwith thesesemanticmodelscomeseveral no-
tions of procesgefinementWe write P C+ Qif 7(Q) C
T(P), i.e., every traceof Q is alsoa traceof P. Analo-
gously P Cx Q if thefailuresof Q areincludedin thefail-
uresof P, etc. In generaltheideais thatQ is arefinement
of Pif Qis moredeterministiqmorecompletelyspecified)
thanP. Theserefinementelationsshallbe usedto express
consistenyg constraints.

D. Definitionof a partial mapping

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

In orderto be ableto focuson the importantaspectwe
first refinethe communicatiormodelingaspecthow con-
sideringhow the communcatioris modeled. Concerning
the consisteng problemswe focuson protocolstatecharts
andcapsulestatechartandconstructatableof comparison
(seeFigure9), shaving thedifferencesandalsosimilarities
concerningthe communicatiormodelingaspect. We note
thatlocal behavior is only modeledwithin the capsulestat-
echartandnot in the protocol statecharand canthus not
leadto the consisteng problems.It canbe derivedthatthe
mappingdoesnot needto take into accountocal behaior.

Our mappingof statechartso CSPprocessess inspired
by Hiemer[13]. For a precisedescriptionof our mapping,
thereaderis referredto [6] and [7]. In thefollowing, we
briefly summarizeour results:

For each capsulestatechartS, a CSP processis con-
structeddenotedby CSRS)) parameterizedverthestates
of the statechart.Similarly, we alsotranslatethe protocol
statecharinto a CSPprocess.Additionally, we definefor
eachCSPprocessCSRS) a view procesghatrestrictsthe
procesgo themessagesxchangedvia a specificportp and
denotethis processby V,(CSRS)). Informally, this view
processmirrors our decisionto concentrateon messages
sentover a specificport.
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Diagram
Modeling Aspeci

Protocol Statechart

Capsule Statechart

number of participants of
the communication

multi-party

single-party

kind of behavior description | global

local

direction of communication

uni-directional

bi-directional

order of messages for

messages ordered for one

order of messages
participants

capsule

local behavior not modeled

modeled by local actions

distinction between
synchronous and
asynchronous messages

not modeled explicitly

not modeled explicitly

lifetimes of objects not modeled

not modeled explicitly

temporal constraints not modeled

not modeled

Fig. 9. Modelingaspect®f capsuleandprotocolstatecharts

Accordingto the UML specification,eachstatecharis
associatedo aneventqueuewhereincomingmessageare
stored.However, the behaior of suchaneventqueueis not
defined. In orderto be both preciseandflexible aboutthe
sizeof buffersandtheir behavior, we assumehatthe stor
ageandschedulingof eventsis the taskof the connectors.
Currently connectorbehaior is not supportedoy UML-
RT. For this reason,we proposeto use connectorsteeo-
typesfor selectingspecific,pre-definecconnectobehaior.
We associatevery connectorstereotypdo a CSPprocess
CON describingts behavior.

Given two capsulesconnectedby two ports p; and ps
via a connectolassociatedo aconnectoprocessCON and
capsulestatechartassociatetb the capsulesmamedS, and
S5, we definethe semantic®f this constructoy

Vo1 (CSRSA)) [[PLin, Plout]| CON|[P2in, P2out]| Vi (CSR Ss))
We denotethis processwith CSR, p, (Sa, CON, Sg).

E. Specificatiorof semanticconsistencgonditions

Having describedhe mappingof partialmodelsinto the
semanticdomainCSR we arenow ableto specify consis-
tengy conditionsfor modelstranslatedo CSP Referringto
Figure 8, for eachprototypical situationwe must specify
the desiredsemanticconsisteng. This desiredsemantic
consisteng describeswvhat propertiesthe implementation
shouldhave andis deducedrom the consistenyg require-
mentsspecifiedn thefirst stepof the methodology

Concerninghefirst prototypicalsituation werequirethe
behaior resultingfrom the executionof the componentso
be deadlockfree. This canbe formulatedasa consisteng
conditionasfollows:

Condition1 (Deadlok freeness)Two capsulestatecharts
Sa and S of two capsulesonnectedy a connectomwith
behaior CON via the portsp; andps areconsistentif the
inducedsystermof CSPprocesse€SR), p, (Sa, CON, ) is
deadlockree.

Concerninghe secondorototypicalsituation,we require
thatthe interactionresultingfrom the executionof the cap-
sule statechartconformsto the protocol. This can be
checledusingarefinemenhotionbetweerthe CSPprocess
of the capsule-connecterapsuleconstructand the CSP
procesf the protocol. Accordingly, we define:

Condition?2 (Protocol Consistency)Two capsule® and
B connectedby a connectorCON via the ports p; and
p: are consistentwith a protocol P iff CSRP) Cx
CSR), p.(Sa, CON, Sg).

It is importantto notice that we mustbasethis consis-
tengy conditionon the failuresmodel of CSPbecausehe
tracesmodelonly allows the specificationof safetycondi-
tions [14]. However, we want the capsulego exhibit the
completeprotocolbehaior and not just a part of it. The
tracesmodelcanonly be usedfor expressinghatsomeac-
tion will notoccurandnotthatall actionsindeedoccur

With respectto the developmentprocess,we already
discoveredthat consisteng problemsconcerningthe con-
sisteny of the interactiononly occurwithin the last step
of our simplified developmentprocess. Semanticconsis-
teng/ checksshouldbe performedby first checkingdead-
lock freenessecausehis only involvesthe translationof
capsulestatecharts.If this condition also holds, protocol
consisteng shouldbe checled by additionally translating
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theprotocolstatechart.

F. Locationofinconsistencieandanalysis

Given a concreteUML-RT model, we canusethe pro-
totypical situationsfor the consisteng problemsto locate
potentialinconsistenciesThis is doneby finding all parts
of themodelwheretheprototypicalsituationarisesthereby
finding all potentialconcreteconsisteng violations.

First, syntacticconsisteng betweenthe capsulestate-
chartsandof the capsulestatechartsvith the protocolstat-
echartshouldbe checled. If syntacticconsisteng is en-
sured,semanticconsisteng conditionsareevaluatedusing
the modelchecler FDR [9] for CSPthatallows the evalu-
ation of theseconditions.The outputof the modelchecler
will thenbe eitherthatthe modelis consistentvith respect
to the semanticconsisteng conditionsor it will outputa
countergample(seeFigure10).

VIlI. CONCLUSION

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

that the compositionof softwarecomponent@&ndtheir in-
teractioncan be studiedon the modellevel if the abstrac-
tion from systemcomponentpreseresall aspectshatare
relevant and if the meaningof modelsis fixed suchthat
reasoningand analysisof modelscan be performed. We
pointedout the importanceof the choiceof the modeling
languageandthentackledthe problemof modelingcompo-
nentswith UML, therebydiscoveringthatUML hasshort-
comingsconcerninghe consisteng of models.
Therefore we have studiedthe notion of consisteng in
detail. A model madeup of submodelss called consis-
tentif the submodelsanbe integratedinto a singlemodel
with a well-definedsemantics. The needfor consisteng
managemenwithin modelinghasbeenidentifiedandit has
beenshownn that relatedapproachegurrently do not of-
fer a conceptof consisteng managementor UML mod-
els. A generalmethodologyfor consisteng management
of UML modelshasbeenpresentedOur approachs based
on theideathat submodelglescribingcommonaspectof
the systemmust have a non-contradictorysemanticsand
shouldthereforebe integratableinto a commonsemantic
domain.Themethodologyhasbeenappliedto the problem
of achieving consistentinteractionof softwarecomponents
modeledn UML-RT whichis aUML profile incorporating



thenotionof component@andconnectors.

Futurework canbegroupednto severaldirections.Con-
cerningthe methodologythis mustbe appliedto otherap-
plication domainsin orderto shov its generalapplicabil-
ity. With respecto the concretestepsof the methodology
the choiceof the semanticdomaincould be supportedby
a catalogueof semanticdomainsandtheir relationshipso
modelingaspectsin orderto facilitatethe detectiorof con-
sisteng violationsby the softwareengineerthe extension
of the methodologyto includea stepof constructingJML
modelsfrom the outputof the modelchecler may become
necessary

Anotherdirectionof researcltanbeseerin theimprove-
mentof theUML in orderto enabletheexchangeof consis-
teng/ conditionswithin a profile. This will requirea more
sophisticategrofile mechanismand casetool supportfor
beingableto storeandchangeconsisteng conditions.

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