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t. During development of software systems multiple notationsare in use to des
ribe requirements, design, sour
e 
ode, run time tra
es,and more. These notations usually have di�erent purposes and semanti
sso that it is di�
ult to keep information 
onsistent during development.In this position paper we propose an alternative approa
h to model-driven software development that enhan
es program 
ode with abstra
tspe
i�
ation information. Thus the program 
ode 
an be 
onsidered atdi�erent views for design, veri�
ation, exe
ution, and monitoring, whileinformation of interest is 
ontinuously available in a 
oherent notation.1 Introdu
tionWhen software systems are developed, several stages are passed through, inwhi
h di�erent notations des
ribe 
ertain aspe
ts of the software at di�erentabstra
tion levels and with di�erent purposes. This entails that important infor-mation is not available 
onsistently; even worse, pie
es of information in di�erentnotations are hard to syn
hronize if the software is maintained over longer peri-ods of time. An overview of notations to en
ounter is given in �gure 1:At design time, software ar
hite
ture and fun
tionality are derived from re-quirements and re
orded in semi-formalized des
ription languages or formalizedmodels. Based on this, sour
e 
ode is derived from spe
i�
ations, either with
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manual programming or � in the 
ase of some model-driven software development(MDSD) approa
hes � with 
ode generation [1℄. The notation of the sour
e 
odebelongs to 
ertain general-purpose programming languages or domain-spe
i�
languages (DSLs). Design and implementation 
an be veri�ed afterwards, eitherat the level of spe
i�
ations or of the programming language [2℄. At run time,software is represented by 
ompiled ma
hine 
ode or byte 
ode 
ontaining de-tailed imperative statements. Running systems 
an be monitored, whi
h usuallyrelies on the existen
e of meta data relating exe
utable 
ode to spe
i�
ations [3℄.Finally, when software is put out of servi
e, design re
overy 
an be applied toall existing information to transfer knowledge into su

essional systems.These di�erent notations are usually independent and 
annot be syn
hronizedautomati
ally be
ause they des
ribe spe
i�
 aspe
ts only. A general-purpose pro-gramming language in whi
h detailed algorithms are implemented is used in most
ases, even with 
ode generation: When systems 
annot be modelled 
ompletely,generated 
ode is amended, tuned, or 
ustomized to �t spe
ial requirements,APIs, or frameworks [4℄. Thus MDSD 
annot redu
e the number of notationssin
e su
h 
ode does not integrate in high-level spe
i�
ations seamlessly. In 
on-trast, attempts to 
over all aspe
ts by modeling languages lead to modelingsta
ks being as 
omplex as programming languages [5℄.On the other hand, program 
ode of modern programming languages be
amemore and more expressive over time. Fragments of obje
t-oriented languages 
anbe arranged a

ording to informal or formalized design patterns [6℄. In languagesproviding 
on
epts for type-safe meta data, attribute-enabled programming [7℄gives 
ode fragments additional semanti
s that are interpretable at developmenttime and run time. We proposed to enhan
e this to embed model spe
i�
ations inprogram 
ode [8, 9℄ by de�ning program 
ode patterns representing the abstra
tsyntax of models. By this means program 
ode does not only 
arry implementa-tion details, but also model spe
i�
ations, so that di�erent aspe
ts do not requiredi�erent notations, but are views on the same software. Sin
e a

ess to this 
odeis possible with stru
tural re�e
tion [10℄ at run time, exe
ution frameworks 
aninterpret and invoke the fragments and thus exe
ute the model spe
i�
ations.This is for example appli
able to models that des
ribe the behavior of (parts of)appli
ations pre
isely, like state ma
hines or pro
ess models.We will here des
ribe our approa
h to redu
e the number of notations duringdevelopment. We introdu
e a 
on
ept for maintaining multiple abstra
tion levelsin program 
ode in se
tion 2 and des
ribe its systemati
 appli
ation throughoutthe development pro
ess in se
tion 3. Afterwards we dis
uss the approa
h inse
tion 4, 
onsider related work with respe
t to alignment and syn
hronizationof su
h notations in se
tion 5, and 
on
lude in se
tion 6.2 Multiple Abstra
tion Levels in Program CodeAbove we stated the goal to redu
e the number of notations present in many soft-ware development a
tivities. However, it is not desirable to redu
e the number ofviews on the software sin
e di�erent abstra
tion levels ful�ll di�erent purposes,



Contract Definition in Source Code

public class AfterMeasurementState implements IState

{

@Transition(target = UpUpState.class , contract = BeginUpUpContract.class )

public void beginUpUp(MeasurementModule actor) throws MeasurementAbortedException

{

  actor.doMeasure ();  

}

// ... 

}
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State and Transition Definition in Source Code

} 

public class BeginUpUpContract implements IContract< IMeasurementVariables >

public boolean checkCondition( IMeasurementVariables vars )

{

  return (!vars.getAbort() && !vars.getRestart() && vars.getTooLow());

}

{

public boolean validate( IMeasurementVariables before , IMeasurementVariables after )

{

  return ( after.getNumberOfWorkers() == ( before.getNumberOfWorkers() + before.getWorkerDistance()) );

}
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Variable LabelsFig. 2. A state de�nition with an outgoing transition and its 
ontra
t. The �rst methodof the 
ontra
t 
he
ks a pre-
ondition with the 
urrent variable values, while the se
ondmethod 
he
ks a post-
ondition by 
omparing the 
urrent values to previous values.espe
ially if formal spe
i�
ations are used. Thus it is ne
essary to de
ouple nota-tions and views. We de
ided to enhan
e the idea of design patterns with respe
tto formal models and make the program 
ode interpretable for di�erent views.Sin
e model spe
i�
ations are by this means embedded in the program 
odestru
tures, the approa
h is 
alled �embedded models�.2.1 ExampleAn exemplary embedded model for state ma
hines is shown in �gure 2. It isimplemented by a set of 
lasses, ea
h marked by interfa
es to be a �state� or�
ontra
t� 
lass. The 
lass at the top is a state 
lass whose unique name rep-resents the state's name. Methods in state 
lasses are marked as transitions bya Java meta data annotation �Transition whose attributes refer to the targetstate and a 
ontra
t 
lass (bottom of �gure 2) 
ontaining guards and updates. Aninterfa
e type referred to as �a
tor� is passed to transition methods. Its methodsare interpreted as a
tion labels whi
h are 
alled when the transition �res.Guards and updates are implemented as two methods in a 
ontra
t 
lass, bothevaluating boolean expressions. In 
ase of guards (method 
he
kCondition),



the returned boolean value de
ides whether the related transition may �re ornot. They use the 
urrent variable values of the state ma
hine for this de
ision.In 
ase of updates (method validate), the returned boolean value indi
ateswhether variables mat
h the expe
ted value or value range after a
tions havebeen performed. Therefore updates 
ompare the 
urrent values with the valuesfrom the point in time before the transition �red to validate the 
hanges tothe state spa
e. Both methods a

ess a �variables� type whi
h is a fa
ade typerepresenting the variables 
onstituting the state spa
e of the state ma
hine, thusallowing an abstra
tion over the state spa
e of the whole system. The �variables�type 
ontains �get� methods for ea
h variable, whi
h are by this means de�nedwith a label and a data type and whi
h may return aggregated data in order torealize the abstra
tions named above.2.2 General Approa
hThe program 
ode introdu
ed above is interpretable at di�erent abstra
tion lev-els, e.g. some lines of 
ode are both a method in terms of the programminglanguage and a transition in terms of the state ma
hine model. Considering thedomain-spe
i�
 nature of these di�erent abstra
tion levels, the program 
odemust be prepared to represent di�erent abstra
tion levels for ea
h embeddedmodel. The prin
iple for all domain-spe
i�
 views is illustrated in �gure 3:First, themodel spe
i�
ations of interest must be de�ned. Sin
e not all modelsare ba
ked by 
ommon meta models the spe
i�
ations 
an be very di�erent andno general de�nition 
an be given. However, the following kinds of elements 
anbe expe
ted: Stati
 elements represent stati
 stru
tures and their relations. Alogi
 for expressions des
ribes dynami
 aspe
ts by 
onne
ting stati
 stru
tureswith logi
al formulas. Elements or entities outside a model 
an be referen
edby labels that provide appropriate names. Conne
tions between stati
 stru
turesand formulas are realized by fun
tions that arrange and 
ombine model elements.Based on this the 
ore of the embedded model 
an be de�ned: A program
ode pattern arranges program 
ode fragments so that they are interpretablewith respe
t to model spe
i�
ations. Considering programming languages likeJava or C#, a set of appropriate fragments is available: Stati
 stru
tures 
an berepresented by types, methods, and annotations. Their relations 
an be de�ned
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TransformationsFig. 3. The elements of an embedded model de�nition relating program 
ode to modelspe
i�
ations at higher levels of abstra
tion. Code formed following the pattern isexe
uted by a framework and 
onne
ted to other 
ode by appropriate interfa
es.



with parameter types, 
ontainment, and inheritan
e hierar
hies. Considering for-mulas, appropriate expressions at least for propositional logi
 exist. Conne
tionsbetween stati
 stru
tures and/or expressions 
an be represented in program 
odein di�erent ways, for example with annotations or 
ontainment. The pattern def-inition distinguishes two types of program 
ode fragments: Some of the 
ode is
reated per instan
e, i.e. for one 
on
rete model, following 
ertain rules how frag-ments must be arranged to represent the model syntax. Su
h rules may imply theuse of 
ertain types, interfa
es, or meta data de�nitions that 
an be identi�ed bytools. These are pre-de�ned, i.e. spe
i�ed and implemented when an embeddedmodel de�nition is 
reated and shared among implementations afterwards.At the level of the program 
ode the patterns des
ribe model instan
es. Thisdes
ription entails that no detailed exe
ution information is 
ontained in theprogram 
ode, sin
e this would mix high-level spe
i�
ations with algorithmi
details. For this reason exe
ution is realized by frameworks that a

ess the pro-gram 
ode following the pattern by re�e
tion. Interpretation and invo
ation of
ode fragments at run time thus result in a sequen
e of events and data �owmat
hing the semanti
s of the formal model.Embedded models are not self-
ontained, but part of arbitrary program 
odeso that well-de�ned interfa
es realize abstra
tions between model spe
i�
ationsand other program 
ode. Data-oriented abstra
tion means that data read fromthe program 
ode into the model may be aggregated, thus one value delivered tothe model may be 
omposed of many variable values in the program 
ode. Fora
tion-oriented abstra
tion, methods provide entry points to arbitrary businesslogi
 whi
h is referen
ed in the model, thus abstra
ting from the a
tual imple-mentation in the program 
ode. By this means every abstra
tion between modeland a
tual implementation is expli
itly visible in the interfa
es.When the program 
ode pattern is by this means de�ned, it 
an be 
onsideredat di�erent abstra
tion levels. For this reason transformations extra
t view-spe
i�
 information from program 
ode. Internal transformations provide non-persistent views on the 
ode so that no additional notation is ne
essary. This isdesirable sin
e 
hanges in one view are re�e
ted in the others dire
tly. However,external notations may be ne
essary, for example if spe
i�
 tools require 
ertain�le formats or if models are 
ommuni
ated outside the a
tual development sothat program 
ode is not usable. In this 
ase external transformations translatemodel information from a program 
ode pattern into external notations. If thesenotations 
arry the information of the formal model 
ompletely, it 
an also betransformed or merged ba
k to program 
ode unambiguously.With these elements of an embedded model de�nition the program 
ode
an 
arry information at di�erent abstra
tion levels. We will now des
ribe thesystemati
 use of this information throughout the development pro
ess.3 Development Pro
essProgram 
ode 
ontaining embedded models with information at di�erent ab-stra
tion levels 
an be the primary notation during development, so that the
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e 
ode and 
ompiled byte 
ode during developmentwhi
h are provided by unidire
tional and bidire
tional transformations. The views mayrely on separate notations, but the essential modeling information is available in theprogram 
ode in any 
ase.number of notations 
an be redu
ed as shown in �gure 4: Only sour
e 
ode and
ompiled program 
ode are needed as expli
it notations, with the 
ompiled 
odebeing derived from the sour
e 
ode. During design, veri�
ation, monitoring, anddesign re
overy, the models are spe
i�
 views on the program 
ode that are ex-tra
ted on demand. We will now explain the use of embedded models in thedevelopment pro
ess in detail for the exemplary domain of state ma
hines.3.1 Design and ImplementationWhen the program 
ode 
arries design information as well as the a
tual im-plementation, the related a
tivities in the development pro
ess are not 
learlyseparated. During design, we expe
t two use 
ases for embedded models:First, models are usually de�ned in dedi
ated notations of modeling tools.Su
h models 
an be re�ned and/or ex
hanged between tools with appropriatemodel-to-model transformations where sour
e and sink 
arry the semanti
s of themodels so that the transformation is unambiguous. This does usually not applyto program 
ode sin
e it 
ontains detailed exe
ution logi
 only. However, program
ode patterns with their expressiveness 
an parti
ipate in model transformations:With external transformations (
ompare se
tion 2.2), program 
ode stru
tures
an be 
reated as a result of model transformations, and modeling information
an be extra
ted from the 
ode and used in other notations.Se
ond, modeling 
an be used to 
reate the program 
ode dire
tly. This isuseful if the design is not that 
omplex that it requires external notations. Inthis 
ase design tools 
reate program 
ode dire
tly from visual representations,for example for state ma
hines. The design information is thus only a di�erent



view on the system to develop and by this means an internal transformationbetween model spe
i�
ations and the program 
ode.3.2 Veri�
ationWhen program 
ode has been designed and implemented with embedded models,the 
ontained modeling information allows for veri�
ation at di�erent abstra
-tion levels. However, veri�
ation with respe
t to models relies not only on theexisten
e of a model, but also of a spe
i�
ation the model is veri�ed against.Thus appropriate views must provide model spe
i�
ations and interpret the em-bedded model a

ordingly. For this purpose subsets of the modeling informationthat are of interest are extra
ted from the program 
ode. Any abstra
tion orre�nement expli
itly happens alongside interfa
es or pre-de�ned types.For state ma
hines we developed an external transformation into timed au-tomata [8℄ to verify them in the model 
he
ker UPPAAL [11℄. By generatingstates out of state 
lasses, transitions out of transition methods, guards andupdates out of 
ontra
ts, and model variables out of the respe
tive fa
ade typemethods, a formal state ma
hine model 
an be extra
ted from the 
ode and
he
ked e.g. for deadlo
ks. More pre
ise, this allows to 
he
k the a
tual imple-mentation against a formal spe
i�
ation instead of just 
he
king the models.Sin
e embedded model interfa
es are interpretable with respe
t to model se-manti
s, assertions 
an be made about other 
ode 
onne
ted with them. Theseassertions are based on the semanti
s of the interfa
es, for example with the ex-isten
e of pre- and post-
onditions surrounding method 
alls. In state ma
hines,the update information in 
ontra
t 
lasses 
an be used as additional assertionsfor 
ontinuous validation with real data during run time, thus impli
itly 
he
kingthe whole system behavior against the abstra
t model.For the same reason, views for stati
 analysis 
an determine if other program
ode is valid with respe
t to the model spe
i�
ations it is intera
ting with. In ad-dition, dynami
 analysis and model 
he
king (for example with Java PathFinder[12℄) are appli
able to validate data ex
hange and state spa
es at run time. Inthis 
ontext an embedded state ma
hine eases any stati
 analysis based on sli
ingsin
e transitions o�er natural starting points for sli
es. In general the patternsused to stru
ture the 
ode with respe
t to any 
lass of models 
an be used tostru
ture the veri�
ation pro
ess and redu
e the sear
h spa
e.3.3 Exe
utionAfter 
ompilation in Java, the resulting byte
ode 
ontains most stati
 stru
tureslike 
lasses and methods and provides a

ess to them with stru
tural re�e
tionat run time. However, this has limitations sin
e not all sour
e 
ode semanti
sare available; for example, Java re�e
tion treats method 
ontents as bla
k boxes.In this 
ontext embedded models are exe
uted by frameworks using re�e
tionfor reading, interpreting, and invoking program 
ode. The resulting sequen
es ofa
tions adhere to the semanti
s of the underlying formal model. Exe
ution is thus



a spe
i�
 view on 
ompiled program 
ode that a

esses modeling information to
reate sequen
es of a
tions.Considering exe
ution semanti
s of state ma
hines, the model is 
onne
tedto business logi
 during transitions, and the paths through the state ma
hinedepend on de
isions in guards and thus on variable values. The purpose of thestate ma
hine is thus to invoke a
tions in an appropriate sequen
e. The exe
utionframework instantiates state 
lasses beginning with the initial state. It readsannotations in transition methods afterwards and instantiates 
ontra
t 
lassesreferen
ed there. Then the guard methods are invoked and the variables arepassed to them, and the result is used to determine if the related transitionwill �re. The next state is then determined from the 
lass referen
e given in theannotation, and the pro
edure is repeated until a �nal state is rea
hed.3.4 MonitoringCompiled 
ode with embedded models is interpretable for tra
ing and monitor-ing with respe
t to the model spe
i�
ations. This is of interest sin
e embeddedmodels intera
t with other business logi
 and use real data at run time. Thusmore 
omplex state spa
es 
an exist than those used for veri�
ation. For monitor-ing, tra
es in terms of 
lass instantiations, method 
alls, and 
hanges of variablevalues 
an be generated. Two kinds of monitoring 
an be distinguished:A
tive monitoring is 
ontrolled by the exe
ution framework notifying listen-ers so that appropriate views 
an be realized at the level of the framework.However, the degree of detail is limited by the platform's re�e
tion 
apabilities,and overhead introdu
ed by interpretation and emission of information must be
onsidered for produ
tive systems. Passive monitoring relies on instrumentationte
hniques of the platform. In Java the debugging interfa
e is appropriate togather information about running software. Sin
e program 
ode patterns de�neentry points into program 
ode, instantiations and invo
ations of that 
ode 
anbe surveyed. Passive monitoring 
an be applied to all elements of the program-ming language, in
luding method 
ontents, so that a running embedded model
an be 
onsidered in detail. However, noti
eable overhead of instrumentationte
hniques entails that this will not be usable in produ
tion environments.For state ma
hines the following information is of interest: (1) Initializationand start of a state ma
hine with information about all states, transitions, andvariables as extra
ted from 
ode; (2) a
tivation of states indi
ating that guardevaluation and transition sele
tion in this state will happen subsequently; (3)sele
tion of transitions indi
ating that program 
ontrol will be handed over tobusiness logi
; (4) validation of updates after transitions with a 
omparison of
urrent variable values and 
a
hed variable values from the point in time beforethe transition �red. With an appropriate tool as shown in �gure 5, an embed-ded state ma
hine 
an be analyzed with respe
t to a graphi
al representationhighlighting a
tive states and transitions, variable values, and guard evaluation.In summary, the views used at development time 
an be transferred to therun time when the well-de�ned program 
ode stru
tures are exe
uted.



Fig. 5. A state ma
hine view realized by a monitoring tool. It shows sele
tion of statesand transitions as well as variable values and evaluation of guards and updates.3.5 Design Re
overyWhen software is put out of servi
e, data and business logi
 are often to be trans-ferred to su

essional systems. However, experien
e shows that do
umentationis often in
omplete, out of syn
 with the a
tual system, or not existent at all.Espe
ially modeling information would in su
h 
ases be of help sin
e model spe
-i�
ations are often used to des
ribe essential parts of the system that may be ofinterest for reengineering or 
an support the re
overy of design in the software.Modeling information in sour
e 
ode or byte 
ode 
an be a

essed as de-s
ribed for design, veri�
ation, exe
ution, and monitoring. It is appropriate forreengineering and design re
overy sin
e it is no external meta data, but 
on-stitutes (a part of) the a
tual system that is to be repla
ed. Thus embeddedmodels support design re
overy if basi
 information about their use is available.4 Dis
ussionThe approa
h presented here is 
ontrary to other MDSD approa
hes sin
e it
onsiders program 
ode not as result derived from abstra
t spe
i�
ations, but theprimary notation 
ontaining information about models. We 
hose this approa
hbe
ause program 
ode is an integral part of most software development a
tivities:When 
omplex requirements, spe
i�
 libraries or frameworks, or performan
erequirements demand non-standardized solutions, model spe
i�
ations 
annot
over 
omplete appli
ations under development. This leads to situations wherea semanti
 gap exists between model spe
i�
ations and the a
tual program 
odethat is derived from them or must intera
t with derived 
ode. The use of di�erentnotations thus in
reases 
omplexity whi
h is not redu
ed by tools unambiguously.



Embedded models are therefore appli
able when domain-spe
i�
 models areused in programs where developers have to work with program 
ode expli
itly. Insu
h 
ases the tight integration of spe
i�
ations and program 
ode as des
ribed inthis 
ontribution is desirable from our point of view and 
an be used throughoutthe development pro
ess. Notations that are only used to provide domain-spe
i�
views on the program 
ode 
an be repla
ed by appropriate program 
ode patternsfor design, veri�
ation, exe
ution, monitoring, and design re
overy of software.The approa
h has so far been evaluated in the development of mid-sized real-world appli
ations [13℄. The development a
tivities des
ribed in this 
ontributionare already supported by tools that interpret the program 
ode at developmenttime and run time and provide spe
i�
 views for di�erent purposes. However,di�erent semanti
 gaps 
an be expe
ted for di�erent modeling 
lasses, so thatfurther resear
h is ne
essary to determine the appli
ability of embedded models.In summary, we are 
onvin
ed and have partly evaluated that embeddedmodels are appropriate for the given use 
ase of appli
ation development.5 Related WorkWe 
onsider work related to this 
ontribution that aims either at redu
ing thenumber of di�erent notations in use during development or at seamless syn
hro-nization with respe
t to formal models.While model round-trip engineering identi�es relations between program
ode and models, it requires manual e�ort sin
e modi�
ations in the 
ode 
an-not always be interpreted with respe
t to semanti
s of abstra
t models [14℄. In
ontrast, embedded models only 
onsider program 
ode that follows the syntaxof program 
ode patterns and is therefore interpretable unambiguously. Severalapproa
hes relate sour
e 
ode to high-level spe
i�
ations using meta data, e.g.[15℄, thus enhan
ing its formal des
ription at the same abstra
tion level whileusing di�erent notations. Similar, framework-spe
i�
 modeling languages 
on-sider the semanti
s of frameworks to enable 
ontinuous round-trip engineeringat this abstra
tion level [16℄. Di�erent to these approa
hes, embedded modelsfo
us on establishing relations between di�erent abstra
tion levels.In 
ontrast to Internal DSLs [17℄, embedded models allow not only to in-terpret statements, but more 
omplex stati
 stru
tures in the 
ode. Other thandesign patterns spe
i�ed with respe
t to modeling languages [18℄, embeddedmodels are 
ompletely founded on formal model semanti
s. In di�eren
e to mod-eling 
onstraints in obje
t-oriented sour
e 
ode [19℄ or model 
he
king for sour
e
ode [12℄, embedded models do not fo
us on veri�
ation of the program 
odeitself, but on its relations to high-level spe
i�
ations.While exe
ution of model spe
i�
ations like UML diagrams [20℄, 
onstraintor a
tion languages [21℄, or DSLs [22℄ leads to a 
lean and model-
entri
 view ofsystems, it requires 
omplete modeling of appli
ations or integration of modelingnotations with program 
ode. Program 
ode patterns of embedded models, in
ontrast, are invoked a

ording to the exe
ution semanti
s, while all informationis embedded in the program 
ode.



In summary, these related approa
hes are not appropriate to either redu
ethe number of notations in use during development or enable a seamless syn-
hronization that 
onsiders formal models as well as program 
ode.6 Con
lusionIn this 
ontribution we presented an approa
h to redu
e the number of nota-tions used during software development if the implementation is based on modelspe
i�
ations. Sin
e program 
ode is expli
itly available in many proje
ts, we
onsidered the expressiveness of modern obje
t-oriented general-purpose pro-gramming languages and enhan
ed the idea of design patterns with program
ode patterns that represent the syntax of models. By this means less notationsare required sin
e the program 
ode itself is interpretable at di�erent levels ofabstra
tion. The resulting domain-spe
i�
 views on the program were dis
ussedwith the example of state ma
hines for design, veri�
ation, exe
ution, moni-toring, and design re
overy of software. Embedded models are thus appli
ablefor software under development that uses domain-spe
i�
 models together withprogram 
ode that is not based on models. Sin
e the development a
tivities de-s
ribed here have been evaluated in mid-sized real-world appli
ations and aresupported by appropriate tools we 
an state that the approa
h is feasible.Future work will fo
us on extending the 
on
ept with respe
t to di�erentaspe
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