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Abstract

A key problemin model-basedevelopments meging a
setof distributedmodelsinto a single seamlessnodel. To
meige a setof models,we needto know how they are re-
lated. In this positionpaper we discusghe methodolgical
aspectof describingtherelationshipshbetweermodels We
arguethat relationshipsbetweemmodelsshouldbe treated
as r st-classartifacts in the meige problemand propose
a geneal framevork for modelmeiging basedon this ar-
gument. We illustrate the usefulnes®f our framewvork by
instantiatingit to the state-mahine modellingdomainand
developinga exible tool for meging state-mahines.

Keywords: Model-BasedevelopmentDistributedMod-
elling, Model Merging.

1 Intr oduction

An effective way to managecompleity and promote
exibility in large-scalemodel-baseddevelopmentis to
describea proposedsystemusing loosely-coupledpartial
models known asviews[10]. Eachview considerghe sys-
temfrom a particularangle,makingit possibleto scopethe
amountof information that analystsneedto deal with at
ary giventime [9]. Further by providing meansfor sep-
aratingthe contributions of differentsourcesyiews allow
staleholdersto expressand maintaintheir individual per
spectvesonthesystem[8].

A key problemin view-basednodellingis modelmeg-
ing. Fromtime to time, we needto integrateinformation
from severalmodelsinto asingleonein orderto gaina uni-
ed perspecitie, to understandnteractionsbetweenmod-
els,or to performvarioustypesof end-to-endanalysiq17].
Model meming spansseveral applicationareas. In infor-
mation systems,model meiging is an importantstepdur-
ing conceptuatatabaselesignfor constructingan abstract
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schemathat capturesthe datarequirementof all the in-
volved participantg4]. In ontologyresearchmodelmeng-
ing may be employed to build a global ontology from a
setof local ontologiesoriginating from differentcommu-
nities [11]. Software engineeringdealsextensvely with
modelmeming—severalpaperstudythesubjectin speci ¢
domainsincluding early requirement$17], use-casefl5],
classdiagrams[2, 21], software architectureq1], state-
machineg16, 19, 14], andsequenceiagramd20, 7].

Model merging frameworks differ in several factorsin-
cluding the notationsthey support,the contexts in which
they operateandthe assumptionshey make aboutthe na-
ture of modelsandtheir intendeduse. Despitethesedif-
ferencesthereare a numberof commonconcernghat all
meige framavorks face. Theseconcerngrimarily have to
do with the methodolgical requirementof model merg-
ing andinvolve importantquestionsabouthow to specify
therelationshipsbetweemmodels,maintaintraceabilitybe-
tweenmodelsandtheir meges,and capturethe evolution
of modelsduringmerge.

In this positionpaperwefocusonthequestiorof how to
specifythe relationshipsetweermodels. Speci cation of
modelrelationshipss acrucialstepin thememgeprocesgor
characterizindnow the contentsof differentmodelsoverlap
or interact. In the pastseveral years,we have beenstudy-
ing the modelmeming problemin differentdomains.With
hindsight,we haveidenti ed two key factorsconcerninghe
speci cationof modelrelationships:

1. Modelsareoftendevelopedby distributedteams.As a
result,onecannever beentirelysurehow theconcepts
in differentmodelsrelateto one another Therefore,
it is importantto be ableto hypothesizeand explore
alternatve waysof interrelatingtheconceptsn asetof
modelsandto con gure modelmemesbasedn these
alternatves.

2. Model memging may be utilized to achieve different
goalsat different stagesof development. For exam-
ple, in early stageswe may merge a setof modelsas
away to unify the vocahulariesof differentstalehold-



ers.For thispurposeit is corvenientto treatmodelsas
syntacticobjectswithout rigoroussemantics.In later
stageshowever, we often wantto accountfor the se-
manticsof modelsand producemergesthat presere
certainsemanticproperties. This meansthat we may
needto apply different memge algorithmsto a set of
modelsasthey movethroughdifferentstageof devel-
opment. Thesealgorithmstypically requiredifferent
typesof relationshipgo be built betweermodels(e.g.
syntacticandsemantic) Hence we needthe e xibility

to de ne differenttypesof modelrelationshipsandto
associat@achtypewith certainmeigealgorithms.

Thesefactorsemphasizéheneedto make explicit all in-
formationaboutthe relationshipsbetweenmodels,andin-
deedsuggesthat modelrelationshipshouldbe treatedas

r st-classartifacts in the model merging problem. Such
treatment,as rst notedby Bernsteinet al. [5], will also
simplify theimplementatiorof the mergeoperation.

In light of this obsenation,we proposea generaframe-
work for modelmemgingwherebytherelationshipsetween
modelscanbe speci ed explicitly andusedfor driving the
mergeprocessFigurel shavsanoutlineof ourframework:
Given a setof models,userscande ne differenttypesof
relationshipsbetweenthemandfor eachtype, explore al-
ternatve waysof mappingthe modelsto oneanother The
modelsanda selectedsetof relationshipsarethenusedto
computea mege by applying an appropriatemermge algo-
rithm. Thememeis thenpresentedo userdor furtheranal-
ysiswhich may leadto the discovery of new relationships
or theinvalidationof someof the existing ones.Usersmay
thenwantto starta new iterationby revising the relation-
shipsandexecutingthe subsequerdctiities.
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Figure 1. Outline of our framework

We haveimplemented proof-of-conceptool, TReMer!
[18], basedon our proposedramewvork. We describethis
tool in thenext section.

2 Tool Support

Our tool, TReMer, is aninstantiationof the framewvork
outlinedin Figurel to the domainof state-machinenod-
elling. TReMercurrently supportswo modelmeming al-
gorithms,structural andbehavioual, asdescribedelow.

Structuralmeging is usedduring early phaseof devel-
opmentwherethe mostimportantgoalsare: exploring the
ontologicalrelationshipshetweenthe termsusedin differ-
ent models,aligning the conceptuaktructuresof different
staleholders,tolerationof inconsistenciesnd deferral of
their resolutionto later phasesand producingan overall
perspectie of the systembeingdeveloped. Our structural
melgingalgorithmtreatsstate-machineasgraphq16]. Re-
lationshipsbetweenstate-machinegre capturedby sub-
graphsalsoreferredo asconnectos. Mergesarecomputed
basedon a cateyory-theoreticconceptcalled colimit [3].
Colimit computatioris basedon syntacticrelationshipse-
tweengraphswithoutregardto their underlyingsemantics.
Thereforemergesmaynotpreserethesemantigroperties
of state-machines.

Our secondalgorithm, behavioural meige, is motivated
by the needto presere the behaioural propertiesof a set
of state-machineis their memges.Thedesirablébehaiours
of eachstate-machinare describedusing temporallogic
formulas. Behavioural memging is more suitablefor late
stagef developmentwherethe goal is to obtaina sound
andoperationamodelof the systemunderdevelopmentlin
behaioural memging, it is assumedhatary disagreements
betweenstaleholdershave alreadybeenresohed, and as
such all remainingdiscrepanciebetweerthebehaioursof
the input modelsaretreatedasvariabilitiesin the models'
intendedfunctionality. Thesevariabilities are represented
asconditionalbehaioursin the memge. Relationshipde-
tweenstate-machinearespeci ed by binaryrelationsover
theirstatespacesThemermgeis de ned asacommorre ne-
mentof asetof state-machinesith respecto theirrelation-
ships[19, 14]. Thisguaranteethe preserationof temporal
properties. Mergescomputedby our behaioural meiging
algorithmcanpotentiallybe usedfor synthesizinga correct
implementatiorof the nal system.

TReMerconsistof two maincomponents(1) A graph-
ical front-endallowing usersto visually expresstheir mod-
els, specify different relationshipsbetweenthesemodels,
andhypothesizeandcomputemerges,and(2) A library of
meige algorithms.Thesealgorithmscommunicatavith the
front-endin a uniform way via an abstracinterfacefor the
melge operation.The key ideathatallows usto have such
aninterfaceis the treatmeniof modelrelationshipsas rst-
classartifacts. For detailsof our meigealgorithms referto
[16, 17] and[14].

3 Examplesof Model Merging

In this section,we illustrate our tool throughconcrete
examples.We usetwo views on the photo-takingfunction-
ality of acamerafFigure2(a)shovsaperspectiewherethe

ash andnon- ash (normal)shootingmodesarenot distin-
guishedandthe Im-cartridge loadingprocedures ignored.
Further theperspectie hasatransitionfrom Responsve to
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Figure 2. Two perspectives on a camera

Shooting meaningthat the cameracan take a photo even
without achieving focus. In the secondperspectie, Fig-
ure2(b), ash andnon- ashshootingaredistinguishecand
cartridgeloadingis modelled.

3.1 Structural Model Merging

We demonstratestructural meiging over the state-
machinesn Figure2. In the rst step,the usercreatesa

connectomodel,whichincludesjustthe overlapsbetween
Figures2(a)and2(b),andspeci eshow theconnectomaps
onto eachof the two models. To describea mappingbe-
tweenthe connectolandeachmodel,the connectoandthe
modelareshownn side-by-side An elemenftcorrespondence
is establishedby rst clicking onanelementof theconnec-
tor andthenon an elementof the model. Figure 3 (resp.
Figure4) shovs a mappingbetweenthe connectorandthe
modelin Figure?2(a) (resp. Figure2(b)). To show the de-
siredcorrespondencesye have addedto the screenshota
setof dottedlinesindicatingtherelatedelements.

The secondstepis to computethe meige of the models
in Figure2 with respecto theiroverlapsasdescribedy the
connectorTheresultis shavn in Figure5.

Our structuralmeging approachhasa numberof fea-
tures,which we brie y discussbelon. For moreinforma-
tion, consult[17]. Firstly, the approachcanhandleuncer
taintiesand disagreements models— for simplicity, we
did notillustratethis featurehere. Secondly the approach
canbeappliedfor memging morethantwo modelsatatime
— it works for any numberof modelswith arbitraryinter-
connectiondetweerthem. Thirdly, structuralmemging re-
sultsin anabstractionf severalelementf onemodelare
mappedo a singleelemenof another For example,Flash
Shooting and Normal Shooting in Figure 2(b) collapsed
into a single statein the meme (Figure 5) becauseboth
statescorrespondo Shootingin Figure2(a).

If suchabstractioris undesirablewe needto re ne our
assumptionsabout the relationshipsbetweenthe models.
Our structural memging approachprovides the e xibility
to expressrelationsotherthanexact correspondences,g.
specialization(isA), aggregation (hasA),andsimilarity (is-
SimilarTo). Theseelationanayhave noparticularmeaning
in the operationalsemanticof state-machinesneverthe-
less,they canplay animportantrole in building conceptual
mappingsetweerthe contentsof differentmodels.

In our example, we can declareFlash Shooting and
Normal Shooting in Figure 2(b) to be specializationf
Shooting in Figure 2(a). To do this, we remove Flash
ShootingandNormal Shootingfrom thesharedconnector

anddescribethe specialization

relationsin a helpermodellike
theoneshawn atright. Wethen
incorporatehisnexv modelinto
the memgeby describinghow it
overlapswith eachof the mod-
els in Figures 2(a) and 2(b).
That is, we map Shooting in
the helpermodelto Shootingin Figure2(a),andsimilarly,
map Flash Shooting and Normal Shooting to the corre-
spondingstatesn Figure2(b).

As illustratedabove, helpermodelsoffer a mechanism
for bridging gapsbetweenmodelsthat may be at different



Figure 3. Mapping between the connector and the model in Figure 2(a)

Figure 4. Mapping between the connector and the model in Figure 2(b)

Figure 5. Structural merge of the models in Figure 2



Figure 7. Behavioural merge of the models in
Figure 2

levels of abstraction. Similar techniquesare employed in
[13] and[12] for dealingwith conceptuatliscontinuitiede-
tweenmodels.

3.2 Behavioural Model Merging

Behavioural memging of the state-machines Figure 2
proceedssfollows: In the rst steptheuserde nesamap-
ping betweerthe statesof the input models. This is done
in a similar mannerto the structuralapproach. However,
in contrastto the structuralapproacha correspondencee-
tweentwo statess notinterpretedasa declarationof them
beingequal but rather asaprescriptiorfor combiningtheir
behaioursin the memge. Suchinterpretatiorof correspon-
dencesmakesit possibleto establishdirect mappingsbe-
tweenmodelsat differentlevels of abstraction.

Figure 6 showvs a behaioural mappingbetweenthe in-
put state-machines\ote thatbehaioural mappingsdo not
needto relatetransitionsbecauseynderbisimilarity seman-
tics, paralleltransitionswith the samelabel betweena pair
of statescanbereplacedby asingletransition.

Thenext stepis to computethe megewith respecto the
mappingde ned abore. The resultis shavn in Figure 7.
As canbe seenfrom the gure, non-sharedehaioursare
guardedby conditionsdenotingthe originating modelthat
exhibits thosebehaviours. Further unlike structuralmerg-
ing, behavioural merging doesnot collapsedistinct states.
For example, the Normal Shooting and Flash Shooting
statesof Figure 2(b) remainintactin the meme (Figure7)
althoughthe two statesaremappedo a singlestateof Fig-
ure2(a). Thisis necessaryor preservinghe commonbe-
havioursof theinput state-machines theirmeige.

The meige preseres, in either guardedor unguarded
form, every behaiour of the input models. For example,
the propertythat“whenever focusis achieved,we cantake
a picture” holds in both state-machinesf Figure 2, and
assuch,is incorporatedas an unguardedehaiour in the
meigein Figure7. However, the propertythat“we cantake
apicturewithoutachiesing focus”, which holdsonly in the
modelof Figure2(a), is represente@dsa parametrizede-
haviour in the merge and can occur only whenthe guard
[in viewl] holds. A changein the mappingbetween
theinputmodelsdoesnot causeany behaioursto beadded
to or removedfrom thememge,but maymake someguarded
behaioursunguardedor vice versa.Theuseof parameter
ization for representindpbehaioural variabilities allows to
generatdehaiour-preservingnergesfor modelsthat may
evenbeinconsistent.

Behavioural merging canbe usedfor merging morethan
two modelsby iteratively merging a new input modelwith
theresultof a previousmerge,with oneminormodi cation:
transitionguardswill rangeover subset®f input modelin-
dicesratherthanindividual modelindices. For a x edset
of mappingsetweerthe modelstheorderin whichbinary
mergesareapplieddoesnot affectthe nal result.

4 Discussionand Futur e Work

The modelsusedin this paperfor illustrating model
melging werequitesmall,makingit relatively easyto iden-
tify their relationshipsy hand.For large models relation-
shipsare often dif cult to identify manually This neces-
sitateshe developmenbf appropriatamatchingtechniques
for nding correspondencdsetweenelementsf different
models. Matchingis a heuristicprocesstherefore match-
ing resultsneedto bereviewedby a domainexpertandad-
justedif necessary In [14], we have developeda match
operatoffor behaioural modelsandarenow extendingour
work to structuralmodels. We are also studyingthe inter-
actionsbetweemmodelmemging andmatching.Someinitial
work in this directionhasbeenreportedn [6, 14].

Anotherimportantaspectof our future work is improv-
ing usability of our model memging tool. This allows us
to apply our frameawork to larger case-studieandto con-
duct an evaluationof its effectiveness. An evaluation of
our work will have to provide answersto the following
key questions: How much doesour frameawvork improve
time-to-completiorof differentmodelmemging tasks?And,
how do memgesgeneratedy our frameavork comparewith
manually-generatethemgesin termsof quality attributes
suchasintegrity andunderstandability?
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Figure 6. Behavioural mapping between the models in Figure 2
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