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Abstract

The Software Engineering discipline is going through a promising revival by means
of the growing ModeDriven Engineering (MDE) paradigm. These new approaches
deal with the systematic use of models as the core @#ifa Software Engineering
over the entire life cycle of software development, rather than using models as simple
design sketches. Furthermore, a broader vision of MDE suggests that models are not
only an essential element for the development processhdyuiare also the primary
artifacts to understand, interact, configure and modify the runtime behavior of
software.

Our work is focused on getting the highest degree of interoperability among
available metamodels by raising the context of the transfoioraibperations to the
upper metdayers. This would enable more formal and generic transformation models.
The main terms defined in MDE, like the metadel concept and the established
model transformation pattern, are briefly presented. Later on, tHeablmackground
and core definitions addressed in the MDA approach are covered in order to support
the basis of subsequent chaptéfige havealsoreviewed and compared the available
metamodeling languages and specifications.

Present technologies and impientations for metanodel interoperability have
been also evaluated in order to take advantage of them in our proof of concept
prototype.The developed system provides several ATL transformations that enable to
perform measurenmé operations over ATL trafmrmation mockls and rules, and to
generate several complementary final models, like SVG charts and (X)HTML reports.

First, we will presenthe formaldefinition of a set of metrics in order to set out the
results collected over a set of model transforovai For this work, we have selected
several metanodeling TS bridges among UML, MOF, Ecore, KM3 and Microsoft
DSL Tools. These results provide quantitative measurements of the declarative and
imperative constructs of these transformations, as well asrtlative quality factors.

In addition, all the todevel results extracted from these transformations are merged
into one unique model in order to assist to perform a comparative study among them.

The collectedesults suggest that it is feasible to foem automatic transformations
over transformation models, and then there are many open restards toward
complete management, validation, optimization and inference of TS bridges between
complementary metmodeling technologies.
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Resumen

La Ingenieria del Software esta viviendo un prometedor resurgiméetravés del
creciente paradigma de ModBlriven Engineemg (MDE). Estos nuevos enfoques
promueven el uso sistemético de modelos como artefactos esenciales en la Ingenieria
del Software a lo largo de todo el ciclo de desarrollo, en lugar de emplearlos como
simples bocetosAsimismg una vision mas amplia de MDEugiere que dichos
modelos no son solo esenciales para el proceso de desarrollo, sino que también lo son
para entender, interactuar, configurar y modificar el comportamiento de ejecucion del
software.

Nuestro trabajo busca alcanzar el mayor grado de ingerabilidad entre los meta
modelos disponibles elevando el contexto de ejecucion de las transformaciones a las
metacapas superiores. Esto habilitaria modelos de transformacion mas formales y
genéricos. Los conceptos principales de MDE, como el concepitetdanodelo vy el
patréon de transformacién de modela® introducen brevemente. Después se cubren
los antecedentes y definiciones principales relativos a MDA, para sentar las dmse
los siguientes capitulosTambién hemos revisado y comparado los lejegusy
especificaciones de metaodeladalisponibles en la actualidad

Las tecnologias e implementaciones actuales para la interoperabilidad de meta
modelos también han sido evaluadas para poder beneficiarnos de ellas en nuestro
prototipo. El sistema desasllado provee varias transformaciones ATL que permiten
realizar mediciones sobre modelos de transformacion y reglas de aslLcomo
generar varios modelos de salida, tales como gréaficas SVG e informes (X)HTML.

Tras definir formalmente un conjunto de méid, presentamos los resultados
recogidos de un conjunto de modelos de transformacion. Para este trabajo hemos
seleccionado varios TS bridges de mmiadelado entre UML, MOF, Ecore, KM3 y
Microsoft DSL Tools. Estos resultados ofrecen mediciones cuardgasiobre las
construcciones declarativas e imperativas de estas transformaciones, asi como sus
factores de calidad relativos. Adicionalmente, todos los resultados de alto nivel
extraidos de estas transformaciones son combinados en un Unico modefmgara
realizar un estudio comparativo entre todos ellos.

Los resultados obtenidos sugieren que es posible realizar transformaciones
automaticas de modelos de transformacion, y por tanto existen varias lineas de
investigacion dirigidas hacia una completa gestidvalidacion, optimizacion e
inferencia de TS bridges entre tecnologias de mmetdelado complementarias.

Palabras Clave

MDE, MDD, MDSD, MDA, Modelo, Metamodelo, Modelode transformaion,
Transformacion de Segundo Orddtetatransformacién, Medicién, Méca.
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Chapter 1

Introduction

The Software Engineering discipline is going through a promising revival by
means of the growing MeldDriven EngineeringMDE) paradigm. These new
approaches deal with the systematic use of models as theaddeets in
Software Engineering over the entire life cycle of softwdexelopment
[Schmidt, 2006] rather than using models as simple design sketches.

However, a broader vision of MDEErance & Rumpe, 2004uggests that
models are not only an essential element for the development process, but they
are also the primary artifacts to understand, interact, configure and modify the
runtime bé&avior of software.

This workis focused on getting the highest degree of interoperability among
available metamodels by raising theontext of théransformation operations
to the upper mettayers. Thiswould enablemore formal andgeneric
transformation models.
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1.1. Context Overview

The ModelDriven Engineeringvision is aimed at the idea of merging the
design and implementation task$ Software Engineeringinto one unique
process This should breakhe wall between the documentatiohthe system
and thereal stateof the runtime implementation.

A precise and simple definition ohgineerings:

Study and practical application of scientific knowledge

Definition 17 Engineering

The definitionaboveis adapted fronfiPalaciosGonzalez, 2008]in this work,
it is also affirmed that an engineer must reach a deep and precise understanding
of the problem to be solvetMoreover,it is equallyor moreimportant thathis
enginee caninterchangeboth problem and solutionith the othemarticipants
of the process.

In this sensemany modeling techniques habeenappliedwith success in
other establishedngineering disciplines. Thizasassisédin the transmission
of problems ad their solutions among engineering teasimee long time ago
However, modeling in Software Engineering is mainly applied as simple
blueprints or design sketches for problem documentation. The big deal of these
approaches is the lack of synchronizatiogtween design models and the
source code.

1.1.1. Software Engineering Evolution

The definition of Software Engineering proposed by the IEEE Computer
Societyin 2004is:

The application of a systematic, disciplined, quantifiable approach to
the development, operah, and maintenance abftware and the study

of these approaches; that is, the applicatioren§ineeringto software
[Abran & Moore, 2004]

Definition 21 Software Engineering (l)

Thus, Software Engineering should provitie techniques and practices for
measurable and repeatable software developprentssesNevertheless, it is
still an evolving engineering discipline.
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In fact, recent approachebke objectorienied programming and design
patterns, aimed at the resolution of maintenance and refactoring probémas
beenrevealednsufficient for this purposgBézivin, 2003]

Moreover, a older definition ofSoftware Engineering is:

The practical application ofscientific knowledge in the design and
construction ofcomputer programs and the associated documentation
required to develop, operate, and maintain tijBmehm, 1976]

Definition 31 Software Engineering (ll)

Both definitions remark the need of engineering approaches over the entire
life cycle of software (development, operation and maintenance). However, the
former stress the importance of studies about engineering approachiés
the later defines software as:

Computer programs andhe associated documentation requiréal
develop operate and maintainthem[Boehm, 1976]

Definition 41 Software

Anyhow, the fact is thathe evolution ofsoftwaredevelopmentpproaches
has beenguided byincremental raisings ofhe level of abstractignfrom
assembly code to domainogtels[Mellor et al., 2004]

Assembly Eﬂ; b:;:l Executable
Models
Code Source Code

M%mbler\ Source F:o;!\e\ Model
’// Compller/ Compiler
Machine Code Assembly Code Source Code
1960s 1980s 2000s

Hardware Software
Platform Platform

Fig. 11 Software Engineering Evolution
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The last approach assumes that any model can be fully transformed into
source code fose\eral software platforms, enabling the portability of scientific
knowledge by means aiomainmodels and transformations. Nevertheless, this
Is not the only available solution, because models can be directly executed over
specializedvirtual machines or otr runtimes, avoiding the need of source
code generation.

By raising the level of abstraction, eawvbw approachswitchesthe previous
underlying platform Thus, modelsiriven approaches abstract the details of the
available software platformfMellor et al., 2004] like J2EE, .NET, SOA,
CORBA, OperatingSystemsetc.

FurthermorePouglas C. Schmiditates that

fiModetdriven engineering technologies offer a promising approach

to addresghe inability of thirdgeneration languages to alleviate the

compl exity of pl atforms and -express domai
[Schmidt, 2006]

1.1.2. Model -Driven Engineering (MDE)
Accordingto theO M G GMDA Guide, the term modedriven stands for:

The use of models to direct the course of understanding, design,
construction, deployment, operation, maintenance and modification of
system$OMG, 2003c]

Definition 57 Model-Driven

In addition,Stephen JMellor defines modetiriven development as:

The notion that we can construct a model of a system that we can then
transform into the real thinfMellor et al., 2003]

Definition 617 MDD: Model-Driven Development

Thus, mwadays, the main advantages offered by MDE based solutions are
portability, interoperability and reusabyifOMG, 2003c] Those benefits are
the direct consequence of the correct architectural separation of concerns
between the abstract domain models and the underlying technokgies
platforms [PalaciosGonzalez et al., 2008bJThe reuse of knowledge and
processesby means of models and transformatiospectively,is also
presented as itsiain benefit This providesmajor improements in terms of
productivity, predictability and quality of software.
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Schmidtalsopoints outthe twomain componentshatsupportthe core of the
MDE approach

Modeling hnguage whose type system formalizes the application
structure, behavior, and qmirements within a particular domain
[Schmidt, 2006]

Definition 717 DSML: Domain Specific Modeling Language

Analysis ofcertain aspects of modeils enabé the synthesi of various
types of artifacts, such as source code, simulation inputs, XML
deployment descriptions, ortatnative model representatiofSchmidt,
2006]

Definition 81 Model Transformation

Therefore, combining previous definitionwe proposethis definition for
ModelDriven Engineering

Software engineeringmethodology that combines domain specific
modeling languages (DSML) and modeansfamations for practical,
systematic, disciplined and quantifiablapplication of scientific
knowledgen the design and construction edmputer programs and the
associated documentatioequired tounderstandgdevelop, operat and
maintain them

Definition 97 MDE: Model-Driven Engineering

There are rany different approachdscused orthe MDE paradigmSome
examples areModelDriven Architecture(MDA) [OMG, 2003c] Software
Factories [Greenfield & Short, 2003] Agile ModelDriven Development
(AMDD) [Mellor et al., 2003] Domain Speific Modeling (DSM) [Gray et al.,
2001] Domain Oriented Programmin{DOP) [Thomas & Barry, 2003]etc
Anyhow, after the evaluation of theevailablegeneralpurposeMDE tools (cf.
[PalaciosGonzélez et al., 2008p]we have had to manage the fact that the
MDA approach stands ous &he most widespread solutifor the tine being

Actually, according to thed M G GMDA Guide Version 1.0.1:

AMDA i s another small step imm the | o
an engineer {[OMG, 2003s]ci pl i neo
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1.1.3. Tech nological Spaces (TS)

A practical definition of ¢chnologicalspaces(TS) is provided by Ivan
Kurtev, Jean Bézivin andlehmet Aksit

A working context with a set of associated concepts, body of knowledge,
tools, required skills, and possibilities, which affen associated to a
given user community with shared knbaw, educational support,
common literature and even workshop and conference regudgtings
[Kurtev et al., 2002]

Definition 107 TS: Technological Space

It is important to remark that the adoption of the MDE paradigm does not
involve the discarding of previous mature technolodiém Gorp, 2008] In
fact, it relies on previous platforms, providing the means to model them as part
of the common knowledge of software development.

Furthermore, MDE is intended to cover matifferent TSs In this sense.ti
must provide bridges among theim order to integate different bodies of
knowledgefrom other matureesearch communitigsavre, 2004]

This concrete feature of MDE enables the interoperability of different bodies
of knowledge inside Software Bmeering.Kurtev et al. also providea brief
comparisonof some oftheseTSs [Kurtev et al., 2002] Examples arehe
alreadyremarkedvIDA, but alsogrammarware(e.g.BNF) [Klint et al., 2005]
documentware(e.g. XML) [W3C, 2008] resourceware(e.g. RDF) [W3C,
2004], ontology engineeringe.g. OWL/ODM) [Holger Knublauch, 2004]
dataware(e.g.SQL) [Date, 1989] modelware(e.g.UML) [Fowler, 2003] etc.

As we have mentioned beforéet TS concept is closely related with model
transformation operations, specifically in the design and development of
bridges between these T3as. fact, it is a conept often covered in model
transformation papers, motivated by the differences among TSs, as presented in
this tableslightly adaptedrom [Bézivin et al., 2003]

MDA XML Grammars Ontologies
Aspects Excellent Good Poor Fair
Execution Poor Poor Excellent Poor
Formalization Poor Poor Excellent Fair
Modularization Good Good Good Poor

Traceability Fair Good Poor Excellent
Transformation Good Excellent Fair Fair
Specialization Good Fair Poor Fair

Table 21 Strong and weak points of some Technological Spaces (TS)
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1.2. Motivation

This work is framed inside the MD®OTLAB research group at the
University of Oviedo.This group is focused on the study, development and
measuremenof ModelDriven Engineering solution®revious works cover
the already mentioned review of tlggobal purposeMDE tools [Palacios
Gonzalez et al., 2008b; Palaci@enzalez et al., 2008d}Ve have also released
an MDA framework for automatic food traceabil[igarciaDiaz et al., 2008]
based onTALISMAN MDA [G-Bustelo, 2007]and asimplified version of
Business Process Modeling NotatiddPMN) [OMG, 2009a] published as
Simple BPMN GBPMN) [FernandeZernandez et al., 2009; Fernandez
Fernandez et al., 2008; Fernandiezrnandez, 2008]

All the developedsolutions are ME-based approaches and rely on ATL
[Jouault et al., 2008as model transformation toolHowever, we havelso
identified the need of reviewing the availaljatternsand technologies for
model transformation scenarios, specifically for matadel interoperability
and TS bridgingssuesin this way,we have published aoverviewarticle in
order to establish the global scope of this introductory wWadtosa et al.,
2009] as well as to enable the presentation of this maSte .tWe dave s
also published a new version of TALISMAarciaDiaz et al., 2009]

We foresee that transformation models could be optimized through a higher
degree of interoperability amongalable metamodelsfamilies by raising the
context of the transformation opé&ams to the upper mefayers. This goal is
closely related witlHigh-Order TransformationgHOT) [Bézivin et al., 200p
also known asnetatransformationdBalogh & Varrd, 2006] Theseadvanced
transformations are performed over transformation models, which can act as
source, target or both.

In fact, through trasformation models and HOTransformations, the
flexibility of the transformation patterns could be drastically raised by means
of model transformation inference or composition. Furthermore, the established
transformation approach of ATEclipseATL] is performed in a complex and
tedious way, requiring the definition of domapecific source and target
metamodelsinside the Ecore TSActually, until this goal is achievedhe
projections or bridge from other TSs and theansformation itseltannot be
defined in any way.

The big question is if it is feasible to generaigomaticallythesemeta
models through the analysis of extern mmitadels conforming to metaeta
models from other TSs These metamodeling foundation concepts will be
covered on subsequent chapters.

On the other hand, the fact is that this question is compiexature,
requiring a deg study of the metanodeling available solutions, as well as the
model transformation patternsdtechnologies.
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1.3. Research Goals
This section presents the main research goals that we have considered in

order to trace the evolution of the project. These goals would also enable to
measure the completeness of the project through partial results.

RGL11 To evaluate the present metanodeling approaches

The review of the state of the art about mmatadeling specifications will
provide thefoundationto selecta pivot metametamodelin order to face the
interoperaldity of the available solutions. This rewewould also enable the
identification of the features and lacks of the current model transformation
approaches.

RGL1.17 To evaluatethe presentmeta-modeling specifications
RG1.27 To evaluate the present model transformatiorengines

RG21 To selectthe mostflexible meta-modeling tool

One of our main goals is the definition or gdoptionof an available meta
metamodel for metamodel interoperabilitywhich should act as a pivot meta
model between TS#e are also seekinigr a standardanguagethat enables
declarative definition of transformation model and ntedasformations.

We expect to identify a suitable meteodel specification for modedriven
transformation of models. This mateodel will be based on previous partial
results. Other featuredike language usabilityindustrial implantationand
conformance to OMG standards will Glisoconsidered for this goal.

RG2.17 To select the mostlexible pivot meta-meta-model
RG2.27 To select the most flexible transformation metamodel

RG31 To devebp a proof-of-conceptmeta-modeling prototype

The design and implementation of the prototypk be guidedby theall the
previousresearclgoals.This prototype should provide results about the actual
state of the interoperability between meatadeling ad TSs bridging.

Theseresultsare expected tsupport the publication and approval of this
masterodos thesis, as wel |l as the drafting of
journal as required in the masterds requirer

RG3.17 To develop a proofof-concef model transformation solution
based on transformation models andneta-transformations (HOT)

RG3.271 To perform quantitative measuremens and comparativesover
a set ofinter meta-model transformation models (TS bridges)
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1.4. Contribution  and Scope

Forthismat er 6s thesis, we have focused oLl
measurement because we believe that the first step toward a complete
understanding of this problem goes through the quantitative evaluation of the
available transformations. Actually, sotive metrics are usually considered an
objective method for quantitative software measurement:

AYou candt contr ol -[@dMarco, &U candt me

As we have mentioned beforepdels and &nsformations between models
are provided as the core of Modativen Engineering, offering reusability of
knowledge and processes. In order to establish the basis of future advances in
this emerging paradigm, this work is focused on the principles of-medkels
and transformation models. Moreover, the concept of -meidel has become
an essential artifact for MDE based soluti¢dsuault & Bézivin, 2006]thus
we have centered our background reviewthe state of art related to meta
model specifications and model transformation technologies.

Our currentresearch is aimed at getting a higher degree of interoperability
among available metmodel specifications by raising the transformation
models tathe upper metéyers.However, sme conclusions extracted suggest
that this is still an early solution, which demands greater efforts in terms of
research development and specificatiotn this sense, there exishany
interesting open subjectSome of hem aradesign of generic editors for model
independentvisual modeling, measurement of models and transformation
models,integrationand compositiorof model instances from different meta
models, improvements of the semantic knowledge offered by preseiaing
languages or even the evaluation of the applicability of graph transformation
and rewriting techniques towafdrmal transformation models, majorly based
on declarative syntaxes.

Thanks to the use dfansformation models and metansformationsthe
process of transforming models can be decorated with the same mechanisms
usuallyapplied to othekinds ofmodels (e.gvalidation composition, weaving,
measurementetc). In fact, through transformation models everything is
managed as a model: sowsctarges and the transformation algorithm itself.
Furthermore, assuming the fact that more declarative algorithms provide better
foundations for reusability, portability, composition aaden inference of
transformation modelglouault et al., 2008; Jouault & Kurtev, 2007; Taentzer
et al., 2005] these benefits also lead to better quality and productivity in terms
of modeldriven transformations.

Among all the possible operations that can be performed over transformation
models, we have focused on the measurement of this kind of models because
we believe that this will enable us to understand and evaluate them in a more
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objective way. In this workwe proposea set of metrics for transformation
models aimed at measuring the declarative factomoflules and rules. In
addition, we provide a complete orchestration of sevealeltransformations
to generatdifferent enduserresults(e.g. XHTML repats and SVG charts)
from thedata extractewith these metrics.

However, this is still a partial solution because these metrics require further
study and evaluation in order to be complete. For the time being, these metrics
can be considered as a cesaansiblelibrary for aiding metrics definition over
transformation modelsn the same way thahe Formal Library for Aiding
Metrics Extraction FLAME) [Baroni & Abreu, 2003; Baran2002] is aimed
at OO designmodels(e.g. UML based[Baroni & Abreu, 2002; Baroni et al.,
2002).

We identified the need to adapt these metrics for transformation models
becaise OO models are organized majorly on packages and clagsés,
transformation models are not. They asallyorganized on modules (i.e. a
set of rulesand helpersor a specifictransformation) and rules (i.e.napping
between source anthrget pattrns or templats). However, we have been
inspired by these related works, whiagh turn are based on more mature
approaches.

After having achieved this partigbal we have applied the designed set of
metrics over several available transformations frowa ATL Transformation
Library [Eclipse ATL] aimed at bridging between different matadelirg TSs
like UML, MOF, KM3, Ecore andDSL Tools The resul obtainedprovide
partial quantitaive measurements about the actual statehesemetamodel
bridges and theiratio of declaative versus imperativeonstructs.
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1.5. Project Roadmap

This section summarizeshe evolution andwalls faced through the
development of tis projectandits future roadmapWe will also briefly expose
the main issues about how this work has been focused, the research methods
followed and the tools employed in order to overcome it.

| want to remark that before this project | have been involved in other
research topictke collaborative wetbased environments for diagram design
and HumarRobot Interaction (HRI). The results obtained have been published
in several conferences and even a JCR journal, as detailed on €e8tibn
guess thathese previous research attempts have established the academic
foundation forthis one, providing the required experience to get it done with
success and in time. | believe beyond all dahat this work could not be
achieved without this support.

Looking at the beginning of the project, we planned to develop a bridge
between BPELGaur & Zirn, 2006]and XAML Workflow [Microsoft-WF] to
providea better interoperability between both TSs. Notwithstanding, we found
that this problem was already covered by BREL for Windows Workflow
Foundation March CTHMicrosoft, 2007] Due to this fat; we were forced to
change our secondary goals and to search for a more innovative approach.

In our search for a new scope, we found a very good work about how to
apply metrics over OO models based on both UML and KW&pa, 200743]
This work was supported by ATL as model transformation language, enabling
the measurement of these models through a pair of ATL modules called
KM32Measureand UML2Measure Then, reviewing this related approach we
decidedthat it would be very interesting for our research to be able to perform
similar operations over transformation models, in order to reach a better
understanding and control of these kinds of languages.

On a different mat t er Jy, hashbees deweboget e r 0 s
within a tight period of time. Moreover, we decided to write it in English
because we believe that this would provide better visibility to our results and
that it would be easier to be referred. These two facts involve a great effort
from us in order to be on time for its presentation.

For the time being, we consider that we have reached with enough depth our
main established research goals. However, after the presentation of this
masterds thesis, we aofatwihladeepeistudyoft o e x
the metamodeling interoperability concerns. This will involve a review of all
the references included in this document, as well as the development of a
broader set of features for our proposed system. Further details about ou
planned future works are provided in secifoh
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We have also followed several guidelines in order to assist, share and
monitor our advances. There is a section at the beginning of this document
called Version History, which provides a short description of the global
milestones reached along last months.

Furthermore, we have been employing several tools for aiding this task. For
example, we have chosen Zot¢@HMN, 2009] for bibliography management,
which is a Firefox extension to collect, manage and cite bibliographic
references automatically. It also provides support for MS Office, enabling the
automatic generation of cites and bibliographies inside Word documéetse T
features can also be customized through templates; in our case, we have
adapted the Harvard authdate template provided by this tool (see
Additional).

Other features of Zotero include a wide variety of import/export npt{e.g.
BibTex, RDF, etc), rich text notes, complete HTML reports, remote backups,
collaborative libraries and mor&he combination of Word and Zotero has
largelyoptimizedthe development of this document as well as the management
of our bibliographic eferences. Nevertheless, we have also followed several
research guidelines that we will now expose in short.

The first step in our investigation was a deep search of the most relevant
publications, journals, conferences and authors about recertmmodeing,
model interoperability and moddriven transformations issues and advances,
which leads to an accepted publication in theernational Symposium on
Distributed Computing and Artificial Intelligend®CAI2009)[Tolosa et al.,
2009] These first results also provided a good library of collected references
that have assisted us in subsequent tasks.

Once reviewed the main contributions in this field, we went through a short
stage, whex we decided the main goals that we
thesis. With the major research goals established, we drafted the global
structure of this document.

Subsequently, we decided to write first the overall contents of the first
chapters, whickcover the background review of the existent literature. This
also assisted us in the delimitation of the scope and viability of our contribution.
After having this partial results accomplished we proceed to develop a proof of
concept prototype our propossygstem.

Our main target was always having a profuse library of references and a
complete document, synchronized with the system features and requirements.
Then, they have gone through a series of refinements until the actual state.
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1.6. Document Structure

This section presents theverall structure of this document, introducing the
main contents that are covered in each chapter.

Chapter 1: Introduction

This first chapter provides arief presenation of the motivation of this
research, as well as theaincontibution andgoals that we have considered in
order to trace the evolution of the project. These goals would also enable to
measure the completeness of the project through partial results.

Previous section summarizeshe evolution andwalls faced through th
development of tis projectandits future roadmapWe will also briefly expose
the main issues about how this work has been focused, the research methods
followed and the tools employed in order to overcome it.

Chapter 2: Project Background

Introduction of the state of arpproachesand key notiongelated wih
ModelDriven EngineeringMDE) andModelDriven Architectur§ MDA) .

The main terms defined in MDE, like the mat@del concept and the
established model transformation pattearebriefly preented Later on, the
global background and core definitions addressed in the MDA approach are
coveredn orderto support the basis of subsequent chapters.

This chapter is focused on the foundation basis of our current research, thus
experienced researaisan the field of MDEand/orMDA can skip it

Chapter 3: Meta-modeling

This chapter reviews and compares the available-metieling languages
and specifications. Present technologies and implementations fommd&
interoperability are also evaluatéd order to take advantage of them in our
proof of concept prototype.

We will start remarking some weakness of the UML 1.x specifications, like
the extensibility mechanisms and the lack of automatic validation of semantics,
in order to present a brief oweew of the improvements of the UML 2
standard in sectioB.2 Later on, in sectio®.3 we cover the Metdodeling
Facility (MMF) approach by pUML, which is closely aligned with the Meta
Object Fadity (MOF) of OMG, covered in sectio8.4.
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Section3.5 provides a background survey of tthefactoindustrial standards
of the Eclipse Modeling Project (EMP), which is often considered the most
widespread framework for real world MDE applications.

Finally, section3.6 deals with the modeb-model transformation paradigm
in depth, offering a brief overview of the model transformation patterns and
transformation languagkeatures. In this last section, we also propose a high
level taxonomy of model transformations.

Chapter 4: SystemArchitecture

In this chapter, we present the main components of our proposed system. We
will remark the more innovative issues and the jicstifon of the applied
techniques. Moreover, we will briefly summarize the main contributions and
limitations of the actual prototype.

Among others, we will describe the global architecture and orchestration of
the chain of model transformations, the TSdges and projectors, and the
metamodels employed. This project does not involve source code from typical
programming languages like Java or C#; nevertheless, it requires other kind of
source code, which conforms to textual concrete syntaxes like KM3&ahd
or XML files like Ecore models serialized with XMI and ANT builds.

The developed system provides several ATL transformations that enable to
perform measurement operations over ATL elements (modules and rules), and
to generate several complementaryafirmodels, like SVG charts and
(X)HTML reports.

Chapter 5: Methodology and Results

This chapter first presents a set of metrics to measure ATL transformation
models. These metrics are described in natural language, as well as by
OCL/ATL formal definitionsin order to be automatically applied by an OCL
engine, like the ATL virtual machine. This will assists in the extension and
reuse of these metrics in related works.

After the formal definition of this set of metrics, we present the results
collected over &et of model transformations. For this work, we have selected
several metanodeling TS bridges among UML, MOF, Ecore, KM3 and
Microsoft DSL Tools. These results provide quantitative measurements of the
declarative and imperative constructs of these toameftions, as well as their
relative quality factors.

In addition, all the topevel results extracted from these transformations are
merged into one unigue model in order to assist to perform a comparative study
among them. Final sections present therprietation and discussion of these
results.

32



José Barranquero Tolosa, Master on Web Engineering (Univers®yiedg

Chapter 6: Conclusions and Future Work

In this chapter, we expose our main conclusions and contribution in order to
present our future work in this research field. We also present the derived
publications of tls work and other related ones. Finally, we detail the
additional contents provided within the attached-ROM.

Glossary

Coredefinitionsand conceptsoveredhroughthis document.

References

The full list of references cited in this documesdrtedby author anddate.

Annexes

Additional resources provided with this work. There are four annexes:
— buildAll.xml: source code of the ANT script (see secta?)
— buildAll.properties:source code of the properties filee sectiod.?)

— ATL2Measure.atl: source code of the ATL meteansformation for
transformation models measurement (see sedtbiand4.4.3

— MeasureMerge.atl:source code of the ATL transformation that merges
two Measure models into one unique Measure model (see séctidn
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Chapter 2

Project Background

Introduction of the state of art approaches and key notions related with
ModetDriven EngineerindMDE) and ModelDriven Architecture (MDA)

The main terms defined in MDE, like the metadé concept and the
established model transformation pattern, are brieflgsented Later on, the
global background and core definitions addressed in the MDA approach are
covered in order to support the basis of subsequent chapters.

This chapter is focusesh the foundation basis of our current research, thus
experienced researchers in the field of M&itllor MDA can skip it.
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2.1. Key Issues of Model -Driven Engineering

We will start discussing some concerns about the statiee@frt acronyms.
The first of thems MDE, which covers a global point of view related to all the
technologies and practices about engineering modeling, without the need of
only generating software as final produdmswever,it is usually the most
evident result. Secondly, we meet MDD (8 Driven Development) and
MDSD (ModelDriven Software Development), which offer a more specific
vision of the problem, focusing on the development process as the core task of
Software Engineering (cfiMellor et al., 2003). Finally, MDA or Model
Driven Architecture is a registerédthdemark supported by a set of standard
specifications of the Object Management Gr¢OMG, 1989] Some of them
are broadly known in the MDE community, like MOF, QVOCL, CWM,
XMI and UML, among otherfOMG-MMDS]. In thisdocumentwe use MDE
as a globatermto cover all these approaches.

As it was mentioned in the previous chapttre three key advantages
providedby MDE are portability, interoperability and reusabilily.this sense,
the reuse of knowledge and procesbganeans of models and transformations
respectivelyjs also preseert as itanain benefit enablingthe improvemen of
productivity, predictability and quality of software.

2.1.1. Foundation
The first term to belefinedis model,andaccording tdSeidewitz,t is:

A set of statements about some system under [Sedlewitz, 2003]
Definition 117 Model (1)

In other wordsit is a set of affirmationgremisesconstraints or rules to get
a higher abstraction of a probletrudewigalso defineshis conceptstressing
the reusability of modelasknowledge artifacts

Measure, rule, attern, example to be follow¢dudewig, 2003]
Definition 127 Model (II)

There are two essential principles aboubdels andnodeling. The first one
is mapping whichwe defineas

Direct correlations between the subject to be modeled and the model

Definition 137 Mapping
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On the other hand, the fastthat not all the domain details can be mapped to
a model, and this is whdtis commonlycalledreduction

Main form of abstraction based on thelection of relevantfrom
irrelevant[Metzger, 205]

Definition 1471 Abstraction / Reduction

Nevertheless, the model must map at least some peEgpeotibeuseful for
some domain (i.e. it helps getting a better understanding of a system in some
context). According to Piet Van Gorp:

In an engineering context, a model is useful if it helps deciding the
appropriate actions that need to be taken to reach and maintain the
syst e nmian Gagpm 2008]

Definition 1571 Useful (model)

Reduction is usuallgonsidered as a synonym atbstraction[Mellor et al.,
2004] however, acording to Andreas MetzggMetzger, 2005] there exist
other forms of abstraction, likgeneralization and classification These
concepts are commonly employed in objedented analysis and design.

Two concrete defiitions for generalization and classification are:
Form of abstractionin which differences among similar objects are

ignored to form a higher order type in whictihe similarities can be
emphasizefPeckham & Maryanski, 1988]

Definition 167 Generalization

Form of abstraction in which a collection of objecis considered a
higherlevelobject clas§ Peckham & Maryanski, 1988]

Definition 177 Classification (1)

Another definition of classification is also provided by Metzger:

Form of abstraction found in objecriented modeling, where object
types are the main elements @dnceptual models and classes their
respective realization in design modpetzger, 2005]

Definition 1871 Classification (ll)
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Stephen). Mellor et al.providea clearoverview of theseoncepts and some
examplegMellor et al., 2004] like theone displayed on theext figure:

Real World Models
. [ Abstract
‘:1: = Fido (20kg, Awful): Dog
'h ,‘:-:! Munchkin (8kg, FeedingOnly):Cat
E _— LapKitty (4kg, LapLover):Cat
Real Entities Instance Model

M

I
Distracting |
Animalls ! |

| J

Entity Classifications

f

Classify

Pet
— | +name
+ weight

—— —

 /

/

Cat
+standOffindex

Dog
+slobberFactor

.r""—'_‘-ﬂ_r

e
Class Model

Fig. 21 Abstraction, Classificaton and Generalization

This figure shows how abstraction, classification and generalization can be
applied over a concrete domaifn this basic example abstraction is
considered a synonym okduction;i.e. the real entities are reduced to a
restricted st of features described by instance and class models (horizontal
transitions). Moreover, when moving downward, the concrete entities and
instances are grouped into high order entities and classes respectively.

Finally, generalization isapplied over Dog and Cat classes, grouping their
common properties into a new cldst As can beobservedtheclass model
design involves three different kinds of abstraction, even when modelers and
designers usually perform this task atomically (diagonal transition).
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2.1.2. Meta -meta -model Architecture

MDE requires models expressed in formal languages in order to achieve
unambiguous specifications. Therefore, a common approach adopted is to
define the conceptual foundations of modeling languages with models. These
languagemodels are known asmetamodelsor metalanguageswhich define
the abstract syntax of modeling languad§dsuault et al., 2008]They also
define the structure, semantics and constsaof the family omodelsthatcan
be expressed with their underlying modeling langu@gey sharetheir core
syntax and semanticfiiellor et al., 2004] Merging all thes definitions,we
propose the following:

Formal definition of the concrete and abstract syntaxes, as well as the
semantics andpecificmappings of a modeling languages. a model of
a modeling language

Definition 197 Meta-model (1)

Instance modelsconstructed with these modeling languages have a
conformance relation with their associateterence modekhar metamodel),
usually known asonformsTo

The reference modelfoan instance model (conformance relajion
[Jouault & Bézivin, 2006]

Definition 201 Meta-model (11)

As metamodels are models themselves, this relation could jump indefinitely
throughabstractiorievels However, in practice, there is a need to sibpome
layer [Jouault & Bézivin, 2006] Furthermore, when the statements of a
concrete metanodel are expressed in terms of the same mod&imguage
that is being defined, it is calledflexivemetamodel

A model i ng |-moleg whiclgtat@érentsramexpeessedvith
that same modeling languaffeeidewitz, 2003]

Definition 217 Reflexive M eta-model

Another concept remarked by Seidewitz is thi@imal reflexive metmeta
model

A reflexive metanodelthat uses theminimum number of elements of the
modeling language (for the purposes dhat metamodel) [Seidewitz,
2003]

Definition 227 Minimal Reflexive Meta-model

39



A New Approach for Metenodel Interoperability througfTransformationrModebk

Due to the fact thaht minimal reflexive metanodelrequires the minimum
number of elementsit is usually placed on the top layer as thetameta
mode| as described ithe next figure

1

1

1

1

1

1

d

1

' +

1

Lo defines| ____ | ___________ . j
: conformsTo !
i I '
1 1
: :
1 1
! Meta-Model M2 !
' i
1 1
1 1
b defines| ___ | __ ) )
, conformsTo N
1 1
i I 1
1 1
: A\ + I
1 -

: Model meaningful M1 E
! !
1 1
1 1
1 1

Fig. 317 Meta-meta-model Architecture

This threelayered architecture places the metatamodelon layer M3 and
instance rodek on layer M1 When moving upward medfayers, the initial
layer is interpreted by the final layer, providing its meaning in terms of the
formal abstract syntax of the modeling languagenformsTd. The figure
above idhased orthe premise that oreformal syntaxesimply lessmeaningful
possibilities]Seidewitz, 2003]

Thus,we propose the nextefinition for metametamodel:
A high order metanodel that defines the specification rote set of a

family of closely relatednodels,metamodels ad itself (reflexive meta
model)

Definition 237 Meta-meta-model

This a key concept to limit the abstraction levels of the architecture, which
usually is structuredh three or four abstraction layers. The optional layer is
called MO, which covers real world entities, in a Software Engineering
context, the rutstime instancefOMG, 2009b]
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2.1.3. Model Transformat ion Pattern

From MDE point of viev, the translation of software specifications into
executable programs should be an automatic task; thus the source code of
applications in MDE approaches is commonly generated through a model
transformation process from stbactnotationsto text[Kleppe et al., 2003]In
this way, source code could be understood as an executable text model that
conforms to apecificprogramming language metaodel.

Furthermore, liis model transformation process can be atomic or can be a
chain of model transformations betweencremental abstraction layers
representing the sansystem This layered architecture is commonly placed
over the M1 layer and it should not be confused witte tmetametamodel
architecture described in previous section. Taeprthogonalkoncepts.

This transformation processwhich is called vertical transformations
involveschanges in the complexityr detaillevel of themodels On the other
hand, we carperform horizontal transformationswhich applyrefining or
refactoring techniques over a model in a concrete abstraction layer of the
specification, including the source code.

The establishedanodel transformation patterm MDE is described irthis
figure, adapted frorfJouault et al., 2008]

Meta-Meta-Model M3

(MMM) |

"""""" ConformsTo _— conformsTe | conformsTo
Transformation

Meta-Model Meta-Model :
Meta-Model ;

MMb |

(MMa) o (MMb) M2

" “conformsTe | basedOnN, conformsTo| T T basedOn conformsTe |
Transformation Model

Model input Model ode i

(Ma) (Mb) M ] .

TMab (Ma)->Mb |

Fig. 41 Model Transformation Pattern
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The process of transforming a model Ma into another modelisvib
performed through a trasformation model TMab, which conforms to
transformation metanodel TMMand defines the transformatiorules
based ormetamodels MMa and MMb as source and target nmatadels
respectively all metamodels conform to the same maeatatamodel
MMM [Jouault et al., 2008]

Definition 247 Model Transformation Pattern

This pattern covers both vertical and horizontal approaches. The difference
lies in the transformain contextand the interplay between source and target
modelsas mentioned before

Furthermore, our research is focusetHigh-Order TransformationdHOT)
[Bézivin et al., 2006]alsoknown asmetatransformationgBalogh & Varro,
2006] (transformations oftransformation mode)s to enable translations
between instance models from metadelsthatconfam to metameta-models
from different technologicalspaces This research is aimed at improving the
interoperabiliy among the available metaodeling TSs through moddriven
transformationshencewe propose the following related definitions

A model transformatiordefined by a model, which conforms to a
transformation metanodel

Definition 257 Transformation Model

Formal definition of the concrete and abstract syntaxes, as well as the
semantics and mappings ofdmain specific modelinganguagefor
model transformation; i.e. a @a-model specification for transformation
languages

Definition 261 Transformation Meta-Model
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2.2. Model -Driven Architecture (MDA)

The MDA approachs a registeredrademarksupported by set of standard
specifications of the Object Management Grd@MG, 1989] It is also
considered the most widespreagproachinside the MDE paradignicf.
[PalaciosGonzalez et al., 2008p]

The general structure of MDA is organized as foll¢@MG-MDAa]:

Finance

A

Manutacturing E-Commerce

Transportation HealthCare

Y

More...

Fig. 517 Model-Driven Architecture (MDA)

There are many other alternativeso MDA, like Software Factories
[Greenfield & Short, 2003] Agile ModelDriven Development (AMDD)
[Mellor et al., 2003] Domain Specific ModelingdDSM) [Gray et al., 2001]
Domain Oriented Programmin@OP) [Thomas & Barry, 2003]etc Each of
these proposals manages the MDE processes from a particular point of view
with different technologies and notatiortdowever, all share théoundation
basis of MDE considering the models #isst-class artifacts in the software
developmenprocess andhodel transformations as the enablisghnologyfor
portability, reusability and interoperability

MDA is aimed atachieving a correct architectural separation of concerns
through transformains between Computationindependent Model¢CIM),
Platform Independent Mode{®IM), Platform Specific Model@SM) and the
source cod¢OMG, 2003c]
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This is related wi several approaches and tools for:

— To specifyplatform independerdystems

— To specifyaset of concrete platforms

— To selectaspecific platformto support the defined system

— To transform aystemmodel to besupported by selected platform

2.2.1. Models, View s and Viewports
The Computation Independent Modptovides an answerto the question
fWwhat are thefeaturesand/orrequirement®f thesystermunder stud9o

It can be understood as l@ridge between the domain experts and the
modelersin short:

Abstraction of the requirementsof the systemunder studyand its
environment hiding details about its internal structure or processing
[OMG, 2003c]

Definition 271 CIM: Computation Independent Model

The PIM layer is focused on thmperationaldomain of thesystem and the
interactions with external systems. It seeks the answanddherquestion:
fiHow does the systeperformwhat it is defined by th€IM? ¢ while hiding
the specificdetails for ay particular platform

Abstraction of the operation of the systemder studyhiding details
about the underlying platforf©@MG, 2003c]

Definition 2871 PIM: Platform Independent Model

In contrast, the PSM layer details the useth@ capabilities ofa specific
platform in order to perform the operations defined by the PIM. It answers the
questionfiHow does the platforrperformwhat isdefined by the PV 0

Combination of the PIM with an additional focus on the detail of the use
of a specific platform by a syst¢@MG, 200Bc]

Definition 297 PSM: Platform Specific Model

These threenodelsare considerediewsof the system under study:

Representation of a system from the perspective of a chosen viewpoint
[OMG, 2003c]

Definition 307 View / Viewpoint Model
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Views are closely related with thveewpointconcept:

Abstraction technique based on a restricted subset of architectural
elementsand structural rulegOMG, 2003c]

Definition 317 Viewpoint

The MDA guide defines three main viewpds: computation independent,
platform ind@endent and platform specific viewpbrespectively.

2.2.2. MDA Transformation Pattern
Transformations between modeletheenabling concept of MDA:

The process of converting one model to another model of the same
systenfOMG, 2003c]

Definition 3217 Model Transformation (MDA)

The proposed pattern for MD®OMG, 2003c]is:

PIM

PSM

Fig. 67 MDA Transformation Pattern

This pattern generalizes many different transformation approaches in a
suggestive way. The central concept is the transformation, which is supported
by the PIM model and some other data, rragk or patterns, depending on the
transformation context.
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2.2.3. Additional Concepts

In this last section, wewill collect other essential concepts of MDA

extracted from the MDA Guidehat are used profusely across next chapters.
Firstis platform

A set of sbsystems and technologies that provide a coherent set of
functionality through interfaces and specified usage patterns, which any
application supported by that platform can use without concern for the

details of how the functionality provided by the platfias implemented
[OMG, 2003c]

Definition 337 Platform

In addition, acomplete MDA approach must provide PIM notations for

pervasive serviceand automatic transformations into PSMs for the selected
platforms:

Available in awiderange ofplatforms[OMG, 2003c]

Definition 347 Pervasve Service

The final step of the MDA process, knowniaplementationis:

A complete specification of the system, which is ready to be executed or
which have all the required elements to generate or construct an
executable model of the systender stugt [OMG, 2003c]

Definition 357 Implementation

The interoperability among available MDEechnical spacescould be
supported in some way by thdentification of new pervasive services through
a deep evaluation of thevolvedspecifications.
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Chapter 3

Meta-modeling

This chapter reviews and compares the available meideling languages
and specifications. Present technologies and implenientafor metamodel
interoperability are also evaluated in order to take advantage of them in our
proof of concept prototype.

We will start remarking some weakness of the UML 1.x specifications, like
the extensibility mechanisms and the lack of automatidation of semantics,
in order to present a brief overview of the improvements of the UML 2
standard in sectio.2 Later on, in sectiod.3, we cover the Metdodeling
Facility (MMF) approach by pUML, which is closely aligned with the Meta
Object Facility (MOF) of OMG, covered in sectiBrk.

Section3.5 provides a backgrounsurvey of the déacto industrial standards
of the Eclipse Modeling Project (EMP), which is often considered the most
widespread framework for real world MDE applications.

Finally, section3.6 deals with the maal-to-model transformation paradigm
in depth, offering a brief overview of the model transformation patterns and
transformation language features. In this last section, we also propose-a high
level taxonomy of model transformations.
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3.1. Modeling Languages and Formalisms

The support of precise specifications helps to extract conclusions much more
closely to the ideal of certainty than imprecise ojt&dark & Warmer, 2002]
However, precision is often carded with abstraction.

Baroni defines precisigmn the specification context, as:

Clear delineationbetween elements that are covered (includeg)a
specification from those that are ri@aroni, 2002}

Definition 3671 Precision (pecification)

A standard metanodeling approachshould fully supportthe precise
definition of modehg languageswith concrete syntaes which can be
diagrammatigshapesgedges, layout etc) or textual(BNF, XML, interchange
formats etq. It shouldalsoprovide anabstract syntaxlefinition with concepts,
relationships and wefbrmedessrules.However the fact is thathe semantic
domain or logical space is not always defirunambiguously, like in UML 1.x
specificationgClark et al., 200Q]

Finally, it should define thenappingsbetween these three main aspexgts
observed in the next figuradaptedrom [Cook, 2001]j

1] I 1
Concrete Sintax Abstract Sintax Semantics
I gl I gl
I ‘\ J‘r I
Concrete-Abstract Abstract-Semantic
Mapping Mapping

Fig. 71 Structure of Modeling Languages

It is not mandtory for a model to be complete)stead it can provide
multiple views[Mellor et al., 2003] For example, a reference met@del can
define severaldifferent views or projectiongdiagrammatic or textual) for
conformingmodes, with different degrees of completeness, but with sinaifar
equivalent precison. Thus, every model should conform tof@a@malism or
languagdCaplat & Sourrouille, 2002]
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This concept ilosely aligned with the metaodel conceptintroduced in
the previous chpter, which is usually focusedonly in the definition of the
abstract syntafor modelinglanguages. However, some authass/ellor et al.
statethat metamodels alsadefinethe semantics and constraimSmodeling

languagegMellor et al., 2004] so they could be treated as synonyms in some
contexts Anyhow, theformalismconcept could bdefined as:

Incarnation of modeling principles, usually named a paradigm, that

defines a peculiaviewpointon the way any system should be considered
[Caplat & Sourrouille, 2002]

Definition 371 Formalism (1)
FurthermoreMetzger redefines the formafisconcept as:

Precise definition of a model s synt
meaning)Metzger, 2005]

Definition 381 Formalism (Il)

The latteris based on the definition ¢dnguageby HarelandRumpe

Syntactic notation (syntax), which is a possibly infinite set of elements
that can be used in the communication, together with their meaning
(semantics)Harel & Rumpe, 2000]

Definition 391 Language/ Formalism (l11)

In addition, he figure below adapted from[Metzger, 2005] shows a
diagrammat view ofthis formalismconcept

Formalism (Meta-model)

assigns
Concrete |represents | aAhstract meaning | Dynamic | implies static
Syntax Syntax Semantics Semantics
defines
conformsTe
resfricts
Model

Fig. 81 Modeling LanguageFormalism
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Fig. 8 showsa clear delineation between concrete and abstract syntaxes,
which are defined as:

Readable representation of the abstrawtational elements of the
underlying formalisnjMetzger, 2005]

Definition 407 Concrete Syntax

Relevant notions of modeling (e.g. class, inheritancestcaint) that
are mapped to forms (e.g. UML or OCL expressiofGaplat &
Sourrouille, 2002]

Definition 417 Abstract Syntax

Moreover, as well as syntax c@mposed of concrete and abstract syntaxes,
the semantics could be divided into dynamic atatic The static semantics
are often namecconstraints[Caplat & Sourrouille, 2002br wel-formedness
rules[Harel & Rumpe, 2000]These equivalentonceptsare defined as:

Restrictions on the set of valid mégi¢hat can be expressed with the
underlying formalism which are implied by the dynamic semantics
[Metzger, 2005]

Definition 4271 Static Semantics / Welformedness Ruled Constraints

Finally, dynamicsemanticsor simply semantics¢can bedefined as:

Mental abstraction that provides the meaningabs$tractsyntax notions
and whose external representatican beexpressed in any language
[Caplat & Sourrouille, 2002]

Definition 437 Semantics (1) / Dynamic Semanticgl)

In addition, som®therauthorsalsoconsidersemantics as:

The meaning of a language (e.g. UML), without behavioral constraints
that cannot be expssed (e.g. on a class diagram) aneed to be
expressed in another specifamguage (e.g. OCLUXIark et al., 1999]

Definition 441 Semantics (II) / DynamicSemantics(ll)

Semantics auld also be divided inteemantic domaiandsemantianapping
[Kent et al., 1999]Actually, we have seen that many authors cover in some
way the syntax and semantics features of languages, but there are not
consensus definitions for these concepts, wiitier@nt and overlapping
proposalsin fact, UML 1.x documentslike [OMG, 2003a] contain asection
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entittedAUML S e ma n,thoweverd really does not focus on semantics but
mainly describes # abstract syntax of UMUHarel & Rumpe, 2000]
Furthermore in spite of the fact that some progress has been accomplished
through UML 1.x and MOF 1.YOMG, 2005a]specificationsthereis a lot of

work to do toward fullysystematic an@recise modelingpecifications.

3.1.1. Weakness ofthe UML 1.x Definition

Clark et al. remarkeveral questions for which the UML 1.x definition has n
response, in the document entitfed¥Feasibility Study in Rearchitecting UML
as a Family of Languages using a Precise OO Mé@madel i ng Appr oa
[Clark et al., 200Q] These key queisins are:

— How can conformance to the definition be checked?

— How can we be sure that the definition is selfsistent and is
comprehensive yet lean?

— If the specialization and extensicof UML continues all the timépw the
existing definition allows thi® be managed and controlled?

In that reporttheauthors claim that the concredbstract mapping, as well as
the concrete syntax itself, needs a more precise, systematic and unambiguous
definition. Moreover, they also point out the lackaftomatic cordrmance
checking for semantics, because theyraagorly defined in natural language.

Thereare manyother motivating papers for this problem, likeRe s ponse t ¢
UML 2.0 Request [Clarb et all hODYir UndLt | Bedmant i ¢
F A QiKent et al., 1999]Jor iCore MetaModeling Semantics of UML: The
pUML Approacld [Evans & Kent, 1999] All these documentgaise several
lacks of precision in thalefinition of UML 1.x syntaxes, semantics and
mappings, which motivate the misunderstanding of the notions and the
inability of automatic processes for conformance ardastics testing.

In fact, if there is a need for a language to be automatically processed and/or
unambiguous defined, then tlisyntax, semantics and mapping from one to
the other must be completely, precisely and unambiguously defikedt et
al., 1999]

Next sections cover the more relevant contributions performed in the context
of redesigningUML 1.x, in order to achieve an unambiguous and precise
family of languags definition for a selfconsistentyerifiable, comprehensive
and extensiblenetamodeling solution.
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3.2. Unified Modeling Language

This figure[Kleppe et al., 2003g§hows a simplified set of tHenal elements
of the UML 1.x metamodel| which are mainly covered also in UML 2 and

(UML)

MOF 2
eloment Type Classifier 0.1 Typed
] nama - Siring ypa nama - Siring
[ |
DataType Class
ﬁs 1% class
w
— Set faalura| = I
Faature
wisibality - VisibalityKind
AssociationEnd Attribute Operation
olherknd bower : Lowerbound
uppar :Upperbound
0.1 | composition : Boolean operation ¥ 1
2.x [ end » | parameler
Parameler
1 | associalion
Association

The first versions of UML suffer a laad extensibility and formal validation
and execution of mode Thus, beginning witUML 2.0 [OMG, 2005b] the
UML specification wasdivided into two compémentary specifications:
Infrastructure and Superstructure UML 2 Infrastructure [OMG, 2009b]
specification defines the foundational language constructs required for UML 2.
It is complemented by UMI2 Superstructur¢gOMG, 2009c] which defines
the user level constructs. The two complementary specifications constitute a
comgete specification for this modeling language, whahrent revision is

UML 2.2.
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3.2.1. UML 2 Infrastructure

At present, lte UML formal specification provides conaeetisual notations,
abstract syntax concepts (MOF based mmetael), wellformedness rules
(defined a$OCL constraints) and semanticgfurallanguagée

Moreover, the UML2 Infrastructure has suffered a deep architectural
restruct ur ataigommentwithivia e d OM&érexl arahitecture,
displayed on the next figui€ook, 2001]

Metametamodel M3 | Melt:a-QllI}ject ' W
acility
Metamodel M2 UML, CWM, W
SPE
i
Model M1 My model ]
f\
! ——
User objects MO | W'Latnl,lm )
maodelling

Fig.101 UML i n t h elay®ad @rahstectdre

It also aimed atthe identification ofi s emant i c varamdat i on
extensibility mechanism based on profiles @@l i r st c | a[€®k, e xt e n s
2001] Other improvements are focused onkig theMOF 2 abstract syntax
a subseof the abstract syntax of UMR, as well as restructuring them into
severalinked packages toward correct separation of concerns.

In this sense, the UML 2 Infrastructure provides a concrete specification of
the metamodelingconcepts, as well as extensibility mechanisms for UML 2
and MOF 2The toplevel view of the Infrastructure Library is presented on the
next figure, extracted frof©OMG, 2009b]

1 1

Core Profiles

Fig. 117 UML 2 Infrastructure Library Packages
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The Core package is the central reusable part of the Infrastrughuesy,
and is further subdivided as shown in the figoegow[OMG, 2009b]

1
PrimitiveTypes
) A )
«imparts «irmports
—— : «dmptrts  ——— '
Abstractions i Basic
1

Constructs

Fig. 127 UML 2 Infrastructure Core Package

The packagd’rimitiveTypess a simple package that contains a number of
predefined types that are commonly ugedetamodelingspecificationge.g.
Boolean, Integer,etg, and as such, they are used both in the infrastructure
library itself, but also in metemodels like MOR2 andUML 2.

The packageé\bstractionscontains a number of fingrained packages with
only a few meteclasses each, most @fhich are abstract(e.g. Classifier,
Generalization, Relationshjgtc) The purpose of this package is to provide a
reusable set of metdasses to be specialized whaafining new metanodels.

The packageConstructsalso contains a number of figeained package
and brings togethanany of the aspects of the Abstractions. The roktsses
in Constructs tend to be concrete rather than abstracthapdire focused on
an objectoriented modeling paradigrte.g. Class, Associationetc) MOF 2
and UML 2 metamodek import the Constructs package since the contents of
the other packages of Core are then automatically included.

Finally, the packageBasic contains a subset of Constructs that is used
primarily for XMI serialization scenarios

As an example of packageuse, thé’rofilespackage is structured as follows
[OMG, 2009b]

1
PrimitiveTypes

)
mpart»

I aimport» —|

Constructs F'rof;les

Fig. 137 UML 2 Infrastructure Profiles Package
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3.2.2. UML 2 Superstructure

This UML 2 Superstructwe provides apecification of the language frotine

fi

diagrams, one of thenuisdivided into other four interaction diagram$hese

nal

user 06s

poi nt

of

View.

It

definitionsarepresentean the next figure, adaptéebm [Fowler, 2003]

Diagram

Class Diagram

Object
Diagram

Behaviour
Diagram

Activity
Diagram

Use Case
Diagram

State Machine
Diagram

Composite
Structure
Diagram

Deployment
Diagram

Package
Diagram

Diagram

Interaction

Sequence
Diagram

Interaction
Overview

Diagram

Diagram

Communication

Timing
Diagram

Fig. 147 UML 2 Diagram Types

def i

UML 2 Superstructure is supported by UML 2 Infrastructure packages,

defining three basic constructlemers, connectorsanddiagrams Diagrams

are composed mainly by elements and connectors between elements.

3.2.3. UML 2 Object Constraint Language (OCL)

OCL is a textual sblanguage ofJML. It can be used to express additional

constraints on UML models that cannot deressed, or are very difficult to
express, with the graphicabtationsprovided by UML. OCL is based on first
order predicate logic but it uses a similar syntdxtraditional programming
languages ands closely related to the syntax of UMIThus, t is, mae
efficient for realworld modeing than pure firsbrder predicate logifbemuth,

2005]

The OCL 2.0specificationhas beermeveloped in parallel witthe UML 2.0
Infrastructure [OMG, 2009b] and the MOF 2.0 Core [OMG, 2006a]

specificationsthus allshare a common core. The OCL specification contains a

well-defined and named subset of OCL thatdsfined purely based on the
common core of UML and MOF. This allowssing thatsubset of OCL with
both MOF and UML;however,only UML can exploit thefull specification
[OMG, 2006Db]
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The OCL specification defines &tandard Libraryof predefined expressien
predefined types and their operations, which must be included by every OCL
implementation. The next figure provides a global overview of the predefined
types avdable in this libraryfOMG, 2003d]

— T — T
OeclAny OclMessage Collection
T S I
OclType OclModelElement Real Set ‘ Bag ‘ Sequence ‘
\ \ 7 .

o o . AN I

Boolean String

OclState
i A
A
Intezer
II
OelVaid

Fig. 157 OCL Standard Library Predefined Types

Those types aren turn covered in theOCL Types Kernel Metmode| as
displayed in thigigure taken fronfOMG, 2003d]

StructuralFeature | 0-N +type | Classifier | 4 gjementType
(from Core)

(from Core) 1 1

OclMessageType OcIModelElementType || DataType VeidType
(from Core)

Y

TupleType Primitive CollectionType 0.4
{from Core) +collectionTypes

f Y
LA

SetType SequenceType BagType

0..1|+referredSignal
Wy .. Iyjy+referredOperation

Signal Operation OrderedSetType

(from Common Behavi.. (from Core)

Fig. 167 OCL Types Kernel Meta-model
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3.3. Meta -Modeling Facility (MMF)

The MetaModeling Facility (MMF) isa parallelapproachto the MOF 2.0
[OMG, 2006a] This new approaclprovided by the Recise UML Group
[pPUML], which was founded in 1997(coinciding with the first UML
standardization effoytis aimed athe development adhe UML standardas a
precise modeling languagk this sense, their members collaborate profusely
in the specification otJML and other MDAstandards. Moreover, they also
organize sesralworkshops and conferencesthis goal

This groupis particularly concerned with thgefinition of new theories and
practices to:

— Clarify and m&e precise the semantics of UML

— Reason with properties of UML models

— Verify the correctness of UML design

— Construct tools to support the rigorous application of UML

Furthermore, the pUML grougupports the fadghat UML 1.Xx[OMG, 2003a]
especially the profile features, is inadequateafprecise, systematic, verifiable
and extensible metaodeling approacfClark et al., 200Q]

The next figure, adapted frop&lark et al., 2001]provides an overview of
the MMFapproach for modeling languag#sfinition:

Concrete Abstract Semantics
Sintax Sintax Domain
Display Semantic
Mapping Mapping

Fig. 177 MMF Method (MMM)

AMMF is composed of language(MML) for defining modeling
notations, a tool (MMT) that checks and exesut@ose definitions,
and a method (MMM) consisting of a model based approach to
language definition and a set of pattembodying good practice in
language definitioa - [Clark et al., 2002]
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3.3.1. Meta-Modeling Language (MML)

In short, MML is an OO metanodeling language, which is defined in itself
(i.e. it is supported by a reflexive mataodel). This language is closely related
with a tool calledMMT, which checks the conformance of modelsh their
metamodels.MML is based upon UML core concepts as displayed on the next

figure, extracted fronpClark et al., 200Q]

uml ‘

1

staticCore

T T T

1 1 1 ] ]
datatypes constraints } model reflection associations
Management
i) i) i) i) iy
1
methods
i
]
mml

Fig. 1871 MML Components

The main desigprinciplesclaimed forMML are:

— Precise and unambiguous definition of MMtLitself (i.e. reflexive)
— Precise and unambiguous definition of MML based rnetalels
— Definition of bothvisual and textual syntaxes

— Definition of concepts, semantics and mappings
— Definition and evolution othe family of languagege.g. UML profiles)

— Should be a small set of orthogonal core concepts (i.e. minimal)

— Should be dclarative(i.e. independent from tools)
— Should support reflection (i.enetamodels are models

— Should noinclude unmotivated or unnecessary restrictions
— Should be coherent and consistent
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Moreover, the pUML group also identifies fofunctional requirements for
this language:

— Specification of object structures (e.g. class diagrams)

— Application of wellformednes rules to object structures (e.g. OCL)
— Composition of language definition fragments (e.g. packages)

— Reflection supportg.g to manageMML model elements as instanges

All these requirements and design principlestablishedin the MML
proposalClark et al., 2000Ftould be considered as recommended feafiores
the definition of anynetamodeling language

In addition, @ery package ithe MML contains three subackages: model,
instance and semantifisleppe & Warmer, 2001]

The model subpackage describes thmodelng concepts definedor the
containerpackage(i.e. metamodeling concepts). Theastancesubpackage
describeghe semantic domain ofdeemodeling concepté.e. their meaning)
Furthermore, bth the modelnd instance packages contayntax concepts
andsyntaxXconceptsnappingsub-packags.

On the other hand,hé semanticssubpackage defines a mapping from
modeling concepigdefined in the model supackageto its semantic domain,
defined in the instance sydackage. Next figureextracted froniClark et al.,
2000] and revisited ifKleppe & Warmer, 2001]showsan example ofhese
mapping for the core package

core

model instance
] [ ] ] ]
syntax concepts concepts syntax
L'_‘r T oy i
_'_T
syntax2concepts syntax2concepts
semantics

Fig. 197 MML Core Package Structure
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All the modelingelements of MMLare based othe abstract classification
hierarchy provided by the uml.staticCoranodel.conceptsubpackage This
figure [Clark et al., 2000showsits mainclasses:

+elements *| ModelElement

=Iname : String |~

i
/

\

+child +specialisations
1 *
- Generalisable | i Generalisation
Container ——————— —+parent +generalisations
conformsTo() | |
& e "
' \ +elements
\
\\
Classifier
isAbstract : Boolean
7 . +type
+attributes
Class | Attribute

-

*

Fig. 207 Model Concepts Subpackage of theMML Core Package

The uml.staticCore.instance.concemabpackage provides the minimal set
of concepts to describe the meaning of the modeling concepts provided by
previous sukpackage, as displayed in the next figi€&ark et al., 200Q]

InstanceElement
name : String

+elements

*

' +
Instance value

satisfies() | 4

Object Slot

Fig. 217 Instance Concepts Sukpackageof the MML Core Package
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Finally, the uml.staticCore.semanticsubpackagerestrice the concepts
defined in the instance stygackage to benstanceOfconceptsof the model
subpackageconceptsas described in the next figy@lark et al., 200Q]

+ .
Classifier | of *instances Instance
1 * _—

+i :
+of instances Slot

Class | *of tinstances | gpiect

Fig. 22 - Semantics Subpackage of the MML Core Package

Attribute

However, these three sydackages cannot be placed directly in one specific
layer of the 4layered architecture proposed by the OMG. In fact, they are
positioned through M{models)and M2(metamodels) layerss shown in the
next figure[Kleppe & Warmer, 2001]

M3

model
M2 - /
semantics
' /

instance

M1

MO

Fig. 237 MML Model, Instance and Semantics Architecture

In addition to the staticCore packad@ML provides several extensions like
datatypes constraints, methods, modelManagement, reflearogssociations
packagesThese packages restrict and extehese concepts and mappings
providedby the staticCore packag&hey are alsatructured in the same way,
containing model, instance and semanticsgabkages.

Another extension of the staticCore is ttiynamicCorepackage, which is
aimed at notion ofactions which representcomputational procedusethat
changes the state of the systfark et al., 200Q] Other authors have also
contributed to this goal with proposal for a dynamicCore package for MML
based on UMUReggio & Astesianc2001]
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3.3.2. Meta -Modeling Tool (MMT)

In addition tothe MML definition, pUML also asserts the need of meta
modeling toad to support it, identifyingsomerequirement$Clark et al., 2002]

— Reflective conformance checking

— Mapping generation (pseudatomatic)

— Visual editor generation and/or configuration

— Support of XMI as an alternative concrete syntax

These requirements would provide meanstieredition and management of
language definibns as expressions of MML; as well as pseadtmatic
generation of language specific features through configuration of generic tools,
or even generation of language specific tools.

3.3.3. Architectural Alignment of MMF and MOF

The currentstableversion recommand by OMG is MOFL.4 [OMG, 2002]
providing the core metamodeling languagefor UML 1.x basedapproaches
There is also an ISO/IEC standard for MOF 1.4.1 definitt&®(IEC 19502
[OMG, 2005a] However, OMG members are currently working on a newer
approach for MOF 2.(l0MG, 2006a]

MOF is supportedby a refexive metamodel on theM3 layer, denoted as
MOF Modelin the next figurdOMG, 2002}

M3 layer
MOF Model meta-metamodel
[ 1 [ ]
M2 layer
UML IDL
Metamodel Metamodel metamodels

|
I
UML Models

______________________ MO layer

MlI layer

models
IDL Interfaces

Fig. 247 MOF 1.x Meta-data Architecture
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A simplified diagrammatic viewof this metamodel is captured on the next
figure, takenfrom [Kleppe et al., 2003]

ModelElement

namea ; SIing

/_il

1 v
Package Clagsifior [ Feature
1
ZP " AP
DataType Class Attribute AssociationEnd

2 | end

1 | associahon

Association

Fig. 257 MOF 1.x Simplified Meta-model

In this figure, ve can observe thahe metamodelingnotionsof MMF and
MOF are closely relatedHowever, UML 1.x is defined in MOF A indirectly,
providing only the means for generating IDL and XMI through an abstract
syntax of UML defined with MOF. Actuallyyith MOF 20, OMG is focuse
on defining UML 2.x in a direct way, with a single matadel instead of two
(i.e. defining MOFwith a subset of the core of the UML infrastructure).

This goal

i s

S i

mi

ar

to MMFOGs

approac

of the core of UML; thereforat is considered a member of the UML family of
languages Hence,the fact is thaMOF and MMF are closelyaligned; with
remarks tesome consideratiorabout MOF 1x lacks €f. [Clark etal., 2000]:

— Definition as a subset of UML (i.e. member of the UML family)
— Separation of language design and repositories generation features
— Separation of syntax, concepts and semantics aspects

— Improvement of package extension, nesting and references
— Improvement of the reflection mechanisms

— Proper integrationvith OCL
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3.4. Meta -Object Facility (MOF)

MOF integrate the MDA modeling steps that start a development or
integration project with the coding that follow=urthermore, radel portability
enablesVIDA codegeneratorso do not include their own modeling capability
butto require users tohoosetheir preferred modeler out of a list@mpatible
candidate$OMG-MOF].

The last OMGdocumentdescribingthe MDA architecture and aim®MG,
2005c] states thatmodels in the context of the MDA Foundation Model are
instances of MOF metmodels and therefore consist of mod&ments and
links betweertheni. This core foundation assists in the interoperability of
MOF based metenodels through automated transformatidvisreover UML
compliance is natandatory for every scenarie.g. CWM).

As we have covered ithe previous chapterhe MDA Guide Verson 1.0.1
[OMG, 2003c] defines thecore concepts and patterns MDA. OMG has
declared the intentioto replace this version with an update, based on the
Foundation Modejust mentiond, however it was not published yet.

We have also introduced some key issues about M©OIR previous section.
Thus, we are covering only MOF 2 features, assuming that the structural
changes that have been made to MOF turn versions 1.x a deprecatedlapproa
for our research goals. Nevertheless, we expect to cover it in future works in
order to provide backward compatibility with MOF 1.x based mataels.

3.4.1. MOF 2 Design Principles

The MOF 2 specificationflOMG, 2006ajaims to providghe standaraneta
modeling framework for MDA. Other OMG standard should bedefined in
terms of MOF concepts (e.gUML and CWM). It also providesdata
interchange mechanismthrough the XMl (XML Metadata Interbhangé
specification[OMG, 2007b]and mappingsto reflective interfaces based on
CORBA IDL (Interface Definition LanguaggOMG, 2004] which assistto
generic manipulationof models and instances. Moreovei, provides
programmaticinterfacesbased onlava through JSR40 JMI (Java Metadata
Interchange)Sun, 2002] althoughit is only available for MOF 1.x for now.

This specification frameworknabls modelsto be imported andexported
from one application into another, transported across a netwairkaged by a
repository rendered into different concrete syntaxes (e.g. XMI, BNF),
transformedinto other modelsetc Apart from structural modelsnonUML
based models as well d®havioral and data modetse covered byhis
approachas long as they are M&pased models.
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The foundation for UML ZOMG, 2005b]is MOF 2andit is being adopted
in several partge.g.MOF 2.0 CordOMG, 2003e] MOF 2.0 IDL[OMG, 2004]
Mapping, MOF 2.0XMI Mapping [OMG, 2007b] MOF 2.0 VersioningOMG,
2007a] MOF 2.0 Query/View/Transirmations]OMG, 2008b] etc) The most
recentrevisionfor the MOF 2.0 re specification i$OMG, 2006a] which is
anOMG Avalable Specificationn finalizationstatusIt comprises a set of new
packagesvith in a major revision to the architecture and foatiwh constructs
of the MOF 1.4[OMG, 2002] We canobserve thiathe main design goal of
MOF 2 is modularity, enabling to adopt the different pansrementally and
independently.

The main desigprinciples addressed for MOFa2e (cf.[OMG, 2006a]:

— To make MOF mdel much more modular and reusable

— To apply model refactoring techniques to improve reusability of models
— To reuse common core among MOF, UML and other meidels

— To simplify the definition and extension of models and rmetdels

— To ensure interoperability between MOF based tthmsgh mappings

— To ensure orthogonality of modeling conceptsp@aration of concerns)

— To integrate reflection through MOF itself (rather than interfaces)

— To solve the lack of identifiers by referengimechanisms (e.g. URIS)

— To improve the packaging features to enable reusability acrosdayeta

Theseimproved design goals provides sodieectbenefitslike:

— Simpler rules for modeling met#ata (UML Infrastructure Library)
— Technology mappings covarbroader range (e.g. UML profiles)
— Metamodeling tool support has also beeproved

3.4.2. MOF 2 Architecture

While the UML 2 Infrastructure Libraryprovides thecore metamodeling
conceptsand notatios, the MOF 2 specification provides the metdata
managemenframework and serviceszurthermorethe modeling constructs
from the UML 2 Infrastructure Library arémported by MOF 2, UML 2
Infrastructur§OMG, 2009b] and UML2 SuperstructurfdMG, 2009c]

MOF isdefinedwith both textual andisual syntaxesusinga combination of
languageslike a subset of UML an object constraint languaged natural
language to descrbe the abstract syntax and semantics ofldhguage This
specification reuses much of tii@malismsin the UML 2 Infrastructure; m
particular, EMOF(Essential MOF)and CMOF (Complete MOF)are both
definedusing CMOF(i.e. it is a reflexive metanodel) which is alsoused to
define UML 2. Furthermore,EMOF is alsodefined by itself through the
application ofpackagemports and mergefrom its CMOF description.
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This figure adapted from{OMG, 2006a] shows howEMOF and CMOF
packages impodnd extendhe UML core package:
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. «merges x\ﬂer%e» -

Identifiers | Common | Extension | Reflection |

Fig. 267 UML 2 Core PackagesReusedby MOF 2

This improved modularity has some drawbacks, becauseel elements
referenced across packageundaries must be qualified by their full package
name However,UML2 package importcan be applied overelated model
packagesin order to manage otnplexity and enable reuse, relaxinigis
constraint byfimaking all model elements in the imported packdgectly
visible in the importing packagd OMG, 2006a] Once importedthey canbe
associateavith other model elemest specialized with sublassesetc

On the other handUML2 package mergeenables the combinations of
available packages with the merging package to define extended modeling
languages and new capabilities. Thiudasses in the merging package contain
all the features osimilarly named classes in the merged packad®©MG,

20063]
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3.4.3. OMG O0Modeling and Metadata  Specification s

There are many OMG specifications related with modeling in gernEnele
are also many other domains covered, likeetadatamanagementand
repositories data warehousejusiness processes modelirpmains specific
modeling UML profilesand othersin particular.

The next table summarizedet information provided Yo OMG about
modeling and metadata specificatiofi$is table $ based upomseveral web
pages as th&i Cat al og of OMG Modelingoand
[OMG-MMDS], the ASpeci ficati dOMG-SSju anmdathey 0
ASpeci ficpPOMG8B8VY]: Vaul to

Acronym Topic Sgrrsrﬁ)n; Document (omg.org) I?/rsrvsi%uns
Meta Obiject FacilityCore
MOF | modeling | 20 | formal/200601-01 | 1.4
MOF 2 Modd to Text Transformation Language
MOF2Text| modeling | 1.0 | formal/200801-16 | n/a
MOF 2 Query/Views/Transformations
QVT | modeling | 10 | formali200804-03 | n/a
MOF 2 Facility and Object Lifecycle
MOFFOL | modeling |1.0Betal| ptc/20080220 | nia
MOF 2 Versioningand Development Lifecycle
MOFVD | modeling | 20 | formal2007-0501 | n/a
ModetLevel Testing and Debugging
MLTD ‘ modeling ‘ 1.0 Beta l‘ ptc/200705-14 ‘ n/a
XML Metadata Interchange
XMI ‘ modeling ‘ 211 ‘ formal/200712-01 ‘ 2.1
Object Constraint Language
OCL | modelrg | 20 | formal/l20060501 | n/a
Ontology Definition Metanodel
ODM | modeling |10Beta2  ptc/20070909 | n/a
Reusable Asset Specification
RAS ‘ modeling ‘ 2.2 ‘ formal/200511-02 ‘ n/a
Software Process Engineering Matadel
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Acronym Topic \?:rrsrieonr: Document (omg.org) F\’/rsrvsii(:)f
SPEM modeling 2.0 formal/200804-01 11
Unified Modeling Language (Infrastructure)
UML | modeling | 211 | formall20020206 | 2.0
Unified Modeling Language (Superstructure)
UML | modeling | 21.1 | formal/20070205 | 2.0
UML Diagram Interchange
UMLDI | modeling | 10 | formali200604-04 | n/a
UML HumanUsabk Textual Notation
HUTN | modeling | 1.0 | formal/20040801 | n/a
Semantics of a Foundational Subset for Executable UML Models
FUML | modeling |1.0Betal] ptc/200811:03 | n/a
OMG Systems Modeling Language
SysML | modeling | 11 | formalR00811-02 | 1.0
Knowledge Disceery Metamodel
KDM | modelng | 11 | formal/200901:02 | 1.0
Software Metrics Metanodel
SMM | modeling |1.0Betal| ptc/20090303 | n/a
Abstract Syntax Tree Metaodel
ASTM | modeling |10Betal| ptc/20B-11-05 | nia
Common Warehouse Metaodé
CWM | metadata | 1.1 | formal/20030302 | 1.0
CWM Metadata Interchange Patterns
MIP | metadata | 1.0 | formal/200403-25 | n/a

Table31 OMGds Model i ng Specifidatiodet adat a

Remarks

As we have mentioned before, there are many o@idiG specification
topics,like business modelingPMG-BMS], however we have onlgited here
those more closely related with ocore research goalsAnyhow, & we can
observet he OMGO6s MD Aa wade and compldx initiative that is
constantly evolving. Thyshere is aclearneed for metanodeling tools aimed
at interger abi l ity 1 ssues among avail
others provided by alternative sources.
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3.4.4. Java Metadata Interface (IMI)

The Java language mapping for MOF 1.4 defimedSR40 [Sun, 2002]by
the JMI specification expert groums part of theJCP (ava Community
Procesy will require revision to suport MOF 20 additional featureslt is
foreseen that it wilbe defined using a new JSR underiG#®[OMG, 2006a]

3.4.5. XML Metadata Interchange (XMI)

XMl is the standard format for intdrangingUML and otherMOF based
metamodels(M2) and their instance@M1). It uses XML for transfer syntax
and interchange formatfCook, 2001] specifying XML Document Type
Definitions (DTD) and/or XML Schemas Definitions (XSCip enablethe
interchangeand verification omodels and meteodels like:

— Modelsdefined withMOF basednetamodels(e.g. class diagrams)
— MOF based metanodels (e.g. UML or CWM)

Version numbers between MOF andMKhave evolved independently. On
one hand, XMlhave been restructured in several ways, like XML Schema
supportand new formathenceversion 2.0 is aligned with MOF 1rdther than
MOF 2.0 On the other handiOF releasesvere made periodically through
OMG's established maintenance procék=se is a table of corresponding MOF
and XMI versionsadaptedromit MDA S p e c i[@MGeMDAK]:0o n's O

MOF Version XMI Version
MOF 1.3 XMl 1.1
MOF 1.4 XMI 1.2
MOF 1.4 XMI 1.3 (XML Schema support)
MOF 1.4 XMI 2.0 (new format)
MOF 2.0 ¢urren) XMI 2.1 (curren)

Table 47 MOF and XMI Version Correspondence

3.4.6. Common Warehouse Meta  -model ( CWM)

CWM [OMG, 2003b]is a standardmetamodel to manage data warehouse
metadatalt is defined using MOF, interchanged using XMI, ahteuses some
aspects of the UML metmodel[Cook, 2001] Metadata is often described as
thenheart aohtde data wateldousenvironment however metadata
repositories are commonly based on static interchange mechaj@svi,
2002]
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CWM metamodel, based on MOF, provides a more dynamic foundation for
data warehouse management tools and repositofies. main purpose of
CWM is fito enable easy interchange of warehouse and business intelligence
metadata between warehouseols, warehouse platforms and warehouse
met adata repositories in digsacoordilgut ed het er o
to [OMG, 2003b] This document also presents a global overview ef th
alignment among CWM, MOF. XMI and UML.:

Repository Common Facility

Tools and
UML 0.2 2 Repositories
1 A
] v~
= Object Request Broker (ORB) =

Object Services

Fig. 277 CWM Architecture
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3.5. Eclipse Modeling  Project (EMP)

The Eclipse Modeling Project (EMP) covers a broad range of-metteling
approaches, botimdustryand research related. It is @tlevel project inside
Eclipse, which assures a certain degree of maturity. Moreover, it is a composite
project divided in several subprojects witiffetent and complementary aims,
briefly described in subsequent sectiobe book by GronbackGronback,
2009]is the most up to date reference for EMP project. This book provides a
global overview of this Eclipse project, as well as its main capabilities for DSL
definition.

3.5.1. Eclipse Modeling Framework (EMF)

The Eclipse Modeling Framework (EMF) project provides tools and runtime
support to produce a set of Java classms modek defined with XMI. It also
providesa set of adapter classéw viewing and commantlased editing of
modek, as well as baic editor:

fiThe Eclipse Modeling Framework (EMF) project is a modeling
framework and code generation facility for building tools and other
applications based on a structured data mode[Eclipse-EMF]

From its beginnings within the Tool s
high quality and unparalleled community support quickly led to several
complementarymodeling projects forming at Eclipse. Code generators,
graphical diagrammingrameworks model transformation, validation, and
search are just few that have built upon EMF and now are contained within
the EclipseModeling Project. The growth and success of thisléeel project
is due in larggoart to the strength of its core componemiiF] Steinberg et al.,

2008} EMF is the mainndustryrelatedsubproject inside EMPRand n turn, it
is divided in severalubprojects:

— EMF (Core) provides the Ecore metaodel, XMl support, reflectie
capabilitiesand generic reusable classes and code generators for building
Ecore based editors.

— CDO: enabledistributed shared EMF models apbvidesa fast server
based O/R mapping solution

— Model Transaction multi-threading read/write capabilitiessemantic
integrity validation, undo/redo history, cooperative edition, etc.

— Model Query API support for EObject based Condition objects that are
used to formulate queries fRcoremodesk.

— Validation Framework provides means for constraint definition dan
parsing (Java and OCL), validation listeners, etc.
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— Service Data Objects (SDOprovides aframework for data application
development, which includes an architecture and API, sinpdjfyhe
J2EE programming model in a sensgeented architecture (SOA).

— Teneo provides a databageersistency solution for EMEEclipselink or
Hibernatg, enablingautomatic creation of EMF to Relational Mappings
and the related database schemas

— Net4j provides extensible clienserver system based on the Eclipse
Runtime ad the Spring Framework.

3.5.2. EMF Technology (EMFT)

The Eclipse Modeling Framework Technology (EMRXdject is aimed at
providing newindustryrelated incubation projects for EMF and other EMP
subprojects likeGraphical Modeling Framework (GMFModel To Model
(M2M) and Model To Text (M2T)

AThe Eclipse Modeling Framework Technol ogy
to incubate new technologiethat extend or complement EMF
[Eclipse-EMFT]

Active and downloadablEMFT subprojects:

— Ecore Tools providesa complete environment to create, edit and maintain
Ecore models, a graphical Ecore editor and bridges to other tools.

— Modeling Workflow provides arextensible framework for the integration
and orchestration of mobderocessing workflows.

— Compare:enables generic support for any kind of me@iadel in order to
compare and merge models.

— Search provides the fundamental infrastructure and components for
search queries on EMF based models.

— Mint: extends the Java Developnt Tools (JDT) with EM¥Fspecific
enhancements to improve thet-of-the-boxJava developer experience.

In-proces€EMFT subprojects without download option:

— EMFatic: textual representation for Ecore models.

— EMF4Net core runtime for the .Net platform andt €Code generation.
— Temporality automatic versioning of model instances.

— JCR ManagemerfdCRM):support for Jav&ontent RepositorfdCR).

EMFT subprojects recently promotadother EMP projects:

— CDO: promoted to EMF.

— Teneo promoted tEEMF-.

— Net4j promotd toEMF.

— Java Emitter TemplateSET): promoted taM2T.
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3.5.3. Generative Modeling Technologies (GMT)

The Generative Modeling Tools project (GMPyovides new research
incubation projects to covehe family of operationghat applicablein MDE.
The mostobvious operationis model transformation and this is the origin of
the name of the proje¢Eclipse GMT]; however, there arenany other new
operations gaining more and more relevance in this contextriegamodel
management, model weaving, model compatisaceability etg:

fIResearckoriented project focused on producing prototypes in the
area of ModelDriven Engineering (MDE) - [Eclipse-GMT]

Current research subprojects from GMT are:

— ATLAS MegaModel Management (AM3)rovides support for global
resource management MDE environmens through megamodelcf.
[Bézivin et al, 2004).

— ATLAS Model Weaver (AMW)nodel weaving tool that provides an
extensible metanodel for metamodel comparison, traceability, model
matching, model annotation, interoperabjligyc

— Epsilon: metamodel agnostic component that supports progrationa
creation, validation, weaving,navigation, and modification of EMF
models

— Generic Eclipse Modeling SysterGEMS): provides a bridge between
metamodeling tools such as the Generic Modeling Environment (GME),
and those built aroundpecific Eclipse moeling technologiessuch as
EMF and GME

— Textual Concrete Syntax (TCSgnables the specification of textual
concrete syntaxes for Doma8pecific Languages (DSLs) by attaching
syntactic information to metaodels.

— Visual Automated model TRAnsformation$A(INARAZ2):generalpurpose
framework for the specification, design, execution, validation and
maintenance of model transformations.

— MOFScript provides a metmodel independent language that enables
text generation. It is based on EMF and Ecore as-met#d framework.

— UMLX: provides a concrete graphical syntax to complement the MOF 2
QVT model transformation language.

— Model DiscoveryMoDisco): enables practical extractions of models from
legacy systems through moeiven reverse engineering.

— Open Model GurseWare (OMCW)a set of teaching and learning
artifacts for the modeling community.
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3.5.4. Model To Model (M2M)

As we have mentioned a long this documentdet transformation is a key
aspect ofMDE. The aim ofModel To Model(M2M) project is to provide a
framework for model transformatios whose source antarget were both
models, rather than textual notations:

AThe M2M project wi |1 d etd-modek r a
transformation languageés- [EclipseM2Mb]

M2M also provides a core infrastructure for specific model transformation
engines. Currentlythree transformation engines dreing develogd in the
scope of this projeceach ofthemcoveing a differentapproach

— ATLAS Transformation Langge ATL): hybrid language (declarative and
imperative)and toolkit designed to express model transformatjcarsd
inspired byMOF 2.0 QVT (cf. [Jouault et al., 2008] It was promoted
from GMT researclproject

— Procedural QVT:partial implementationfor MOF 2.0 QVT operational
languagdQVTO) [OMG, 2008b]

— Declarative QVT: partial implementationfor MOF 2.0 QVT core aml
relationslanguage (QVTR) [OMG, 2008b]

3.5.5. Model To Text (M2T)

In contrast with M2M, the Model To Text (M2T) project is aimed at model
to-text transformations, which produce text artifdike source coddiles. It
provides implementationgdevelopment tools and common infrasture for
industry standard modéb-text engines, as well as othdefacto Eclipse
standards

AThe Model to Text (M2T) project focuses on the generatitexaAl
artifacts -fl[EclippeMBTP del s. O
Current M2T sibprojectsare

— Acceleo MTL))pr ovi des an i mpl e me Modalttoi o n
Text (Mof2Text) standardOMG, 2008a]

— Xpand:staticallytyped emplatetransformatioianguage[Klatt, 2007]

— Java Emitter TemplatesJET): code generation framework and facilities
with JSRlike temphtes(promoted from EMFT)

M2T projectscoming soon

— M2T Core invocation framework to abstract features of M2T languages
— M2T Sharedinfrastructure components for M2T languages
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3.5.6. Textual Modeling Framework (TMF)

The Textual Modeling Framework (TMR)roject s aimed at DSL definition
languages and is integratedwith other subprojects athe firstlevel EMP
projectsuch as EMF, GMF, M2T and parts of EMFJurrently,it only covers
the Xtext subprojecthowever,manyother standards and solutions could need
further interoperability aridr integration with Xtextasthe OMGG6 $luman
Usable Textual Notation (HUNTDMG, 2004b]

nXtext i s a framewor k/ tool for deve
[Eclipse- TMFDb]

Xtext is based onAW Xtext [Efftinge & Volter, 2006] whichwas released
with openArchitectureWare 4.ppAW]. In fact, oAW members proposhet
TMF subproject inside EMPEclipse TMFa] and snce its creation,a newer
version of Xtext(referred as TMF Xtext)s being developed However, a
minor drawback is thaTMF Xtext will need some rgration assistance
provide interoperability withanguages based on 0AW Xtextd other textual
notations.

Anyhow, the point is thaXtext is designed for easy and efficient evolution
and maintenance of DSLs, providing means to extend a specific DBLfuNit
backward compatibilitylt mainly provides a simple EBNF grammar language,
which can be automatically transformed into a parser, an dfa@ed AST
metamodel and a complete text edifor Eclipse[Eclipse TMFb].

3.5.7. Model Development Tools (MDT)

The aim of the Model Development Tools (MDT) project is to provide
implementatios andexemplary tools of industry standard metadels:

AThe Model Development Tools (MDT) project focusesdig "M"
modeling within the Modeling project [EclipseMDT]

Currently,it coversseveral metanodelsspecificationsaand tooldike:

— Unified Modeling Language 2JML2)

— Object Constraint Languag(OCL)

— XML Schema Definition (XSD)

— Business Process Modeling Notation 2 (BPMNZ2)

— Information Management Metaodel (IMM)

— Semantics of Business Vocabulary and Business Rules (SBVR)

— MST: specificationtoolsfor MOF-basednetamodels

— UML2 Tools GMF-basededitors for viewing and editing UML models

— Papyrus edition of UML-based models and related languages as SysML
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3.5.8. Graphical Modeling Framework (GMF)

The Eclipse Graphical Modeling Framework (GMg#tbject is aimed at the
infrastructure needs of graphical ed#tofor EMF by providing generative
components and exemplary tools as proof of concept capabilities:

AThe Eclipse Graphical Modeling Framework (GMF) provides a
generative component and runtime infrastructure for developing
graphical editors based daBMF and GEFO - [Eclipse-GMF]

GMF-generated solutiorareproved by:

— The.ecore diagram editor

— The.gmfgraph bootstrapping editor
— UML2 Tools project diagram editors
— Borland Together DSL toolkit

3.5.9. EMF Core Meta -model (Ecore)
The Ecore metamodelis itself an EMF model, and thus is its own meta

model (i.e. reflexive metanodel). The core structure of this metadel is
presented belowakenfrom [Steinberg et al., 2008]

eSuperTypes
0~ EAttribute eAttributeType EDataType
Tl eAttributes |name : String ) =>|name : String
EClass 0.*
: Stri
name - >ting eReferences EReference

0+ =Iname : String
B containment : boolean

1 | eReferenceType lowerBound : int
upperBound : int

T

eOpposite | 0..1

Fig. 281 Ecore Simplified Meta-model

It can be observethat Ecore is a smadlnd simplified subset of full UML.
UML and MOFaremuch more ambitioumodelingapproacksthan the core
support in EMHeg. UML enablego modelthe behavior of an applicatioim
addition to itsclass structure)n fact, Ecore can be considered asdbdacto
industiral standard alternative to MOF, with a more pragmatic view of the
metamodeling problem.
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The complete @sshierarchyof Ecoreis presented on the next figutaken
from [Duddy et al., 2003]

EOhject
EModelElement ‘
EFactary ENamedEierment
o

EFackage ECiassifier EEnumLiteral ETypedEkrment

EClass EDataType ‘ EStncturalFeature EOperation EParameter

1 i
EEnum EAttribute EReference

Fig. 291 Ecore CompleteClassHierarchy

3.5.10. Kernel Meta -meta -model DSL (KM3)

In any moeling scenario, the precision and agilitythe definition of the
metamodek involved is crucial. Thus, thé&ghtweight KM3 metamodel
[Jouault & Bézivin, 2006js presented as a pivonetamodel for modeling
interoperability. It mainly providesa concisetextual DSL for metamodel
specification Furthermore KM3 is closely aligned with Ecore, providing
mechanisms for automatic injection and extraction of KM3 mmdels into
Ecore medrmodels. In fact, KM3 can be considered as the final user notation
for agile definition of metanodels, which are subsequently transformed into
Ecore for runtime execution and managem@ihiere are also other available
bidirectional transformations from M3 to MOF, UML, Ecore, DSL Tools
[Cook et al.,, 2007] etc. However, KM3 is simpler than these languages,
offering only the core modeling concefésminimal reflexive metanodel)

The definition ofsource and target metaodels inmodeltransformatios is
key stepof the design of tbsetransformatios. In fact, KM3 is the response of
the requests fotextual languages instead of visual languagesnetamodel
definition [Jouault & Bézivin, 2006] KM3 has a simplesyntaxand shares
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some similarities with the Java notatidinis also related t&core terminology
and has the notion of Package,Class, Attribute, Reference andPrimitive
Datal'ype as displayed onext figure[ATLAS, 2005a}

LocatedElement

+location * string

N\
1 Metamodel
—e
+metamodel
ModeilElement

+ -
contents +name : string

+package 0.1 ?

Package EnumLiteral Classifier +ype TypedElement
*contents %‘ +lower ' int
1 +upper  int
. +isOrdered : bool
+isUnique : bool
+literals * -
* +superTypes

| AN
1 Enumeration DataType Class
+isAbstract | bool

+enum

+structuralFeatures StructuralFeature
1 +owner

*

| | i

+opposite Reference Attribute

+isContainer : bool

]
Fig. 30- KM3 Meta-model

0.1

Furthermore, ltere exist fifteen megamodel zoos (i.e. a collection of meta
models definedvith the same metmetamodel) [AtlanMod-Zoos] with more
than two hundred and fifty metaodels implemented with KM3 (the main
megamodel zoo). These metedels aresubsequently andautomatically
transformed into the others fourteen metatamodels (e.g. Ecore, MOF,
UML, OWL, XML, DSL Tools, GraphML, etc).

As an example of one of these available nmtalels, we present the KM3
textualrepresentationf KM3 itself:
package KM3{

abstract cl ass LocatedElement {

attribute location . String
attribute commentsBefore [ *] ordered : String
attribute commentsAfter [ *] ordered : String
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abstract class ModelElement extends LocatedElement {
attribute name : String ;
reference  "pa ckage" : Package oppositeOf contents ;
}
class Classifier extends ModelElement {}
class DataType extends Classifier {}
class Enumeration extends Classifier {
reference literals [*] ordered container : EnumlLiteral oppositeOf  enum;
}
class EnumlLiteral extends ModelElement {
reference  enum : Enumeration oppositeOf literals ;
}
class TemplateParameter extends Classifier {}
class Class extends Classifier {
reference parameters [ *] ordered container : TemplateParameter
attribute i sAbstract : Boolean ;
reference  supertypes [*]: Class ;
reference  structuralFeatures [ *] ordered container : StructuralFeature
oppositeOf  owner ;
reference  operations [*] ordered container : Operation
oppositeOf  owner ;
}
class TypedElement extends ModelElement {
attribute lower : Integer ;
attribute upper : Integer ;
attribute isOrdered : Boolean ;
attribute isUnique : Boolean ;
reference  type : Classifier ;
}
class StructuralFeature extends TypedElement {
reference  owner : Class oppositeOf  structuralFeatures ;
reference  subsetOf [*]:  StructuralFeature
oppositeOf  derivedFrom ;
reference  derivedFrom [*]:  StructuralFeature
oppositeOf  subsetOf ;
}
class Attribute extends  StructuralFeature {}
class Reference extends Struct uralFeature {
attribute isContainer . Boolean ;
reference  opposite [0-1]: Reference ;
}
class Operation extends TypedElement {
reference  owner : Class oppositeOf operations ;
reference parameters [ *] ordered container : Parameter oppositeOf  owner ;
}
class Parameter extends TypedElement {
reference owner : Operation oppositeOf parameters ;
}
class Package extends ModelElement {
reference contents [ *] ordered container : ModelElement
oppositeOf  "package" ;
reference metamodel : Metamodel oppositeOf contents ;
}
class Metamodel extends LocatedElement {
reference contents [*] ordered container : Package
oppositeOf  metamodel ;
}
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3.5.11. Architectural Alignment of MOF and Ecore

At the beginning, th&MF project was intended toe animplementation of
the MOFspecification however, it evolved through the pragmatic experiences
of EMF-based tools developers. Nowaday®sF can be thought of as a highly
efficient Java implementation of a core subset of the MOF B&lipse, 2005]
Anyhow, to avoid confusios) the MOFlike core metanodel in EMF iscalled
Ecore which was presented previous sections.

In the current proposal for MOF 2, a similar subset of the MOF modelhwhic
is called EMOF (Essential MOF), is separated out. There are small, mostly
naming differences between Ecore and EM&€&lipse, 2005] however, EMF
can transparently read dmvrite seializations of EMOF through injectors and
extractors (e.g. bgpecifyingthefile extension .emof).
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3.6. Model -Driven Transformation S

Model transformation is thkey operation in MDEamong other remarkable
and growing operationdsike model comparison, validah, weaving, etc
Actually, these other operations are usually supported by the former. The main
contributionby the OMGin this field is the Query/View/Transformation (QVT)
standard[OMG, 2008b] Anyhow, there are many other alternative model
transformation approaches, as ATLAS Transformation Language (ATL),
which was initially focuse@n matching amnswerto the QVTRFP [Bézivin
et al., 2003]

Another language defined in the operational context of QVT and ATL is
Tefkat [Lawley & Steel, 2006] This declarativelogic-basedlanguage is
supported by Ecore as maehodeling languaggEclipse, 2005] and the
execution model is somewhat like Pradog . Ot her approaches
rewriting and transformation patterfifaentzer et al., 2005]ike VIATRA2
[Balogh & Varré, 2006] GReAT[Christoph, D05]and AGG[Taentzer, 2004]

We havechosenATL as model transformation language becauss the
most outstanding/i2M language inside EMPBGronback, 2009]It also ha a
close alignment with QVT and providesupport for a larger set of
transformation scenariohian theOMGO6 s  a p For forther somparison
betweerall thesdanguagestefer to[Jouault & Kurtev, 2007]

Anyway, model transformation has an imperative natuggder to enable its
execution. However, according to Bén et al, i madel transformations can
be abstracted to a transformation dedd [Bézivin et al., 2006] The term
transformation modek consideredn a broader sense in this work, as defined

in section2.1.3(atransformatiormanag@d as a modgl

3.6.1. MOF 2 Query/View/Transform (QVT)

The MOF 2 QVT[OMG, 2008b]standard byhe OMG iscomposed by set
of languages for defining queriend transformation over MOBasednodels.
These languages a@ore, Relation@ndOperationalMappings in addition to
OCL 2.0[OMG, 2003d] which is employed for querying models.

The QVT specification has a hybrid ned\i.e. declarative/imperativye with
the declarative pagubdividedinto a twaelayeredarchitecturedefined by Core
and Relationsrespectively As an analogy withthe Java architecture the
Relations language monsidered thanalogouf the highlevd Javalanguage,;
Core language is the counterpartJaiva lyte code and the Relations to Core
mapping ighe equivalento the Java ompiler.
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AThe Core | anguage supports pattern match
variables by evaluating conditions over thoseiaflles against a set

of models. The Core Language is as powerful as the Relations

language, though simpler. Consequently, the semantics of the Core

Language can be defined more simply, though transformations

described using the[OM®2088vJ]ar e more verboseo

The architecture of théhree QVT languages is displayed on the next figure,
taken from[Jouault & Kurtev, 2006a]

extends ] extends
Relations
Operational RelationsToCore Black
Mappings Transformation Box
extends extends
Core

Fig. 311 QVT Architecture

All the QVT packages defined in the latest OMG specificatiepends on
the EssentialOCLpackage from OCL 2.0as well asEMOF package from
MOF 2 Core[OMG, 2006a)] These package dependencies can be observed in
the next figure, adapted frof@MG, 2008b]

EMOF
Ir*> [ mmmmmm s
! |
4\ EssentialOCL
o n oo
<, ,,,,,,,,,,

I I 1 I

I I 1 I

i i i i
QVTBase QVTTemplate ImperativeQCL

- ) i
1 P T 1 I
1 I 1 I
1 I I 1 I
] | I ] |
] | I ] !
QVTCore QVTRelation QVTOperational

_________________________________________________________________

Fig. 327 QVT Package Dependencies
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The QVTBasepackage definethe commoninfrastructure forQVTCoreand
QVTRelation Furthermore, QVTRelation also depends on the template pattern
expressions defined iIQVTTemplatepackage.In addition QVTOperational
extends QVTRelatiorand uses themperative expressions defined in the
ImperativeOCLpackage.

The Relationslanguage is considered the final user declarative language for
model transformationwith QVT, providing means taleclare constraints that
must be satisfied by the elements of the candidaieaoArelation, defined
by two or moremodel elementand a pair ofwhenand where predicates,
specifies a relationship that must hdldtween the elements of the candidate
models[OMG, 2008b]

On the other hand, the Operational Mappings language covers the explicit
imperative part of QVT mappingdt provides OCL extensions with side
effects that allow a procedunatogrammingstyle and a concrete syntthat is
morefamiliar for imperative programmergOMG, 2008b]

3.6.2. ATLAS Transformation L anguage (ATL)

The ATLAS Transformation Language TA) providesboth declarative and
imperative construct$Allilaire et al., 2006] (i.e. it is a hybrid languagg
Moreover, in parallel with QVTCore ATL programs can be compiled into
byte-code of theATL Virtual Machine (ATL VM) in order to be executeth
addition, he ATLAS Model Weavingsulproject of GMT [Eclipse GMT]
provides an optional higher abstraction layer over ATL.

ATL is not only amodel transformation language, but alstoalkit and a
library of transformation$Eclipse ATL]. It providesmechanisms$o produce a
set of target models from a set of source moudgisin EMP. In fact, it relies
on EMF as metamodeling framework notwithstandingit also supports
NetBeans Metadata RepositdiMDR) [Matula, 2003] as can be observed in
the next figurdJouault et al., 2008]

ATL Compiler ATL Programs

ATLVM

Model Handler Abstraction Layer

EMF MDR

XMI 2.0\ JMI 1.2

Model Repository

Fig. 331 ATL Execution Engine Architecture
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The ATL compiler transforms ATL programs into programstten in byte
code, which is executed by thdL VM. This VM is specialized in handling
models andorovides aset of instuctions for model manipulation. Thdodel
Handler Abstraction Layeisolates this VM from model managemestystems,
translating the byteode instructionto the instructins of a specific model
handler, which provides several APIs for model ipalation (e.g. EMF and
MDR) [Jouault & Kurtev, 2006b]

Finally, model repositoriesprovide persistencefacilities for models The
simplestexample of model repository is fde system that stores adels as
XML files serializedconformingto theXMI standard, like in EMHSteinberg
et al., 2008]

The core language constructs of ATL are presented in the next figure, taken
from [ATLAS, 2005b} which omitsthe rule inheritance and imperative parts
of the core metanodel

Element

[Hocation String
|+commentsBefore String

String

emodels \ | \

: QclMode LibraryRef ‘ 1 Unit
L [fname Sting name String String OclIFeatureDefinition| +definition
+libraries  +unit [*—
Fmetamode AN 1 | +pontex_  [OciContextDefinition
rountihgdelr 3.+1.0  Teemens 0.1 | +definiion
p +definition | 1 o4
1| +model 5 - Moﬁl: : Library Query eature [ OciFearure
+
+madule 1sRefining Boolear s Fname String 0.1 +definitions
¥ " '
0.1 | ibrag:1 query o
1
N +helpers
Helper ]
+helpers ) ) 0.1 Operation
1 Rule +rule } kbody 4 &
——<@name Sting MFr———————— 0. O +gperation
llection 1
rule ~ 1 1 +body ’
VariableDeclaration [ ) ) 1 O.dopgratiap
rvalame Sting ! HnfExpression
MatchedRule #d_Sting +value | 1
FeAbsiracl Sting teollection |1 0.1 Attribute
+isRefining_Strin } |
g sing o | oraes T ~ e
‘ +attribute|
0.1 | +outPatiem | +nule i Herator Parameter 01 | satribud
. i
OutPattern +o(itPattern +parametgrs
> = )
+iterator
1 1 +retumType
1
+elements QutPatternElemant 0.1 Q.1 OciType
) 1
o [ [ ) +name String +ype
InPattern | | 1.* ForEachOutPatternElement
~+inPatterr +elements  [InPattornElement [] +context_
+nPatterr 1 P
1 1.0
+bindings SimpleOutPatternElement
OclModelElement
IteratelnPatternElement Binding
String
0.1

+elements

Fig. 347 ATL Simplified Core Meta-model
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ATL is not organized with packages and sk like other alreadgovered
metamodels. The root units of ATL are Modules, Libraries and Quelies
which in turn have references to other librari@s. the other hand, the main
constructs areRules and Helperswith other sukelements likeBindings,
InPatterns, OutPatterns, OclExpressioe$;. The inmperative parts of ATL are
grouped inActionBlocksthat are composed by different kinds ayerational
Statements.

Anyhow, the key construct in ATL are the transformation rules, and
preferably declarative osg however, it is sometimes difficult to provide a
complete for a concrete problddouault et al., 2008]The concept of helper is
taken from OCHOMG, 2003d] and they can be seen as decorators of source
modes (target models are wrienly at present)n fact, ATL is based on QVT
and build upon the OCL formalisifiBézivin et al., 2003]which is extended
with additional types and operatio(esg. Map type), as can be observed in the
next figure taken from[ATLAS, 2005b}

OclExpression
OclContextDefinition +definitions 0.1 Attribute

0.1 oclExpression

Operation +operation 0.1 VariableDeclaration

+atinbui

1 ity °
+context_ 1 .variableDéclaration
OcliType

0.1
+ype 1 name : String +t:lpe
T
1 +keyType
+elementTypeluaTydk 1
+collectionTypes 0.1 +mapType2 0.1
CollectionType TupleType OclModelElement OclAnyType Primitive MapType +mapType
0.1
N
o +
1 +tupleType Slements
| | 1 tmodel
SetType BagType ‘
OcIModel BooleanType NumericType StringType
SequenceType OrderedSetType ZF
* +attributes
RealType IntegerType
Element
0.1 TupleTypeAttribute +location : String
name : String +commentsBefore : String

+tuple TypeAttribute +commentsAfter : String

Fig. 357 ATL Type Meta-model
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3.6.3. Architectural Alignment of QVT and ATL

The QVT standardis proposed in the context ¢fie MDA approachand
aimed at software developmentalternatively ATL requirements evolved
toward solving interoperaibity problems between technological spacBisus,
on one hand, QVT operational context is basedOF modelsrhainly XMI-
basedtransformations)supportingbidirectional transformationgOn the other
hand, ATLdeab with variouskinds ofmodels expressdd different languages
and technologiedn this sense,rbm the ATL perspectiveQVT only solves
transformational problems within the OMG/MDAS, while ATL provides
Technical Projectors$or bridging TSgJouault & Kurtev, 2006a]

The ATL architecture can be organized in three layers, as displayed on the
next figure[Jouault & Kurtev, 2007]

AMW

AMW to ATL
transformations

ATL

ATL compiler

ATL VM

Fig. 367 ATL Three-layered Language Architecture

On a different matterhe interoperability between QVT and ATLpsoposed
astransformationdetween languages rather titaroughinterpreters: because
the adaptation dhe target engine may beo difficult, too expensive or simply
not be possible in sonoasegJouault & Kurtev, 2006a]

Abstractness

A Core to OM
PERYY. Relations
i L ., Relations
K ATL to OM to Core
l .
oM drevnavnewn ATL Core
H et

% E y
=
P

VM

Imperative Hybrid Declarative

Fig. 377 QVT/ATL Interoperability through Language Transformation
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The proposedalignmentbetweenQVT and ATL components
the next table, taken frofdouault & Kurtev, 2006a]

is covered in

Cuategory ATL vl
< = Abstraciness AMW
I~ Relations
= £ 2
Ecxw Core, Operational
£E: ATL _
= =8 Mappings
L o= ¥
= £ 2
L= g
== VM

ation

I'ransform
Scenar

Madel synchroni-
zation

See note (1)

Relations, Core

Conformance
checking

Seenote (1)

Relations, Core

Maodel transforma-

AMW., ATL, VM

Relations, Core,

Operational Map-

tion
pings
Declarative AMW Relations, Core
=]
=t -
= Hybrid ATI
&
= . Operational Map-
lmperative WM perationa P
pings
é Multidirectional AMW Relations, Core
2
S Unidirectional ATL, VM Operational Map-

pings

Operational Map-
pings, Relations and

= M-to-N AlTL, AMW, VM . .
= Core (in checkonly
E mode)
= Relations and Core
~ M-to-1 (in enforee mode, see
also note (2))

. Relations, Opera-
z Automatic ATl seiations, Lipera
= tional Mappings
;
-1
= User-specified VM Core

In-place Update

ATL (in relining
mode). VM

Relations. Core,
Operational Map-
pings

Fig. 387 QVT/ATL Architectural Alignment

Note (1): Conformance checking and model synchronization can be implemented in ATL by writing
transformation programs but there is no language support for it whereas there is such a support in Relations

and Core.

Note (2): The QVT specification does not clarify well the cardinality issue in case of enforce mode.
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3.6.4. Model Transformation Taxonomy

In this section,we present ggeneraltaxonomyof model transformatios.
This isstill adraft,and then we expect teviewthis taxonomy in future works.
It is important to remarkhat the term model for the source and target of
transformations can be an instance model, a-mei@el or even a metaeta
model, depending on the abstraction layer where transformations are applied
(e.g. M1, M2 or M3 respectively).

As it was mentionedn previous sectiongransformations can be classified
attending to the differences about the detail level or proximity to théimn
specification in terms of the source and target models:

— Vertical transformationchanges the compleyitevel of the specification
(e.g. transformations between CIM, PIM and PSM in the MDA
architecture[GarciaDiaz et al. 200§] When moving downwag] the
target model is &pecializationof the original model, and when moving
upwards, the target isgeneralizatiorof the original.

— Horizontal transformation:keeps the complexity level, but performs
operations to extend the statements inside a spemitihitectural layer
(e.g. inference of relations between UML classes or refactoring
techniques). It is often supported bthaory, which is encapsulated inside
a single metdayer[Sedewitz, 2003]

Attending to the concrete syntax of the transformation language that defines
the specification of the transformation model we have:

— Declarative/ relational transformation:uses a simpler formal syntax and
provides more powerful generic atrsformation functionalities (e.g.
mathematicabr graph rewritingoundationgLawley & Steel, 2006}

— Hybrid transformation:merges both declarative and imperative constructs
This is the approach adopted in the ATL model transformation tool
[Jouault et al., 2008ind the QVT standaf®MG, 2008b]

— Imperative transformationusually applied in domain specific scenarios
where it is required a concrete syntax to sesetjuentiallythe desired
elements from source and target models. It is also calpemtational
transformationMetzger, 2005]

Becausethe target model could conform to the same metdel as the
original or not, there exist:

— Endogenous transformatiorconverts source models into target models
that conform to tB same metanodel specification(e.g. horizontal
transformations for model testing or debugging instrumentglitatizger,
2005)).
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— Exogenous transformationimplies mayor changes in the raeptual
metalayer by means of a metaodel replacement (e.g. vertical
transformations in the MDA approach or even horizontal transformations
for the interoperability of meteodels specifications with equivalent
semantics).

Focusing on the execution cemt of the transformation process, two
approaches are identified:

— Full or statictransformation:involves a transformation of all the elements
from source to target. This is the most widespread approach in MDE
solutions[PalaciosGonzalez et al., 2008b]

— Adaptable or dynamic transformatioonly performs the transformation
over the modified elements of the source model. This is an emerging topic,
which is aimed at getting more dynamidrastructures for MDE. It also

requires some kind of version management for mdéece & Rumpe,
2007]

Another important property to take care of is the potential ambiguity of the
transformation language:

— Deterministic tansformation: provides the same target models for the
same source model within equivalent contexts, even if the execution
sequence of transformation rules is +dmierministic (i.e. they are
performed in different ater)[Jouault et al., 2008]

— Nondeterministic transformationthis kind of operation is useless in
almost every possible scenario, due to their lack of consistency for
predictability,validation and verification.

As reverse transformations are not always available, yet another classification
is possible:

— Bidirectional transformation:enables transformation from source to target
and vice versa, whether with the same patterns or not.

— Oneway transformation: only provides transformation from source to
target.

Finally, attending to the composition or cardinality of the transformation
model, we have also identified some other featuresali@mic, chain, diagonal,
bijective, injective,etc. However, these terms are not covered in thsrk
because they are out of scoper a deeperreading about transformation
taxononies and classificationsefer to[Van Gorp, 2008][Mens & Van Gorp,
2006] [Wang, 2005] [Metzger, 2005] [Kurtev, 2005] and [Czarnecki &
Helsen, 2003]
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Chapter 4

System Architecture

In this chapter we present the main components of our proposed system.
We will remark the more innovative issues and the justification of the applied
techniques. Moreover, we will briefly summarize the main contributions and
limitations of the actual prototype.

Among others, we will describe the global architecture and otidten of
the chain of model transformations, the TS bridges and projectors, and the
metamodels employed. This project does ingblvesource code from typical
programming languages like Java or Gieverthelesst requiresother kind of
source code, hich conforms to textual corete syntaxes like KM3 and ATL,
or XML fileslike Ecoremodelsserialized with XMiand ANT builds.

The developed system provides several ATL transformations that enable to
perform measureent operations over ATL elements (meduand rules)and
to generate several complementary final models, like SVG charts and
(X)HTML reports.
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4.1. Globhal Overview

Instead of designing an atomic and hergnaintain transformatigrwe have
followed the ATL guidelines, providing several partial sBommations, each
one responsible of a unique conceBome of these transformations have been
reused from other already developed ATL scenafibslipseATL], like
Measure2XHTMLMeasue2Table Table2SVGBarChart, Table2SVGPieChart
and Table2TabularHTMLThe reuse of tkse transformation models supports
the assertion that modeland transformation modelare easily reusable
artifacts in MDE .We also provide an ANT script to generate tbmplete end
user models from one unique source model (i.e. ATL file) or from the
composition ofaset of source models (e.g. by providing a directory path).

This script requires the ANT tasks for ATL, provided by the AM3 project
[Eclipse GMT]. It also needs thANT-Contrib library, which providesa new
collection of tasks foANT (e.qg.if, foreach etc)

An alternative to this ANT approach could be designed with the set of Java
libraries for ATL and EMF; however, have decided to use the ANT solution
because it could be managed as a XML model in future versions, following the
MDE vision.

4.2. ANT Script

Before going into the details of each of the partial transformations, we will
briefly sumnarize the main issues of the proposed ANScript
buildAll.xml (see Annex L) This ANT scriptis inspired by théANT file
included in theModels Measureme®TL use cas¢Vépa, 2007a]

In addition, our proposed ANT scrigtan be customizedthrough the
buildAll. properties file (see Annex I). The first customizable
property isbuild.mode

# Choose a build mode among: {OneSource, MergeAll, Complete}
build.mode = Complete

This property camake threalternativevalues:

— OneSource : performs the measurement operations over a single user
defined ATL fileand generates all the ender files fom them

— Complete : performs the measurement operations over all the ATL files
in thesource directory,merges all the results into one unique Measure
file and generates all the ender files for all the measurements obtained.

— MergeAll : similar toComplete , but it skips thaterativemeasurement
activity.
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The secongroperty issource.model.name . It defines the name of the
source ATL file and the prefix dinal and intermediat@enes inOneSource
mode. In bothComplete andMergeAll modes, this property only defines
the prefix ofintermediate anfinal models, like in this example:

# Choose a source model n ame (also implies target names)
source.model.name = AllMeasures

4.2.1. Complete Build

This composite taskerforms the measurement operations over all the ATL
files in thesource directory, merges all the results into one unique Measure
file and generates all trenduser files for thenergedmeasurementdVe will
present a toglown view, reusing thesequentialtasks described inthe
following sections.

Complete Build

Search Source Directory

Create Target Directories

aloops

|

|

|

|

|
asequential » Vo
All Targets for One Source Model | !
|

|

1

|

!

oo |

'\.\_ -
Lo P |
o J _____________ - +

ST TTTTTT T T T T T T T T T T
! wsequential » 1
I Merge All Measures :
|
y o |

Fig. 391 Complete Build
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4.2.2. All Targets for One Source Model

The activity diagram for tisitask is provided ifrig. 40. This compositetask
first loads all the required metaodels for the intermediate and final target
models from themetamodels directory with ANT/AM3 loadModel
operation Once loaded all target metaodels the ANT script loads the source
metamodel and inject the ATL file ilATL textual concrete syntax, with a
TCS predefined injector, into and Ecore model conforming teettrebased
ATL metamodel(see sectiod.2.4). It also serializes this intermediate model
for debugging purposegith ANT/AM3 save Model operation

All Targetz for One Source M odel

( Load Target Meta-models )

wsequentials

i |
: . Measurement :
| |
| |
| |
| |
I |
I |
: (Load.‘iourt:e F."Ieta-mcdel) :
| |
| |
| |
| |
I |
| |
1 Inject ATL File to ATL Model Serialize Injected ATL Model (XMI) 1
| |
| |
- - —= |

: <source.model .name>.atl <gource.madel .name>.ecore 1
|

I .
| |
|

| i
| |
| |
|

: Measure ATL Module Serialize G enerated Mesure Model [(XMI) 1
|

| |
| = |
l ATLZMeasure.asm <source.model.name>Measure.ecore :
: .
| |
| |
I |
I |
|

: .
| |

asequentials
Generate End-user Files

Fig. 407 All Targetsfor One SourceModel
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Once loaded all the required models, th€L2Measure.asm compiled
transformations invoked with the ANT/AM3atl operation It perforns the
measurments over the source ATL model and the generated Measure model is
serialized into XMI The ANT snippetfor this ATL transformation is:

<! -- Transforms source model ( Ecore) to Measure model (Ec ore) -- >
<am3.atl  path= "${ source.metamodel.name}2${measure.metamodel.name}.asm" >
<! -- Source meta -model -- >
<inModel name="${source.metamodel.name}" model= "${source.metamodel.name}" />
<! -- Source model -- >
<inModel name="IN" model="SourceModel" />
<! -- Targetmeta -model -- >
<inModel name="${measure.metamodel.name}" model="${measure.metamodel.name}" />
<! --  Target model - >
<outModel name="OUT" model="${measure.model.name}"

metamodel= "${measure.metamodel.name}" />
</am3.atl>
<! -- Serialize sthege nerated Measure model (Ec ore/XMl) - >
<am3.saveModel model="${measure.model.name}"

path= "${target.dir}${measure.model.name}.ecore" />

Subsequently, a series of secondary transformations is invoked in order to
generate the endser models and their respige files (see next section).

4.2.3. Serialization of SVG and (X)HTML Files

This set ofsecondarytasksperforms aset of chairs of transformations in
order to generate all the ender results in SVG and (X)HTMLSection4.5
descriles in more detail the transformations required to generate the Ecore
based models for SVG, HTML and XHTML metaodels.

In Fig. 41 we present a simplified activity diagram of this procé&ssch of
the SVG and (X)HTML generated meld is transformed in turn into Ecere
based model conforming to the XML metedel, which is subsequently
serialized into a textual XML file.§vg and.html respectively), with the
EMF predefined XML extractor.

As an examplehis isthe ANT snippet for he complete XHTML chain:

<! -- Transforms Measure model (Ecore) to XHTML model (Ec ore) - >
<am3.atl path= "${ measure.metamodel.name}2${xhtml.metamodel.name}.asm" >
<! -- Source meta -model -- >
<inModel name="${measure.metamodel.name}" model= "${measure.metamo  del.name}" />
<! -- Source model -- >
<inModel name="IN" model="${measure.model.name}" />
<! -- Targetmeta -model -- >
<inModel name="${xhtml.metamodel.name}" model= "${xhtml.metamodel.name}" />
<! -- Helpers library - >
<library name="${measure.metamodel. name}Helpers"
path= "${lib.dir}${measure.metamodel.name}Helpers.asm" />
<! -- Target model - >
<outModel name="OUT" model="${xhtml.model.name}"
metamodel= "${xhtml.metamodel.name}" />
</am3.atl>
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<! --  Serializes the generated XHTML model ( Ecore/XMI ) -- >
<am3.saveModel model= "${xhtml.model.name}"
path= "${target.dir}${xhtml.model.name}.ecore" />
<! -- Transforms XHTML model ( Ecore) to XML model ( Ecore) - >
<am3.atl  path= "${ xhtml.metamodel.name}2${xml.metamodel.name}.asm" >
<inModel name="${xhtml.me tamodel.name}" model= "${xhtml.metamodel.name}" />
<inModel name="IN" model= "${xhtml.model.name}" />
<inModel name="${xml.metamodel.name}" model="${xml.metamodel.name}" />
<outModel name="OUT" model="${xhtml.model.name} - XML"
metamodel= "${xml.metamode l.name}" />
</am3.atl>
<! --  Serializes the generated XML model with XML extractor (XML/XHTML) - >
<am3.saveModel = model="${xhtml.model.name} - XML"
path= "${target.dir}${xhtml.model.name}.html" >

<extractor name="xml" />
</am3.saveModel>

Generate End-user Files

Measure2Table

<source. modelname>-Table.ecore

TableZTabularHTML

<source.model.name>-TabularHTML .ecore

<source.model.name>=-TabularHTIML. htmi

Measure2XHTNL
_\ <source.model.name=-¥HTM L. ecore

(/_ Table25VGPieChart

<source.moedel.name>-5VGFieChart.ecore “source.model.name-KHTML.html

<source. model name>-5WVGFieChart. swg
'/— Table25VGEBarChart —\'

<source.moedel.name>-5VGHarChart.econre

<source. model namer-5VGBarChart. swy

Fig. 417 Serialization of SVG and (X)HTML Files
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4.2.4. Merge All Measures

This last step iterates over all the Measure models generated from each of the
ATL files of the source directory and provides a unique Measure model,
storing all the measures obtainéar these ATL modules. The measures
obtained over the ATL rules are discarded because this merged onbdatts
as a comparative among all models. Nevertheless, as the details of each ATL
module are stored in the ender files generated for each Asturcefile, they
are still availablendependently (see sect®#.2.2and4.2.3.

M erge All Meaaures

S

-
o N

« DO

lterate Measure Models
( Load Measure Sources )
Measure Merge Senalize Merged Measure
MeasureMerge.asm = <source. model.name>-Measure. ecore

' wsequential » :
| Generate Enduser Files |
1 1
1 1

1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
I
|
|
|
|
|
|

e

Fig. 427 Merge All Measures

Once merged all the Measure models, the-uset files for ths model are
generated in the same way as single measures (see sé@iGasd4.5).
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4.3. AMMA Textual Concrete Syntax (TCS)

The Textual Concrete SyntaX@S) project, see sectiol.5.6 provides a
bridge between grammafEBNF) and EMF technological spaces. It
implementsthe concrete syntax &ll the AMMA core languages like KM3
(section 3.5.10, ATL (section3.6.2, and TCS itself.lt also enables the
definition ofthe concrete syntax of other DSIESg. 43, adapted fronjJJouault
et al., 2006)details the relatiomamong theseoreDSLs:

Legend

<Name> Model

]

|

1

1

1

]

]
Model <Name>: :
- DDMM: Domain :
Definition MetaModel 1
- CS: Concrete Syntax |}
1

1

1

1

]

]

1

1

1

1

]

]

1

- <Name>: transformation

—_— > definedin

TCS2EBNF

KM32Ecore ATL2VM

[
S

Fig. 437 AMMA Core DSLs: KM3, ATL and TCS

TCS also enables to generate DSL projectors for injection (i.etcembdel)
and extraction (i.e. modéb-text). These features are covered Fiy. 44,
adapted fronfJouault et al., 2006]

¥ |
ANTLR |
A

I

TCS2ANTLR.atl

SM_ € ! > M, CS.
-
I — I
Extractor | — -~~~ "~ _ _ __-—-
Legend: — —» transformation input
—>» conformsTo ANTLRGEN ANTLR parser generator

Fig. 447 TCS Use Case
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4.3.1. TCS Injector

In our project, TCS is used to inject the ATL textual files into ATL models
conformingto Ecore (i.e. &S bridge between TCS and EMF), as described in
section4.2.2 This TCS injector is included in the standard build\oL.

The following figure shows how a DSL file (e.g. KM3 or ATL) can be
automatically injecd into an Ecore model. Once loaded, this model can be
transformed with ATL into any other related model:

TCSTS i
__________________________ .i
TCS
<Source> | <Source> ATL <Targef> M2
Syntax i
yy b yy
,,,,,,,,, A ] S [ T
i
1
i :
<Source> i <Source> <Source> <Target> M
File > Model > To Model :
H <Taget>
-...,__/-—_

Fig. 457 TCS Injector

In addition, hisis the ANT snippet where this injector is called:

<! -- Loads ATL meta - model by URI (Ecore) -- >
<ama3.loadModel = modelHandler= "EMF" metamodel= "MOF" name="ATL"

nsUri= "${atl.metamodel.uri}" />
<! -- Loads ATL model (  Ecore) with textual EBNF injector (EBNF/ATL) - >
<am3.loadModel = modelHandler= "EMF" metamodel= "ATL" name="SourceModel"
path= " ${source.dir}${source.model.name}.atl" >

<injector name="ebnf" >
<param name='name" value= "ATL" />
<[injector>
</am3.loadModel>
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4.4. Measurement

In this section, we present the KMbased metamodels andthe ATL
transformations thagnable both measuremenand merge activitiesWe also
present the reused Table matadel,which store any kind of data into simple
rows and columnsThis intermediate result assists the transformation of

structured datdike the measuecollected over the ATlsourcemodels.

4.4.1. Measure Meta -model

The measure metaodel presentedn this work is adapted from[Vépa,
2007b] This metamodel enables to defin€ategoriesas a set oMetrics,
which can be applied over differeBtenentKindsrelated toModelKinds We
preserved
value for ATL models (ATL), and two ElementKindsvaluesfor measuring

have

backwar d

c o mpMadelKibdi | i t vy

ATL modules &tl_modul@ and elementsafl_module_element

RootMeasureSet

+rooct

+modelType

: ModelKind

>

1 1..*

1 +root
* tmesureSetsa

Category
+name : String
MeasureSet +tdesc : String
+elementName : String
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Fig. 467 Measure Metamodel
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Models conforming to this metaodel store the measurement data collected.
The root element iRootMeasureSetyhich containdwo collections. The first
collection is a set o€ategorieshat in turn aggregates severalatedMetrics
The second one is a collection easureSetshat containdVieasures,each
onelinked with a concrete existehtetric:

<?xml version="1.0" encoding="1SO -8859- 1"?>
<RootMeasureSet  xmi:version=  "2.0" xmlns:xmi= "http://www.omg.org/XMI"
xmin s:xsi=  "http://www.w3.0rg/2001/XMLSchema - instance"

xmins= "Measure" modelType= "ATL" >
<categories name="PMMDT"

desc= "Percentage Metrics for Model - Driven Transformations" >
<metrics name="GQF" desc= "Global Quality Factor" preferredValue= " &gt; 50" />
<metrics name='LRF" desc="Lazy Rules Factor" preferredvValue=  "&It;30" />

</categories>
<measureSets elementName= "UML2MOF" elementType= "atl_module" >
<measures xsiitype= "PercentageMeasure" metric= "//@categories.0/@metrics.0"
value= "0. 97"/>
<measures xsiitype= "PercentageMeasure" metric= "//@categories.0/@metrics.1"
value= "0.0" />
</measureSets>
</RootMeasureSet>

4.4.2. Table Meta -model

This figure showthe diagrammatic view of this simple metendel:

Table 1 1= Row 1 1 Cell
@ ——+content : String
+rows +cells

Fig. 477 Table Meta-model

As we have mention before, the Table mmtadel (available afAtlanMod-
Zoos)), allows generating intermediate Table models from structured data:

<?xml version="1.0" encoding="1SO - 8859- 1"?>

<Table xmiwversion= "2.0" xmins:xmi= "http://www.omg.org/XMI"
xmlns= "Table" >

<rows>

<cells content= "ATLModule" />
<cells content= "PMMDT::GQF"/>
<cells content= "PMMDT:.LRF" />

</rows>

<rows>
<cells content= "UML2MOF/>
<cells content ="97.8%" />
<cells content= "0%"/>

</rows>

</Table>
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4.4.3. ATL2Measure

This transformation generates a Measure model with all the data collected
over the ATL source model. As can be observedrig. 48 source and
transformatiormodelsconforms to ATL metanodel, thus this is an example
of a simple metdransformationalso known as BT (see sectiof.1.3.

ATL Measure MQ

______________________________________________

ATL Measure
To Model | M

Measure

Fig. 481 ATL2Measure Transformation

The ATL source code of this transfornmatiis available ilAnnex Ill.

4.4.4. MeasureMerge

This transformation takes two Measure models as input and generates a target
Measure model combining the data from both sources. This transformation can
be optimized to accept a variable lgt arguments; however, due to some
limitations ofthecurrent ATL version this is not possible yet.

Because the intermediate Measure models for every ATL source file are
automatically transformed into ender files, this transformation discard the
measues taken from ATL rules. Then only measures applied over each global
ATL module are considered, preserving the legibility of -esdr files
extracted fronthis merged model.

This ATL transformation is 100% declarative, following the guidelines
recommendedn the ATL User GuiddATLAS, 2006]. In addition, itcan be
considered, irconjunctionwith ATL2Measure,as a concrete contribution to
the ATL Library[EclipseATL] because¢heyhave been designed from scratch.

102



José Barranquero Tolosa, Master on Web Engineering (Univers®yiedg

Measure ATL Measure M2

Measure |
Model A ) ,
o Merged
MA::: u;e Measure M ]
e 9 Model |
Measure !

Model B

Fig. 491 MeasureMerge Transformation

The ATL source code of this transformation is availableratex V.

4.45. Measure2Table

Finally, this is the global overview of the Measure2Table transformation,
available afVépa, 2007c]

Measure ATL

Measure
Model

Fig. 5017 Measure2Table Transformation
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4.5. SVG, HTML and XHTML

This last sectin describes the metaodels and ATL transformations
required fortheuse caselescribed in sectiof.2.3

45.1. Ecore -based Meta -models

There arethree Ecore/KM3 metamodels involved: SVG, HTML and
XHTML. These metanodels enable teerialize conforming models into XMI,
but they need a further transformation into XML Ecore/KM3 metamodel
(see sectiod.5.3. All these metamodels are also employed [Mépa, 20073a]
and they are freely available jaAtlanMod-Zoos}

4.5.2. Model Transformation Pattern
SVG and HTML models are generated from the intermediate Table models

(see section4.4.2and4.4.5. However the XHTML model is generated from
Measure models directly (see sectidriz.3and4.4.1).

The relatd model transformation patterior all these transformationis
presented irfrig. 51:

<Source> ATL <Target> M2
<Source> <Target> M '|
Model Model !

Fig. 517 End-user Model Transformations
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4.5.3. XML Extractor

Each of the SVG and (X)HTML generated models is transformaarmninto
an Ecorebased model conforming tahe XML metamodel, which is
subsequently serialized
respectively), with the EMF predefined XML extractor.

into a textual XML filesg

and .html

____________________________________________________________________

<Source> ATL
<Source> N <So$;ce>
e
Model amL

XML
Schema

,,,,,,,,,,,,,,,,

Fig. 527 XML Extractor

M3

M2
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Chapter 5

Measurement Results

This chapterfirst presents a set of metrics to measure ATL transformation
models. These metrics are described in natural language, as wdby as
OCL/ATL formal definitions in order to be automatically applied by @CL
engine, like the ATlvirtual machine.This will assists in the extension and
reuse of these metrics in related works.

After the formal definition of this set ohetrics, we presentthe results
collected over a set of model transformations. For this ywwekhave selected
seveal metamodeling TS bridges among UML, MOF, Ecore, KM3 and
Microsoft DSL Tools These results provide quantitative measurements of the
declarative and imperative constructs of these transformations, as well as their
relative quality factors.

In addition, all the toplevel results extracted from these transformations are
merged into one unique model in order to assisp@gorm a comparative
study amonghem.Final sections present the interpretation and discussion of
these results.
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5.1. Met hodology

This workis inspired by thécormal Library for Aiding Metrics Extraction
(FLAME) [Baroni & Abreu, 2003; Baroni, 2002fimed at OO design models
(e.g. UML basedBaroni & Abreu, 2002; Baroni et al., 2002Dur proposed
metricscan be considered turn as an alternativextensible library for aiding
metrics dénition over transformation models.

In the bllowing subsectionswe present the two categories of metrics
proposed n t his mastero6s thesis, swmhhisch ar e
field for the time beingAs we have introduced beforehese metricsare
described in natural language, as wellbgsOCL/ATL formal definitions in
order to be automatically applied by an OCL engine, tileeATL VM. This
will assist inthe extension and reuse of these metridaturerelated works.

51.1. AMMDT: Absolute Metri c¢s for Model -Driven
Transformations

The AMMDT category includes a set of tweleeuntingmetrics for ATL
modules andix relatedcountingmetricsfor their ATL rules

Acronym Metric Name Context
NAH Number of Attribute Helpers ATL Module
NOH Number of peration Helpers ATL Module
NOR Number Of Rules ATL Module
NMR Number of Matched Rules ATL Module
NCR Number of Called Rules ATL Module
NLR Number of Lazy Rules ATL Module
NIE Number of InPattern Elements Both
NLV Number of Local Variables Both
NOE Number of OutPattern Elements Both
NOB Number of OutPattern Bindings Both
NAS Number of ActionBlock Statements Both
NAB Number of ActionBlock Bindings Both

Table57 AMMDT: Absolute Metrics for Model-Driven Transformations

This simple set of metricswill be reused in turn for the definition of the
Percentage Metrics for Mod&lriven Transformationésee sectioh.1.2).
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Name NAH - Number of Attribute Helpers
Description Total number of attributegipers inanATL module
helper def :NAH: Integer =
ATL!Helper - >allinstances() ->
Formal definition select(e |
e.definition.feature.ocllsType Of(ATL!Attribute) )
- >size();

Table 617 NAH: Number of Attribute Helpers

Name NOH - Number ofOperationHelpers
Description Total number obperatiorhelpers iran ATL module
helper def :N OH: Integer =
ATL!Helper - >allinstances() ->
Formal definition select(e |
e.definition.feature.ocllsTypeOf(ATL! Operation ))
- >size();

Table 77 NOH: Number of Operation Helpers

Name NOR - Number Of Rules

Description Total number ofulesin anATL module

helper def :NOR: Integer =

Formal definition ATL!Rule - >allinstances() - >size();

Table 87 NOR: Number Of Rules

Name NMR - Numberof MatchedRules
_ Total number ofmatchedrules (i.e. declarative)in an
Description
ATL module

| Qlet helper def :NMR: Integer =
Formal definition ATL!MatchedRule - >allinstances() - >size()

Table 97 NMR: Number of Matched Rules

Name NCR - Numberof CalledRules

Total number ofcalled rules (i.e. imperativeh an ATL

Description
P module

helper def :NCR: Integer =
Formal definition ATL!CalledRule ->allinsta  nces() - >size();

Table 107 NCR: Number of Called Rules
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Name

NLR - Numberof LazyRules

Description

Total number ofleclarative lazy rulem anATL module

Formal definition

helper def :NLR: Integer =
ATL!LazyMatchedRule - >allinstances() - >size();

Table 117 NLR: Number of Lazy Rules

Name

NIE - Numberof InPattern Elements

Description

Total number oinPattern Elementi®n an ATL moduleor
an ATL rule(always takes the 0 value for called rules)

Formal definition

helper def :NIE: Integer =
ATL!InPatternElement - >allinstances() - >size();
helper context ATL!Rule def :NIE(): Integer =
if  self.ocllsKindOf(ATL!MatchedRule)
then
self.inPattern.elements - >size()
else
0
endif ;

Table 127 NIE: Number of InPattern Elements

Name

NLV - Numberof Local Variables

Description

Total number oflocal variables (readnly) declared
within anATL moduleor an ATL rule

Formal definition

helper def :NLV: Integer =

ATL!RuleVariableDeclaration - >allinstances() - >size();
helper context ATL!Rule def :NLV(): Integer =
self.variables - >size();

Table 137 NLV: Number of Local Variables

Name

NOET Number of OutPattern Elements

Description

Totd number ofOutPattern Elemenisleclarative)within
anATL moduleor an ATL rule

Formal definition

helper def :NOE: Integer =

ATL!OutPatternElement - >allinstances() - >size();
helper context ATL!Rule def :NOE(): Integer =
if  not self.outPattern.oc lisUndefined()
then

self.outPattern.elements - >size()
else

0
endif ;

Table 147 NOE: Number of OutPattern Elements
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Name NOBi Number of OutPattern Bindings

Total number ofOutPatternBindings (declarativé within

Description anATL moduleor an ATL rule

helper def :NOB: Integer =
ATL!Binding - >allinstances() - >size();

helper context ATL!Rule def :NOB(): Integer =
if not self.outPattern.oclisUndefined()
Formal definition then

self.outPattern.elements ->

collect( e | e.bindings.size() ) - >sum()

else

0
endif ;

Table 157 NOB: Number of OutPattern Bindings

Name NAST Number ofActionBlock Statements

Total number of ActionBlock Statements(imperative)
Description within an ATL module or an ATL rule (the composite
statements are measured recursively)

helper def :NAS: Integer =
ATL!Statement - >alllnstances() - >size();

helper def :NAS(s : Sequence (ATL!Statement)) . Integer =
s- >collect(s | s.NAS()) - >sum();

helper context ATL!Statement def :NAS(): Integer =
if self.ocllsTypeOf(ATL!ForStat)
then
1 + thisModule.NAS(self.statements)
el se
if  self.ocllsTypeOf(ATL!lfStat)
then
1 + thisModule.NAS(self.thenStatements) +
if self.elseStatements ->size() >0
o then
Formal definition thisModule.NAS(self.elseStatements) + 1
else
0
endif
else
1 -- onlyself (atomic statement)
endif
endif ;

helper context ATL!Rule def :NAS(): Integer =
if not self.actionBlock.ocllsUndefined()
then
thisMod ule.NAS(self.actionBlock.statements)
else
0
endif ;

Table 167 NAS: Number of ActionBlock Statements
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Name

NABT Number of ActionBlock Bindings

Description

Total number ofActionBlock Bindings (imperativewithin
anATL moduleor an ATL rule (neasuredecursively)

Formal definition

helper def :NAB: Integer =

ATL!BindingStat - >alllnstances() - >size();
helper def :NAB(s : Sequence (ATL!Statement)) : Integer =
s- >collect(s | s.NAB()) - >sum();
helper context ATL!Statement def :NAB(): Integer =
if  self.ocllsTypeOf(ATL!ForStat)
then
thisModule.NAB(self.statements)
else
if  self.ocllsTypeOf(ATL!IfStat)
then
thisModule.NAB(self.thenStatements) +
if self.elseStatements - >size() >0
then
thisModule.NAB(self.elseStatements)
else
0
endif
else

if  self.ocllsTypeOf(ATL!BindingStat)
then 1 else 0 endif
endif
endif ;

helper context ATL!Rule def :NAB(): Integer =
if not self.actionBI ock.ocllsUndefined()
then
thisModule.NAB(self.actionBlock.statements)
else
0
endif ;

Table 177 NAB: Number of ActionBlock Bindings

5.1.2. PMMDT: Percentage Metrics for Model -Driven
Transformations

The PMMDT categoryprovidesa set offive percentagametrics for ATL
modules andhreerelatedpercentagenetrics for their ATL rules:

Acronym Metric Name Context
ORF Operational Rules Factor ATL Module
LRF Lazy Rules Factor ATL Module
OSF Operational Statements Factor Both
OBF Operational Bindings Factor Both
GQF Global Quality Factor Both

Table 187 PMMDT: PercentageMetrics for Model-Driven Transformations
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This simple set offactorsis supported bythe definition of thealready
describedAbsolute Metrics for ModetDriven Transformationgsee section
5.1.7), providing a global ad efficient overview of the nature of each ATL
moduleandbr rule measured.

Name ORF1 Operational Rules Factor
Description Quotient betweenhe NCR (imperativeuleg and NOR
P (declarativeruleg of anATL module
L helper def :ORF: Real =
Formal definition | “ismodule.NCR / thisModule.NOR;
Table 197 ORF: Operational Rules Factor
Name LRFT Lazy Rules Factor
Descrintion Quotient between the NLR (lazy declarative rules)
P NMR (total declarative rules) @nATL module
L helper def :LRF: Real =
Formal definition thisModule.NLR / thisModule.NMR;
Table 207 LRF: Lazy Rules Factor
Name OSFi Operational Statements Factor
o Quotient between the NAS (imperative statements)
Description

NAS + NOE (total statements) ahATL moduleor rule

helper def :0OSF: Real =

thisModule.NAS / (thisModule.NAS + thisModule.NOE)
Formal definition
helper context ATL!Rule def :OSF(): Real =
self.NAS() / (self.NAS() + self.NOE());

Table 217 OSF: Operational Statements Factor

Name OBF i OperationalBindingsFactor

Quotient between the N& (imperative bindingg and

Description NAB + NOB (total bindingg of an ATL moduleor rule

helper def :OBF: Real =
thisModule.NAB / (thisModule.NAB + thisModule.NOB);

Formal definition

helper context ATL!Rule def :OBF(): Real =
let aux: Integer = (self.NAB() + self.NOB() )
in if aux>0 then self.NAB()/aux else 0 endif ;

Table 227 OBF: Operational Bindings Factor
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Name

GQFi Global Quality Factor

Description

This factor provides a global overview of the quality of
ATL module through thigjuotient:

(NMR 1 NLR) + (NOET NLV i NAS) + (NOBi NAB)
NOR + NOE + NOB

The quotient for an ATL rule is:

(NOET NLV i NAS) + (NOBi NAB)
NOE + NOB

The maximum value is 1 foexcellentquality and O fon
poor quality, in terms ofrecommencaonstructgcf. [Jouault
et al., 2008; Jouault & Kurtev, 2007; Taentzer et al., 20(

Formal definition

helper def :GQF: Real =
let aux: Real =

( (thisModule.NMR - thisModule.NLR) +
(thisModule.NOE - thisModule.NLV - thisModule.NAS) +
(thisModule.NOB - thisModule.NAB) )/

( thisModule.NOR + thisModule.NOE + thisModule.NOB )
in

if aux<=0 then O else aux endif ;

helper context ATL!Rule def :GQF(): Real =
let aux: Real =
((self.NOE() - self.NLV() - self.NAS()) +
(self.NOB() - self.NAB()) )/
('self.NOE() + self.NOB() )
in
if aux<=0 then O else aux endif ;
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5.2. Individual Results

This section presents the measurement results collected through the
application of our proposed metrics over a setnetamodeling TS bridges
(available as ATL transformations at the ATL LibrdBclipseATL]). These
transformation modelprovide partial interoperability amongML, MOF,

Ecore, KM3 and Microsoft DSL ToolfCook et al., 2007] as presented in the
next figure:

EMF Projectors

Fig. 531 TS Bridgesbetween Metamodels

We can see that KM3 acts as a pivot rratadel inside the ATL Library. In
Fig. 53 each circle represents a coneretvailable metaodel and each solid
arrow represents an ATL transformation scenario from the ATL Library. The
dotted arrows between MOF and Ecore represents the EMF projectors
available that enable to automatically inject EMOF models into Ecore and vice
versa, only by providing their respective file extension (.emof and .ecore).

All these metamodels are explained in more detailGhapter 3 except the
Microsoft DSL Tools approach. In a nutshell, DSL Tools are a set of
frameworks, languages, editors and guides to assist the definition of a DSL and
the design of related toolsor furtherreadingabout this alternative solution,
refer to[Cook et al., 2007]Nevertheless alated works likgKelly & Tolvanen,
2008] assert that despite of the fabt@at Microsoft was aimed at improving
MOF and UML by a fresh new metaodel, they have fallen in the sanreoes
and lacks oMOF. Anyhow, DSL Tools have a clear advantage when dealing
with other Microsoft enviroments and thegrerelatively easy to usgsarcia
Diaz, 2009]
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5.2.1. DSL2KM3

This section presenthe measurement results for the ATL rules included in
the DSL2KM3 transformation.

AMMDT

ATLModuleElement NIE | NLV | NOE | NOB | NAS | NAB

L ==L =offl =1 ==1fjl =offf =0
DSL2KM3::Attribute 1 0 1 3 0
DSL2KM3::Class 1 i 1 4 D
DSL2KM3::ComplexReference 1 2 18 0
DSL2KM3::DataType 1 0 1 1 0
DSL2KM3::EnumLiteral 1 0 1 1 0
DSL2KM3::Enumeration 1 i 1 2 0
DSL2KM3::Metamaodel 1 0 3 5 0
DSL2KM3::Relation2Class 1 0 1 4 0
DSL2KM3::SimpleReference 1 a 1 5 0
ATLModuleElement NLV [ NOE | NOB | NAS

Table 247 AMMDT Results for DSL2KM3 Rules

DSL2KM3:Attribute (1)
DSL2KM3:Class (1)
DSL2KM3:ComplexReference (1)
DSL2KM3:DataType (1)
DSL2KM3:EnumLiteral (1)
DSL2KM3:Enumeration (1)
DSL2KM3:Metamodel (1)
DSL2KM3:Relation2Class (1)
DSL2ZKM3:SimpleReference (1)

AMMDT::NIE

DSL2KM3:Attribute (0)
DSL2KM3:Class (0)
DSL2KM3:ComplexReference (1)
DSL2KM3::DataType (0)
DSL2KM3:EnumLiteral (0)
DSL2KM3::Enumeration (0)
DSL2KM3::Metamodel (0)
DSL2KM3:Relation2Class (0)
DSL2KM3::SimpleReference (0)

AMMDT::NLV

DSL2KM3::Attribute (1)
DSL2KM3:Class (1)
DSL2KM3::ComplexReference (2)
DSL2KM3:DataType (1)
DSL2ZKM3::EnumLiteral (1)
DSL2KM3::Enumeration (1)
DSL2KM3:Metamodel (3)
DSL2KM3:Relation2Class (1)
DSL2KM3::SimpleReference (1)

AMMDT::NOE

DSL2KM3:Attribute (6)
DSL2KM3:Class (4)
DSL2KM3::ComplexReference (18)
DSL2KM3:DataType (1)
DSL2KM3:EnumLiteral (1)
DSL2KM3::Enumeration (2)
DSL2KM3::Metamodel (5)
DSL2KM3:Relation2Class (4)
DSL2KM3::SimpleReference (9)

AMMDT::NOB

DSL2KM3::Attribute (0)
DSL2KM3:Class (0)
DSL2KM3::ComplexReference (0)
DSL2KM3:DataType (0)
DSL2KM3::EnumLiteral (0)
DSL2KM3::Enumeration (0)
DSL2KM3:Metamodel (0)
DSL2KM3::Relation2Class (0)
DSL2KM3::SimpleReference (0)

AMMDT::NAS

DSL2KM3:Attribute (0)
DSL2KM3:Class (0)
DSL2KM3:ComplexReference (0)
DSL2KM3:DataType (0)
DSL2KM3:EnumLiteral (0)
DSL2KM3:Enumeration (0)
DSL2KM3::Metamodel (0)
DSL2KM3:Relation2Class (0)
DSL2KM3:SimpleReference (0)

AMMDT::NAB

Fig. 547 AMMDT Bar Charts for DSL2KM3 Rules
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Fig. 551 AMMDT Pie Charts for DSL2KM3 Rules

The corresponding collected percentage measures are:

Table 257 PMMDT Results for DSL2KM3 Rules
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