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Abstract. Like other software artefacts, metamodels evolve over time.
We propose a transformational approach to assist metamodel evolution
by stepwise adaptation. In the first part of the paper, we adopt ideas
from grammar engineering to define several semantics- and instance-
preservation properties in terms of metamodel relations. This part is not
restricted to any metamodel formalism. In the second part, we present
a library of QVT Relations for the stepwise adaptation of MOF com-
pliant metamodels. Transformations from this library separate preserva-
tion properties. We distinguish three kinds of adaptation according to
these properties; namely refactoring, construction, and destruction. Co-
adaptation of models is discussed with respect to instance-preservation.
In most cases, co-adaptation is achieved automatically. Finally, we point
out applications in the areas of metamodel design, implementation, re-
finement, maintenance, and recovery.

1 Introduction

Metamodel evolution. In Model-Driven Architecture (MDA) [1], metamodels
are a fundamental building block. Models occurring in a MDA process comply to
metamodels, constraints are expressed at the meta-level, and model transforma-
tions are based on source and target metamodels. Like other software artefacts,
metamodels evolve over time [2] due to several reasons: During design, alterna-
tive metamodel versions are developed and well-known solutions are customised
for new applications. During implementation, metamodels are adapted to a con-
crete metamodel formalism supported by a tool. During maintenance, errors in
a metamodel are corrected. Furthermore, parts of the metamodel are redesigned
due to a better understanding or to facilitate reuse.

Ezample 1 (Petri net metamodel evolution). Fig. 1 illustrates the evolution of
a metamodel for Petri nets. A Petri net consists of any number of places and
transitions. Each transition has at least one input and one output place. The
initial metamodel pg captures these facts. Since a Petri net without any places
and transitions is of no avail, we restrict Net to comprise at least one place and
one transition. This results in a new metamodel p;. In a next step, we make arcs



1o :

2

ICE

i :

15

0.

Place [ _ - +d;1 Transition
1.4 0.+
o.r +dist +3IT -
1 het |1
- 0.
Place [~ st | Transition
1.* 0.*
I +dist +5re T
o ™ Lo
L 1
1 o 1.+ 1
Place [ oo™ +out| PTAre [+in ozt | Transition
1 0 1 ,
e +ilst Hin ——+out +SHC

0. 1.4
Place  |,oc wout| PTAre [+in st | Transition
1 * 1.2 1
T +ist +in ————+out +5rC
1 Het 1
Arc
+veigth  Intecer =1
1 0.r 1.0 1 —
Place [oc™ o] PTAre [+in “dat | Transition
1 0. 1.2 1
T st win vt are
)l Het 1
Are

+wveigth  Intecer = 1

0.* 1.4

1
+3rC

1
st | Transition

Fig. 1. Petri net metamodel evolution.
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Fig. 2. Simple Petri net.

between places and transitions explicit. The extraction of PTArc and TPArc yields
wo. This step might be useful if we want to annotate metaclasses with means for
graphical or textual description in order to assist automatic tool generation. As
PTArc and TPArc both represent arcs, we state this in u3 with a generalisation
Arc. In an extended Petri net formalism, arcs might be annotated with weights.
We can easily reproduce this extension by introducing a new attribute weight
in pg. Until now, we cover only static aspects of Petri nets. To model dynamic
aspects, places need to be marked with tokens as captured in us.

Metamodel evolution is usually performed manually by stepwise adaptation.
In this paper, we provide a theoretical basis to study the effects of metamodel
evolution in terms of metamodel relations. We employ well-defined evolutionary
steps for metamodels compliant to OMG’s Meta Object Facility (MOF) [3]. The
steps are implemented as transformations in QVT Relations, the relational part
of OMG’s Query-View-Transformation language [4]. Each step forms a meta-
model adaptation and is classified according to its semantics- and instance-
preservation properties. This work is mainly inspired by the ideas of object-
oriented refactoring [5-7] and grammar adaptation [8, 9].

Co-evolution. Models need to co-evolve in order to remain compliant with the
metamodel [2]. Without co-evolution, these artefacts become invalid.

Ezample 2 (Petri net model co-evolution). Fig. 2 contains a simple example
of a Petri net. Models of this Petri net compliant to metamodels introduced in
Example 1 are given in Figure 3. These models co-evolve with their metamodels.
While the first model ¢y is compliant to po and p1, new metaclasses in po enforce
new instance objects in ¢, which complies with ps, too. The introduction of
weight in py4 necessitates the introduction of default values in the corresponding
model 1o. This model is also an instance of us because it provides an empty
marking.

Like metamodel evolution, co-evolution is typically performed manually. This
is an error-prone task leading to inconsistencies between the metamodel and
related artefacts. From the fields of software architecture and language defini-
tion, we learnt that these inconsistencies usually lead to irremediable erosion
where artefacts are not longer updated [2]. In this paper, we aim at auto-
matic co-evolution steps deduced from well-defined evolution steps [10]. This
co-adaptation prevents inconsistencies and metamodel erosion.
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Fig. 3. Petri net instance co-evolution.

Transformational approach. In this paper, we propose a transformational ap-
proach to assist metamodel evolution by stepwise adaptation. Transformational
metamodel adaptation has several advantages over manual ad hoc adaptation.
First, changes become explicit. Thus, transformations provide documentation
and traceability. Second, we state several preservation properties of transfor-
mations. This allows one to qualify an adaptation according to semantics- or
instance-preservation. The co-adaptation of models is achieved automatically by
co-transformations. Finally, adaptation scripts are pieces of software on their
own. They can be reused in similar adaptation scenarios or be modified to alter
adaptation decisions. Generalisations of those scripts define new transformations.

Structure of the paper. In Section 2, the origins of our work, i.e. object-
oriented refactoring and language engineering, are discussed. In Section 3, we
present a set of binary metamodel relations. Based on these relations, we de-
fine several forms of semantics- and instance-preservation properties for meta-
model transformations. In Section 4, we develop a set of QVT Relations that
assist the evolution of MOF 2.0 compliant metamodels. In Section 5, we address
co-evolution of models. In Section 6, we discuss the benefits of a transforma-
tional approach in the context of metamodel design, metamodel implementa-
tion, metamodel maintenance, and metamodel recovery. The paper is concluded
in Section 7.



2 Background

In this section, we discuss the origins of our work. These are the refactoring of
object-oriented software and the adaptation of context-free grammars.

2.1 Object-oriented refactoring

Refactoring object-oriented code. Nowadays, software refactoring [11] is a com-
mon practice. It forms a central concept for agile development processes, e.g. eX-
treme Programming [12] and Rational Unified Process [13]. As the first au-
thor, Opdyke formalised refactorings for object-oriented frameworks concerned
with behaviour preservation [5]. Roberts carried on these ideas and designed
the Refactoring Browser for Smalltalk programs [6]. In another thesis, Bravo
developed a method for automatic detection of design flaws in object-oriented
software [14]. These bad smells advise refactorings between which a user can
choose. Fowler et al. captured these ideas and common refactorings in a practi-
cal guide to improve the design of object-oriented code [7].

The refactoring of an object-oriented program might result in the evolution
of the schema for persistent data. Thus, persistent data needs to co-evolve. The
problem of schema evolution was tackled for object-oriented database manage-
ment systems [15,16] as well as for object-oriented programs [17,18].

Refactoring UML class diagrams. Most examples in the book by Fowler et al. are
illustrated by UML class diagrams. Boger et al. extended the idea of refactoring
to UML models and developed a refactoring browser for UML diagrams [19].
Sunye et al. presented behaviour preserving refactorings for UML class and in-
teraction diagrams [20]. Then, Markovic took OCL annotations in UML class
diagrams into account [21]. He presented a set of QVT Relations for the refac-
toring of OCL annotated class diagrams. All these works address software devel-
opment. Before, refactoring techniques dealt mainly with implementation code.
Now, refactoring can be applied in the design of object oriented software, too.
In the tradition of code refactoring, UML diagram refactoring is concerned with
behaviour preservation.

MOF compliant metamodels are closely related to UML class diagrams. Since
metamodels describe the structure of models, behaviour-preservation properties
do not characterise metamodel refactoring accordingly. In this paper, we discuss
semantics-preservation for such structural descriptions. We define semantics-
preservation properties in terms of modelling concepts of a metamodel and its set
of possible instances. Instance-preservation properties are useful to characterise
co-evolution problems. Moreover, pure refactoring is insufficient to assist meta-
model evolution. We extend structural metamodel refactoring with construction
and destruction operators. Thereby, we rely on ideas from grammar engineering.
These are discussed next.



2.2 Grammar engineering

Grammar adaptation. In their efforts to establish an engineering discipline for
grammarware [22], Klint et al. suppose a transformational setting for stepwise
grammar adaptation as a central concept. In his works, Lammel gives a formal-
isation for this approach [8]. He develops several relations between grammars to
characterise a framework of grammar transformations by its preservation proper-
ties. The framework proved to be valuable for the semi-formal recovery of a VS-
Cobol-IT grammar [23,9]. Besides work on generic refactorings [24, 25], Lammel
suggests the approach to be applicable to any structure description formalism,
e.g. algebraic type declarations or UML class diagrams. In this paper, we follow
this suggestion and adopt these ideas for metamodels. We combine these ideas
with object-oriented refactoring techniques to provide a transformation library
for stepwise metamodel adaptation.

Co-adaptation. Co-adaptation is a well-known problem in grammar engineer-
ing. In format evolution, documents need to co-evolve with evolving structure
descriptions [26]. Grammar transformation rules need to be migrated after gram-
mar extension [27]. Ldmmel stated the problem of coupled transformations in a
more general context [10].

2.3 Metamodel evolution

Metamodel evolution and coupled co-evolution of other software artefacts like
constraints, transformation rules, and models are well-known problems in model-
driven software development [2,28]. Holler et al. propose a generic instance
model to handle evolution on all meta levels [29]. Other approaches suppose
difference models as a solution to handle co-evolution [30,31]. Metamodels are
changed manually. Then, the difference to the last version is calculated. This
difference model is used to derive automatic transformations for instance co-
evolution.

In contrast to these approaches, we envision a transformational setting for
stepwise metamodel adaptation. Each transformation implements a typical adap-
tation step typically performed manually. We classify these transformations
according to preservation properties. Thus, the effect of each adaptation step
is made explicit. Differences between metamodels are traceable without calcu-
lation. For each transformation, we provide corresponding co-transformations.
Thereby, we provide instant co-adaptation of models. At each step these models
conform to the actual metamodel version.

3 Preservation properties

We are interested in preservation properties of metamodel transformations. We
generalise ideas from grammar engineering [8] and define various metamodel
relations starting from equivalence. In a next step, we employ these relations to
define miscellaneous forms of semantics- and instance-preservation. Finally, we
point out the correlation between semantics- and instance-preservation.



3.1 Metamodels

Though we deal particularly with MOF 2.0 metamodels in this paper, we do not
rely on a concrete metamodel formalism in this section. Generally, the set of all
metamodels conforming to a given metamodel formalism M is denoted as:

M = (i = M}

We use Cps(1) to denote the concepts defined by a metamodel u € Mj,. For
MOF 2.0 [3], we treat qualified names of non-abstract metaclasses as those con-
cepts:

Definition 1 (MOF 2.0 concepts). The set of concepts Cpror (1) defined by
a MOF 2.0 compliant metamodel p € Mpsor is the result of the OCL query

Class.alllnstances() ->
reject(c | c.isAbstract) ->
collect(c | c.qualifiedName)

The set of all metamodel instances conforming to a metamodel p is denoted as:

() = {e E n}

This set might be restricted to those instances relying only on a given set of
concepts C:

Te(p) € Z(p)

Ezample 3 (Instance set restriction). In Figure 1, it holds

Crmor(pg) = {Net,Place, Transition, PTArc, TPArc}
CMOF(,US) = CMOF(M4) U {Token}
The restriction of Z(us) to instances only relying on concepts in Cpor(14) yields

all models not instantiating Token. These are exactly the instances of uy, i.e. it
holds

ICM()F(;M;) (IJ’5) = I(:U“4)

Note that the suggested notion can be applied to a wider range of metamodel
formalisms. For example, M might be the set of context-free grammars with
Cc () yielding the nonterminals occurring in a grammar +.

3.2 Metamodel relations

We now define some relations between metamodels. The metamodels presented
in Figure 1 (cf. Example 1) exemplify these relations.

Definition 2 (Equivalence (=)). u1 € M and pa € M are equivalent (py =
pz) iff:

1. Z(p1) = Z(p2)-
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Fig. 4. Bidirectional transformation between model instances of p1 and po.

In Figure 1, it holds pus = us, since the abstract generalisation does not affect
the set of instances. A less strict definition of equivalence can be obtained by
claiming a bijective mapping between instance sets instead of equality.

Definition 3 (Variation relation (=,)). u1 € M and po € M are variants
modulo ¢ (1 =, p2) iff:
1. ¢ :Z(u1) — Z(p2) is a bijective function.

Variation is useful to characterise extraction and inlining of properties. For
example, (1 =, 2 applies to Figure 1 where ¢ is presented in Figure 4 as a set of
QVT Relations. Equivalence and variation both relate metamodels with isomor-
phic sets of instances. This is often too restrictive to characterise related meta-

models. We now define some relations between metamodels with non-isomorphic
instance sets.

Definition 4 (Sub-metamodel relation (é)) 1 € M is a sub-metamodel
< .

of po € M (1 = p2) iff:

1. C(p1) € Cu2),



2. I(p1) = Ze(uy) (p2)-

A sub-metamodel offers only some of the concepts of its super-metamodel.
The instance set of the super-metamodel is restricted to those instances, only in-
stantiating concepts offered by the sub-metamodel. A sub-metamodel lacks only
instances of its super-metamodel because of the lack of concepts. For example,

in Figure 1, it holds g4 = 15- A new metaclass Token is defined in ps. Instances
of us instantiating this metaclass cannot be instances of py4. On the other hand,
all instances of pus not instantiating the new metaclass are instances of puy.

A super-metamodel allows for more instances by providing more concepts. In
contrast, enrichment and extension are concerned with metamodels that provide
the same concepts.

Definition 5 (Enrichment relation (%)) to € M is richer than py € M
c .
(k1 = p2) iff:

1. C(p1) = C(p2),
2. Z(p1) € Z(p2).

A metamodel is richer than another one, if it has at least the same instance
set and the same set of concepts. For MOF compliant metamodels, this is useful
to characterise generalisation and restriction of properties. In Figure 1, it holds

1 = to- Both metamodels define the same metaclasses and all Petri net models
conforming to pp conform also to pg. Because pg allows to model a Petri net
without any transition or place, g is richer than p; which restricts its instances
to have at least one place and transition.

Definition 6 (Extension relation (éw)) Ho € M extends p1 € M by ¢
c .
(11 =o p2) iff:

1. C(pn) = C(pa),
2. ¢ :I(u1) — I(p2) is an injective function.

Extension does for enrichment what variation does for equivalence. The in-
stances of the extended metamodel are not instances of the extension (as for
enrichment), but they are mapped into the new instance set by an injection ¢.

In Figure 1, it holds us %p wa- Instances of us are no longer instances of piy
because they do not provide the new mandatory weight for arcs. Nevertheless,
those instances can be easily mapped into the new instance set by providing a
default weight.

The relations presented so far are useful to characterise metamodel adapta-
tion. To characterise co-adaptation, only the instance sets of two metamodels
have to be considered. Therefore, we define two more metamodel relations.

Definition 7 (Instance-preservation relation (é)) to € M preserves in-
stances of 1 € M (w1 = wa) iff:



1. I(p1) C Z(p2)-

Definition 8 (Instance-variation relation (%W)) t2 € M varies instances
C .
of in € M by ¢ (1 =4 p2) iff:
1. ¢ : Z(u1) — I(pe) is an injective function.

Again, we distinguish strict preservation and injection. The metamodel rela-
tions discussed so far correlate with both of these new relations.

Theorem 1 (Correlation of metamodel relations).

1. EC%,
2. =cE
3. £cE
4=, C =,
5. Espcép.

These correlations result directly from the definitions given in this section.
For example, it holds Z(u1) = Ze(u,) (p2) for pug = o accordingly to Definition 4.
This implies Z(p1) C Z(usz) since a restriction of an instance set subsets the
complete instance set (ref. Section 3.1). Thus, it follows p; = o accordingly to
Definition 7. Other correlations stated in Theorem 1 can be proven in a similar
way.

3.3 Semantics-preservation

We can now employ the metamodel relations defined so far in this section to
define properties concerning semantics-preservation for metamodel transforma-
tions. We model a metamodel transformation as a relation between metamodels.

Definition 9 (Semantics-preservation properties). A metamodel relation

RCMx M is

strictly semantics-preserving iff R C =,
semantics-preserving modulo variation ¢ iff R C =,
introducing iff R C é,

eliminating iff R C = ,

increasing iff R C %,

decreasing iff R C

. . e ) C
increasing modulo variation ¢ iff R C =,
-1
. e . C
decreasing modulo variation ¢ ff R C = 1.

-1

1N

J

SR N R



A metamodel transformation is strictly semantics-preserving iff it results al-
ways in an equivalent metamodel. It is semantics-preserving modulo variation
iff it results always in a variant of the original metamodel. A transformation is
introducing (respectively eliminating) iff it results always in a super-metamodel
(respectively sub-metamodel) of its input. It is increasing (respectively decreas-
ing) iff its result is always richer (respectively less rich) than its input meta-
model. The transformation is introducing modulo variation iff its result is always
an extension of the original metamodel. Respectively, it is eliminating modulo
variation iff the original metamodel is always an extension of the result.

In the next section of the paper, we present a library of transformations be-
tween MOF compliant metamodels which separate these preservation properties.

3.4 Instance-preservation

Semantics-preservation properties characterise metamodel transformations ac-
cordingly to the offered modelling concepts and possible instances. With respect
to the need for co-adaptation, we need to characterise the preservation of existing
instances. We now define some properties concerning instance-preservation.

Definition 10 (Instance-preservation properties). A metamodel relation

RCc Mx M is

1. strictly instance-preserving iff R C %,
-1
2. partially instance-preserving iff R C = ,
C

3. instance-preserving modulo variation ¢ iff R C =,

-1

4. partially instance-preserving modulo variation ¢ iff R C =1,

A transformation is strictly instance-preserving iff its result preserves always
the instances of the original metamodel. It is partially instance-preserving iff
all instances of the resulting metamodel are always preserved instances of the
input metamodel. The transformation is instance-preserving modulo variation
iff its result always varies the instances of the original metamodel. It is partially
instance-preserving modulo variation iff all instances of the resulting metamodel
are always varied instances of the input metamodel.

Due to Theorem 1, semantics-preservation properties imply a certain in-
stance-preservation property.

Theorem 2 (Correlation of preservation properties). A metamodel rela-

tion RC M x M is

1. strictly instance-preserving if it is strictly semantics-preserving, introducing,
or increasing;

2. partially instance-preserving if it is eliminating, or decreasing;

3. instance-preserving modulo variation ¢ if it is semantics-preserving modulo
variation ¢, or increasing modulo variation ;

4. partially instance-preserving modulo variation ¢ if it is decreasing modulo
variation .



Adaptation Semantics-preservation |Inverse

Refactoring
rename element preserving modulo variation|rename element
move property preserving modulo variation|move property
extract class preserving modulo variation|inline class
inline class preserving modulo variation|extract class

association to class |preserving modulo variation|class to association
class to association |preserving modulo variation|association to class

Construction
introduce class introducing eliminate class
introduce property |increasing modulo variation |eliminate property
generalise property |increasing restrict property
pull property increasing modulo variation |push property
extract superclass |introducing flatten hierarchy
Destruction
eliminate class eliminating introduce class
eliminate property |decreasing modulo variation|introduce property
restrict property decreasing generalise property
push property decreasing modulo variation|pull property
flatten hierarchy |eliminating extract superclass

Table 1. Semantics-preservation properties of presented transformations.

In the remainder of the paper, we will use instance-preservation properties
to identify co-adaptation scenarios. There are two cases where co-adaptation is
necessary. First, a variation ¢ hints a co-adaptation. Second, partial instance-
preservation might be extended to complete instance-preservation.

4 Transformational adaptation of MOF compliant
metamodels

4.1 Overview

In this section, we present a transformation library for the stepwise adapta-
tion of MOF compliant metamodels. The transformations separate semantics-
preservation properties introduced in the last section. Thereby, we can dis-
tinguish three kinds of transformations. First, we identify transformations for
semantics-preserving (by variation) refactoring. Second, introducing and increas-
ing transformations assist metamodel construction. Finally, eliminating and de-
creasing transformations allow for metamodel destruction. Table 1 groups the
transformations presented in this section by this classification. It also gives
semantics-preservation properties and inverse transformations.

We give the transformations as QVT Relations [4]. Thereby, we use its graph-
ical notation. In the remainder of this section, we discuss each transformation in
detail. We start with constructors and accordant destructors. Since most trans-
formations for refactoring rely on construction and destruction, they are pre-
sented subsequently.



4.2 Construction and destruction

Introduce/eliminate class. Introducing a new metaclass into a package is a
common step in metamodel construction [5]. Figure 5 shows an implementation
of this adaptation. As a precondition, elements in the package must be distin-
guishable and the package must not own the metaclass already. Afterwards, the
package owns the metaclass while elements in the package must stay distinguish-
able.

In general, this adaptation is introducing. The new metaclass offers a new
concept and allows thereby for new instances. Instances of other metaclasses are
not affected. If the new metaclass is abstract, the adaptation is strictly semantics-
preserving since the set of instances persists.

The QVT Relation presented in Figure 5 can also be applied right-to-left.
This way, a metaclass is eliminated from a package. Afterwards, elements in the
package are still distinguishable and the package does not own the metaclass
anymore. As a precondition, the metaclass must not have any subclasses and it
must not be referred by other classes. This ensures the elimination is reversible by
introducing the metaclass. Thus, the adaptation is strictly semantics-preserving
particularly for abstract metaclasses and eliminating in general.

Introduce/eliminate property. Introducing a new property into a metaclass
is another common metamodel construction [5]. Its implementation as shown
in Figure 5 is quite similar to the one for introducing a new metaclass. As a
pre- and postcondition, elements from the namespace defined by the metaclass
must be distinguishable. Thus, the new property is distinguishable from other
properties owned by the metaclass itself or its superclasses.

Only for the particular case of an abstract metaclass without non-abstract
subclasses, this adaptation is strictly semantics-preserving. In general, it is in-
creasing modulo variation since the concerned metaclass and its subclasses allow
for new instances. Only instances of the concerned metaclass and its subclasses
are affected. Variation is needed if the property introduced is obligatory. This
can be achieved by providing a default value for the property introduced.

Again, the relation can be applied right-to-left eliminating a property from a
metaclass. Once more, strict semantics-preservation holds only for an abstract
metaclass without non-abstract subclasses. The destruction is generally decreas-
ing modulo variation. Variation can be performed by eliminating all slots of the

property.

Generalise/restrict property. Property generalisation and restriction are two
adaptations we adopt from grammar adaptation [8]. A property can be gener-
alised or restricted in terms of its multiplicity and its type. As the implementa-
tion in Figure 5 states, types of association ends must not be generalised since
this would affect both association ends.

Generalising a property is an increasing adaptation. Without offering new
concepts, it allows for new instances. Old instances are not affected, so co-
adaptation is not needed. Contrarily, restricting a property is decreasing. Some
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of the old instances will meet the restriction. Other instances need to be co-
adapted. Restricting the upper bound of the multiplicity requires a selection of
certain values. This can be achieved automatically. Restricting the lower bound
requires new values for the property usually provided manually. Restricting the
type of a property requires type conversion for each value.

Pull/push property. Pushing a property into subclasses respectively pulling
a property into a subclass are well known object-oriented refactorings [5,7]. An
implementation realising both of them is given in Figure 5. To push a property
into subclasses, the property is eliminated in the superclass' and a clone of it is
introduced in each subclass.

Combining decreasing elimination and increasing introduction, this adapta-
tion is generally decreasing modulo variation. Only for abstract superclasses, it is
strictly semantics-preserving. Otherwise, instances of the superclass are affected
by elimination. Instances of subclasses are not affected. Co-adaptation can be
performed as for property elimination.

As the inverse adaptation, pulling a property into the superclass can be
performed by right-to-left execution. Thereby, the property is introduced into
the superclass and its clones in the subclasses are eliminated.

For non-abstract superclasses, the adaptation is increasing modulo variation.
In this general case, the superclass allows for new instances. Co-adaptation is
needed only for old instances of the superclass. As for property introduction,
this can be done by providing a default value.

Extract superclass/flatten hierarchy. Superclass extraction and its counter-
part of hierarchy flattening are other well-known object-oriented refactorings [5,
7]. Figure 5 gives an implementation for superclass extraction. The transforma-
tion extracts a set of properties common to a set of classes into a new superclass.
This metaclass is introduced into a specified package. Then, each property is
pulled into the new superclass. In another implementation the new superclass
might be integrated into the class hierarchy.

This adaptation would be strictly semantics-preserving for an abstract su-
perclass. However, to use the implementation right-to-left to flatten hierarchy we
abstain from this restriction. Thus, preservation properties can be derived from
class introduction. The adaptation is introducing since the superclass offers a
new concept. Since instances of the subclasses are not affected, no co-adaptation
is needed. On the other hand, flatten hierarchy by eliminating a superclass and
pushing all its properties into the subclasses is an eliminating adaptation. In-
stances of the subclasses are preserved.

4.3 Refactoring

Rename element. Element renaming is a very simple and common refactor-
ing [5,7]. In Figure 6, we present a QVT implementation. As a precondition,

! Here, eliminateProperty refers a right-to-left execution of introduceProperty.
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Fig. 6. QVT Relations implementing metamodel refactoring.




elements in each namespace of the element to rename need to be distinguish-
able. As a postcondition, this still holds after renaming.

The adaptation is semantics-preserving modulo variation. Co-adaptation is
achieved automatically by a simple mapping from the old element to the renamed
one.

Move property. Moving a property is another simple refactoring. In contrast
to the refactoring presented by Fowler et al. [7], we follow Opdyke [5] by moving
a property along a one-to-one association as shown in Figure 6. The implemen-
tation simply eliminates the property from the source metaclass and introduces
it in the target metaclass.

This adaptation is semantics-preserving modulo variation. Instances of the
affected metaclass can be automatically co-adapted by moving property values
along the link between instances of source and target metaclasses.

Extract/inline class. Extraction and inlining are generic refactorings [24].
In object-oriented refactoring, properties are extracted along generalisation or
delegation. We already mentioned extraction along generalisation as superclass
extraction. Extraction along delegation is often referred to as class extraction [5,
7]. An implementation is given in Figure 6. To extract a set of properties, a new
metaclass is introduced. Then, a one-to-one association between this container
class and the affected metaclass is established. Finally, the properties are moved
along this association into the new class. Extraction of an association between
two classes into a new class is a similar refactoring. An implementation is also
given in Figure 6.

Both extractions are semantics-preserving modulo variation. Instances of the
affected metaclasses can be automatically co-adapted by instantiating the con-
tainer class, linking the affected instances with this new instance, and moving
property values into the container instance.

As the inverse transformations, class inlining is achieved by right-to-left ex-
ecution. Both adaptations are semantics-preserving modulo variation as well.
Co-adaptation is performed as right-to-left extraction co-adaptation.

5 Co-adaptation of models

In the last section, we presented metamodel transformations for stepwise meta-
model adaptation. Thereby, we touched already on co-adaptation of models. We
now discuss co-adaptation of models in detail.

5.1 Transformation patterns

Like metamodel adaptation, we exploit transformations to describe model co-
adaptation. A co-transformation depends on its triggering metamodel transfor-
mation. Therefore, we describe co-transformations by transformation patterns.
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Fig. 7. Co-transformation pattern for property introduction.

A transformation pattern is a QVT Relation with parameters for metamodel el-
ements, e.g. metaclasses or properties. A metamodel transformation instantiates
a co-transformation pattern to derive a corresponding co-transformation.

Ezample 4 (Transformation pattern).

It its left part, Figure 7 shows a co-transformation pattern for property in-
troduction. It contains three parameters: C for the affected metaclass, P for the
introduced property, and Query for a OCL query specifying a value. These pa-
rameters are instantiated by a concrete property introduction. The right part of
Figure 7 shows the resulting QV'T Relation for introducing a property age into
a metaclass Person.

5.2 Co-construction

Introduce property and pull property are the only constructors concerned with
co-adaptation. Instances of the affected metaclass become invalid if a manda-
tory property is introduced. Therefore, co-adaptation needs to introduce a value
for the new property into each instance of the metaclass. The according co-
transformation pattern was given in Figure 7. The corresponding metamodel
transformation can instantiate the pattern with the affected metaclass and the
introduced property. Furthermore, the user has to specify an OCL query pro-
viding a value for the introduced property.

Due to Theorem 2, all other constructors are strictly instance-preserving.
Thus, co-adaptation is needless.

5.3 Co-refactoring

All refactoring transformations are semantics-preserving modulo variation and
thereby instance-preserving modulo variation. We present co-transformation pat-
terns for each transformation in Figure 8. For rename element, we give an im-
plementation for property renaming. Implementations for the renaming of other
elements are quite similar. To preserve the instances of the metamodel, instances
of the renamed element are mapped onto instances of the the new named ele-
ment.

Co-adaptation for move property preserves instances by moving values of
the property along a link that instantiates the association from the adaptation.
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Fig. 8. Transformation patterns for model co-refactoring.

For extract class, an instance of the container class is created additionally. The
same co-adaptation can be used right-to-left for inline class. Co-adaptation for
association to class and its inverse is similar to this.

5.4 Co-destruction

Eliminate class and flatten hierarchy are partially instance-preserving destruc-
tors. Thus, some metamodel instances are preserved. These are all those meta-
model instances that do not contain instances of the eliminated class. Co-adap-
tation for the remaining metamodel instances is achieved by removing instances
of the class from these models. We deal with eliminate property and push property
in a similar way. Both destructors are partially instance-preserving by variation.
To co-adapt metamodel instances, slots of the eliminated property are removed
from objects occurring in a model.

Automatic co-adaptation for the instance-preserving destructor restrict prop-
erty is somewhat more difficult. If the upper bound of the property is restricted,
metamodel instances containing objects that exceed this bound need to be co-
adapted. This can be done automatically by removing elements until the upper
bound is met. The user might assist this by an OCL query specifying preserved
elements. For lower bound restrictions, new values are needed to co-adapt models
containing objects that fall short of this bound. As for introduce property, new
values are specified by an OCL query given by the user. Considering type re-
striction, things get even more complicated. A pragmatic approach is to remove
all mistyped elements from objects in a co-adapted model. This might introduce
lower bound shortfalls. New values might overcome this problem. Again, these
values are specified by the user in terms of an OCL query. This query can take
the mistyped elements into account. Thus, these elements might be casted to



the restricted type in a user defined way. In a somehow simplier approach, co-
adaptation is completely deferred to the user. In this case, the user specifies in
an OCL query new elements for affected slots in terms of old elements.

6 Applications

6.1 Metamodel design

The transformational approach facilitates a well-defined stepwise metamodel de-
sign. Starting from basic features, new features are introduced by construction.
Exhaustive usage of this principle leads to an agile process. Refactoring en-
ables generalisation of metamodel features. This way, common concepts become
explicit. Construction allows to reuse these concepts by specialisation. General-
isation and specialisation permit a pattern-based metamodel design [32]. Fur-
thermore, scripts of consecutive adaptation steps document design decisions. By
changing particular steps, metamodel designers can alternate designs.

6.2 Metamodel implementation

Metamodel-dependent model processors, e.g. editors, compilers, simulators, de-
buggers, code generators, documentation generators, or pretty-printers, should
be generated semi-automatically. This ensures conformance between tools and
metamodels. Metamodel erosion is avoided [2]. Grammar-based tool generators
are well known for specification languages relying on restricted grammar for-
malisms, e.g. by prohibiting left recursion. To use such generators, language
engineers need to develop compliant versions of their grammars. The same
phenomenon is observable for metamodel-based tool generators and metamod-
elling tools in general. The MOF specification [3] itself provides two different
metametamodels, i.e. Essential MOF (EMOF) as a minimal specification and
Complete MOF (CMOF) as an extension to the former one. Several metamod-
elling tools rely on their own metametamodels, e.g. the Eclipse Modeling Frame-
work on Ecore [33], Kermeta on the Kermeta language [34], and the ATLAS
Transformation Language on KM3 [35]. To use these tools, metamodels need to
comply to these metametamodels. Refactoring ensures equivalence to original
versions. According to the tool, one can switch between metamodel variations.
Co-adaptation ensures preservation of models.

6.3 Metamodel refinement

n [36], Staikopoulos and Bordbar propose a method called One Step Refine-
ment for bridging technical spaces or domains. The authors suggest a successive
refinement of the target metamodel to meet a richer source metamodel. In each
step, the target model is extended by a new concept which is constructed out
of old concepts. The process is repeated until an extension is created, such that
all concepts of the source metamodel can be easily mapped into concepts of the



extended target metamodel. As a side effect, an overall transformation from the
source metamodel to the original target metamodel is derived.

The transformational setting presented in this paper assist this approach.
The target metamodel is extended by introducing new concepts while the overall
transformation can be derived from co-transformations.

6.4 Metamodel maintenance

Like other software, metamodels are subject to maintenance. This includes rem-
edying defects, reengineering to improve design, and meeting changes in require-
ments. Metamodel maintenance also benefits from a transformational setting.
Erroneous features can be corrected by construction and destruction. Due to
the local character of transformations, other features stay unchanged. Refactor-
ing provides for reengineering a metamodel design without introducing defects.
Scripts of adaptation steps can be adapted and reused in a similar context. Gen-
eralisation of those scripts leads to definitions for new transformations. This
can be used to implement common redesigns, e.g. subsequent introduction of
patterns [32]. Construction and destruction assist adjustment to changing re-
quirements.

6.5 Metamodel recovery

Often, language knowledge resides only in language-dependent tools or semi-
formal language references. Language recovery is concerned with the derivation
of a formal language specification from such sources. This comprises both, gram-
mar recovery [23] and metamodel recovery [2]. For grammar recovery, a trans-
formational approach already proved to be valuable [8]. In a similar way, the
presented transformational setting assists metamodel recovery.

7 Conclusion

Contribution. In this paper, we combined ideas from object-oriented refactor-
ing and grammar adaptation to provide a basis for automatic metamodel evo-
lution. We defined several relations between metamodels to characterise meta-
model evolution. These were employed to deduce properties for semantics- and
instance-preservation of metamodel transformations. We do not restrict meta-
model relations and preservation properties to object-oriented, e.g. MOF com-
pliant, metamodels. The notions presented are useful for other structural de-
scriptions, e.g. grammars, as well. Furthermore, we presented a set of QVT
Relations to assist automatic metamodel evolution by stepwise adaptation. The
transformations were classified in three groups accordingly to their preservation
properties, namely refactoring, construction, and destruction. Implementation
and preservation properties were discussed for each transformation. The prob-
lem of co-evolution was stated. It was shown how automatic co-adaptation can
solve this problem for metamodel instances.



To prove the relevance of our work, we proposed applications in metamodel
design, metamodel implementation, metamodel refinement, and metamodel re-
covery.

Future work. From a theoretical point of view, we will focus our ongoing re-
search on the evolution and co-evolution of constraints and transformation rules.
Another interesting topic will be the question when a metamodel needs to be
adapted. In our practical work, we concentrate on two prototypical implemen-
tations. Furthermore, we employ our transformational approach for metamodel-
based development of domain-specific languages. In a practical setting, we need
to deal with several versions of metamodels and models. This is another inter-
esting research topic. We will now discuss each of the topics mentioned more in
detail.

Evolution of constraints and transformations. In this paper, we were concerned
with co-adaptation of models. Constraints and transformation rules also co-
evolve triggered by metamodel evolution. Furthermore, constraints and trans-
formation rules evolve on their own. Constraints might be adapted to be more
or less restrictive. Transformation patterns might be adapted to match more or
less instances. Again, a library supporting automatic stepwise adaptation while
guaranteeing certain preservation properties will be valuable. For metamodel
adaptation, it would be interesting to express co-adaptation in terms of this
library.

The smell of structure. As stated in the subtitle of the book by Fowler et al. [7],
one of the main goals in object-oriented refactoring is to improve the design of
existing code. Often, a refactoring is indicated by a bad smell [14], e.g. duplicate
code, long methods, or message chains. These smells are almost all code-centric.
For metamodel evolution, we are concerned with the question if structure can
indicate an adaptation. How does structure smell? Works on object-oriented
metrics [37-39] might be a good starting point for further research.

Tool support. Our first attempts to provide a prototypical implementation rely-
ing on ModelMorf [40] failed due to missing support for in-place transformations.
We are now working with an implementation of QVT’s relational part provided
by ikv [41], an industrial partner of our research group. The implementation was
applied in a project between ikv and the biggest consumer electronic vendor in
Korea in the area of embedded systems for in-place model to model transforma-
tions. The implementation was ported by ikv to the Eclipse Modeling Framework
(EMF) [33]. This enables us to make metamodel adaptation available for EMF.

Furthermore, we started a prototypical implementation providing metamodel
adaptation for CMOF. This tool is implemented as an Eclipse plugin in Java.
It is built upon a Java implementation of CMOF [42] and the Eclipse Language
Toolkit.

For both tools, we envision four editing modes for metamodels: First, a free
mode allows for arbitrary manual changes. Second, an adaptation mode allows



only for transformational adaptation. Third, a construction mode restricts the
user to construction and refactoring. Finally, a refactoring mode is even more
restrictive and allows only for refactoring.

DSL development. We started to employ an adaptive development process for
domain-specific languages based on metamodels. In our work, we are concerned
with languages from the domain of disaster management [43]. We are working
on two case studies. The first study is concerned with the development of a
new language. Metamodel adaptation is used to develop alternative designs, to
meet requirement changes, and to maintain the language. The second study
is concerned with language recovery. Metamodel adaptation is used to capture
implicit language knowledge explicitly in a metamodel.

Versioning. In a practical setting, one has to deal with several metamodel ver-
sions. For each metamodel version different model versions need to be taken into
account. Co-adaptation might affect all these model versions. On the other hand,
only few versions of a model might indicate a metamodel adaptation leading to
a new metamodel version. Finally, co-adaptation might join different model ver-
sions. Thus, further research is needed to integrate metamodel adaptation with
versioning approaches [44].
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