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t. Model-Driven Development (MDD) is a software develop-ment paradigm that promotes the use of models at di�erent levels ofabstra
tion and perform transformations between them to derive oneor more 
on
rete appli
ation implementations. In this paper we analyzethe 
urrent status of MDD regarding its appli
ability for the develop-ment of Real-Time Embedded Software. We dis
uss di�erent modelingframework approa
hes used to spe
ify the various models, and 
om-pare OMG/MDA-based approa
hes (MOF, UML Pro�les and exe
utableUML) with a generi
 MDD-based approa
h (GME). Finally, we identifythe key 
hallenges for future MDD resear
h in order to su

essfully applyMDD within RTES Development. These 
hallenges are mainly situatedin the �eld of modeling and standardization of abstra
tion levels, modeltransformations and 
ode generation, tra
eability, and integration of ex-isting software within the MDD development pro
ess1 Introdu
tionModel-Driven Development (MDD) is a software development paradigm thatpromotes the use of models at di�erent levels of abstra
tion and performs trans-formations between them in order to derive a 
on
rete appli
ation implementa-tion. MDD promotes the 
onstru
tion of high-level models whi
h 
an be (semi-)automati
ally transformed to lower-level models and ultimately into optimal
ode for the sele
ted target implementation platform. A model is a 
oherent setof formal elements built for some purpose that is amenable to a parti
ular form ofanalysis. A model is expressed in a modeling language at some abstra
tion levelwhi
h in itself 
an be de�ned by metamodels. MDD 
aptures expert knowledgeas mapping fun
tions that transform between one model and another.In the same manner as 
ompilers raised the programming abstra
tion levelfrom assembler 
ode towards higher-level programming languages, thereby auto-mati
ally transforming the language 
onstru
ts into ma
hine-level instru
tions,
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MDD tries to upgrade the software development pro
ess artifa
ts from 
ode to-wards models. Models will as su
h be
ome the key development assets withinsoftware development. Su
h approa
h will allow to design an appli
ation on
eand target it towards distin
t software and/or hardware platforms, even towardsfuture platforms that are still unknown during the initial development. MDD willenable better integration and interoperability on top of the target platform andsupports system evolution as platform te
hnologies evolve.Even though resear
h on several aspe
ts of MDD (modeling abstra
tions,transformations, pro
esses, ...) has been going on for several years, there are stilla number of issues to be solved in order to su

essfully apply MDD for softwaredevelopment in general and for Real-Time Embedded Software in parti
ular.In se
tion 2, we 
ompare the distin
t approa
hes towards an MDD modelingframework and appli
ation model spe
i�
ations at di�erent levels of abstra
tion.On the one hand, a meta-metamodel approa
h 
ould be used in order to 
reatea DSML, using OMG's MOF or another meta-metamodel. The newly spe
i�edDSML 
an then be used in turn to spe
ify dedi
ated appli
ation models. On theother hand a general purpose modeling language su
h as UML 
ould be used,pro�ling it to simulate the required DSML. As a third approa
h, exe
utable UML
ould be used as a high-level platform abstra
tion on top of whi
h appli
ations
ould be simulated or exe
uted.In se
tion 3, we identify the key 
hallenges for future MDD resear
h in orderto su

essfully apply MDD within Real-Time Embedded Software Development.These 
hallenges are mainly situated in the �eld of modeling and standardizationof abstra
tion levels, model transformations and 
ode generation, tra
eability,and integration of existing software within an MDD development pro
ess.2 MDD approa
hesThis se
tion 
ompares the di�erent approa
hes towards an MDDmodeling frame-work and appli
ation model spe
i�
ations at di�erent levels of abstra
tion.2.1 MDD versus MDAMDD is a generi
 software development paradigm that 
an be applied in di�erentmanners. The Obje
t Management Group (OMG) has de�ned a variant of MDD
alled Model-Driven Ar
hite
ture (MDA). MDA aims to represent systems usingOMG's general-purpose Uni�ed Modeling Language (UML) along with spe
i�
pro�les, or using a Domain-Spe
i�
 Modeling Language (DSML) expressed inOMG's MOF (Meta-Obje
t Fa
ility). The key idea behind MDA is to start withthe spe
i�
ation of an Platform-Independent Model (PIM), extra
ting the 
om-mon 
on
epts of an appli
ation targeted towards a number of platforms andas su
h allowing a higher level of appli
ation spe
i�
ation. Starting from thisPIM, a PSM is generated whi
h de�nes an appli
ation model targeted towardsa spe
i�
 platform. A PSM is an elaboration of a PIM that in
ludes platform



spe
i�
 details. For many parts of the appli
ation model, the pro
ess of obtain-ing a PSM from a PIM 
an be automated and the transformation knowledge
aptured into platform-spe
i�
 transformation rules. From this PSM, 
ode 
anbe (semi-)automati
ally generated for the target platform to a 
ertain extent(skeleton, partial or full 
ode generation).Model-Integrated Computing (MIC) [1℄ is another variant of MDD, intro-du
ed by the Institute for Software Integrated Systems (ISIS) at VanderbiltUniversity. MIC uses DSMLs to represent system elements and their relation-ships as well as their transformations to platform-spe
i�
 artifa
ts. We dis
ussin the next se
tion how the meta-metamodel approa
h 
an support MIC.2.2 Modeling FrameworksModels and transformations are key 
on
epts in MDD. Currently several di�erentapproa
hes exist for spe
ifying appli
ation models at di�erent abstra
tion levelswithin MDD software development. Although we do not aim to be exhaustive,we will dis
uss the main distin
tive approa
hes.2.2.1 Meta-metamodel approa
h A rather formal approa
h 
onsists of�rstly 
reating a generi
 modeling infrastru
ture in order to des
ribe di�er-ent kinds of metamodels. This meta-metamodel 
an then be used to 
reateDSMLs whi
h in turn are used to spe
ify dedi
ated appli
ation models. Themeta-metamodel should be able to des
ribe what exa
tly should exist in theDSML in terms of 
on
epts, how they relate to one another and whi
h rulesgovern their existen
e and behavior.MDA-based MOF Probably the most known instan
e of a meta-modelingframework is the MOF. The MOF ar
hite
ture 
on
eives of four �meta-levels�.The highest level (M3) is the MOF meta-metamodel whi
h is an instan
e ofitself. The MOF 
an be used to 
reate a DSML (M2). This newly 
reated DSML
an be used to model an appli
ation (M1), whi
h in turn 
ontains a run-timeinstantiation model (M0).Currently there are very limited number of tools that support a DSML de�ni-tion based on the 
omplete MOF 2.0 metamodel. Several short
omings of MOFand its implementation are outlined by [8℄ and [9℄:� As any standard, the MOF standard pres
ribes no 
hoi
e for implementation.� The standard API for browsing through models in a MOF repository is toolow-level to be really e�
ient.� MOF la
ks any standard me
hanisms for spe
ifying DSML 
on
rete syntax.There is no standard way to de
lare a parti
ular graphi
al notation.� MOF's la
k of support for asso
iations in
orporating state makes the de�-nition of some DSMLs awkward.� Interoperability between �MOF-
ompliant� tools is a huge issue (see the dis-
ussion on XMI in se
tion 3).



Generi
 Modeling Environment Even though MDD is mostly asso
iatedwith MDA and OMG standards there are modeling frameworks other than MOF.The Generi
 Modeling Environment (GME) [7℄ is an alternative implementationof the meta-metamodel approa
h, and supporting the MIC approa
h.GME is a 
on�gurable toolkit for 
reating DSML and program synthesis en-vironments. The 
on�guration is a

omplished through metamodels spe
ifyingthe modeling language of the appli
ation domain. The metamodel 
ontains allthe synta
ti
, semanti
, and presentation information regarding the domain andthe 
on
epts to be used for 
onstru
ting models. The modeling framework alsospe
i�es what relationships may exist among those 
on
epts, how the 
on
eptsmay be organized and viewed by the modeler, and rules governing the 
onstru
-tion of models. The metamodels spe
ifying the DSML are used to automati
allygenerate a target domain-spe
i�
 modeling environment. This environment 
anthen support the spe
i�
ation of dedi
ated domain models that are stored in amodel database. From these models, appli
ations 
an automati
ally be gener-ated. GME has full-featured universal predi
ate expression language (based onOCL), whi
h 
an represent very 
omplex relational 
onstraints.2.2.2 �Lightweight� approa
h using UML Pro�les OMG advo
ates themore pragmati
 approa
h for a modeling framework based on the idea of de-veloping a DSML using UML Pro�les. UML has been improved with modelinglanguage extension features whi
h 
an raise UML's abstra
tion level. Stereotypesand tagged values are the extension me
hanisms that 
an be grouped in a pro�le.The pro�ling information is used by modeling tools, model transformators and
ode generators in order to perform domain-spe
i�
 a
tions. An example of su
han extension is the UML pro�le for Modeling and Analysis of Real-Time andEmbedded systems (MARTE) [11℄, whi
h is dis
ussed in se
tion 3.Even though extending UML is 
onsidered to be easy, UML as well as itsextension me
hanisms are quite 
omplex. It is also not 
lear how well tools willbe able to manipulate and ex
hange these UML Pro�le extensions.2.2.3 xUML approa
h Exe
utable UML (xUML) [12℄ is a third approa
h toMDD, whereby 
ompilers for the UML modeling language (or a spe
i�
 subset)are built, treating UML as a programming language on its own. Developingappli
ations using xUML o�ers several advantages, su
h as pre
ise and 
ompletesemanti
s, and model visualization and simulation at early stages. However anexe
utable UML model does not have the expressive power of programminglanguages at the 
urrent moment. For example, an exe
utable UML model doesnot spe
ify issues regarding distribution, the number and allo
ation of separatethreads, or the organization of data. In addition, xUML does not have the powerof domain spe
i�
 modeling languages and supports only a small subset of UML.2.2.4 Dis
ussion There are two OMG visions on MDA, supporting respe
-tively MOF and UML extensions (UML Pro�les and xUML). Non-OMG MDD



approa
hes mostly rely on meta-metamodel approa
hes in order to de�ne dedi-
ated DSMLs. GME is an example of su
h generi
 MDD modeling framework.GME as most of other non-OMG approa
hes introdu
es proprietary standardswhi
h inhibit the inter
hange 
apabilities. This is pre
isely one of the strongestpoints of MOF, whi
h introdu
es unique means of model inter
hange and stor-age. However from a modeling framework perspe
tive, MOF still misses generi
editor and generator de�nitions for DSML 
reation, and proper tool support. Onthe other hand, GME and other similar non-OMG modeling frameworks do o�ertools to support their modeling frameworks, although they are rather spe
i�
 forthe underlying approa
h.There is no reason why UML 
annot be used as a base for the developmentof a domain spe
i�
 modeling framework, although it is questionable whetherusing su
h approa
h is a good way to build modeling frameworks. Sin
e UMLPro�les are de�ned on top of the whole UML standard, any DSML that is de�nedas a UML Pro�le 
arries the whole UML metamodel within (if not spe
i�
allyex
luded from the pro�le). The pro�le approa
h also restri
ts the DSML fromusing the full semanti
 power of obje
t-oriented 
lass modeling that a true meta-metamodel approa
h 
ould o�er. In addition, within a UML Pro�le one 
annotde
lare new asso
iations among UML metamodel elements or among stereotypes.2.3 MDD PromisesThe MDD and MDA approa
h promise a number of important bene�ts to sig-ni�
antly improve the software development pro
ess on
e a full MDD softwaredevelopment pro
ess is in operation.Time savings A full MDD development pro
ess supported by adequatetool support 
an provide signi�
ant time savings by generating dedi
ated 
odefor a spe
i�
 exe
ution platform from the high-level models. Advan
ed toolswill generate 
ode from dynami
 models and even provide suitable 
ode for therealization of 
onstraints expressed in e.g. OCL (Obje
t Constraint Language).In addition, reuse of ar
hite
tures and designs will be a
tively supported.Quality improvement A well-de�ned ar
hite
ture in
orporates adequatesolutions for the realization of the system quality attributes, su
h as perfor-man
e, availability, se
urity, modi�ability, s
alability, reliability et
. In tradi-tional software approa
hes the system ar
hite
ture is well-designed during the�rst iteration, but tends to get diluted by subsequent iterations and new up
om-ing requirements. Be
ause models and automati
 transformations are 
entral inan MDD approa
h, the system ar
hite
ture 
an always be enfor
ed and updatedas new requirements arise. The transformation and 
ode generation me
hanismswill be 
reated and extensively tested by experts. This raises the quality of everystep in an MDD-based development pro
ess.Cross-platform development and enhan
ed platform migration Asplatforms 
hange over time, software appli
ations must 
ontinuously be re-implemented.Typi
ally software developers either start everything from s
rat
h or try to portthe appli
ation to the new platform. In the �rst 
ase the previous solution gets(partially) lost, while in the se
ond 
ase developers often invent low-level ha
ks



in order to get the appli
ation running on the new platform. MDA o�ers supportfor 
ross-platform development and enhan
ed platform migration by introdu
-ing a PIM representation of a software system. When the platform 
hanges, theappli
ation 
an be preserved by reusing the PIM in order to generate a PSMand 
ode of an appli
ation targeted towards this new platform.3 Key Resear
h ChallengesThis se
tion presents a number of key issues that 
urrently obstru
t the appli-
ation of MDD for the development of Real-Time Embedded Software.3.1 Modeling LevelsEven though models are a 
entral 
on
ept in MDD, it is not yet obvious whi
habstra
tion levels and notations are the most suitable.3.1.1 Models for Embedded Platforms Although MDD has already beensu

essfully applied in a number of embedded pilot proje
ts, it is not yet very
lear how to integrate the variations of the software platforms, hardware plat-forms, and available servi
es and devi
es of a system. There is no simple notionof a �platform� as in the 
ase of more general software development (e.g. J2EE,.NET). Moreover, the gap between an embedded platform and an appli
ationmodel abstra
tion is usually larger. A number of UML pro�les have been de-signed to assist modeling for embedded systems.SysML [10℄ is a domain-spe
i�
 visual modeling language for System En-gineering. SysML supports the spe
i�
ation, analysis, design, veri�
ation andvalidation of a broad range of systems and systems-of-systems. These systemsmay in
lude hardware, software, information, pro
esses, personnel and fa
ilities.UML pro�les for System on Chip (SoC) and SystemC are designed in orderto assist integrating UML modeling into the 
urrent SoC design pro
ess. TheUML 2.0 pro�le for SystemC 
aptures both the stru
tural and the behavioralfeatures of SystemC language. It makes translation from a high-level platform in-dependent to a lower-level platform dependent SystemC model straightforward.The MARTE pro�le intends to provide a 
ommon way of modeling bothhardware and software aspe
ts of Real-Time and Embedded Systems. As a re-sult, interoperability between development tools used for spe
i�
ation, design,
ode generation et
. will be possible. Quantitative and partitioning predi
tionsregarding hardware and software 
hara
teristi
s will be fostered. The pro�le isintended to provide a foundation for applying transformations from UML mod-els into a wide variety of analysis models. The MARTE pro�le de�nes pre
isesemanti
s for time and resour
e modeling. These pre
ise semanti
s allows to au-tomati
ally transform models to lower abstra
tion level models su
h as UML forSoC for hardware/software simulation or into C++ for implementation purposes.However all the pro�les are still under development and not yet o�
iallystandardized. Moreover they tend to overlap and their interrelationships arestill un
lear.



3.1.2 Con
epts to Model While stati
 
lass and 
omponent diagrams de-s
ribe the software stru
ture, dynami
 models des
ribe its behavior. Clearly we
annot expe
t a generator to produ
e more than just skeleton 
ode if we do notprovide information about the behavior.The MDD 
ommunity has progressed very little 
on
erning the 
ode gen-eration from dynami
 models. Even though most of the modeling frameworksallow users to 
reate dynami
 models, the la
k of uniform methodology to gen-erate 
ode from models de
reases the added value of 
reating and maintainingdynami
 models. It is also not 
lear how far we should go using dynami
 mod-els. Di�erent mathemati
al algorithms (e.g. Fast Fourier Transforms) 
ould bemodeled using UML 
ollaboration diagrams. But it is un
lear whether the ben-e�ts still outweigh the 
omplexity of 
reating 
omplete models. Very often, su
halgorithms are easier and shorter to write dire
tly in 
ode.3.2 Model TransformationsEven though model transformations and 
ode generation are 
entral 
on
epts inMDD, it is not yet obvious how to de�ne and apply the model transformationsin order to establish an adequate MDD transformation 
hain.3.2.1 Transformation Implementation One of the biggest limitations ofthe MDA approa
h is the la
k of a unique standard for spe
ifying transformationsbetween models, as well as between models and 
ode. Many 
ustom solutionshave been introdu
ed su
h as Atlas Transformation Language (ATL)[4℄, usage ofOCL to generate 
ode, and Velo
ity Templates[6℄. However these solutions arenot standardized and work only with spe
i�
 tools.OMG has issued two Requests for Proposals (RFP) for MOF 2.0 QVT[5℄ andfor MOF Model to Text Transformation (MOF2T) [3℄. MOF2T is still in its earlydevelopment stage. QVT des
ribes the needs for a new standard that should beable to manipulate any model based on the Meta-Obje
t Fa
ility (MOF) meta-model. Sin
e the RFP issue, there have been several submissions whi
h wereultimately merged into one [5℄.3.2.2 Transformation Composition We expe
t that transformations shouldbe able to in
orporate fun
tional, non-fun
tional (e.g. memory management)and te
hni
al (e.g. J2ME spe
i�
s) 
on
erns. Obviously, su
h transformations
ould be
ome very 
umbersome and 
omplex. Ideally, there should be a 
hainof transformations ea
h addressing only one 
on
ern so that it be
omes easyto implement and to reuse. However most of the 
urrent MDD pra
ti
es implyMDA's monolithi
 forward PIM-to-PSM and PSM-to-
ode transformations.We believe that it is better to feed a model to a 
hain of several transfor-mations that ea
h manipulate the model with regard to one spe
i�
 fun
tional,non-fun
tional or te
hni
al 
on
ern. Multiple transformations would allow us tobetter modularize the transformations themselves. As a 
onsequen
e the individ-ual transformations would be easier to implement and reuse. When introdu
ing



a transformation 
hain we should not only identify the transformations, but alsopay attention to their interdependen
ies in order to obtain 
omposable, loosely
oupled transformations.3.2.3 Model Inter
hange and Storage In order to use MDD for softwaredevelopment, a wide range of model transformations need to be applied anddi�erent tools need to be 
onne
ted for performing all required operations. This
reates the need for linking the output of a pro
ess step to the input of anotherpro
ess step. Due to the heterogeneity of tools in both fun
tionality and the wayusers intera
t with them, 
onne
ting tools is very di�
ult.OMG tries to solve this problem by introdu
ing XMI, an XML standardfor inter
hanging MOF-
ompliant models. However XMI versions 1.x are knownto la
k strong semanti
s whi
h has for
ed ea
h tool provider to interpret thestandard di�erently. Versions 2.x are said to �x the issues from previous versionshowever no implementation results are available yet.An alternative to the OMG solution is to admit the heterogeneity of modelrepresentation and storage and try to implement a �model bus� [13℄ whi
h real-izes model inter
hange. The idea behind a model bus is to ensure fun
tional andproto
ol 
onne
tivity. Fun
tional 
onne
tivity means that the input and outputof ea
h transformation should have 
ompatible metamodels in order to be 
on-ne
ted. Proto
ol 
onne
tivity should ensure that transformation 
onne
tions 
anbe realized. In parti
ular, the 
onne
ted transformations must agree in a modelrepresentation form and intera
tion styles.3.3 Tra
eabilityTra
eability is often asso
iated with the tra
king of requirements a
ross all arti-fa
ts throughout the software development pro
ess. However, it 
an also refer tothe logging of transformation operations and their sour
e/target model elementmappings. We de�ne tra
eability as the ability to extra
t transformation historyout of a transformed model. A spe
i�
 model element 
an then be tra
ed ba
kto their originating artifa
t, whi
h 
an be another model element, a use 
ase, arequirement, et
.We 
an distinguish between generi
/full tra
eability and spe
i�
 tra
eabil-ity. Full tra
eability 
ould be automati
ally a

omplished by the transformationengine by linking every 
hanged element in the output model to its 
ounterpartin the sour
e model. This makes tra
eability 
omplete but not ne
essary veryusable in subsequent transformations sin
e the 
reated links are tightly 
ou-pled with the parti
ular implementation of the previous transformation. Spe
i�
tra
eability does not aim to link every sour
e/target tuple but rather aims toform tuples that have a more semanti
ally ri
h meaning without over
rowdingthat tra
eability model. Su
h spe
i�
 links 
an be used more easily a
ross trans-formations, but may require the developer to insert them manually. It is alsonot very 
lear how to determine whi
h kinds of spe
i�
 links 
ould be useful forsubsequent transformations.



Related to the levels of tra
eability is the issue of standardization of tra
e-ability models. It is important to think about what information exa
tly will bestored in the tra
eability model. For example, do we want to link as far as tex-tual requirements, do we want tra
eability a
ross di�erent types of models, dowe want to re
ord responsible developers, et
. The advantage of having a singlestandardized tra
eability metamodel is that every transformation 
an always un-derstand the in
luded information, while the disadvantage probably would be itsgeneri
ity. A possible solution is to have a basi
 but extensible tra
eability meta-model that 
an be adapted to spe
i�
 needs while still allowing interoperabilityand inter
hange between tools and people.Finally there is the issue of representation of tra
eability links and integrationof tra
eability in models. Should we store tra
eability information inside ourmodels themselves (intra-model) or rather externally in a separate tra
eabilitymodel that refers to the elements of the former model (extra-model)? One 
ouldargue that the intra-model approa
h, whi
h 
an for example be realized withpro�les in the UML 
ase, leads to a 
ertain pollution of the model. In the extra-model approa
h, we need a me
hanism to refer to model elements from withinour tra
eability model, for example unique identi�ers. In this 
ase a problemwould be keeping both models syn
hronized. Using two separate models 
anpotentially make transformations more 
ompli
ated sin
e they need to take anextra input if they want to use tra
eability information.3.4 Integration of Existing SoftwareProgramming languages usually provide a ri
h set of libraries whi
h 
ontainimplementations of 
omplex mathemati
al fun
tions, di�erent algorithms, textmanipulation, et
. These libraries of existing fun
tionality 
an save developersa huge amount of time. It is however not always very 
lear how to make thesefun
tions available to the modeler. Two possible approa
hes that are taken bytool manufa
turers are the following:� Provide a domain abstra
tion layer that 
aptures all knowledge on theseAPI 
alls. This approa
h does not s
ale and ea
h time a new programminglanguage or API version arises the tool should be modi�ed to in
lude thenew mappings.� Reverse engineer the whole language API into a model. This results into arather huge and unstru
tured API model. Moreover we 
an reverse engineeronly to the lowest level of abstra
tion, and thus 
annot easily use higher-levelAPI-related design patterns in the PIMs.Besides integration of standard libraries it is also important to 
onsider theintegration of COTS software and lega
y appli
ations into new MDD e�orts.Existing systems often serve as a starting point for new developments sin
e theyhave proven their strength and are 
onsidered to be �trustworthy�. Therefore itis unrealisti
 for an MDD proje
t to assume starting from s
rat
h. COTS andlega
y system integration is often a matter of representing existing interfa
es in



our modeling environment using adequate wrappers. However, it is not always
lear how to do this. Should we just take the raw interfa
es (e.g. by 
apturingthem in UML interfa
es) or should we hide the interfa
es behind a domain 
on-
ept? Many problems in this �eld are worked on by OMG's ADM (Ar
hite
tureDriven Modernization) task for
e.4 Con
lusionMDD is based on the idea to des
ribe the software using a model and apply anautomated transformation whi
h 
reates the sour
e 
ode from the model. MDDis a generi
 paradigm whi
h does not aim to spe
ify how and whi
h models andtransformations should be spe
i�ed. MDA and MIC are spe
i�
 visions of MDDwhi
h present di�erent modeling frameworks and guidelines. It is still un
lear atthis moment whether to favor a Meta-metamodel based MDD approa
h abovea UML Pro�le-based MDD approa
h.Proje
ts that have su

essfully applied MDD do exist, but they tend to �ll thegaps in an ad-ho
 way. In order to obtain the bene�ts from a full MDD SoftwareDevelopment Pro
ess for Real-Time Embedded System Development, there area number of resear
h 
hallenges that still have to be addressed adequately, in-
luding proper standardization and tool support, in the �eld of modeling levels,model transformations, tra
eability and existing software integration.Referen
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