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Abstract. Model-to-modeltransformationisakey technologyfor OMG’sModel
DrivenArchitectureTM . Theneedfor standardizationin this arealed to theMOF
2.0Query/Views/TransformationsRequestfor Proposals(RFP)from OMG. The
RFPelicitedeightsubmissions.
This papermakes the following contributions:Terminologyfor queries,views,
andtransformationsis introducedbasedon the terminologyusedin thesubmis-
sions,but editedfor consistency. A setof commontransformationscenariosis de-
scribed,motivatedby theauthors’practicalexperiencewith transformations.The
submissionsarereviewed,comparedto eachother, andtheirhighlightsdiscussed.
Basedonthereview andtheexperienceof theauthorsin developingmodel-driven
transformations,recommendationsfor thefinal standardarepresented.

1 Intr oduction

OMG’s Model Driven Architecture(MDA) [6] is a software developmentapproach
in which modelsare the primary artifacts.Abstractmodelsare refinedto morecon-
cretemodels,eventuallyresultingin platform-specificmodelsfrom which executable
artifacts(suchascodeandconfigurationfiles) canbe generated.MDA differs signif-
icantly from earlierusesof modelinglanguagessuchasOMG’s UMLTM [5] in which
theprimarypurposeof modelswasto aidunderstandingandcommunication.Themain
differencewith MDA is that the modelsarethe key part of the definition of the soft-
waresystem.Ratherthanthemodelsbeinghandedover to programmersto implement,
all or muchof thestructureandbehavior of a systemis capturedin models,which are
automaticallytransformedinto code(andotherplatform artifacts).Knowledgeof the
platform is encodedinto transformations,which are reusedfor many systemsrather
thanredesignedfor eachnew system.

In MDA, automatedtransformationsplay a key role. It is importantthat transfor-
mationscanbe developedasefficiently aspossible.A standardsyntaxandexecution
semanticsfor transformationis animportantenablerfor anopenMDA toolschain.On
April, 24, 2002,the OMG issueda Requestfor Proposals(RFP)for MOF 2.0 Query,
Views,andTransformations(QVT ) [7] to addressa technologypartof theOMG Meta
Object Facility MOF 2.0 pertainingto the main issuesin the manipulationof MOF
models:



1. Querieson MOF 2.0models,
2. Viewson MOF 2.0metamodels,
3. Transformationsof 2.0MOF models.

TheRFPhaselicited8 submissions,many submittedjointly by a numberof orga-
nizations.Thesesubmissionstotal severalhundredpages,makingit a time-consuming
taskto assessthemadequately. This papermakesthe following contributions:In Sec-
tion 2, wedefineterminologybasedontheusagein thesubmissionsbut editedfor con-
sistency. In Section3, a setof commontransformationscenariosbasedon theauthors’
experiencewith model-to-modeltransformationis introduced.Theauthorsareprimar-
ily implementersof transformations[1, 10] ratherthanimplementersof transformation
executionlanguagesandenvironments.Section4 providesanoverview of thesubmis-
sionsandreviewsthembasedontheRFPrequirementsandadditionalbenchmarks.This
sectionalsoidentifieshighlightsof theproposalsfrom theviewpointof theauthors.We
concludein Section5 with a setof recommendationsfor the final QVT standardand
giveabrief outlookoncurrentwork in Section6.Thegoalof thispaperis notto provide
yet anotherQVT proposal,but to capturethe bestof the existing proposalscombined
with thepracticalexperienceof theauthors.

2 Terminology

The QVT RFPintroducessometerminologywhich we clarify here.Furtherterminol-
ogy is introducedin thesubmissionsthemselves.In this section,we provide a unified
setof definitionsfor QVT -relatedterminology, whichenablestheproposalsto becom-
pared.We begin with definitionsof the termsquery, view, andtransformation, which
arefundamentalto theRFP.

Query A queryis an expressionthat is evaluatedover a model.The resultof a query
is oneor moreinstancesof typesdefinedin thesourcemodel,or definedby thequery
language.An exampleof aqueryoveraUML modelmightbe:Returnall packagesthat
do not containanychild packages.Theresultwould bea collectionof instancesof the
Packagemetaclass.A furtherexampleof a queryovera UML modelmight be:Doesa
particular attributein thesourcehavepublicvisibility? Theresultwould bea Boolean
value.

The Object ConstraintLanguage(OCL) [5] is an exampleof a query language.
Queriescanalsobe constructedusinga UML Action Semantics(asdefinedin UML
1.5or UML 2) [5].

View A view isamodelthatiscompletelyderivedfromanothermodel(thebasemodel).
A view cannotbemodifiedseparatelyfrom themodelfrom whichit is derived.Changes
to the basemodelcausecorrespondingchangesto the view. If changesarepermitted
to theview thenthey modify thesourcemodeldirectly. Themetamodelof theview is
typically not thesameasthemetamodelof thesource.

Viewsaretypically not persistedindependentlyof their sourcemodels(exceptper-
hapsfor caching).Views areoftenreadonly. Whereviews areeditablea changemade



via theview resultsin thecorrespondingchangein thebasemodel.It is thereforenec-
essaryfor aneditableview to have a definedreversemappingbackto thebasemodel.
A view maybe partial, that is basedon a subsetof the sourcemodel.A view may be
completeandhave the sameinformationcontentasthe source,but reorganizedfor a
particulartaskor user. A query is a restrictedkind of view. Views aregeneratedvia
transformations.

TransformationA transformationgeneratesatargetmodelfrom asourcemodel.Trans-
formationsmay leadto independentor dependentmodels.In thefirst case,thereis no
ongoingrelationshipbetweenthe sourceand target model oncethe target hasbeen
generated.In thesecondcase,the transformationcouplesthesourcemodelandtarget
model.

A transformationmay be top-down, in which casethe target model is not modi-
fied after generation;changesare always madeto the sourcemodel and propagated
to thetargetvia thetransformation.Transformationsmaybeone-way(unidirectional),
in which caseadditionalinformationmaybe introducedto the sourcemodelafter the
applicationof a transformation.Repeatedapplicationof thetransformationshouldnot
overwriteany informationintroducedto thetargetmodel.Transformationsmaybetwo-
way (bidirectional),in which caseeachmodelmay be modifiedafter the application
of the transformation;changesmustbe propagatedin eitherdirection.In somecases,
changesmayhave beenmadeto bothmodels.If this is permittedthenthereis thepos-
sibility of conflictingchangeshaving beenmade.In this case,it is necessaryto detect
suchconflicts,but it maynot bepossibleto resolve themautomatically. A transforma-
tion in which the target model replacesthe sourcemodel is referredto asan update
transformation.

Whendiscussingbidirectionaltransformationswe adoptthetermsleft-handmodel
and right-handmodelto reflectthe symmetryof the relationship.Both modelsact as
sourceandtargetfor transformations.

A view is a restrictedkind of transformationin which the target modelcannotbe
modifiedindependentlyof the sourcemodel.If a view is editable,the corresponding
transformationmustbebidirectionalin orderto reflectthechangesbackto thesource
model.

TheRFPrequesteda declarativeapproachto transformationratherthananimpera-
tive approach.A numberof theproposalschallengedthis requirementsoit is usefulto
introducethe terminologyrelevant to both approaches.The following two definitions
havebeentakenfrom theFreeOnlineDictionaryof Computing[4].

Declarative A general termfor a relational languageor a functionallanguage, asop-
posedto an imperativelanguage. Imperative(or procedural) languagesspecifyexplicit
sequencesof stepsto follow to producea result,while declarativelanguagesdescribe
relationshipsbetweenvariablesin termsof functionsor inferencerules and the lan-
guageexecutor(interpreteror compiler)appliessomefixedalgorithmto theserelations
to producea result.Themostcommonexamplesof declarativelanguagesarelogic pro-
gramminglanguagessuch asProlog andfunctionallanguageslike Haskell.



Imperative Anyprogramminglanguagethatspecifiesexplicit manipulationof thestate
of thecomputersystem,not to beconfusedwith a procedural language.

For the purposesof comparingthe proposals,we alsointroducethe category of a
hybrid transformationin additionto puredeclarativeandpureimperativeapproaches.

Hybrid A combinationof declarative andimperative constructsto definetransforma-
tions. Typically a declarative approachis usedto selectrules for applicationand an
imperative approachis usedto implementthe detail of rules that arenot completely
expresseddeclaratively. This issueis furtherexaminedin Section4.

Thefollowing termsareusedin thedefinitionof transformations.

Rule Rulesare the units in which transformationsaredefined.A rule is responsible
for transforminga particularselectionof thesourcemodelto thecorrespondingtarget
modelelements.A transformationis specifiedvia a setof rules.Compositionmecha-
nismsfor rulesmaybedefined.A rulemaycontainadeclarationand/oranimplementa-
tion. A puredeclarativerule will containonly adeclaration,a pureimperativerule will
containonly animplementation,anda hybrid rule will containboth.

Declaration A declarationis a specificationof a relationbetweenelementsin theleft-
handandright-handmodels.A declarationmaycontainsufficient informationto fully
describethetransformationfrom left to right (unidirectional),thetransformationfrom
right to left (unidirectional),or both (bidirectional).Alternatively, a declarationmay
only be ableto constrainthe left andright sidesto determinewhenan associatedim-
plementationshouldbe invoked.Note that in a bidirectionaltransformation,elements
from theright andleft sidesareavailablewhenthedeclarationis evaluated.

ImplementationAn implementationis animperativespecificationof how to createtar-
get modelelementsfrom sourcemodelelements.An implementationexplicitly con-
structselementsin the target model.Implementationsaretypically directed,i.e., they
operatefrom left to right or from right to left. However, implementationsthatcanoper-
atein eitherdirectionarepossibleandpermitted.

Match A matchoccursduringtheapplicationof a transformationwhenelementsfrom
theleft-handand/orright-handmodelareidentifiedasmeetingtheconstraintsspecified
by the declarationof a rule. A matchtriggersthe creation(or update)of modelele-
mentsin thetargetmodel,drivenby thedeclarativeand/orimplementationpartsof the
matchedrule.

IncrementalTransformationIf individualchangesin asourcemodelcanleadto theex-
ecutionof only thoseruleswhichmatchthemodifiedelements,thenthetransformation
is saidto supportincrementaltransformation.



3 Common Transformation Scenarios

Theauthorsof thispaperareinvolvedin two closely-relatedprojectsthatapplymodel-
driven transformations.In the following, we discusscommonscenariosthat a trans-
formation languagemustaddressbasedon our practicalexperienceof implementing
transformations.

SimpletransformationsA simpletransformationis onethattransformssingleelements
in the sourcemodel into singleelementsin the target model.Quite often, the source
andtarget modelshave essentiallythe samestructure.Many of the examplesusedin
the QVT proposalsareof this kind. A typical exampleis a transformationfrom UML
classes,attributesandoperationsto Javaclasses,fieldsandmethods.This typeof trans-
formation is straightforward to implementimperatively, and shouldbe amenableto
declarativeapproaches.

ExpressionsTransformationsmay have to handlestring expressionsin the sourceor
targetmodel.Wherea metamodelfor the expressionlanguageexists,expressionscan
be treatedasinstancesof that metamodelandrequirelittle specialsupport.However,
in many casesit may be unnecessaryto fully parsethe expression,andsomesimple
supportfor transformingtext is sufficient.

Theauthorsof this paperhave workedon transformationswith BPEL4WS[3], the
BusinessProcessExecutionLanguagefor Webservices,asthemajortarget.Thetrans-
formationswehave implementedfrom UML to BPEL4WS[1] andfrom businessview
modelsto BPEL4WSandAdaptive Entities[10] have severalexamplesof expression
handling,includingtransformingsourceexpressionsinto equivalenttargetexpressions,
into elements,or into attributesettingson elements.

Naming Anothercommonsituationrequiringtext handlingoccurswhenthesourceand
target modelshave differentrestrictionson naming,or differentnamingconventions.
For example,UML allows many charactersin namesthat Java doesnot allow. This
mustbe handledin someway whengeneratingJava from UML. Oneapproachis to
automaticallymanglenamesin a standardway to make themvalid. Any referencesto
thosenamesthatoccurelsewheremustalsobemangledfor consistency. Alternatively,
theJava namingrestrictionscanbeenforcedon theUML model.

Complex transformationsThis type of transformationbuilds structuresin the target
modelwhich donot directlycorrespondto any individualelementin thesourcemodel.
Thetransformationsmaybebasedon complex algorithmsandheuristics.

The transformationswe have implementedconvert unstructuredactivity graphsor
processgraphsinto structuredBPEL4WS activities. They partition the graphsinto
subgraphs,basedon the control flow and other criteria, and build a well-structured
BPEL4WSprocess.This sort of transformationcan be difficult to describedeclara-
tively.



Regeneration and reconciliation Having useda transformationto generatea target
model,it is likely that the userwill want to modify the generatedoutput.Whensub-
sequentlythesourcemodelis alsochanged,it would bedesirableif thetransformation
canbereappliedwhile maintainingany changestheuserhasmade.Trying to maintain
userchangesmayleadto conflicts,whichmustberesolved—perhapsby askingtheuser
whatshouldbedone.

Transformationfrompartial sourcemodelsIt isoftenusefultobeableto generateapar-
tial targetmodelfrom a partialsourcemodel.For example,in theUML to BPEL4WS
transformationdescribedin [1], behavior is describedusingactivity graphs,which can
betransformedinto executableBPEL4WS.During top-down development,anactivity
graphcanbegeneratedthat containsnamedactivity nodeswith control flow but does
not yet have all detailsof the actionswithin the activities elaborated.Sucha model
containssufficient informationto beableto generatea skeletonof a BPEL4WSdocu-
ment,which is usefulfor modelerswho arefamiliar with BPEL4WS.It is alsouseful
in scenarioswhereusersarepermittedto addinformationto eithera UML modelor its
correspondingBPEL4WSdocument.

Resilienceto errors The occurrenceof an exceptionduring transformationexecution
shouldnothalt thetransformation,i.e., insteadof simplyaborting,it shouldbepossible
to generatea partialmodel.Rulesthatarenot affectedby theerrorin thesourcemodel
shouldbe executedasusual,resultingin a partial targetmodel.This approachallows
multipleerrorsto bedetectedin asinglepass.Therequirementof transactionalbehavior
of transformationrulesis directly relatedto this feature.

M-to-N transformations It cannotbe assumedthat thereis a one-to-onecorrespon-
dencebetweensourceand target models.The transformationsmentionedabove take
in a sourcemodelandgeneratemultiple targetmodelsfrom threedifferentmetamod-
els (BPEL4WS,WSDL andXSD in onecase,andBPEL4WS,WSDL, andSACL—a
metamodelto specifystatemachines—intheothercase).Notethat,evenif it is possi-
ble to split sucha transformationinto multipleone-to-onetransformations,thismaybe
an inefficient implementation.Supportfor one-to-many transformationis particularly
valuablein caseswherethe resultingmodelswill be interdependentandmustrefer to
elementscreatedduring the transformation.Transformationscombiningmodelsthat
representvariousaspectsof aproblemarelikely to bemany-to-one.In thegeneralcase,
many-to-many transformationsmustbesupported.

4 Summary of the Submissions

TheQVT standardis consideredessentialto make Model-DrivenArchitecturesa suc-
cess.Thefollowing generalrequirementswereformulated:

– Theproposalsshouldbepreciseandfunctionallycomplete,but alsominimalistic.
Compliancepoints shouldbe specifiedand existing standardsshouldbe reused
wheneverpossible.



– The proposalsshouldbe compatibleor clearly specify the changesand/orexten-
sionsthey makewith respectto existing OMG specifications.

– Theproposalsshouldbeimplementationindependent,addresssecurityissueswhere
neededandspecifythedegreesof internationalization.

The MDA TechnicalPerspective statesthat relationshipsbetweenmodelsshould
bedefinedat thesamelevel of abstractionastheir metamodelsdefinedin MOF. Given
that all modelswill be representedin MOF, a single transformationlanguagefor all
MOF modelsis possibleandshouldbe formulatedin theproposals.Mappingsto any
non-OMGlanguageshouldbeobtainableby definingaMOF metamodelfor suchalan-
guage.Transformationsaredefinedasmappingsanda uniquetransformationlanguage
is consideredto play a role similar to the role XSLT playsfor XML representations.
Queriesarerequiredto filter andselectelementsfrom amodelsimilar to XPATH thatis
usedto selectelementsfrom anXML model.Views areconsideredasmodelsderived
from othermodels.AlthoughtheRFPinitially calls for views on metamodels(see[7]
andSection2), the remainingRFPdocumentdiscussesviews of concretemodelsthat
revealspecificaspectsof a modeledsystem,not themetamodel.

Apart from thesegeneralrequirementsthatareapplicableto almostany standard,
morespecificrequirementsareformulatedthataddressQVT -specificissues:

– Proposalsshoulddefinealanguagefor transformationdefinitionsthatcanbedeclar-
atively representedin MOF, i.e., a transformationis a MOF modelitself. The lan-
guagemustbe expressive enoughto expressall requiredinformationto automat-
ically generatea targetmodelfrom a sourcemodel.The transformationlanguage
shouldalsoallow oneto formulateandcreateaview of a metamodel, but in general,
all mechanismsshouldoperateon model, i.e., instancesof metamodelsdefinedin
MOF 2.0.

– A transformationshouldsupportthepropagationof incrementalchangesoccurring
in onemodelto the othermodel.Althoughsingletonsetsof modelsarethe main
focus,it shouldalsobepossibleto transformmultiple modelsinto eachother.

The optional requirementssummarizedbelow are also very interestingand was
givenconsiderableattentionin many of thesubmissions:

– Transformationsshouldbedefinedsymmetricallyandgobeyondthesimplesource-
to-targetapproach.

– Transformationsshouldbeableto implementupdates,i.e., the targetmodelis the
sameasthesourcemodel.

– Inversetransformationsshouldbedefinablesuchthat ��� �
	 � 	���
�
����
.

– The proposedlanguagesshouldsupportthe traceabilityof transformationexecu-
tions.Transformationswith a transactionalcharactershouldbedefinable(commit,
rollback),which would preventaninvalid (not well-formed)modelresultingfrom
a transformationthathasfailedduringexecution.

– A transformationlanguageshouldsupportthereuseandextensionof generictrans-
formations.It shouldprovide mechanismsto inherit andoverridetransformations
andtheability to instantiatetemplatesor patterns.



– The useof additionaltransformationdatanot containedin the sourcemodelbut
thatparameterizethetransformationprocessshouldbepossible.

The OMG Action Semanticsspecification[5] is mentionedas alreadyhaving a
mechanismfor manipulatinginstancesof UML modelelements.Submittersare thus
alsorequestedto discusshow their proposalrelatesto theUML Action Semantics.In
responseto theRFP, 8 proposalsweresubmittedandarelistedat theOMG website[7]:

1. AdaptiveLtd. (in thefollowing abbreviatedwith ADAPTIVE)
2. DSTC/IBM (abbreviatedwith DSTC)
3. CompuwareCorporation/SunMicrosystems(SUN)
4. Alcatel/Softeam/TNI-Valiosys/Thales(THALES)
5. KennedyCarter(KC)
6. TCS,which comprisesArtisanSoftware,Kinetum,KingsCollege,andtheUniver-

sity of York (TCS)
7. CodagenTechnologiesCorporation(CODA)
8. InteractiveObjectsSoftwareGmbH/ProjectTechnology(IO)

In thefollowing, we will briefly summarizethevariousproposalsandhighlight the
strengthsandweaknessesgiventhefollowing criteria:

– Easeof technicaladoption,i.e., couldwe,asimplementersof transformations,ap-
ply a proposedsolutionto solveour transformationproblems,

– Scalabilityof theproposedsolutionin termsof sizeandcomplexity,
– Completenessof the proposalandreadability/self-containednessof the documen-

tation.

Wealsoconsideredthebenchmarksfor mappingapproachesasthey weredeveloped
in [8], becausethesealsoexpresssomeof our own requirements:

– Bidirectionalmappingsshouldbesupported.
– Bothdirectionsof themappingshouldbecapturedin onedefinition.
– It shouldbepossibleto definerich well-formednessconditionsonmappings.
– Mappingsshouldbeeasyto understandandwrite.
– Mappingdefinitionsshouldfacilitatetheconstructionof tools,which� givenasourceandatargetmodelandamapping,decidewhetherthesource/target

pair is a valid instanceof themapping,� provide automatedsupportfor reconciliationof dynamicallychangingmodels
to preventinconsistenciesfrom occurring,� allow onesideof a mappingto bepartially begeneratedif a completegenera-
tion is not possiblein a fully automaticmanner,� interoperatewith modelingtools.

We would like to mentionthatwe foundmany submissiondocumentsto beincom-
pleteandsometimessounclearlyformulatedthatwe cannotguaranteethat thefollow-
ing review exactlymatchestheintentionsof thesubmitters.To thebestof ourefforts, it
is basedon our understandingof thesubmissionsthatwe wereableto derive from the
availabledocuments.



4.1 Queries

All proposalsregardqueriesas a requirednecessarypart of a transformation,i.e., a
querydetermineswhenandhow atransformation(rule)is applicableto amodel(oraset
of models)andhow theresultof thetransformationwill bebuilt. Severalsubmissions
proposetheuseof theOCL 2.0 language:IO, SUN,TCS.

IO definesqueriesasa meansto performmodelanalysis.Executinga querycan
beconsideredasa specifictransformationtask,sinceit only returnselementsfrom the
model.Notethatthisunderstandingis morelimited thanthedefinitionwespelledout in
Section2. IO alsodiscussesthatqueriesmustbeableto crossmodelboundarieswhen
usedduringa transformation,i.e.,a querymustbeableto referto thesourceandtarget
modelaswell asto a transformation’sexecutionhistory.

THALES proposesan extensionto OCL calledTRL. A querycanreturnnot only
elementsfrom the queriedmodelasan answer, but canalsoreturna compositetype
(e.g.,a tupleor collection)or a morecomplex typedefinedby somemetamodel.

TheCODA submissionproposesanextensionto XQueryandXPATH, calledMTDL,
asthequerylanguage.It is definedsimilarto arelationaldatabasequery. A SelectState-
mentcontainsa PathExpressioncontainingseveralPathSteps,eachof which canrefer
to asourceor targetmodeltransformationpathto allow “the navigationoversource(or
target)elementsfrom thecurrentelement”.Within thecontext in whichit is written,we
understandthis asbeingsimilar to theIO proposalof referringto theexecutionhistory
of a transformation.

KC proposestheUML Action Semantics[5] for queriesandto useits Action Se-
manticsLanguageASL [11] asaconcretesyntax.In ouropinion,thisamountsto using
any arbitraryprogramminglanguageasaquerylanguage.Wewouldthereforenotagree
with the KC statementthat this submissionproposesa fully declarative solution,but
considerit animperativesolution.

TheADAPTIVE proposalcontainsno proposalfor a querylanguage,but only ad-
dressestheproblemof views.

TheDSTCsubmissionregardsqueriesasspecifictransformationsandbuildsonthe
factthatthetransformationsarethemselvesrepresentedasmodels.Thequerymodelis
thusasubsetof thetransformationmodel,which is basedonF-logic [9]. Thesubmitted
documentdoesnot explicitly statewhich subsetof the transformationmodelconsti-
tutesthe querymodel,but the transformationmodel containsa Query object,which
associatesPatternDefinitionsand inheritsa VariableandPatternScope.Queriesare
consideredto returnexistingelementsfrom a model,not to constructnew elements.

Figure 1 summarizesour understandingof the submissionsalong two important
dimensionsthatwe identified.On the X-axis, we distinguishwhetherthe queryis se-
lective, in the sensethat it canonly returnelementsfrom the queriedmodel,or con-
structive,in thesensethatit canreturnotherelements/valuesaswell. OntheY-axis,we
distinguishwhetherthequerylanguageis fully declarative,is declarativebut allowsref-
erenceto theexecutionhistory, or is imperative.Sincewe classifiedKC asimperative,
we alsobelieve it is constructivedueto theflexibility of theAction Semantics.



Fig.1. A classificationof thesubmissionsfor queries.

4.2 Views

Mostof thesubmissionslink viewsverycloselyto queriesand/ortransformations.The
only exceptionis theADAPTIVE submission,whichproposesaportal-basedapproach.
Unfortunately, however, the documenthasformattingproblemsandappearsvery in-
complete,containingonly eight,partially emptypages,sowe cannotsaymuchabout
it. Two anglesof understandingof a view canbeobserved3:

– A view is producedastheresultof a query, i.e., a view is thevisualizationof the
queryanswer(CODA).

– A view is theresultof a transformation(THALES, KC, TCS,IO, SUN,DSTC).

Consequently, the proposalscarry over their solutionsto transformationsand/or
queriesto theproblemof creatingaview of amodel.TheCODA proposaldefinesviews
astheresultof queries,which arerepresentedin MTDL. Transformationscanbedone
on the model itself or on any view of it. THALES definesviews asa projectionon a
parentmodelcreatedby atransformation.Views,likequeries,areexpressedin theTRL
language.KC againproposestheuseof theUML Action Semantics.A view is consid-
ereda transformationin which the target is completelyderivedfrom thesource.SUN
regardsviews asspecifictransformationsrepresentedin XMOF. In the TCS submis-
sion,a view is a projectionon a parentmodelcreatedby a transformation.IO definesa
view asaspecifictransformation(“an abstraction”)whereviewpointswill becreatedby
modeleditorsthatoperateonly onasubsetof ametamodel.TheDSTCsubmissionalso
considersviewsasspecifictransformations,but emphasizesanimportantdifference:

“The onlydifferencebetweena transformationanda view is theunderlyingim-
plementation.For a transformation,thetarget extentis independentof source

3 However, thisdifferenceis marginal in thesensethatall proposalsregardqueriesasanintegral
partof a transformation.



extent; its objects,links and valuesare implementedby storing them.For a
view, thetargetextentremainsdependentonthesourceextent;its objects,links
andvaluesarecomputedusingthesourceextent.Thedefinitionof transforma-
tionsandviewsis thesame(thespecificationof sourceandtarget modelsand
therelationshipsbetweenthem).”

Weseethefollowing importantdifferencein theunderstandingof views—compare
thisalsoto ourdefinitionof viewsin Section2: Is theview linkedto themodelor doesit
havean independentexistenceandcanit bemanipulatedwithoutnecessarilychanging
themodelfromwhich it wascreated?Only theDSTCproposaladdressesthis issuein a
clearway andstatesthatviews remainphysicallylinkedto themodel,i.e., any change
in the modelwill alsooccurin the view if this view containsthe changedpart of the
model.Fromtheotherapproaches,we couldnot derivea clearanswerto this question.
The CODA proposaleven seemsto imply that modelsandviews canbe manipulated
independentlyof eachother.

4.3 Transformations

In a nutshell,all proposals(exceptADAPTIVE) adopta unifying solutionto queries,
views,andtransformations.In four submissions,exactly thesamelanguageis proposed
to solveall threeaspects:KC proposestheUML Action Semantics,THALES proposes
TRL (anextensionof OCL 2.0),DSTCproposesF-Logic [9], CODA proposesMTDL
(anextensionof CMOF).

Theothersubmissions(IO, SUN,TCS)proposeusingOCL 2.0[5] for queries.The
queriesareusedinside transformationsto determinewhena transformationis appli-
cable.The transformationlanguagesareseparatedefinitionscomprisingdifferentele-
mentsandformalisms.Following below, we evaluatethe variousproposalsalongour
previously introducedcriteria:

Self-containednessMost documentsarenot really self-contained.KC andDSTC es-
sentially refer to other languagesdescribedelsewhere.All other proposalsshow the
metamodelsof their languages,but usuallyomit a detaileddescriptionof the seman-
tics.Theexamplesgivenareeitherhighly simplifiedor nonexistent.Therefore,in many
cases,one canonly obtain a very limited picture of how a transformationwould be
representedandexecuted.

Scalability Wedistinguishscalingbehavior in termsof thesizeof transformationmod-
elsandscalingbehavior in termsof thecomplexity of the transformationsthatcanbe
expressed,cf. the scenariosdiscussedin Section3. Declarative proposalsthatassume
a uniform rule base(DSTC,IO) canbeassumedto scaleworsethanproposalsthat in-
troduceastructuredtransformationbase(TCS).Thecomplexity of thetransformations
thatcanbeexpressedis determinedby theexpressivity of thetransformationlanguage.
KC’s proposalto usethe UML Action Semanticsyields the mostexpressive solution
sinceit allows an escapeto arbitraryprogramminglanguages.Similar codeescapes
areprovidedby IO, SUN, andTCS. In contrastto this, THALES, CODA, andDSTC
proposedeclarative, decidablelanguages,which are lessexpressive, but shouldhave



advantagesin termsof tooling support(e.g.,decidingconsistency of transformations
mayonly bepossiblefor them,not for theothers).

Many approachesassumethatthetransformationrule setcanbestructuredto some
extent.The mostdetailedproposalfor a structuringof the rule setcomesfrom TCS.
Rulesin the TCS submissionhave a stateand they can specializeother transforma-
tions or be definedascomposites.A rule cantransformbetweenan arbitrarynumber
of domains(classes,associations,packages),but theremustbe uniquenamesfor all
attributesanddomains.Theproposalenvisionsahybrid representationfor thetransfor-
mationrules,seeFigure2.

Fig.2. Transformationrulesasrelation-mappingpairsin theTCSsubmission.

Thedeclarativepartis calledarelation, whereastheimplementationalpartis theac-
tual mappingthat takesplace.Relationsaremultidirectionalandnonexecutable.They
canbe composedof otherrelationsusingNOT, AND, OR subrelationsandso-called
elaborations, which, for example,replaceanabstractrelationby a setof detailedrela-
tions.Mappingsareexecutableandcanbedescribedin someActionsSemanticsLan-
guage.A mappingcanrefineany numberof relations,i.e.,thesameimplementationcan
bereusedin severaldeclarativerule definitions.

Transformationsare organizedinto an orderedsequenceof stepsthat definethe
operationalpart, cf. Figure3. Eachstepis specifiedby a setof transformationtasks,
with eachtaskbeingdefinedasa setof relation-mappingpairs.Transformationtasks
can be marked as transactional.The traceabilityof a transformationis achieved via
loggingthetransformationsteps.

Simplicity Whetheratransformationdefinitionis easyto understandandwrite depends
also on personalpreferences.Assumingthat transformationswill be written by pro-
grammers,any programming-like solutionusingAction Semanticscould be assumed
to be(fairly) simple.ThedeclarativeIO proposalalreadyreportsproblemsin maintain-
ing andcompletinglarge rule sets,but not in writing a single rule. Purelogic-based



Fig.3. Structureof a transformationin theTCSsubmission.

languages(suchasproposedby DSTC)will beharderto useby thosenot experienced
in usingtheformalism.

Bidirectionalmappingscanbeprovided in termsof transformationdefinitionsandin
termsof transformationexecutions.Thedefinitionof a transformationis usuallygiven
asasetof rules,i.e.,asinglerule is thebasicunit of transformationthatcanbedefined
and executed.Figure 4 categorizesthe proposalsalong two dimensions:whetheran
imperative, hybrid, or declarative languageis usedto write transformationrules,and
whetherthe transformationrulesareexecutablein only onedirection(from sourceto
target),which we call unidirectional,or from bothdirections(from sourceandtarget),
which we call bidirectional.Someapproachesenvision mixedtypesof transformation
ruleswithin the sametransformationmodel,i.e., somerulesareunidirectional,while
othersarebidirectional.We classifiedthoseapproachesasuni/bi.

Variousproposalsdiscusswhetherthe sourceor targetmodelshoulddrive theex-
ecutionof a transformation.Note that when rulesare bidirectionally executable,the
executiondirectionmustbe determined,e.g.,by selectingonerule side(pattern)that
shouldbematchedandtheotherrule sidethatshouldbederived,seefor examplethe
SUN submission.TheDSTCproposaldiscussesaspect-driventransformations,which
wouldnotbedrivenby specificMOF elementsin thesourceor targetmodel,but rather
by somesemantic,representation-independent concept.Althoughaspect-driventrans-
formationsarean interestingidea,it remainsopenhow they would be representedin
theQVT standard.Althoughwe got theimpressionthatsomeproposalsfavor oneside
to drive thetransformation,othersallow thedriving sideto bearbitrarily specified.

Furthermore,we foundassumptionsin thesubmissionsthatreferto thecardinality
of thesourceandtargetmodelsets.Thereareapproachesthatassumemultiple source
modelsfrom whichonetargetmodelis produced,while othersenvisionasinglesource



Fig.4.A classificationof thesubmissionwith respectto theproposednatureof thetransformation
languagesandtheir possibleexecutiondirections.

modeltransformedintovarioustargets,or in themostflexiblecase,many sourcemodels
canbetransformedinto many targetmodels.Figure5 summarizesourfindings.4

Fig.5. Driversandinput/output-cardinalityof transformations.

Easeof Adoption Givenour impressionof thecurrentstateof theproposals,weassume
it to bemoreor lessequallyhardto adoptany of them.At theoneextreme,onecould

4 ADAPTIVE andKC havebeenomitted,becausethey provideno informationonthisaspectof
transformations.In thecaseof CODA, we arenot surewhetherit is really source-drivenand
someunsecurityalsoremainsin thecaseof SUNandTHALES, whichcouldbemoregeneral
thanis apparentfrom their submissiondocuments.



simplyapplyone’spreferredprogramminglanguageto adopttheKC proposal,i.e., the
transformationsthatwehaveimplementedin Javaalreadytodaycouldbeconsideredas
anadoption.However, this is of coursenot the intentionof theKC submission.At the
otherextreme,we would placetheDSTCproposal,of which we think that it canonly
befully exploitedafterhaving understoodthehundredpageslong paper[9] or if good
toolingsupportis madeavailable.

Rich ConditionsTheanswerto thiscriterioncorrespondsdirectlyto theproposedquery
language,sinceall submissionsusetheir query languageto formulateconditionsin
transformations.

Tooling AspectMany claimsaremade,but it is hardto tell whetherthey aremetwith-
out undergoinga comprehensive evaluationof the tools,which arenot easilyaccessi-
ble.Theimportantrequirementsof modelreconciliation,failurehandling,consistency
checkingandmodelintegrationarewidely discussed,but we couldnot find a proposal
sofar thatwouldconvincingly demonstratehow theseissuesareresolvedin a tool. The
IO submission,for example,definesandchecksaconstraintbeforethequeryin amap-
ping rule is executedandbeforethetargetmodelis actuallymodified.Many proposals
admit that theseissues,althoughimportant,arenot yet addressedby their submission.
Many of the proposalsalsoarguethat definingsymmetricor inversetransformations
or consideringthem somethingspecialis not very meaningfuland that the practical
relevanceof inversetransformationsremainsunclear. Insteadof defininginversetrans-
formations,someproposalsdefinepairsof complementarytransformationrules,seefor
exampletheIO submission.Securityaspectswerediscussed,but we did not find many
concreteproposals.The problemwith updatinga model is usuallyconsideredto be a
standardtransformationproblemandwe did not seespecificsolutionsto handleup-
datesof thesamemodelexceptthatonemaydistinguishbetweenupdaterules, which
modify a model,andcreaterules, which generatea new model,e.g.,in the THALES
submission.

5 Recommendations

This sectionintroducesa setof recommendationsfor thefinal QVT standard.Therec-
ommendationsarebasedon the highlightsof the initial responsesto the RFPandthe
authors’experiencesin developingmodel-to-modeltransformations.

Support a hybrid approach to transformation definitions: In theexperienceof
theauthors,a declarativeapproachis usefulfor specifyingsimpletransformationsand
for identifying relationsbetweensourceand target model elements.However, many
transformationsarenot straightforward.This is especiallytruewhentransformingbe-
tweenlanguagesat a similar level of abstraction,suchas horizontaltransformations
and transformationsto middleware platformsthat supporthigh-level abstractions.It
may not be possiblefor the target audienceof transformationlanguagesto construct
complex transformationsusinga fully declarative approach.An imperative language
is preferablefor thedefinitionof complex many-to-many transformationsthat involve
detailedmodelanalysis.Thefollowing quoteby AdamBosworth [2] supportsour rec-
ommendation:



Alan Kay is supposedto havesaid that simplethings shouldbe simpleand
hard things shouldbe possible. It has beenmy experienceover 25 years of
software developmentthat for mostsoftware products,simplethingsshouldbe
declarative and/or visual and hard thingsshouldbe procedural. Declarative
languageshavean unfortunatetendencyto metastasizebecausepeopleneed
to do things that are hard. Whenthey grow in this way, not only can most
peoplenotusethesenew features,they findtheentire languagemoredaunting.

Provide a simple declarative specificationlanguage:Also in line with theabove
quotefrom Bosworth,we recommendthat thelanguageusedfor declarative specifica-
tion be simple.A graphicalconcretenotationfor the languageis likely to be of value
to someusercommunities.Simplicity is somewhat subjective, but asa guideline,the
capabilitiesof thedeclarativelanguageshouldnotgobeyondthepointatwhichacapa-
ble modeler/programmerwould find an imperative specificationmorestraightforward
to construct,comprehend,andmaintain.

Usedeclarative queries only: Do not allow to link a queryto a specificruntime
executionof a QVT session.Keepthe query languagefully declarative. Allow it to
returnnotonly elementsfrom thequeriedmodel,but alsoanswertypesdefinedby some
metamodel.In thesimplestcase,a querycanreturna Booleanvalueevenif Booleans
arenotpartof thequeriedmetamodel.It shouldbediscussedwhetheraquerystatement
shouldbe decidableover a model. In this case,the full expressivity of programming
languagesshouldnot beallowed,but languagessuchasOCL shouldbepreferred.The
recommendedspaceis shown in Figure6.

Fig.6. A recommendedspacefor querylanguages.

Provide an abstract syntax for the transformation language:The transforma-
tion languageshouldhave a definedabstractsyntaxfor composition,declarative, and
imperative parts.Wherepossibletheseshouldbe basedon existing OMG standards.



Theproposalmayspecifyanexampleconcretesyntax,but shouldpermitotherdeclar-
ative and imperative languagesto be pluggedin via transformationsto the abstracts
syntaxspecifiedin theproposal.

Adopt common terminology: In Section2, we put togethera set of definitions
that provide a unifying view on the major conceptsoccurringin the QVT space.We
recommendthatafinal standardpreciselydefineacommonterminology. In general,we
assumethatthefinal standardspecificationwill beacomplete,self-containeddocument.

Usethe Action Semanticsas an interchangeformat: Imperative partsof rules
shouldbeexchangedvia UML Action Semantics.TheUML 2.0Action Semanticswill
be appropriatewithin the time scaleof this RFP. This will provide a standards-based
interchangeformatfor imperative specificationsof transformationbehavior while per-
mitting theuseof particularconcretesyntaxesthatareappropriatefor usein particular
developmentenvironments.Suchconcretelanguagescouldincludetextualor graphical
concretesyntaxesfor UML Action Semantics,e.g.,theASL [11], imperativelanguages
specificallydesignedfor thespecificationof rules(suchastheTRL languageproposed
in theTHALES submission),or programminglanguagessuchasJavawhereamapping
to UML Action Semanticsis provided.

Support symmetric rule definitions: It shouldbepossibleto describesymmetric
rulesthatcanbeexecutedleft-to-right, right-to-left, or in a reconciliationmodewhere
both sourceand target modelsexist and either may have beenmodified.Symmetric
ruledefinitionsfacilitatethedevelopmentof bidirectionalmappings,avoid theduplica-
tion thatoccurswhena rule andits inversearedefinedseparately, andprovidea useful
startingpoint for reconciliation.Symmetricallydefinedrules may containdirection-
dependentimplementationpartsthat areusedwhenthe rule is executedin the corre-
spondingdirection.Figure7 showsthespacethatwerecommendfor therepresentation
of rules.

Fig.7. A recommendedspacefor rule representations.



Support compositionand reuse:It is oftenvaluableto beableto constructacom-
plex transformationfrom multiple intermediatetransformations,eitherbecausesomeof
thesubtransformationsalreadyexist, becausetheintermediateresultsareof interest,or
to decomposetheprobleminto simplersteps.Theproposalmustsupportcomposition
andpackagingmechanismsto supportthe developmentof large transformationsand
systemsconstructedfrom multiple transformations.Thesemechanismsshouldcome
from UML. A transformationdefinition shouldbe an executableUML model. The
generalizationandtemplatingcapabilitiesof UML shouldbeconsideredfor rulesand
transformations.Furthermore,thetransactionalbehavior of composedtransformations
is anotherissuethatdeservesdeeperexploration.

Support complex transformation scenarios: The transformationscenariosde-
scribedin Section3 shouldbe supportedby the adoptedstandard.The requirements
have all arisenfrom practicalexperienceswith theimplementationof transformations.
Figure8 shows the spacefor rule executionsthat we recommendto offer the largest
possibleflexibility in supportingcomplex transformationscenarios.

Fig.8. A recommendedspacefor rule executions.

Provide completeexamples:Thefinal proposalshouldincludea numberof com-
plete nontrivial transformationspecifications.Theseshouldpreferablybe standards-
basedtransformationsof value to the MDA community. Good examplescould be a
reversiblemappingbetween(a subsetof?) Java andUML 2.0 Action Languageor an
implementationof a MOF 2.0packagemerge(amany-to-onemapping).

Establish requirementson transformation executions:We found the problem
of errorsduring a transformationandthe optional requirementof transactionaltrans-
formationsto be important in order to achieve robust transformationsin practice.A
standardshouldclarify this issueandprovide a solution.Furthermore,thequestionof
how large transformationswill be handledshouldbe addressed,i.e., how will trans-
formationswork in two directions,how will incrementalchangesof modelsand“life



modelsynchronizations”besupported,andhow will associationsbetweensourceand
targetmodelelementsbeestablished?

Emphasizethe tooling aspect:We foundthedefinitionof usecasesusefulto de-
rive requirementsthata tool shouldsatisfyandto show how the standardcansupport
thescenariosdescribedin the usecases.Usability andease-of-useaspectsseemto be
of critical importance.Anotherimportantissueseemsto be the consistency andcom-
pletenessproblemsthatshouldbefurtherclarified:How doesatransformationdesigner
know that his rule set is consistentandwill producea valid target model?How does
he know that his rule set is completeandwill producea completetarget model?Are
theresultsof ruleexecutionsdeterministicor candifferentoutcomesoccur?If yes,how
would wedealwith that?Whatwould it mean?

6 Conclusion

Thispaperhasprovidedacompletereview of thesubmissionsto theOMG’sRequestfor
Proposals(RFP)for MOF 2.0Query, Views,andTransformations(QVT ) with respect
to therequirementsstatedin theRFPandtherequirementsof theauthorsof this paper
who anticipatebeingusersof thelanguageto bedefinedin thefinal QVT standard.

We have introduceda terminologyto clarify the major conceptsoccurringin the
QVT spacebasedon the usagein the submissionsbut editedfor consistency. A set
of commontransformationscenariosis described.It specifiesfeaturesthat the final
QVT standardmustsupportin orderto enablethe implementationof transformations
of valueto the authors.Thesubmissionsareclassifiedalongvariousbenchmarksand
criteria that we consideredto be of particularimportancesuchas the expressivity of
the query language,the scalability of transformations,the simplicity of transforma-
tion definitions,andthe ability to flexibly executetransformations.We have alsodis-
cussednonfunctionalissues,in particulartheusabilityof theproposedlanguage.If the
QVT standardis to bewidely implemented,theadoptedtransformationlanguagemust
beusableby thetargetaudience.

Ourcurrentwork focusesonthedevelopmentof anarchitectureto implementQVT -
basedtransformationsbasedon theexperiencegainedwhile conductingthereviewing
work describedin thispaper. Wealsofurtherevaluatetheapplicabilityof F-logic to the
transformationsweareinterestedin, becauseit is at theheartof theproposalsupported
by IBM.

Theauthorshopethatthis paperwill actasa usefuloverview of thesubmittedpro-
posalsandasatransformationimplementers’view ontherequirementsfor asuccessful
MOF 2.0Query, Views,andTransformationsstandard.
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