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Abstract

A key problemin model-baseddevelopmentis merginga
setof distributedmodelsinto a singleseamlessmodel. To
merge a setof models,we needto knowhow they are re-
lated. In this positionpaper, wediscussthemethodological
aspectsof describingtherelationshipsbetweenmodels.We
arguethat relationshipsbetweenmodelsshouldbe treated
as �r st-classartifacts in the merge problemand propose
a general framework for modelmerging basedon this ar-
gument. We illustrate the usefulnessof our framework by
instantiatingit to thestate-machinemodellingdomainand
developinga �exible tool for merging state-machines.

Keywords: Model-BasedDevelopment,DistributedMod-
elling, Model Merging.

1 Intr oduction

An effective way to managecomplexity and promote
�e xibility in large-scalemodel-baseddevelopmentis to
describea proposedsystemusing loosely-coupledpartial
models,known asviews[10]. Eachview considersthesys-
temfrom a particularangle,makingit possibleto scopethe
amountof information that analystsneedto deal with at
any given time [9]. Further, by providing meansfor sep-
aratingthe contributionsof differentsources,views allow
stakeholdersto expressand maintaintheir individual per-
spectiveson thesystem[8].

A key problemin view-basedmodellingis modelmerg-
ing. From time to time, we needto integrateinformation
from severalmodelsinto asingleonein orderto gainauni-
�ed perspective, to understandinteractionsbetweenmod-
els,or to performvarioustypesof end-to-endanalysis[17].
Model merging spansseveral applicationareas. In infor-
mation systems,model merging is an importantstepdur-
ing conceptualdatabasedesignfor constructinganabstract
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schemathat capturesthe datarequirementsof all the in-
volvedparticipants[4]. In ontologyresearch,modelmerg-
ing may be employed to build a global ontology from a
set of local ontologiesoriginating from differentcommu-
nities [11]. Software engineeringdealsextensively with
modelmerging– severalpapersstudythesubjectin speci�c
domainsincludingearly requirements[17], use-cases[15],
classdiagrams[2, 21], software architectures[1], state-
machines[16, 19, 14], andsequencediagrams[20, 7].

Model merging frameworksdiffer in several factorsin-
cluding the notationsthey support,the contexts in which
they operate,andtheassumptionsthey make aboutthena-
ture of modelsand their intendeduse. Despitethesedif-
ferences,therearea numberof commonconcernsthat all
mergeframeworks face. Theseconcernsprimarily have to
do with the methodological requirementsof model merg-
ing and involve importantquestionsabouthow to specify
therelationshipsbetweenmodels,maintaintraceabilitybe-
tweenmodelsandtheir merges,andcapturethe evolution
of modelsduringmerge.

In thispositionpaper, wefocusonthequestionof how to
specifythe relationshipsbetweenmodels.Speci�cationof
modelrelationshipsis acrucialstepin themergeprocessfor
characterizinghow thecontentsof differentmodelsoverlap
or interact. In the pastseveral years,we have beenstudy-
ing themodelmerging problemin differentdomains.With
hindsight,wehaveidenti�ed two key factorsconcerningthe
speci�cationof modelrelationships:

1. Modelsareoftendevelopedby distributedteams.As a
result,onecanneverbeentirelysurehow theconcepts
in differentmodelsrelateto oneanother. Therefore,
it is importantto be able to hypothesizeandexplore
alternativewaysof interrelatingtheconceptsin asetof
modelsandto con�gure modelmergesbasedon these
alternatives.

2. Model merging may be utilized to achieve different
goalsat different stagesof development. For exam-
ple, in earlystages,we maymergea setof modelsas
a way to unify thevocabulariesof differentstakehold-



ers.For thispurpose,it is convenientto treatmodelsas
syntacticobjectswithout rigoroussemantics.In later
stages,however, we often want to accountfor the se-
manticsof modelsandproducemergesthat preserve
certainsemanticproperties.This meansthat we may
needto apply different merge algorithmsto a set of
modelsasthey movethroughdifferentstagesof devel-
opment. Thesealgorithmstypically requiredifferent
typesof relationshipsto bebuilt betweenmodels(e.g.
syntacticandsemantic).Hence,weneedthe�e xibility
to de�ne differenttypesof modelrelationshipsandto
associateeachtypewith certainmergealgorithms.

Thesefactorsemphasizetheneedto makeexplicit all in-
formationaboutthe relationshipsbetweenmodels,andin-
deedsuggestthat modelrelationshipsshouldbe treatedas
�r st-classartifacts in the model merging problem. Such
treatment,as �rst notedby Bernsteinet al. [5], will also
simplify theimplementationof themergeoperation.

In light of this observation,we proposea generalframe-
work for modelmergingwherebytherelationshipsbetween
modelscanbespeci�ed explicitly andusedfor driving the
mergeprocess.Figure1 showsanoutlineof ourframework:
Given a setof models,userscande�ne different typesof
relationshipsbetweenthemandfor eachtype, explore al-
ternative waysof mappingthemodelsto oneanother. The
modelsanda selectedsetof relationshipsarethenusedto
computea merge by applyingan appropriatemerge algo-
rithm. Themergeis thenpresentedto usersfor furtheranal-
ysis which may leadto the discovery of new relationships
or theinvalidationof someof theexisting ones.Usersmay
thenwant to starta new iterationby revising the relation-
shipsandexecutingthesubsequentactivities.

Figure 1. Outline of our frame work

Wehaveimplementedaproof-of-concepttool,TReMer1

[18], basedon our proposedframework. We describethis
tool in thenext section.

2 Tool Support

Our tool, TReMer,is an instantiationof the framework
outlinedin Figure1 to the domainof state-machinemod-
elling. TReMercurrentlysupportstwo modelmerging al-
gorithms,structural andbehavioural, asdescribedbelow.

Structuralmerging is usedduringearlyphasesof devel-
opmentwherethemostimportantgoalsare: exploring the
ontologicalrelationshipsbetweenthe termsusedin differ-
ent models,aligning the conceptualstructuresof different
stakeholders,tolerationof inconsistenciesand deferralof
their resolutionto later phases,and producingan overall
perspective of the systembeingdeveloped. Our structural
mergingalgorithmtreatsstate-machinesasgraphs[16]. Re-
lationshipsbetweenstate-machinesare capturedby sub-
graphs,alsoreferredtoasconnectors. Mergesarecomputed
basedon a category-theoreticconceptcalled colimit [3].
Colimit computationis basedonsyntacticrelationshipsbe-
tweengraphs,without regardto theirunderlyingsemantics.
Therefore,mergesmaynotpreservethesemanticproperties
of state-machines.

Our secondalgorithm,behavioural merge, is motivated
by the needto preserve the behavioural propertiesof a set
of state-machinesin theirmerges.Thedesirablebehaviours
of eachstate-machineare describedusing temporallogic
formulas. Behavioural merging is more suitablefor late
stagesof developmentwherethegoal is to obtaina sound
andoperationalmodelof thesystemunderdevelopment.In
behavioural merging, it is assumedthatany disagreements
betweenstakeholdershave alreadybeenresolved, and as
such,all remainingdiscrepanciesbetweenthebehavioursof
the input modelsaretreatedasvariabilitiesin the models'
intendedfunctionality. Thesevariabilitiesare represented
asconditionalbehaviours in the merge. Relationshipsbe-
tweenstate-machinesarespeci�edby binaryrelationsover
theirstatespaces.Themergeis de�nedasacommonre�ne-
mentof asetof state-machineswith respectto theirrelation-
ships[19, 14]. Thisguaranteesthepreservationof temporal
properties.Mergescomputedby our behavioural merging
algorithmcanpotentiallybeusedfor synthesizingacorrect
implementationof the�nal system.

TReMerconsistsof two maincomponents:(1) A graph-
ical front-endallowing usersto visually expresstheir mod-
els, specify different relationshipsbetweenthesemodels,
andhypothesizeandcomputemerges,and(2) A library of
mergealgorithms.Thesealgorithmscommunicatewith the
front-endin a uniform way via anabstractinterfacefor the
mergeoperation.Thekey ideathatallows us to have such
aninterfaceis thetreatmentof modelrelationshipsas�rst-
classartifacts.For detailsof our mergealgorithms,referto
[16, 17] and[14].

3 Examplesof Model Merging
In this section,we illustrate our tool throughconcrete

examples.We usetwo views on thephoto-takingfunction-
ality of acamera:Figure2(a)showsaperspectivewherethe
�ash andnon-�ash(normal)shootingmodesarenotdistin-
guishedandthe�lm-cartridge loadingprocedureis ignored.
Further, theperspectivehasatransitionfrom Responsive to



(a)Without Flash

(b) With Flash

Figure 2. Two perspectives on a camera

Shooting meaningthat the cameracan take a photoeven
without achieving focus. In the secondperspective, Fig-
ure2(b), �ash andnon-�ashshootingaredistinguishedand
cartridgeloadingis modelled.

3.1 Structural Model Merging

We demonstratestructural merging over the state-
machinesin Figure2. In the �rst step,the usercreatesa

connectormodel,which includesjust theoverlapsbetween
Figures2(a)and2(b),andspeci�eshow theconnectormaps
onto eachof the two models. To describea mappingbe-
tweentheconnectorandeachmodel,theconnectorandthe
modelareshown side-by-side.An elementcorrespondence
is establishedby �rst clicking onanelementof theconnec-
tor and thenon an elementof the model. Figure3 (resp.
Figure4) shows a mappingbetweentheconnectorandthe
modelin Figure2(a) (resp. Figure2(b)). To show the de-
siredcorrespondences,we have addedto thescreenshotsa
setof dottedlinesindicatingtherelatedelements.

The secondstepis to computethemergeof themodels
in Figure2 with respectto theiroverlapsasdescribedby the
connector. Theresultis shown in Figure5.

Our structuralmerging approachhasa numberof fea-
tures,which we brie�y discussbelow. For moreinforma-
tion, consult[17]. Firstly, the approachcanhandleuncer-
taintiesand disagreementsin models– for simplicity, we
did not illustratethis featurehere. Secondly, theapproach
canbeappliedfor mergingmorethantwo modelsat a time
– it works for any numberof modelswith arbitrary inter-
connectionsbetweenthem. Thirdly, structuralmerging re-
sultsin anabstractionif severalelementsof onemodelare
mappedto a singleelementof another. For example,Flash
Shooting and Normal Shooting in Figure 2(b) collapsed
into a single statein the merge (Figure 5) becauseboth
statescorrespondto Shootingin Figure2(a).

If suchabstractionis undesirable,we needto re�ne our
assumptionsabout the relationshipsbetweenthe models.
Our structuralmerging approachprovides the �e xibility
to expressrelationsotherthanexact correspondences,e.g.
specialization(isA), aggregation(hasA),andsimilarity (is-
SimilarTo). Theserelationsmayhavenoparticularmeaning
in the operationalsemanticsof state-machines;neverthe-
less,they canplayanimportantrole in building conceptual
mappingsbetweenthecontentsof differentmodels.

In our example, we can declareFlash Shooting and
Normal Shooting in Figure 2(b) to be specializationsof
Shooting in Figure 2(a). To do this, we remove Flash
ShootingandNormal Shootingfrom thesharedconnector,
anddescribethe specialization
relationsin a helpermodellike
theoneshown atright. Wethen
incorporatethisnew modelinto
themergeby describinghow it
overlapswith eachof themod-
els in Figures 2(a) and 2(b).
That is, we map Shooting in
thehelpermodelto Shooting in Figure2(a),andsimilarly,
map Flash Shooting and Normal Shooting to the corre-
spondingstatesin Figure2(b).

As illustratedabove, helpermodelsoffer a mechanism
for bridginggapsbetweenmodelsthatmay 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 techniquesareemployed in
[13] and[12] for dealingwith conceptualdiscontinuitiesbe-
tweenmodels.

3.2 Behavioural Model Merging

Behavioural merging of the state-machinesin Figure2
proceedsasfollows: In the�rst step,theuserde�nesamap-
ping betweenthe statesof the input models. This is done
in a similar mannerto the structuralapproach.However,
in contrastto thestructuralapproach,a correspondencebe-
tweentwo statesis not interpretedasa declarationof them
beingequal,but rather, asaprescriptionfor combiningtheir
behavioursin themerge. Suchinterpretationof correspon-
dencesmakes it possibleto establishdirect mappingsbe-
tweenmodelsat differentlevelsof abstraction.

Figure6 shows a behavioural mappingbetweenthe in-
put state-machines.Notethatbehavioural mappingsdo not
needto relatetransitionsbecause,underbisimilarity seman-
tics, paralleltransitionswith thesamelabelbetweena pair
of statescanbereplacedby asingletransition.

Thenext stepis to computethemergewith respectto the
mappingde�ned above. The result is shown in Figure7.
As canbeseenfrom the �gure, non-sharedbehavioursare
guardedby conditionsdenotingtheoriginatingmodelthat
exhibits thosebehaviours. Further, unlike structuralmerg-
ing, behavioural merging doesnot collapsedistinct states.
For example, the Normal Shooting and Flash Shooting
statesof Figure2(b) remainintact in themerge(Figure7)
althoughthetwo statesaremappedto a singlestateof Fig-
ure2(a). This is necessaryfor preservingthecommonbe-
havioursof theinputstate-machinesin theirmerge.

The merge preserves, in either guardedor unguarded
form, every behaviour of the input models. For example,
thepropertythat“whenever focusis achieved,we cantake
a picture” holds in both state-machinesof Figure 2, and
assuch,is incorporatedasan unguardedbehaviour in the
mergein Figure7. However, thepropertythat“we cantake
a picturewithout achieving focus”,which holdsonly in the
modelof Figure2(a), is representedasa parametrizedbe-
haviour in the merge andcan occur only when the guard
[in view1] holds. A changein the mappingbetween
theinputmodelsdoesnotcauseany behavioursto beadded
to or removedfrom themerge,but maymakesomeguarded
behavioursunguarded,or viceversa.Theuseof parameter-
ization for representingbehavioural variabilitiesallows to
generatebehaviour-preservingmergesfor modelsthatmay
evenbeinconsistent.

Behaviouralmergingcanbeusedfor mergingmorethan
two modelsby iteratively merging a new input modelwith
theresultof apreviousmerge,with oneminormodi�cation:
transitionguardswill rangeoversubsetsof input modelin-
dicesratherthanindividual model indices. For a �x ed set
of mappingsbetweenthemodels,theorderin whichbinary
mergesareapplieddoesnotaffect the�nal result.

4 Discussionand Future Work

The modelsused in this paper for illustrating model
mergingwerequitesmall,makingit relatively easyto iden-
tify their relationshipsby hand.For largemodels,relation-
shipsareoften dif�cult to identify manually. This neces-
sitatesthedevelopmentof appropriatematchingtechniques
for �nding correspondencesbetweenelementsof different
models.Matchingis a heuristicprocess;therefore,match-
ing resultsneedto bereviewedby a domainexpertandad-
justed if necessary. In [14], we have developeda match
operatorfor behaviouralmodelsandarenow extendingour
work to structuralmodels. We arealsostudyingthe inter-
actionsbetweenmodelmergingandmatching.Someinitial
work in thisdirectionhasbeenreportedin [6, 14].

Anotherimportantaspectof our futurework is improv-
ing usability of our model merging tool. This allows us
to apply our framework to larger case-studiesand to con-
duct an evaluationof its effectiveness. An evaluationof
our work will have to provide answersto the following
key questions: How much doesour framework improve
time-to-completionof differentmodelmerging tasks?And,
how do mergesgeneratedby our framework comparewith
manually-generatedmerges in terms of quality attributes
suchasintegrity andunderstandability?
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Figure 6. Behavioural mapping between the models in Figure 2
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