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Abstract between models in general and transformations between
PIMs and PSMs in particular.
Model driven development is a popular approach to mas-  The subject has been addressed in numerous research pa-
ter the complexity of computer based systems, but it is stillpers. OMG’s request for propos@liery Views Transforma-
missing well-established technologies for model transforma-ions (QVT) [4] led to the recommendation [20]. Gardner
tions. A lot of research has been done to address this subet al. [13] give a summary to previous QVT contributions;
ject, most of it tends towards highly expressive and highly Czarnecki and Helsen [9] classify different transformation
specialized transformation languages. This paper takes aapproaches. Other papers that deal with transformations es-
contra point to this trend, proposing the transformation im- pecially in the context of MDA are [14, 5, 15].
plementation language Mopa (Model Pattern), whichisless  \os; of this work shows a trend towards special purpose
expressive but provides more flexibility. Mopa is indepen-yansformation languages that inherently constrain their
dent of the chosen modelling techniques, it allows the re-ygers 1o specific model transformation approaches. These
alization of different transformation approaches, and itis gre for example, techniques that only allow transformations
integrated into the Java programming language, hence easyyithin a single model, only allow transformations from one
to integrate into existing environments. Mopa is described modelling language into another, or only allow code gen-
with formal syntax and semantics, and this paper shows hoWg,ation from models. As Czarnecki and Helsen show in
to use Mopa to implement different existing transformation [9] MDA leads to different applications of model transfor-
approaches. mations. Each of them requires a different transformation
approach, thus a different transformation language. Users
of MDD/MDA have to master different transformation tech-

1. Introduction nologies, since every single technique is yet expressive, but
also too constraining.

To master the complexity of computer based systems, en-  This paper proposes the transformation language Mopa
gineers use abstractions to describe a system with modelghat works against this trend. Mopa is less expressive than
that are simpler than the system itself. Model driven devel-other technologies, but it provides more flexibility: It works
opment (MDD) is a system engineering approach that usegfor different transformation approaches; it is independent
models as artifacts to develop a system. Different modelsof the actual modelling technique; and it is integrated in
and modelling languages are used to describe a system ofhe Java programming language. We use Mopa for our own
different abstraction levels and from different views. The MDD/MDA tools presented in [12, 11].

Model Driven Architecture (MDA) [17] is a popular way of The following section 2 gives an exemplary introduction
model driven development, promoted by the OMG. It uses into what Mopa is and how it works; it is followed by a
platform independent models (PIMs) to abstract from the depresentation of related work and a classification based on
tails of specific platforms and recommends automated transMopa’s model transformation features. Section 3 defines
formations from abstract PIMs to platform specific models syntax and semantics of Mopa formally. In section 4 it is
(PSMs). explained how Mopa can be applied to different approaches

The problem with model driven development in general to model transformation. This section covers three different
and MDA in particular is the matter of model transforma- application scenarios that typically arise in model driven de-
tions. While there are well-established technologies to specvelopment: The execution of models, generation of code
ify and manage models, as well as their modelling lan-from models, and finally the transformation from models
guages (meta-models), there is still no widely used and acinto models. The paper is closed by the concluding section
cepted technology to either specify or implement relations 5.



2. Basics and Classification

‘ pattern method declaration with parameters ‘

\pattern void downSize (int threshold, Box trashb {

After introducing Mopa, using some basic examples, we
discuss where Mopa comes from and how it relates to other
model transformation techniques. After that, Mopa will be
classified based on its features, using Czarnecki and Hel-
son’s classification catalogue [9].

2.1. Introduction to Mopa

b=Box provided \(b.getWeiqht() > threshold) -> {

while (b.getWeight() > threshold) {

provided conditions are
boolean expressions

traversal control commands

inner pattern that checks

Mopa stands for Model Pattern; it is a language to ex-
press execution of actions depending on pattern matching
The user defines rules, which use a left hand pattern that

simple pattern with variable,
when the pattern matches a variable
i of type Item will be created

edges of the actual
Container node and that
are labeled contents

whenever it matches a model configuration, executes a right

for type Element

hand block of imperative code. Mopa abstracts from spe- pattern void inventory(PrintWri‘ter out) {
c:Container(\e=contents:Element\) -> {

cific model representations; it uses an abstract data type that
describes arbitrary models: The models that Mopa handles
have to consist of nodes that form a labelled directed graph,
with a known spanning tree, and a function that determines
the type of each node. Based on this abstract model repre-
sentation, Mopa defines a pattern language that allows the
user to define model configurations. With Mopa’s pattern
matching algorithm, those configurations can be searched
for in given models. To achieve this, the model graph is
traversed along its spanning tree. When a specified config-
uration is discovered in a model (when a pattern matches)
the actions defined in the corresponding rule are executed.
The Mopa language is an extension to the Java program-
ming language that allows the user to write special pattern
methods that consist of a set of Mopa rules. These methods

+ " contains

out.println(c.getIdentifier ()

+ e.getldentifier());

"

}

Container -> {
dive;

}

e=Element -> {

rule body, is executed when
the pattern matches, bodies
consits of Java code

out.println("element " + e.getIdentifier ()

+ "lays at position" + e.getPosition());

Figure 2. Pattern method examples

can be called on models that are represented by Mopa’s aland the corresponding right hand side code block is exe-
stract model representation. Mopa rules consist of a leftcuted.

hand side Mopa pattern and a right hand side Java code Figure 2 gives two example pattern methods that work
block. When a Mopa pattern method is invoked, the pat-for models based on thé/arehousemeta-model in figure
terns in all rules are successively matched against the giverl. Consider a software for stock keeping that uses the
model, and every time a pattern matches, its rule is selectedVarehousaneta-model. Based on that model (represented
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Figure 1. An example meta-model: A ware-

house

in Java using an JMI-based [16] mapping) the first Mopa
method in figure 2 identifies boxes that are heavier than a
certainthreshold  and moves items from those boxes to
a designatettashbox

Threshold and trash box are given as context parameter
to the transformation. The first rule is executed on each in-
stance oBox that exceeds the threshold. The threshold con-
dition is given as the rule’provided condition The rule’s
right hand side uses tliive command to apply all rules
of the pattern method to the children (according to the span-
ning tree) of the matched node. This is done again and again
until the box’s weight has fallen under the threshold weight.

In case of MOF models children are the components of
a model element, derived from compositions which form
a native spanning tree in MOF based models; in\Waee-
housemodel these are the items contained in a box. The
corresponding rule that matches these children (items) re-



moves an item and puts it into the trash box. Since all itemsimplementations into tools. OMG’s transformation recom-
contained in a box are children of that box, the second rule mendation MOF 2.0 QVT (in its pre-final version [20]) for
would match every item the box. To remove only one item example suggests three different kinds of transformations
at a time, we return the control back to the box rule after oneto broaden the scope of possible QVT applications: (1)
item is put in the trash box; the commareturn isused, a purely declarative approach to define bi-directional rela-
to end the currently active dive command and fall back to tions between languages as transformation specification, (2)
where the dive command was called, in this casenthite a version of this relational approach augmented by means to
loopin the first rule. user control rule scheduling and application strategy, neces-
There is a second example in figure 2 that prints an in-sary to actually let a machine use this rules to check a re-
ventory of theWarehousgusing Java 10. The first rule of lation between existing source and target models, and (3) a
this method presents a more complex pattern. It describesnore imperative right hand side that is seen necessary to al-
Container -instances that contain &lement . This pat-  low the execution (creation of a target model from a source)
tern matches for each container-element pair, or more preef an unidirectional defined transformation.
cisely on each for each link of th€ontainsassociation. Mopa intentionally is a less specific and less expressive
Since the used typeSontainerand Elementare abstract language but is therefore more flexible. It incorporates gen-
super types of the concrete typ&ack, Boxand Item, eral purpose programming languages in its transformations
the abstract rules in thieaventory  method work on all  to allow the flexibility needed to implement model transfor-
kinds of container Rack, Box and all kinds of elements mations. The drawbacks are: (1) even with Mopa being

(Rack,Box,ltem formally defined, the combination Java/Mopa is not mathe-
matically predictable, (2) in contrast to typical transforma-
2 2 Related Work tion techniques Mopa is less expressive, hence there is more

implementation work for the transformation engineer. The

advantages are: (1) one language for multiple model rep-
resentations (e.g. MOF, JMI, XML, abstract syntax trees,
etc.), (2) the possibility to implement aspects that were not
originally intended, achieved through arbitrary Java code,
(3) a flexible language that can be used for many different
transformation approaches.

The work on Mopa was inspired by the languages
Kimwitu [21] and Kimwitu++ [19]. These languages al-
low to write rules similar to Mopa rules but for the C and
C++ language. Kimwitu(++) has originally been intended
to write programs with abstract syntax trees, and therefore
has some limitations when it is used for model transforma-
tions. Therefore Mopa has added support for data organized o
in labelled graphs rather then simple trees or terms, MopaZ-3- Classification
allows a node to have several types to mimic type specialisa-
tion and polymorph types, Mopa uses an abstract data type In [9] Czarnecki and Helsen identify a set of features
to work on arbitrary data structures, rather then only on datathat can be used to classify transformation techniques. We
defined in the proprietary Kimiwtu(++) type system. will use this feature-based classification for a more detailed

This way Mopa copes better with model transformation Mopa characterization.
requirements, especially for object-oriented (meta-)models, A mandatory feature for model transformation &ens-
where model elements are typed by classes that can havéormation rulesthat consist of deft handand aright hand
several super classes, and where models are organizedide Mopa rules fulfil this requirement. The left hand
like directed labelled graphs, meta-modelled with naviga-sides of Mopa rules afgatterns Mopa patterns argyntacti-
ble named association ends and attributes. Mopa’s syntaxcally type they are based on types and labels, which can be
is still influenced by Kimwitu(++), but its pattern matching checked against the models that they are used upon. Mopa
semantics are more oriented on graph pattern matching aslefines arabstractand atextual concrete syntaor its pat-
it is used in graph transforming approaches [5]. Another terns. Patterns amgraph patternghat identify sub-graphs
addition to Kimwitu(++) are commands that can be used to in the source model. The right hand side of Mopa rules are
control model traversal. executablend havemperativecharacter; right hands sides

Most model transformation languages and technologiesare blocks of Java code. Mopa rules incorporate the optional
are highly specialized tools. They are tailored towards a feature ofsyntactically typed variablesS'hese variables are
concrete transformation approach or modelling technique either defined by patterns with values assigned by pattern
Often model transformations have to fulfil a certain degree matches, or manually defined local, member, or class vari-
of formality to allow unambiguous specifications or math- ables.
ematical sound transformation results. In either case itis Mopa transformation rulesyntactically separatdeft
hard to automatically derive implementations from transfor- hand from right hand sides; they are striatiyidirectional
mation specifications and it is even harder to integrate suchSets of Mopa rules (pattern methods) carpbeameterised



to act depending on a given context. A context is formed 3. Foundations

by additional parameter to pattern methods, or member vari-

ables and class variables. Czarnecki and Helsen identified Mopa uses an abstract data type for models, which we de-
the possibility to uséntermediate model structurés some fine first. Then we introduce the realisation of this abstract
model transformation approaches. Mopa does not suppordata type in Java. Afterwards the actual concrete syntax
such structures itself, but is open to create any kind of Javaof the Mopa language is given. Then we present MOPAs
structure and you can define and schedule different sets ofbstract syntax and its semantics. MOPAs semantics are
Mopa rules to implement more complex, multi-stage trans-explained as a sequence of set-theoretic constructs that lead
formations scenarios. from its abstract syntax and the abstract data type signature

Some approaches usee application scopingn source  t0 the behaviour of Mopa methods.
and target models to restrain transformations to specific
parts of models. Mopa has a deterministic behaviour and3-1- An abstract data type for models
gives the user explicit control over rule scheduling and

model traversal. Therefore the user has the possibility to AN abstract data type for models is needed as interface
control which model parts are affected or not. to concrete model representations. The used abstract data
type X provides: (1) the notion of trees to allow easy model

. Some transformation approaches involve the rT‘Odmca_traversal, (2) named properties to define relations between
tion of the source model, others completely separate the tar-

: . nodes in order to describe attributes and associations, and
get model from the source. Boslource-target relationships (3) a type notion to classify model nodes
are possible when using Mopa. Mopa allows the source to The abstract data typ& is defined. with sortsi{
be a valid transformation target and does not constrain the '

. P ties, and Types, functions signatures
possible updates on the source model. But from own expe- roperties Jpes 9

rience this approach has to be done with care, because it is children : U — o(U)
very difficult to predict the behaviour of a transformation link : U x Properties — o(U)
when transformation rules are applied to a changing source

model. type: U x Types — B

Transformation systems are rule based, and there ha§nd the axiom
to be arule application strategythat determines on what
node arules is to be applied when the rule matches multiple
nodes. Mopa uses a interactive application strategy; in fact Wherel{ is a sort of arbitrary model node&yoperties
Mopa would a apply the rule to all matches, but provides a describes labels for relations (e.g. associations) that a node

mechanism—explicit tree traversal control—to let the user ¢an have with other nodes, arflpes is a sort of names
determine Sk|p matches or discard rules. for typeS (eg C|aSSIerr) of nodes. The functignidren

assigns a sequence of child nodes to each node. This func-
tion is considered to impose a tree structure, that might have
Ir_nultiple roots, but does not have any circles (see the axiom).
The functionlink assigns a sequence of nodes based on a
property. This function describes the edges of directed, la-
belled graphs. The last functiagpe determines the types
of a node. It defines a correlatidty,,. C U x type. Cer-
tain modelling environments only allow one type per node:
u1 Riype t Az Ryypet = ur = uo. Other type system may
allow multiple types per node to mimic polymorph types.
The operatorp(i{) denotes the set of all possible se-
quences of noded’ € p(U). A sequenceV is indexed

) ) by natural numbers starting with For all N € p(U)
Mopa rules arerganizedn Java methods. Thimodular-  gndx > 0is N(z) € U U {undef}. There are no holes
isationallows only thereuseof hole rule sets. There are N0 4 yndefined elements in a sequendé(z) = undef =

—Juy . .oup €U (Ui € children(u;)],_y 1 Au1 = uy

Rule scheduling determines the order in which individ-
ual rules are applied. Mopa usésplicit rule iteration
over the given source model nodes. The scheduling is dete
mined by rule order. Rules can disableddxplicit condi-
tions Once arule is executed, the user can influence further,
rule scheduling, using the right hand side. The possibilities
to influence rule scheduling are to continue with the next
rule (continue), to skip all rules for the actual source node
and continue with the next node (break pattern), to explic-
itly apply rules to the node’s children before continuation
(dive), or to end the transformation process on the actual
node set (return).

mechanisms for thipgical compositiorof rules other then /(5 4 1) = yndef. The length of a sequence is defined
those implemented by the user himself. Rules are organizedas‘m = 2 with N(z) # undef A N(z + 1) = undef.

source-orienterithat means the actions that a rule executes e yse sequences instead of sets to reflect that ordering and

(RHS) are attached to source model patterns (LHS). non uniqueness in structured data might have valuable se-
Mopa has nadedicated supporor tracing of executed mantics, and it is easier to masquerade the behaviour of a
model transformations. set with a sequence then vice versa.



Many kinds of data can be described with models of the interface Node {

abstract data typE. We want to give a few examples: Meta- Collection<Node> children();
modelling architectures for object-oriented modelling, like
MOF 1.x [18], MOF 2.0[2], EMF[7], or JMI[16], useneta-
classifierfor objectsin order to modelobjectswith com-

mon characteristics. Those characteristics are expressed as
structural featureswhich usually come in the fornassoci-

ation endsor attributes Structural features have names, e.g.
role names or attribute names. Structural features can have
composite semantics, that means that some features impose
circle free graphs, since containment must not be cyclic.  3.2. Syntax

Collection<Node> links(String property);
boolean hasType (Node node, Object type);
}

Figure 3. The Java interface for the abstract
data type X

The objects of a model can be mapped{tcﬁach objggt The MOPA language is designed as an extension to Java.
has types. These types are the corresponding classifier, a

well as generalisations of that classifier. The classifier of an'i Mopa program is processed by the Mopa compiler, which

. ; o ) generates Java code. A Mopa file, like a Java file, consists
object are used to defingpes. Associations and Attributes of a public classdefinition. Mopa and Java classes can be

define properties that are instantiated as links between Obr'nixed to form a program. Mopa classes o files use the same

jects or properties of objects. These can be used to def'nesyntax as Java except for a special method kirdtern

link. The features that have composite semantics can be These pattern methods are declared, ugiagern

used to definehildren. as method specifier. Mopa methods use the syntax in fig-
Another popular example df models are XML docu- ure 4 as method body. Whejava _pattern _block

ments. The nodes of a document as defined in the Documenis a block of Java statements with three additional possi-

Object Model [1] define the set of all nodes. Each node hasble statementdive , break pattern , andcontinue

a type, that is either an element definition or an attribute pattern . The symbolype must correspond to a valid

definition. The nodes in a document form a tree structure.type of the models that the pattern method is indented for.

Child elements and attributes can also be seen as propertiepyoperty ~ must be a valid property name in that model.

distinguished by the element’s or attribute’s name. The symbolvar _-name must denote a legal java variable

ame, the symbdghva _expression denotes a java ex-

. . n
Besides these examples there are a lot more, like abStraCE)ression

syntax trees, decision trees, ontology, etc.

To use the abstract date typein the programming lan-  3.3. Semantics
guage, we define the Java interface in figure 3. Instances
of an implementing class for this interface describe nodes The definition of a more abstract syntax is needed in or-
in a model. If thethis parameter for each method is taken der to conveniently talk about the semantics of Mopa. First
into account, then the three interface methods directly conwill define the syntax of the patterns, the left hand side of
form to the functions signatures definedin All instances Mopa rules*
of all implementing classes of this interface form the set
U. Properties are described by strings, e.g. property names. P € Pattern == t|t(p; P;)x-
The Java type for types is not closer described in order 1we specify the abstract syntax by a context free grammar production
to be more open for all kinds of concrete data structures.rule, where ::=' denotesis composed gfwhile ’|' separates alternatives
This node interface can be easily implemented using theand allP; are also produced with this rule.
delegator-pattern.

For MOF based models, for instance, we implemented pattern _method block ::= (rule)*
theNode interface with JMI. The delegator thatimplements rule ::= [var name "="] pattern [provided clause]
theNodeinterface uses JMI-reflection facilities to gain con- "->" java_method _block
tainer and contents of a model element, to access its properpattern ::= type [ "(" sub _pattern (","
ties by feature names, and to inspect its meta-type, either by ~ sub _pattern)* ") |
retrieving an object that actually represents the meta-objectsub _ pattern ::= [var _name "="] [property ":"]
or by using the programming language type that reflects the pattern
actual meta-type, including its generalisations. An imple- provided _clause ::= "provided" "("
mentation for XML could simply use the node objects of a java _ expression ")"
DOM implementation. Similar implementations are possi-
ble for the other examples. Figure 4. Mopa concrete syntax



Wheret € Types andp € Properties. We use(a;b; ), to
note(aby, ..., arbi). We will also need a helper construct:
sub-graphwhich is defined by:

(n, 2)|(n,

Wheren € U and x a natural number. A sub-graph
conforms to a sequence of nodes and is definedfas
pU) x Subgraph — B with:

S € Subgraph ::= x)(piSi)k

| true if N(z) =
(v, ()= { e T
cf(N, (n,2)(piSi)k) :=cf(N, (n,z)) A

/\ In; € link(n, p;) : cf(n;, S;)
ie{l...k}

For the right hand side of Mopa rules we define com-
mand<C = {j, ¢,b,r, d}. Wherej denotes an arbitrary Java
step of executiong continue,b break patterny return, and
d dive. The execution of a Java code block will result in a

and
(n',2")(piS} )k —NP( ,2%) (piS? )k
& (nl,ml):N,p (n2,x /\ Sil =nN.pP Sf
ie{l..k}

Because all sub-graphsM(N, P) have the same structure,
=n.p istotal inM(N, P).
Lemma: Two S*, 52
St =xp S? = S = S%2. Proof: S!,S5? have the
same structure, since both are Mi(V, P); both have
everywhere the same node positions because of the
definition of =5 p. Thus assuming there would be some
St #£ 5% with ST =y p S? they would only differ in nodes
n. But that would mean that for some node = ny and
propertyp and positionz link(nq, p)(x) # link(nsg, p)(x),
what is not possible. ]

€ M(N,P) yield

From now on we use- for =y p. We define<y p re-
cursively on the structure of sub-graphs.

sequence of such commands, depending on the current en- (n', 2!
vironment the block is executed in. This environment con- o <z
sists of the state of all Java variables, objects, static member,

etc.; we denote the set of all possible Java states&vithf and

course we cannot describe the Java semantics; therefore we

1
will abstract from it. We will later on introduce a function (n', 2" (PiSik <w.p (02, 2%) (P57
that simulates the Java semantics and gives us the next com- (&t < xz)
mand inC for an environment irf. PN
V o[zt =2?ASI =87, =S <npSP

A patternP matches a sub-graph, match(S, P), only
if (1) S = (n,z) and P = t with type(n,p) = true
or (2) S = (n,x)(p:Si)r and P = ¢(p,P;); with k = 1,
match((n, 2),t), for all i € {1,....,k} p; = p; and Lemma: The total order<y p is a well order in
match(S;, F). In all other cases” does not matci§. M(N, P). Proof: We will show the minimums,,, in each

When we try to match a pattefd to a sequence of nodes  gpsets ¢ M(N, P) withVS € S : S <Np Spm =S =
n € p(U) the set of matching sub-graphs is defined as: S,,. We use recursion over the structure of sub-graphs (all
have the same in afl). If (1) S = {(n;, z;) }r thenS has a
minimum because& is a well order inN and everyS € S
is unique; if (2)S = {(ns, z;)(p;Si;)1 }x, the definition is:

Because all sub-graphs have the same structdvE ¥, P),
<y, p is atotal order iM(N, P).

M(N, P) := {S € Subgraph| cf(N, S) A match(S, P)}

Finally we define a equivalence relatieay » and or-

dering relation<y » on those matches. Since al ¢ So = {S=(ni,z:i)(p;SijilS € SA

M(N, P) domatch(S, P) they all have the same structure (ng, ;) is minimum in{(n;, ;) }x }

and differ only in positiong: and actual nodes. Two sub- — (S = (s ) (0:S VS €S 1 A

graphsS! andS? have childrer(p! S} )} and(p?S?)2 have i =1 (n“mz.)(pj. ?J)ll _ Tt

always the same number of chlldreh k? and the same Sig Is minimum in{S1, ... Skq} }
propertiesp} = p?. The same can be said about each pair The last seSS,, contains only one, this is the minimum
(S}, S2) of children and of their children and so forth. We S, of S. g I y o n UD

say that all sub-graphs M (N, P) have the samstructure
We define=y p recursively on the structure of sub-

We use the well ordex y p on M(N, P) to define the
graphs:

sequencdl (N, P).

When we apply a patterR to a sequence of nod@s, we
retrieve a sequence of sub-graptis (N, P) that conforms
to the nodes inV and contains matches &f. The order



of matches inM< (N, P) is completely determined by the pointe:

order of nodes inV and order of nodes ifink(n,p). In

other words when we apply a pattern to nodes of structured cont(e) :=e

data, we derive an ordered set of matches that reflects the cont(t) ifig=mgAip =k
order of elements given by the structure of these nodes. If cont(t):={ (N,ip+1,0,t) ifig=mgAip<k
the order in the given data has a defined semantics, it is (N,ip,ig+1,t) ifig <mg
preserved. In the other case, if there is no specific order,

and sequences are only arbitrary, Mopa will still use this \yhere the actual traversal point = (N, ip,ig,t) and

order, but the user can ignore it. _mg = |[M<(N, P;,)| the number of matches for the actual
Now that the semantics of patterns are clear, we will de-NodesN and thei,-th patternp ..
fine the application of rules. A sequence of rulé$, B; ), Break patterncontinues the execution with the next pat-

an environment, and a starting sequence of nodésare e gl other matches of the actual pattern are discarded:
given. The set ofraversal pointsT'P is recursively defined:
(1) the end point is a traversal point, (2)N,ip,is, t) iS o cont(t) if ip =k
a traversal point, wherd/ is the sequence of actual nodes, break((N,ip,is, 1)) = { (Nip+1,0,1) ifip <k
ip denotes the index of the actual pattern witkl ip < &, ’ o
is denotes the actual match with< ig < |[M<(N, P, )|,
andt € TP is the parent traversal point.

A traversal onVy and(P;, B;), starts with(Ny, 1,1, ¢e). return(t) = cont(t)
The function

Returncontinues the execution on the parent node:

Divetraverses down the tree; the execution of the current
block is paused an the rules are applied to the children of the

. . . _actual node in the actual match:
reflects the execution of a statement in a corresponding

code block with an environmemt £. For (N,ip,ig,t) IS
(P, Bi,) the corresponding rule ang,, the correspond-
ing code block. The functiofuva is an abstraction of Java . ‘
semantics that, of course, cannot be given here. The funcith (nig, 2)(...) = M< (N, Pi,.)(is).
tion java is assumed to be total and it is defined by the Java  Finally we can give the behaviour (a sequence of states
programming language, except fara((N,ip,0,{, E) = in TP x &) as aresult of applyingB;, P;); to Ny and start
(¢, EY); this is needed to reflect that a pattern might have no State£o:
match. We use this trick to express that when a pattern does (to, Eo), (t1, 1), . . ., (tn, En)
not match any node, nothing is done but continued.

The actual state of a traversal is an elemenf'éf x
£. We will describe the traversal semantics of Mopa as a
function

java : TP x & —-Cx &

dive((N,ip,ig,t)) := (children(n;,),1,0,(N,ip,ig,t))

wheremopa(t;, E;) = (t; + 1, E; + 1), o = (No, 1,0, ¢),
andt, = e.

mopa : TP x & — TP x & 4. Application

that gives the successor state to a given state and the succes-

sor traversal point to a given traversal point. This section is about applying Mopa, how to it is used
and how it performs for the different model transforma-

(t, E") if java(t,E) = (4, E") tion approaches. Czarnecki and Helsen [9] categorize
(cont(t), E') if java(t,E) = (¢, E') model transformation into two major approacimesdel-to-
mopa(t, E):=< (break(t), E') if java(t,E) = (b, E’) codeandmodel-to-model Wheremodel-to-codelescribes
(dive(t), E') if java(t,E) = (d, E") the less generative—but more used—task of creating pro-
(return(t), E') if java(t,E) = (r, E') gram text in a specific implementation language, in con-

trast tomodel-to-modefransformation that allows transfor-
The execution of P;, B;)x, on nodesV, and environment  mation into the domain of well defined (meta-modelled)
E, starts with((No,1,1,¢e), Ep). The functions for the  modelling languages. We introduce another approach—
traversal commands are defined as follows. Mode-to-execution-that describes the transformation from

Continue if another match exists then continue executes a model to executed actions. The use case is the implemen-

the code block on the next match, if not it goes to the next tation of execution semantics for languages in the context
pattern , if that doesn’t exist either, it continues at the parentof language driven development; simulation is one example
position. The state is not changed if we continue on the end(compare to Executable Metamodelling in [8]).



4.1. Model-To-Execution body using thalivecommand.

Model-To-Execution—the execution of a model—is a
simple method to directly realize the semantics of lan-4.2. Model-To-Code
guages. It is realized through rules that define what actions
to be execute for each instance of a language concept, or as
Clark and Evans put it in [8]: "This [executable metamod-  Model-To-Code describes the generation of program
elling] is achieved by augmenting the modelling language code from a model. In the context of MDA this is proba-
with an action language or other executable formalism”.  bly the most used approach in existing MDA tools; Czar-
Where Clark and Evans, as well as other (JetBrains [10]),necki and Helsen say: "Most existing MDA tools provide
use an own language (that is consequently bootstrappednly model-to-code transformations, which they use for gen-
with their own metamodelling language) to define the ac-éerating PSMs (in this case being just the implementation
tion semantics of their metamodelling technique. We, in code) for PIMs.” This is also probably the best researched
contrast, map models to the execution of Java statements. approach, because code generation is an applied technique
One Mopa feature is especially helpful to implement Since long before the ages of MDA and UML.

such semantics: Mopa’s determined order of pattern  And here lays the main advantage of Mopa, using arbi-
matches and ability to control the traversal of a model. trary Java code to execute rules also allows the usage of
When implementing the execution of a model it is often vi- programming language libraries. Therefore it is possible to
tal to control the order of actions taken in order to achieve reuse existing code generation frameworks with Mopa. You
the desired language semantics. Mopa preserves any ordefsan use Mopa’s deterministic pattern matching and explicit
existing in the model; this is a necessary feature, commontraversal mechanism to control and schedule the code gen-
among metamodelling and model transformation tools. But eration using either existing code generation frameworks or
Mopa also allows ordered execution within multiple rules. ad-hoc techniques like print writing.

The pattern in two distinct rules might match the same sub-

raoh (part of a model) in part or whole and execute dif- Model-To-Code approaches can be divided ivigitor-
graph (part of a model) in part or as a whole and execute Pased approacheand template-based approache®oth

ferent actions on them. Imagine a general, abstract rule tha h b lized with isitor-based si
describes a distinct aspect of a language and that implies acqpproac es can be realize with Mopa. V|S|tor-_ ased sim-
tions for all matches of a very common model pattern. In ply means that the model is traversed and code is generated

addition, imagine another rule that this time describes thefor each element visited. This is very natural for Mopa and

very specific semantics of a specific concept that onl re—Can be implemented easily: Rules for each meta-concept
Y SP ; ; P P Y "€ 4escribe what code to generate and which elements to visit
quires execution of actions for the rare matches of a special

ext.
pattern. Mopa allows to express order between those rules .
and concluding the order between the actions they imply. Template-based approaches use target text that includes
One important aspect of model execution is the changePlaceholders that are to be replaced with concrete data in

ability of a model. Where languages with semantics that is concrete template instances. Rules in such template-based
based on transformations into other languages, have stati@PProaches usually access information in the source model
models, execution semantics of models could also allow dy-USing the left hand side of a rule and give a template as

namic changes to the model. You can compare such dyfighthand side that incorporates this data in a piece of target

namic models to interpreted languages (e.g. perl, phythonc0de. In Mopa, patterns are used to locate data in the source
tcl), or functional languages based on term-rewriting (e.g.Model and bind it to Java variables, which then can be used

lambda calculi, etc.): Interpreted languages often allow to t0 instantiate a template in the right hand side of a rule. You
create parts of a program dynamically using some kind of ¢an elther mstlantlate own code templates or use existing
eval statement; functional languages can be executed bytemplate libraries.
modifying the program (e.g. term) itself by mapping func-  Compared to visitor-based approaches template-based
tion applications to term-rewriting. approaches have the advantage that they reuse pieces of
Mopa does not limit the right hand side of its rules to any- code and thus are less error prone then most print writer
thing, since they are just lines of Java code; hence itis possibased visitor-based tools. But still the model-to-code ap-
ble to manipulate the source model itself. Using the lambdaproach in general leaks safety. The used program code,
calculus example: Imagine a rule that matches a first ordenwhether as templates or not, is not syntactically checked,
single parameter lambda function and its argument, the ruletype-safe or otherwise semantically proofed. But despite
can first replace all free occurrences of the function param+this weakness model-to-code is the most used approach,
eter identifier with the argument and can then trigger the probably because of the simpler development process, and
execution of the body by applying patterns to the modified the achievement of (at least at first sight) faster results.



4.3. Model-To-Model languages for a very specific use with small boundaries in
which transformation can be expressed. Approaches of both
Model-to-model means transformation between sourcekinds are usually added heavy machinery to remain flexible;
and targets models, where both are instances of well dethey usually define means to constrain rules, combine or spe-
fined metamodels; the elements and the relationships of elcialize existing rules. Given the trade-off between formality
ements of both source and target models are instances ofnd applicability, approaches in this category often operate
defined classifiers and associations. Such a transformatio®n the far mathematical side. There are no major applica-
environment is more safe and less error prone than the fortions of such techniques that are used to actual implement
mer approaches. That is one reason why such an approacfodel transformations; quite the opposite, it is more real-
is desperately searched for in order to formally define the istic to assume that model transformations will sure be for-
relations between languages. Beside the need to simply exhally specified using such well defined approaches, but are
press the mappings and transformations between languageknplemented using a different technique.
a technology is needed that allows execution of transforma-
tions with reasonable performance. The Structure-Driven Approach  The basic metaphor for
The problem of adequate model-to-model transforma-this approach is to create target elements for each source ele-
tions is an often discussed and open issue of MDA. In Ger-ment and to adapt the target elements to achieve the desired
ber et. al.’sTransformation: The Missing Link of MDA4]: transformation result. The assumption that reasons this ap-
"[well established foundations exist for meta-modelling], proach is that target models often have similar structure than
no such well-established foundations exists for transform-their source models. Methods using this approach (like In-
ing PIMs to PSMs.” Many approaches to model-to-model teractive Object's QVT proposal [13, 15]) often navigate
transformation existed at that point, but yet non manifestedthe containment hierarchy of the source model to create a
asthe MDA technique to describe language mappings and top-down configuration of the target model. This top-down
transformations. The OMG issued a request for proposal inapproach has the problem, that not all model information
2002 calledQuery View Transformatiorig] to create arec-  lays out in a top-down manner; when a source element is
ommendation for model-to-model transformations based ontransformed it often refers to elements not yet transformed
UML/MOF 2.0 [3, 2, 13, 20]. We relate Mopa to QVT and and thus there exists no target to refer to. According to [9]
others classified by Czarnecki and Helsen [9]. this approach is often divided into two phases: A first phase
that creates the hierarchal structure of the target model, and
Relational and Graph-Transformation Approaches second phase that sets attributes and references in the target.

Relational approaches use mathematical relations to This in not intui.tive, because it separates actipns from
declarative express relations between models. Because ofach other thatlogically belong together. When using Mopa
its declarative character those approaches are often onlyor this approach we recommend another strategy: Mopa
applicable to check whether two models relate in a certain Pattermns are used to select elements in the source model,
way to each other or not, but you can not generally derive whereby the pattern can constrain elements to distinct con-
an executable transformation from it. In [20] however it t€XtS; Mopa transversal control commands can be used for
is distinguished between bi-directional, non-executable & determined source model navigation; target elements are
relations and unidirectional and executable mappings,created within the r_ngs’ right hands sides. To cope with the
which are used to actually implement transformations. problem of non existing referred target elements, we sug-
Graph-transformation approaches use graph—QESt the notion of dlux box This concept was used and
transformation as described in [5]. Graph-transformation introduced for MOF-based model transformations in [6]. A
are described by LHS/RHS rules, where the left hand sigeflux box uses a model element factory to create the target
consist of a sub-graph which is searched for in the source€lements; the reason to use the flux box instead of the fac-
model and which is replaced by the graph given in the right ©OTY itself is that the flux box can even give you elements
hand side, when the rule is applied. The LHS-graph is cut that will be createdlater in time. When you need to refer
out using an interface graph that describes the points wherd® an element not yet existent, the flux box will create that
the sub-graph is torn out and a glue graph on the RHseélement in advance and hand it to you to reference it; when
describes how the replacing RHS graph has to be inserted. "OW the t|me has come to actually create the element, the
Both approaches relational and graph-transformationsﬂux box will hand the same former created element to you.
are real formalisms backed by mathematical foundations
and formality. Most approaches of that kind, as for example Hybrids — The QVT Approach Hybrid approaches com-
[20] and [5] present closed formalisms that cannot easily bebine declarative techniques, as used in relational or graph
extended or interact with other techniques. And that is usutransformation approaches, with imperative techniques.
ally the main weakness of such approaches: They describdOMG’s MOF 2.0 QVT [20] recommends a sorely declara-



tive relational approach to specify transformations and con- [2] Meta Object Facility (MOF) 2.0 Core Specificatio@bject
currently suggests imperative mapping rules for implemen- Management Group, Oct. 2003. pct/03-10-04.
tation. The thereby used mapping rules, use a declarative [3] UML 2.0 Infrastructure SpecificationObject Management
left hand patterns augmented by keywords that give the user __ Group, Sept. 2003. pct/03-09-15. o
some rule scheduling control. The right hand side of map- [ MOF 2.0 Query/Views/Transformations RFRbject Man-

) . ) agement Group, Apr. 2004. ad/2002-04-10, Request for Pro-
ping rules consist of sequence of executed commands.

—

. . posal.
Gardner et. al. [13] suggest the following hybrid ap- [5] M. Andries, G. Engels, A. Habel, B. Hoffmann, H.-J. Kre-
proach: "A combination of declarative and imperative con- owski, S. Kuske, D. Plump, A. Schuerr, and G. Taentzer.
structs to define transformations. Typically a declarative ap- Graph Transformation for Specification and Programming.

proach is used to select rules for application and an impera- 1996. Technical Report 7/96, Universitaet Bremen.

tive approach is used to implement the details of rules that [6] H. Boehme, G. Schuetze, and K. Voigt. Component Devel-
are not completely expressed declaratively.” Mopa patterns opment: MDA Based Transformation from eODL to CIDL.
are such a declarative left hand side that select rules for exe- __ In Twelfth SDL ForumJune 2005. ,

cution, using a pattern matching algorithm, and Mopa right ] F. Budinsky, D. Steinberg, E. Merks, R. Ellersick, and T. J.

. . . Grose. Eclipse Modeling Framework (The Eclipse Series)
hand sides are imperative Java code block that can be used Addison-Wesley Professional, Aug. 2003.

to create target model elements. [8] T.Clark, A. Evans, P. Sammut, and J. WillaAgplied Meta-
modelling, A Foundation for Language Driven Development
5. Conclusions 2004.

[9] K. Czarnecki and S. Helson. Classification of Model Trans-

: formation Approaches. ®OPSLA’03 Workshop on Gen-
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