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Abstract

The OMG's Model-Driven Architectute is quickly at-
tractingattentionas a methodof constructingsystemshat
offers advantayes over traditional approachesin termsof
reliability, consistencyand maintainability Thekey con-
ceptsin the MDA are modelsthat are related by model
transformationsHowever, for the MDA to provide an ade-
guatealternativeto existingapproadces,it mustoffer com-
parablesupportfor softwae engineeringorocessesud as
requirementsanalysis,designand testing This paper at-
temptsto explore the application of the last of thesepro-
cessestesting to the mostnovel part of the MDA, that of
modeltransformation. We presenta generl view of the
rolesof testingin thedifferentstagesof model-driverdevel-
opment,and a more detailedexploration of approadesto
testingmodeltransformations Basedon this, we highlight
the particular issuesfor the differenttestingtasks,includ-
ing adequacycriteria, testoraclesand automatictestdata
geneamtion. We also proposepossibleappmoadesfor the
testingtasks,and showhow existing functionaland struc-
tural testingtechniquescan be adaptedfor usein this new
developmentontext.

1 Introduction

In 2001 the Object ManagemenGroup (OMG) intro-
ducedthe Model-Driven Architecture(MDA) [19] asthe
framawork for its future standardisatioefforts. Sincethis
time, the idea hasbeenwidely discussedas an emepging
techniquefor the developmentof large-scalesoftware sys-
tems.

In essencaylDA proposes move awvay from humanin-
terpretatiorof high-level models suchasdesigndiagrams,
into implementationstowardsa more automatedorocess
wherethe modelsareusedas rst-class artifactsof the de-
velopmentprocess.

This potentially represents signi cantly different ap-
proachto the developmentof software systemsa practice
that has becomeincreasinglywell understoodover time.
However, while muchwork hasbeendoneontechniquegor

using MDA for software developmentthereremainmary
challengegor theproces®of softwarevalidation,andin par
ticular softwaretesting,in anMDA context.

In MDA, the mostimportantbehaioural artifact, and
thusthe mostimportantartifactfrom a testingperspecitie,
is that of the modeltransformationwhich describes re-
lationshipbetweentwo or moremodels. Therefore model
transformationsrethe key to automatinghetransitionbe-
tweenmodelsand from modelsinto otherforms, suchas
code.MDA makesmary promisesaboutproviding a more
efcient, more consistent,and more reliable approachto
softwaredevelopmenthput this canonly betrueif themodel
transformationbehae like they arespeci ed.

Therearea numberof limitationsin usingexisting test-
ing techniquedo testmodeltransformatiorprograms.The
datastructuresisedby modeltransformationsirecomple,
andgeneratingestdatausingtraditionaltechniquess un-
wieldy andinefcient. Thus, in the sameway that test-
ing techniqueshave beenadaptedo suit the emegenceof
object-oriente¢programmingthe adaptatiorof techniques
to bettersuit model-driven engineeringwill alsoallow for
better and more appropriatemethodsof validation. For
example,MDA hasnormalizedthe languagegor de ning
modelsand meta-modelsandthis allows for the develop-
mentof generalizedoolsandtechniquegor testingsystems
thatpreviously hadnocommonlyunderstandablée nition.

This documentis organizedasfollows. Firstly, section
2 briey recallssomebackgroundon MDA and presents
how modeltransformatiorprogramsare speci ed andim-
plemented.Then, section3 detailsthe motivationsof this
work and the problemsrelatedto testing model transfor
mations. Section4 presentsan adaptatiorof existing test-
ing techniquego the model-orientectontext and proposes
a functional test adequayg criterion for the validation of
modeltransformatiorprograms Sections theninvestigates
a white-boxre nementof this criterion. Section6 details
two automatedestdatagenerationtechniquesasedon a
systemati@ndanevolutionaryalgorithmto covertheprevi-
ouslyproposedestcriterion. Section7 detailssomerelated
workson MDA andtestingand, nally , section8 concludes
this document.



2 Background on MDA

The goal of MDA is to move away from the traditional
role of UML diagramsasblueprintsfor corversioninto soft-
wareby programmergp asituationin whichthemodelsare
usedas rst-class developmentartifactsthat are automati-
cally mappedto other modelsandto systemcode. Thus,
MDA presentsa more generalview of systemscomposed
of models,the relationshipsbetweenthem, in additionto
technologymappings,suchas codegeneratorsywherethe
connectiondetweerntheseelementsaremanagedutomat-
ically.

As it wasthe primary motivation behindMDA, the do-
main of software developmentemainsthe principal appli-
cationof MDA. Thisapplicationis oftenreferrecto asMDE
(Model DrivenEngineering)7], andits principlesarerep-
resentedn Figure 2, wherethe artifactsmarked "M" are
models,thosemarked"L" arelanguages,T" aretransfor
mations,and"S" arespeci cations.So, afterthe developer
hascreateda designin the form of a seriesof models,she
thenuseanodeltransformation$o successiely re ne these
models,and eventually to translatethem into code. The
transformationsredevelopedin sometransformatiorian-
guage(which forms part of an overall MDA framework),
andarewritten by a transformatiordeveloper who may or
maynot bethe sameasthe softwaredeveloper In this way,
the developmentload hasbeensplit betweenthe software
developerandthetransformatiordeveloper

To validatethe systemsbeing developed,the software
developer (transformationuser) may use existing tech-
nigues,sincein the endher softwareis implementedusing
existing technologies. However, she can gain even more
con dencein hersystemby ensuringthatthe modeltrans-
formations,which shehasusedin creatingher system,are
alsovalidated.Thus,in the sameway thatthe useof trans-
formationscan assistthe processof developing the soft-
ware, validatingthe transformationgan assistthe process
of validatingthe software.

The following sectionspresenta morethoroughexami-
nationof thede nitions of modelsmeta-modelandmodel
transformationsThis includesthe presentatiomf anexam-
plethatwill beusedthroughouthe paper

2.1 Modelsand meta-models

A modelis a collectionof objectsandrelationshipde-
tweenthe objectsthat,togetherprovide a representationf
somerealsystem For example,asimplerelationaldatabase
schemaof tablesand columns,suchasthe onein (1) of
Figure 3, might be represente@s objectsrepresentinghe
tablesandobjectsrepresentinghe columns,with contain-
mentrelationshipdetweerthetableobjectsandthecolumn
objects.Suchamodelis shavn in (2) of Figure3.
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Figure 4. Meta-model for RDBMS Schemas

Of course,not all modelsare the same. For example,
object-orientednodelsare expressechot using tablesand
columns, but using packagesclassesand attributes. So
anobject-orientedystemsuchasthe onedescribeddy the
UML diagramin (3) of Figure3, canberepresentetly ob-
jectssuchasthoseshovnin (4).

This represents differencen modelinglanguagesThe
databaseschemais describedusing a modelinglanguage
with concept®f tableandcolumn,whereaghe OO schema
is describedusinga modelinglanguagesuchasUML with
conceptsof class,attribute and package. Beginning with
theseterms,we cande ne amodelto describeeachmodel-
ing languagewith classedor eachof thetermsusedin the
modelinglanguage.Thesemodelsof modelinglanguages
are called meta-models.Figures1 and 4 shawv the meta-
modelsof the UML andRDBMS modelspresenteaarlier
simpli ed for demonstratiompurposes.

Of course,thesemeta-modelamust also be described
by somelanguageand, in MDA, this languageis that of
the Meta-ObjectFacility (MOF) [13]. As alanguagethe
MOF very closely resembledJML classmodeling, with
packages;lassesattributesandassociationsTherelation-
ship betweernthe MOF, meta-modelsandmodels,is com-
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Figure 3. Sample RDBMS and O-O models
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monly depictedusingthe meta-stackdiagramshavnin g-
ure5, shaving the 3 “meta-levels”, M3, M2 andML1. Like
ary languagan MDA, MOF is describecby a MOF meta-
model,andthusit is self-describing.This self-description
is analogougo de ning an EBNF grammarfor describing
EBNF, and preventsan endlesgprogressiorof meta-layers
goingup the meta-stack.

2.2 Model transformations

Obviously, the UML andRDBMS modelspresentedn
Figure 3 arerelated. In fact, it is easyto imagine that
one has beengeneratedrom the other Sucha genera-
tion processcan be describedby a model transformation.
Model transformationsiescriberelationshipsbetweentwo
or moremodels,by de ning relationsbetweerelementsn
their meta-models.So, in this case thereis a relationbe-
tweena UML Classanda RDBMS Table,wherethenames
of therespectie objectsmustbethe same.

A modeltransformation(MT) is, essentially a speci -
cationfor a modeltransformatiorprogram. Model trans-
formation programs(MTPs) take modelsand ensurethat
the elementdn the modelscorrespondo the relationsde-

ned by a certainmodeltransformation.Therearea num-
ber of languagesisedfor de ning modeltransformations
andmodeltransformatiorprograms.

Model transformationprogramsare generally imple-
mented either using general-purposerogramming lan-
guagessuchas Java, using domain-speci cprogramming
languagesuchasextensionf OCL [17], or usingatrans-
formationenginebasednrule evaluation.Generallytrans-
formation programsare exposedusing an operationinter-
face,with typedparametersandpossiblyreturntypesand

exceptions.

Languagedor de ning modeltransformationg10] are
generallydeclaratve, andinclude approachesasedon re-
lations[1], or thosebasedn patternof logical constraints
[9]. In 2001, the OMG issueda Requestfor Proposals
[14] for a standardizedanguagefor de ning modeltrans-
formations. A wide variety of languageshave beenpro-
posed.from imperatize languagego rule-basedogic-like
languagesandhybridsof thetwo. The procesof settling
on a singlelanguagéds progressinglowly, but the form of
sucha standards unknown at thetime of writing.

At the minimum, it is expectedthattransformationsvill
be speci ed as operationswith OCL [15] pre- and post-
conditions.We will usethis form of speci cationastheba-
sisfor the speci cation of modeltransformationghrough-
out this document. It is likely that a more structuredan-
guagewill eventuallyemegeasastandardbut we feel that
techniqueslevelopedfor testingagainsspeci cationswrit-
tenin thisgeneralanguagewill applyequally andprobably
moreeasily to morestructuredspeci cations. The follow-
ing sectionpresent@nexamplemodeltransformatiorfrom
UML classmodelsto RDBMS databasschemasspeci ed
usingthis OCL-basedanguage.

2.3 The UML to RDBMS transformation

This is a classicalandsimpleexampleof a modeltrans-
formation. From a UML model, it createstablesand
columnsin arelationaldatabasenodelto handlethepersis-
tenceof theobjectmodel.In the UML model,someclasses
aretaggedas persistent.For eachof theseclassesa table
having the samenameis createdin the DB and, for each
attribute of the class,a columnis createdFigure6 presents
aspeci cationfor this transformatiorasit would bewritten
accordingo the MDA paradigm.

In this example,the speci cation of the modeltransfor
mationis closeto the speci cation of an operation:a de-
scription,parameterandpreandpostcondition.

- Description:The rst elementof speci cationis atex-
tual descriptionof the modeltransformation.This descrip-
tion is usually written in naturallanguageand documents
thetransformation.

- ParametersThetransformationasarny operationhas
a set of parameters. Each of theseparameterdasa di-
rection: in, out, or infout. The typesof theseparame-
terscanbe eithersimple(e.g. string, integer) or complex:
"MOF:Extent".In fact,in thecontext of theMOF, "extents"
arethetop level modelcontainer Extentsarenottypedand
anextentcancontainmodelelementsnstantiatedrom var-
ious meta-modelsin the speci cation presented-igure6,
the transformationhastwo parameters:"in UMLModel"
and "infout RDBMSModel" both de ned as extents (i.e.
models). The type of model elementsthat eachparame-
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Figure 6. The OO2RDBMS transf ormation

ter may containhasbeenspeci ed asdocumentatiomotes:
The parametetJMLModel may be a UML model(i.e. in-
stancesf the UML meta-modeljand the RDBMSModel
parametemaybean RDBMS model.

- Pre-conditionin additionto parameterghe speci ca-
tion containgpreandpostconditionsexpressedisingOCL.
The preconditionexpressegonstrainton the input param-
etersof thetransformationn orderto specifythevalid input
dataof thetransformationln theexamplepresentedh Fig-
ure 6, the preconditionstatesthat namesof the classesof
theUML modelgivenasinput mustbeunique.

- Post-condition:The post-conditiorspeci esthe effect
of the transformatiorby linking input parametersndout-
put parameters.For the UML2RDBMS transformationjt
stateghatfor eachnon-abstractlasstagged'CMP" in the
UML model,a correspondindgable (samename)exists in
theRDBMS model,andfor eachattribute of theclassa cor-
respondingolumn(samename)existsin thetable.

3 Testing Model transformations

In the context of model-drivenengineering MDE), en-
suring the correctnessand reliability of MTPs is a key
point. In the MDA paradigmmodel transformationpro-
grams(MTPs) are designedand implementedto be used
andreusedy anumberof clientsin variouscontexts. Thus,
as with ary software component,the implementationof
a MT hasto be consistentwith respectto its speci ca-
tion/documentation.Today the easiesand mostcommon
form of validationremainstesting. In practice,the bene t

of an adequatdestingprocess gspeciallyfor components
designedo bereusedby a numberof clients,is three-fold
[12]:

1. Detecterrorsin theimplementation.This is the pri-
marygoal of testing.

2. Completethe speci cation/documentationUnspeci-
ed obseredbehaiour maybedueto anincompletespec-
i cation.

3. Qualify thecomponentTestingallows thetester(and
theuser)to acquirea certaincon dencein theimplementa-
tion.

In practice all of theseaspectandthequality of thetest-
ing processstrongly dependon the testadequag criterion
thatis beingused. Typically, two kinds of criteriaaredis-
tinguished,on one handwhite-box(or structural)criteria,
whicharebasednthestructureof theimplementationand
on the otherhandblack-box (or functional) criteria, which
arebasednthespeci cation.Onceanappropriateestcri-
terionis designedit canbeusedasabasisto write or gener
atetestdata. The programcanthenbe executedwith these
testdataandan oraclefunction determinesf the obtained
resultsmatchthe expectedresults.

As explainedin section2, aMT is implementedasareg-
ular program. As such,one canarguethatit may be de-
signedjmplementedndtestedasary otherprogram.How-
ever, therearea numberof reasongo suggesthatthe test-
ing of MTPswill bene t from the modi cation of existing
techniquedo bettersuitthe problem.Thesereasonsarethe
sameasthosethatleadpeopleto designspeci ¢ languages
for MTPssuchasthosementionsin section2.

The rst reasonis that the increasein the level of ab-
stractionmalkes existing techniquedif cult to apply. For
instanceaMTP manipulategomplec datastructuregmod-
els),whichmalesexisting programmindanguagesindtest
techniqueshardto use. In the context of testing,in par
ticular, mary testdatagenerationtechniquedocuson the
generatiorof simpledataandareconsequentlyot directly
applicableto the generatiorof models. Thus,in the same
way thatfunctionaltestingtechnique$iave beenadaptedo
the OO paradigm[8], testingtechniquesnustnow be de-

ned for theemegentModel-Orientedpbaradigm.

The secondreasonis that MTPs sharemary common
properties.This allows thedesignof speci ¢ languagesnd
testingtechniquegor theirde nition andvalidation,respec-
tively. For example, the modelsmanipulatedby a MTP
are typically describedby meta-models.As discussedn
the following sectionsof this paper the useof thesemeta-
modelscanbeaway of de ning testcriteria.

Thefollowing sectiondiscusspusingthe exampleof the
OO2RDBMS transformationintroducedin section2, the
limitations of someexisting testingtechniquesandpresent
ideasto de ne testtechniquedettersuitedto thevalidation
of MTP.



4 Functional Criteria

As functional testing techniqueg6] considerthe pro-
gram undertest as a black-box, they have the advantage
of beingindependenfrom the implementationlanguage.
However, they stronglydependon theway the programun-
dertestis speci ed. Numerougestingtechniquexist, for
testingwith formal speci cationssuchasSDL andB, and
for lessformal languagesuchas UML use-casend se-
guencediagrams. As discussedn section2.2, for MTPs,
atop-level speci cationformalismcanbe reasonablysed
evenif it hasnot yet beennormalized: datastructuresare
describecismeta-modelandtransformationasoperations
with pre-andpost-conditions(seeFigure6).

This sectioninvestigateshe de nition of atestcriterion
thattakesadvantageof thisformalismto allow theselection
of testdata(i.e. input models)for MTPs, basedon a cov-
eragecriterion on the input meta-model/s.This coverage
criterionis inspiredby existing testingtechniquessuchas
partitionanalysiq16] andUML-basedtesting[2]. Then,to
improvetheef ciency of this coveragecriterion,the notion
of an effective meta-models introduced beingthe part of
ameta-modethatis effectively usedby MTP.

4.1 Meta-modelcoverage

Typically, the main differencebetweena MTP and a
classicalprogramis the compleity of its input dataand
thefactthatthe structureof thatdatais describedy meta-
models. In fact,a MT speci cationis a data-centricview
of a programwhereasmost of the time, classicalspeci -
cation langagedike SDL or UML statechartspresenta
control-centricview of the program. The ideaproposedn
this sectionis to useMT speci cations(meta-modelsand
constraintsYo de ne a data-centridestadequay criterion
basednthedata-centritechniqueknown aspartitionanal-
ysis[16] andontheadaptatiorof a UML-basedtestcriteria
de nedin [2].

4.1.1 Partition analysis

Partition analysiswas rst proposedby Ostrandet al. in

[16]. It consistsof dividing the input domainof the pro-
gram (or function) undertestinto several non-overlapping
sub-domaingor classes).A testsetcanthenbe built by

choosinga uniquetestdatumfrom eachclass. This tech-
nigue assumeshat, if the programbeharescorrectly with

onetestdatumfrom a class,thenit shouldbe valid for all

datafrom this class.Thus,usingsuchatechniquethe parti-

tioning of theinputdomainis crucial: classesnustbewell-

choserandthe numberof classmustbe reasonableTo de-
ne partitions,asshovn onthefollowing example boththe
structureof theinputdataandconstraintdik e pre-andpost-
conditionscanbeused.

Example: if aprogramtakesaninteger(x) asinput, possi-
ble partitionmaybe:
P={min, [min+1..-1],0, [1..max-1],max}
However, if a post-conditiorof the programis:
(x>2) implies...
Thena moreadequatgartitionmaybe:
P={min, [min+1..1], 2, [3..max-1],max}

Inspiredby thistechniquethefollowing sectiongproposea
techniqueto identify subset®of datato testmodeltransfor
mationprograms.

4.1.2 FromUML modelsto MOF meta-models

The input scopeof a modeltransformatiorprogramis de-
ned by the meta-modelof its input parameters. Thus,
using this information, a set of criteria canbe de ned on
thosemeta-modeldhat allows partitioningthe input space
to selecta setof relevanttestdata.Sincemeta-modelsising
MOF aresimilarto UML classdiagramgclassesattributes,
generalizationassociations)ye proposeto reuseexisting
criteriade ned for UML classdiagrams. Andrews etal [2]
de ne criteriato covera UML model,andespeciallythree
criteriato ensurethe coverageof a classdiagram:

- Association-endnultiplicities (AEM ): for eachassoci-
ation,eachrepresentatie multiplicity pairmustbecovered.

- ClassAttribute(CA) : for eachattribute,eachrepresen-
tative valuemustbe covered.

- Generalizatio{GN) : For eachgeneralizablelement,
eachsub-typemustbecovered

The rst two criteria (AEM and CA) are expressedn
termsof representatie values. The idea hereis to reuse
the techniquesof partition testingto de ne a set of rep-
resentatie valuesfor eachattribute and eachassociation
end. Thesecriteriaaremeaningfulandeasyto adaptto the
meta-modelevel: the conceptof classesandassociations
in MOF andUML arevery similar. In [2], the focusis on
testingthe behaiour of models,whereasfor modeltrans-
formations,we are interestedonly in their structures. As
such,the GN constraintis not signi cant in this context be-
cause althoughbehaiours canbe overriddenin subtypes,
structurescannot. Thus,we proposeto adaptthe two fol-
lowing criteriato achieve coverageof a meta-model:

- AEM (AssociationEnd Multiplicities): For eachasso-
ciation end, eachrepresentatie multiplicity mustbe cov-
ered.For instancejf anassociatiorendhasthe multiplicity
[0..N], thenit shouldbeinstantiatedvith themultiplicity O,
1 andN. Representate multiplicity pairscanthenbe com-
putedfor anassociatiorby taking the Cartesiarproductof
thepossiblemultiplicities of eachof its two ends.

- CA (ClassAttribute): For eachattribute, eachrepre-
sentatve value mustbe covered. If the attribute's type is
simple(integer, string...),a setof representatie valueshas
to becomputed(If theattribute'stypeis comple, it hasto



be processe@san associationaccordingto the AEM cri-
teria). In the sameway asis donefor associationgherep-
resentatiesvaluesof a class'simpleattributesthenneedto
be combinedusinga Cartesiarproduct.

4.1.3 Representatvesvalues

For the two criteria (AEM and CA), an appropriateset of
partitionsmust be found in orderto selectrepresentatie
values.As discussedn [2], two techniquesanbe applied
for eachcriteria: defaultpartitioning andknowledg-based
partitioning.

The rst, default partitioning,consistof de ning, a pri-
ori, apartitionbasednthe structureor thetype of thedata.
For a string attribute this may be {null, "™, "something"},
andfor an [0..1] associatiorendit would be {0, 1}. The
adwantageof sucha partitioningtechniques thatit is fully
automatedand easyto implementas soonas a policy for
eachdatatype is provided. Most of the time, this policy
canconsistof choosingboundaryvaluesand possiblyval-
uesoutsidethe boundariesif the goalis alsoto checkthe
robustnes®f thetransformation.

The second,knowledge-basegbartitioning, consistsof
extractingrepresentatie valuesfrom themodeltransforma-
tion itself. Thesevaluescan be provided by the testeror
automaticallyextractedfrom the speci cationof the model
transformation.In particulay the pre- and post-conditions
allow usto nd relevantvaluesfor attributesand possibly
multiplicities for associatiorends.This is illustratedby the
examplepresentedsection4.1.1, wherethe value 2 is ex-
tractedfrom a constraintexpressedn the postcondition.

Combining thesetwo techniquesallows eachattribute
and associatiorend of the meta-modeto be enumerated
with setsof representatie values: usingknowledge-based
partitioningif someinformationaboutthis attributeor asso-
ciationis availablein the speci cation,or default partition-
ing otherwise.As an exampleof this, Table 1 presentghe
partitioningfor afew elementof the UML meta-modefor
the UMLModel input parameteof the OO2RDBMStrans-
formation.Onenoticesthepresencef the“*CMP” valuefor
theattribute Class::tagwhich have beenextractedfrom the
post-conditionof the transformation.More generally rep-
resentatie valuescanbe extractedfrom the pre-andpost-
conditionsof a transformatiorby parsingall constraintsof
thespeci cationto selectall literal valuesasrepresentaties
valuesfor the modelelementio which they arecompared.

4.1.4 Coverageitemsand testcriterion

Given setsof representatie valuesfor eachelementof
the meta-model,the idea of the test criterion is to en-
surethe coverageof thesevaluesby the tests. However,
covering theseparticular valuesindependentlyfrom each

Table 1. Representative values
Meta-model element Representative values

Class::name : String Null, ", 'something’
Class::isAbstract : Bool [True, False

Class::tag : String Null, ", 'something’, 'CMP'
Class->attribute : [0.*] [0], [1], [>1]

Attribute->owner : [1..1] [1]
Attribute::name : String Null, ", 'something’

othersis not sufcient. To illustrate this on the exam-
ple of the OO2RDBMS transformationconsiderthe sets
of values (shavn in table 1) selectedfor the attributes
Class::isAbstracandClass::tag Selectingmodelsto cover
independenththesevaluesdoesnot ensurethatary of the
selectedestmodelscontainsa classboth non-abstracand
tagged'CMP”, whichis intuitively oneof the mostimpor-
tant situationswith respecto the transformation.To deal
with this, we de ne setsof combinationsof representatie
values,called coverage items that mustbe coveredby the
tests.

Coverageitem: A coverageitem ¢; is a constrainton
input modelsof a MTP. This constraintensureghata par
ticular combinationof representatie valuesis instantiated
by a setof inputmodels.

In practice,for eachclassandassociatiorthe represen-
tative valuesand multiplicities, respectrely, mustbe com-
binedin orderto obtaina setof coverageitems.Somecom-
binationsof valuesfor attributesof aclass(or multiplicities
for anassociationmay beinvalid (i.e. incompatible)with
respecto constraintoon the meta-modebr pre-conditions
of themodeltransformationandcanbeeliminated.Finally,
asetC of valid coveragdtemsis computed.

Test criterion : Coveringthe meta-modeinvolvescov-
ering all the valid coverageitems computedfor eachclass
and association.More formally, a testsetM satis esthe
criterionif 8¢; 2 C;9m 2 M j ¢ (m).

4.1.5 Summary and limitation

To sumup the discussionthe principleis to rst nd rep-
resentatie valuesandmultiplicities for attributesandasso-
ciationendsof theinput meta-modebf thetransformation.
Then,for eachclassandassociationcomputethe Cartesian
productof thosevalues. Lastly, constraintson the meta-
modelandthe pre-conditionsof the transformatiomeedto
be checled with thesecombinationsof valuesin orderto
remove the invalid combinations.The remainingcombina-
tionsrepresena setof coveragatemsthatcanthenbeused
to qualify atestsetor to automaticallygenerateestsetsfor
modeltransformatiorprograms.

As discussegreviously, usingthis techniqueshouldal-
low the selectionof testdatathat cover the behaior of the
OO2RDBMStransformation However, asthe meta-model
of the UMLModel parameters the UML meta-modelthe
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Figure 7. Effective meta-model

amountof non-relezantdataselectednaybesigni cant. In
fact,mostof the testdataselectedvould beirrelevantwith
respecto thetransformatiorbecaus¢he UML meta-model
containsnumerousclasseghat do not have ary relevance
in the context of the transformation. For instance,using
this technique testdatawould be selectedo cover UML
statemachinesandsequenceliagramswhich is intuitively
not necessaryhen testingthe OO2RDBMS transforma-
tion. Thefollowing sectionproposeshe notionof aneffec-
tive meta-modein orderto solve this problem.

4.2 Effective meta-model

In practice,it is very rarefor a modeltransformatiorto
usetheentiremeta-modebf its inputdata.Sincethetesting
techniqueproposechereis basedon meta-modetoverage,
it mayleadto numerousiselesgestcases.

To dealwith this, the ideais to determine beforetest
generationthe actualsubsebf the meta-modelshatis rel-
evantto thetransformationA pragmatiovay to selectsuch
an effective meta-modeis to usethe OCL pre-/post-con-
ditions from the speci cation of the transformation. The
meta-modelelementsrelevant for a transformationare at
leastthe elementsreferredto by its speci cation. As an
exampleof this, Figure 7 presentghe sub-setof the UML
meta-modekuitablefor the UMLModel parameteof the
OO2RDBMStransformation.lt canbe automaticallycon-
structedby including every type, attribute and association
of the UML meta-modeteferredto by the speci cation of
thetransformatiorpresentedn Figure6. For associations,
we mustalsoincludeall subtypef thereferencedtlass.

Given this effective meta-modelthe coveragecriterion
previously proposectanbeappliedwith moreef ciency. In
the caseof the OO2RDBMStransformatiorshovn in Fig-
ure7, only two classesfour attributesand oneassociation
remain. Yet intuitively, this small meta-modektill seems
sufcient for testingthis transformation.The partitionsfor
the attributesandthe associatiorendsof thereducedmeta-
modelare presentedn Table1l. A setof coverageitems,
aspresentedn Table2, canthenbe computedby combin-
ing the partitionsfor eachclassandassociation A total of
30 coverageitemshasbeencomputedo ensurethe cover-
ageof the effective meta-modebf the UMLModel param-
eter(in thetable,the rst line represent8 coverageitems).
These30 coverageitems needto be Itered accordingto

Table 2. Coverage items

Cri. | Element | Values

1l CA Class Null, *, *

9] CA Class ", True, Null

10 CA Class ", True, "

11] CA Class ", True, 'something’

12 CA Class ", True, 'CMP'

13] CA Class ", False, Null

14] CA Class ", False, "

15| CA Class ", False, 'something’

16 CA Class ", False, 'CMP'

17] CA Class ‘something’, True, Null
18] CA Class 'something’, True, "

19] CA Class ‘something’, True, 'something’
20| CA Class 'something’, True, 'CMP'
21| CA Class ‘something’, False, Null
22| CA Class 'something’, False, "
23| CA Class ‘something’, False, 'something’
24| CA Class 'something’, False, 'CMP'
25| CA Attribute Null
26| CA Attribute
27| CA Attribute ‘something’
28 AEM Class->Att. [1-0]
29| AEM Class->Att. [1-1]
30| AEM Class->Att. [1-(>1)]

For theclass‘Class” the sequencef values{x,y,z} correspondsespectiely to the
valuesof theattributesClass::nameClass::isAbstracandClass::tag.

the constraintsof the meta-modekndthe pre-conditionof

thetransformationln the UML meta-modelthe nameof a
model-elementannotbe null, sothe coverageitemsnum-
beredl to 8 and 25 areinvalid. The preconditionof the
transformatiorstatesthat the namesof the classeswithin

a modelmustbe unique,which is the casefor remaining
coverageitems. Following this, 21 itemsremainthat cover
the UMLModel parameter We notice that the samething

would haveto be donefor the RDBMSModelin/out param-
eterof the transformatiorto cover the whole speci cation
of thetransformation.

The following sectionspresenta white-box re nement
of thetestcriterionthattakesadwantageof a staticanalysis
of the codeof the MTP andinvestigatesechniquego au-
tomaticallygeneratea setof input modelsthat ensureghe
coverageof the coveragetemsproposedoreviously.

5 Static analysis

The ideaof structuralor white-boxtestingis to usethe
implementatiorof the programitself asa basisfor the test
criterionandthetestdatagenerationThis sectionproposes
to enhancehe criterionproposedreviously by staticanal-
ysisof thecodeof MTP. Firstly, we presenhow aneffective
meta-modetanbe extractedfrom the implementatiorof a
transformationand secondlyhow the implementationcan
alsobeusedto computerepresentatie values.



5.1 Effective meta-model

A static analysisof the MTP can be usedto compute
the effective meta-model. To do so, the ideais to collect
the meta-modelelementsthat are referredor usedin the
transformation.In practice,this canbe automaticallyhan-
dledfor mosttransformatioanguagesssoonasthey in-
cludeastatictype-checkr. During thetype-checkingf the
modeltransformatiorprogram all meta-typeeferencedy
theprogramcanbecollectedto constructheeffective meta-
modelsthat arerelevantfor eachparameter The obtained
meta-modehasthe advantageof beingcompleteandspe-
ci ¢ totheactualimplementatiorundertest.

This effective meta-modekanthenbe usedfor several
purposeskFirstly, it is areliablemeta-modefor testgenera-
tionwith thetestcriteriondescribegreviously. Secondlyit
canbeusedfor veri cation: comparedo theeffectivemeta-
modelextractedfrom the speci cationto checkthe consis-
teng betweerthe speci cationandtheimplementationin
particular it may allow improving the speci cation or the
documentatiof theMT or detectingunexpectedoehaior
of theMT implementationLastly, apartfrom thevalidation
considerationsthe knowledgeof the effective meta-model
of a MT implementationallows us to checkif animple-
mentationcanbe usedwith a particularmeta-mode({a new
versionof ameta-modeteferredto by thespeci cation,for
example).

5.2 Representatve values

In the sameway aswasdonewith the speci cation,we
canalsoperforma staticanalysisof the codeof theMTP to
collectrepresentatie valuesfor eachattribute of the meta-
model.For this purposea simplealgorithmthatbrowvsesthe
codeof the MTP canbedesignedInitially, it associatean
emptysetof representatie valuesto eachattribute of the ef-
fective meta-modelThen,thealgorithmanalyzeghe code
andcollectsreferencego the attributesof the meta-model.
The exactinformationthat canbe extractedfrom the code
depend®nthe MT languagehathasbeenusedto write the
transformationput in mostcaseshe referencesollected
shouldbe either comparisonr assignments.Intuitively,
theideais thatif aparticularvalueis comparedr assigned
to anattributein the MTP thenthis valuemaybean“inter-
esting”valuefor this attribute. In practice the valueof the
attributemaybe:

- aliteral value. This literal valuemustbe addedto the
setof representatie valuesof the attribute.

- anotherattribute. The setsof representatie valuesfor
thetwo attributesneedto be megedinto asingleset.

- an expressionof the language.In mostcasesho in-
formationon its possiblevaluescanbe staticallycomputed
andthe setof representatie valuesof the attribute is left

unchanged.

Whenall the codeof the MTP hasbeenprocesseda set
of representatie valuesis associatedvith eachattribute.
Thesevaluescan then be usedto apply the test criterion
describedpreviously or for automaticmodelgeneratioras
discussedh the next section.

6 Automatically generating models

This section investigatestechniquesto automatically
generatea setof modelsthat covers coverageitems. Au-
tomatically generatingnodelsfor a particularmeta-model
is notatrivial problem.In fact,severalissueshaveto bere-
solved, including the selectionof classego instantiateand
the selectionof appropriatevaluesfor attributes.In thecur-
rentcontet, theideais to guidethemodelgenerationusing
the coverageitems andto usethe partitioning previously
presentedo selectconcreteand representatie valuesfor
theattributes.

Whengeneratingestmodels two factorsmustbe taken
into account: the size of the testssetand the size of test
cases.lt is importantto have small testcasego facilitate
theunderstandingf eachtestcaseandto allow anef cient
diagnosiswhen a test casedetectsan error. On the other
hand,the setof testcaseanustbe keptat areasonablsize
to reduceexecutiontime andthe effort for oraclede nition
(if it is notfully automated)In the particularcaseof gener
ation of models,the numberof coverageitemsis an upper
boundfor thesizeof thetestsset,asatestcaseusuallycov-
ersseveralitems.

6.1 Systematicapproach

This sectiondiscusses systematiclgorithmto build a
setof modelsthat coversthe coverageitemsfor a transfor
mationprogram.This algorithmbuilds instancesf the ef-
fective meta-modehlndinstantiateghe attributesusingthe
representatie valuesandthe coverageitems. The process
is iterative: it tries to build a model that covers as mary
itemsaspossible.Oncea valid modelhasbeengenerated,
thealgorithmaddsthis modelto the solutionsetandbuilds
anotherone to cover the remainingcoverageitems. The
following sectionsdescribehow modelscanbe generated
to cover asmary coverageitemsaspossible,and how the
sizeof the solutionsetandof the generatednodelscanbe
keptreasonable.

6.1.1 Building models

Theautomatiayeneratiorof meta-modeinstancestartsby
instantiatinga classof the effective meta-modethat cor
respondgo a coverageitem (this assureghat at leastthis
item is coveredby the model). To do so, valueshave to be



assignedo the attributesof the class. For eachattribute,
the valueis eitherde ned in the coverageitem, or chosen
amongthe setof representatie valuesattachedo this at-
tribute. Now, if the classthat hasjust beeninstantiatedde-
pendonotherclasse$n themeta-modelor, if otherclasses
dependon this class,all theseotherclasseshave to be in-
stantiated. This is necessaryo build a valid input model
for thetransformatiorprogram.Theinstantiationof acom-
pletevalid modelfrom a partialmodelis iterative. First, the
setof meta-modeklementghat have to be instantiateds
computed.Then,theonesthatallow coveringanuncovered
coveragdatemareselectedn orderof priority. Theselected
candidatds instantiatedand addedto the model. The set
of candidatemeta-modeklementss thenre-computecind
theprocessteratesuntil thereareno moremeta-modeéle-
mentsthatneedto beinstantiated.

6.1.2 Building the solution set

If somecoverageitems remain uncovered after the con-
structionof a valid input model,two solutionsexist: gen-
erateanothemodel,or addelementgo this modelto cover
otheritems.In the rst casethesizeof thetestmodelsob-
tainedmay be small but the numberof generatedestcases
will be high. On the contrary usingthe secondpolicy, the
algorithmwill try to generatea single modelto cover all
the coverageitems. Obviously neitherof thesesolutionsis
acceptabl@ndatrade-of mustbefoundto ensureboththe
reasonablsize of the testcasesandthe reasonablsize of
thetestset. The generatioralgorithmmustthenbe param-
eterizedby alimit for thesizeof thegeneratednodels,.e.,
the maximumnumberof modelelementghey cancontain.
Now, whena valid modelis generatedthe sizelimit x es
the policy to follow: if the modelis smallerthanthe limit,
new elementscan be addedto satisfy the other coverage
items,otherwiseit is memorizedanda new modelis built.
Thealgorithmstopswhenall coveragdatemsarecoveredby
atleastonemodel.

6.1.3 Discussion

In practice,this algorithmallows the automaticgeneration
of a setof modelsthat satis esthe testadequayg criterion

of section4.1.4. However, the generatedset of models
stronglydependsn the orderin which the coverageitems

areselected.Dependingon this order, the obtainedresults
may be very differentandcertainlynot optimal,i.e. the set

of testmodelsmay not be minimal. The next sectioninves-

tigatesthe adaptatiorof anoptimizationalgorithmthathas
beenespeciallydesignedn previousworks for the genera-
tion andoptimizationof comple testdata.

(4) Create new test
cases

Remove
useless
test
cases.

(1) Rank the
candidate
test cases
acccording to
a fitness
function

Candidate set

Memorisation

(2) Add the best
& thesonton
\ &
® "©

Solution set

The algorithm stops
when all the coverage
items are covered by
at least one
memorized test case.

Figure 8. Bacteriologic algorithm

6.2 Bacteriologicapproach

In theliterature,mary techniquedasedon optimization
algorithmshave beenproposedfor the generationof test
data. This sectionpresentsan adaptationto generatenod-
els, of the bacteriologicalgorithmproposedn [5, 4]. The
bacteriologicalgorithmis an original adaptatiorof genetic
algorithmsthat hasbeendesignedespeciallyfor the prob-
lem of generatinga setof comple testdatathat globally
coversa setof items (the testcriterion). This sectionde-
tails how the algorithmcanbe adaptedo generatea setof
modelsthatcoversa setof coveragetems.

Figure 8 shaws the principle of a bacteriologicalgo-
rithm. A startingsetof testcasegmodels)mustbeprovided
to initialize the candidateset. This setcanbe an existing
setof testcasesor canbe randomlygeneratedDuring the
executionof the algorithm, a solution set of test casesis
incrementallyconstructed.Eachiteration of the algorithm
consistf four steps:

1. Ranking:Thecandidatdestcasegmodels)areranked
accordingto a tness functionthatestimategheir potential
contrikution to the overall coverageof thesolutionset. The
tness functionfor generatingnodelsto testa MTP might
bethenumberof unful lled coveragdatemsthatarecovered
by a candidatdestmodel.

2. Memorization: During the memorizationstep, the
besttestcaseis possiblyaddedto the solutionsetaccord-
ing to a selectionpolicy. This policy allows adjustingthe
trade-of betweenthe size of the nal solutionsetandthe
rate of cornvergenceof the algorithm, e.g. throughthe use
of a tness thresholdfor memorizatior{4].

3. Filtering: The ltering stepinvolvesremoving the
uselesgest casesfrom the candidatesetin orderto keep



the sizeof the candidatesetreasonableThe easiestvay to
achievethe ltering istoremoveall testcasesvhose tness
valueis null, i.e. thatwill not contribute anything to the
solutionset.

4. Mutation: Last, but not least, the mutationstepis
theonethatactuallycreatesnew candidatgestcasesDur-
ing this step, the besttest cases(accordingto the tness
function) areselectechnda mutationoperatoris appliedto
themin orderto createnew testcases.Thus,to applythe
algorithmto generatetestsfor model transformationsan
adaptednutationoperatomeeddo bede ned. Sucha mu-
tation operatorwould take advantageof the partitionsthat
have previously beende ned for eachelementof the meta-
model. For example,it could randomlyselectan element
in anexisting modelandcreatea nev modelby selectinga
valuefrom a differentpartition.

The adwvantageof using suchan algorithminsteadof a
systematicalgorithm for the automaticgenerationof test
modelsis betteroptimization(minimization)of the gener
atedtests.However, the bacteriologicalgorithmrequiresan
initial setof testcaseswhich might be generatedby a sys-
tematicalgorithm,andthenoptimizedandcompletedising
abacteriologicalgorithm.In futurework, we planto imple-
mentthetwo techniquesandcomparepr perhapsombine,
themin orderto designanef cient testgeneratofor model
transformation.

7 Related Work

Theemegenceof MDA hasledto alot of researchwork
on designissuedor effective model-basedoftwaredevel-
opment. However, there hasbeenlittle work yet about
testingin this particulardesignparadigm. The authorsin
[11, 18] addressspeci ¢ issueswhentestingin the MDA
context. In [18] theauthorgproposeo automaticallygener
atetestharnessem ageneratie programmingervironment
and[11] proposgyuidelinesor model-drventesting.How-
ever, noneof theseworks looks at the problemof testing
transformatiorprograms.n sectiond we detailedthework
by Andrews et al. [2] thatis closely relatedto testingin
the MDA. This sectiondiscussegnothermelatedwork pre-
sentedby Atkinsonetal. in [3].

M. Rutherfordis interestedn test-codegeneratiorwhile
developing an applicationin a model-driven context. In
[18], hereportsan experimentto generatdestcodein par
allel with the system.Theexperimentis donein the context
of ageneratie programmingool calledMODEST. Theau-
thorsdistinguishbetweerthe automaticallygenerated¢ode
andthe domainspeci c codethatis hand-written.Theidea
is thatthe generated¢odeconstrainghe possibility to write
domain-speci ccode. Then,in the sameway, thereshould
be automaticallygeneratedestcodeto constrainthe writ-
ing of testcodefor domainspeci ¢ code.The paperreports

thecostsandbene tsof developingadditionaltemplategor
testcodefor theMODESTtool, soit cangenerateasmuch
testcodeaspossible. The reportedbene ts werethat de-
velopingtemplatedor testcodeenhancedhe development
proces@ndallowedthedeveloperdo bemorefamiliar with
the code producedby MODEST. The costsare evaluated
with ananalysisof thecompleity of templategor test-code
generation.

In [11], the authorsalso explicitly addresshe problem
of testgeneratiorin aMDA context andproposeo develop
model-driventesting. In particular this work focuseson
the separatiorbetweenplatform-independenmodelsand
platform-speci cmodelsfor testing. The generatiorof test
casedromthemodel,aswell asthegeneratiorof theoracle
are consideredo be platform-independentThe execution
of thetestcasesn thetestervironmentis platform-speci c.
The two platform-independenissuesare not discussedn
detail. Theauthorsreferto previouswork andhighlight the
useof modelsimulationfor the oracle. Then,they shov
how to emplgy designpatternsto run testcasesin a spe-
ci ¢ environment.Thecasestudyis basecon model-drven
developmenbf webapplications.

In [3], the authorsproposea speci ¢ techniquefor test-
ing the integrationof componentsn component-basede-
velopment. They proposeto embedtestcasesn the com-
ponentin order to offer the componenta "built-in" abil-
ity to checkthe correctnesgor the ervironmentin which
it is integrated. This meansthat the testsaim to verify
the client/sener interactions.This helpsintegrationby au-
tomatingpartof thetesting,by distributing the testinstead
of exclusively testingat the systemlevel, andthe compo-
nentsaremorerobustsincethey canraisea ag if they are
pluggedto anillicit ernvironment.Thistechniqueconforms
to MDA in the sensethat the contractswhich expressthe
rulesto useacomponentorrectly andthatareusedo build
the embeddedestcasesareindependentrom a particular
componentechnology

8 Conclusion and future work

In this paper we presentan initial explorationof tech-
niguesfor software validationin a model-driven environ-
ment. As the primary behaioural artifactin the OMG's
model-drivenarchitecturemodeltransformatiorprograms
mustbe rigorously tested. Although this canbe achieved
usingtraditionaltestingtechniquesywe presena numberof
stratgiesthat adapttheseto bettersuit modeltransforma-
tions, which differ signi cantly in the datastructureghat
areused. Sincethe languagesisedto specifymodeltrans-
formationsarestill in the processof beingnormalized we
usea lowest-commordenominatotanguagebasedon op-
erationsandOCL pre-andpost-conditions.

We presenta testadequayg criterion for testingmodel



transformationsBasedon the techniquef partition test-
ing andUML classdiagramcoveragethecriterionconsists
of the dervation of coverageitems for the sourcemeta-
models. To avoid the common problem of largerthan-
necessaryneta-modelswe alsodiscussatechniquéor de-

riving an effective meta-modelasthe usefulsubsewf the

actualmeta-model.Using this coveragecriterion, we dis-

cusstwo approaches thegeneratiorof testdata,basedn

systemati@andbacteriologicalgorithms.

Thereremainsa lot of researctto be doneinto thetest-
ing of model-driven architectures We now intendto clar
ify andempirically evaluatethe techniquegresentecere
to assessheir effectivenesdn rst small- andlater large-
scalemodeltransformationsOncethe languageor model
transformationdhasbeennormalized,it will be possibleto
expandon the techniquediscussederefor white-boxor
structuraltesting,includingthe de nition of mutationoper
atorsfor the useof mutationtestingto qualify andimprove
the quality of the testset. Also, while we examinethetest-
ing of modeltransformationsthereis also muchwork to
be donein the testingof systemsdevelopedusingmodel-
driventechniques.
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