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Abstract. This report defines uDif, a kernel transformation language
for metamodel evolution and reversible model co-evolution. To begin
with, a kernel subset of Ecore is highlighted and formally defined thanks
to a suitable denotational semantics. Then uDif is formally defined upon
this subset. In a first step, the focus is put on metamodel evolution
provided by a set of refactoring operators. In a second step, the focus
is put on model co-evolution which is intended to be reversible thanks
to a dedicated pair of transformations respectively called migration and
recontextualization. Each pDif operator is also provided with a dedicated
predicate which explains the sufficient conditions for a model to remain
valid after these transformations.

1 pEcore

Figure 1 depicts the metamodel of Ecore [1]. We focus on concepts whose refac-
toring have side-effects on instances. Thus, we do not take into account sub-
packages' and we consider the absolute name? of an Ecore classifier as its actual
identifying name. Operations and annotations are discarded as well. We also put
several features out of the scope of the transformations we target. For instance,
we do not distinguish between primitive data types and enumerations. And fi-
nally, many properties of Ecore concepts like uniqueness or order for attributes
are discarded. In the end, we obtain the simplified version of Ecore we called
pEcore, and whose metamodel is depicted by figure 2.

1.1 Textual syntax of puEcore

In order to make easier the formal definition of uDif, we introduce in figure 3 a
feather light textual syntax for metamodels conforming to the pEcore metameta-
model of figure 2.

A metamodel is an unordered set of data types and classes. A data type is only
defined by its name. A class is defined by its name, and three optional features.
The first one (a) specifies an abstract class. The second one is a set of inherited
classes names. The last one is an unordered set of attributes and references. An

1 Only a unique root package is needed
2 j.e. the complete name including the ordered sequence of nested packages’ names
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Fig. 1. Ecore metamodel
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Fig. 2. pEcore metamodel

n7 nclass7 ntype7 Neattriby Thref € N (name)
meM={(z,y) € Nx (N"U{oo})|z <y} (multiplicity)

mm = (c|d)” (metamodel)
cu=((@)" n(/ Naws ) (a]r)* e (class)
du=(n ) (data type)
au=[n, m, Nyl (attribute)
ro= | (C)? ;M Metass (4 nref)? Ir (reference)

Fig. 3. Textual syntax of pEcore

(Int )q ( Bool )4
(a Al (0,1),Int]a [b, (0,00),Boolla [y, (0,1),Y < a]r )c
(X /A, 1,1),Int]a )c
(Y/A [C av( ’ )7A <;y]r [Xv (0700)7)(]" >C

a A <<datatype>>
= j:Int 12 £ Bool
S b: Bool a javaclass>> null

A <<datatype>>
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<javaclass>> null

0.1 y

B x o Hy

T j:int

Fig. 4. Textual and graphical form of a pEcore metamodel



attribute is defined by its name, its multiplicity and the name of its data type.
A reference is defined by its name, its multiplicity and the name of the class it
refers to. Two last optional features specify a potential containment (c) and a
potential opposite reference ().

As an illustration, figure 4 shows a metamodel conforming to pEcore together
with its equivalent textual specification.

1.2 Denotational semantics of pEcore
The formal semantics of uEcore is defined by a mapping between the language

constructs and a semantic domain including sets and partial functions.

Semantic domain Figure 5 defines the name spaces of the semantic domain.
They corresponds to alphabets, i.e. finite non empty sets of symbols.

N : named elements

C CN : classes Ca C C : abstract classes

D CN\C : data types

R CCxN : references Re € R : composite references
A C(CxN)\ R: attributes

Fig. 5. pEcore semantics: name spaces

Figure 6 defines multiplicity, which is by definition a set of pairs composed
of natural numbers extended with the special mark co®. This definition excludes
the irrelevant multiplicities (0,0) and (oo, 00).

ME{(z,y) € Nx (N*U{co})|z <y}  multiplicity

Fig. 6. pEcore semantics: multiplicity

Figure 7 defines the main denotations of the semantic domain, namely partial
functions. They allow to gather classes, data types, attributes and references
according to inheritance and structural links.

By definition, a metamodel m € 9N is a pair of name spaces n € 91 and
partial functions f € § (see figure 8). Name spaces are given by a sequence of 6
sets (including 2 subsets). Partial functions are given by a sequence of 4 partial
functions whose definition domains are the name spaces of the metamodel. This
definition equates the sets of partial functions to their corresponding power sets.

3 by definition, Vn € N,n < oo



or :C—~¢C inheritance link
o4 : A—=MxD attribute link
o :R—=MxC reference link
dopp 1 R—=TR opposite link

Fig. 7. pEcore semantics: partial functions

MENXF metamodels
M 2 P(C) x P(Ca) x P(D) x P(R) x P(Re) x P(A)  name spaces
T 2P(61) x P(6a) x P(6r) X P(Sopp) partial functions

Fig. 8. pEcore semantics: metamodels

Valuation function

Notation In order to define efficiently the valuation function of pwEcore, we first
introduce the following notation on a given parsed metamodel mm:

pattern [ ™T/mM

This notation stands for a proposition stating that a class or a data type matching
with the given pattern can be found in mm. This pattern corresponds to what
can be derived from c or d according to the syntax specified by figure 3.

More formally, if we note £(c) and £(d) the sets of words respectively yielded
from ¢ and d in figure 3, then by definition: pattern € L(c) U L(d).

For instance, the following proposition states that an abstract class named
n1 appears among the parsed elements of mm, and this class has an attribute
named ny of type ng and multiplicity (0, 1):

< am [77,2, (0,1)7713]3 >c C mm

As an illustration, this proposition is true with the following example of meta-
model:

mm 2 ( (n3 )d (ang / ngne, (0,1),n3]s [0, (0,00), 14, )e { @ nyg )e )

Valuation We note £(mm) the set of words yielded from mm in figure 3. Figure 9
shows the definition of the valuation function. Its maps pEcore to the semantic
domain 9 defined by figure 8.

1.3 Example

Let x be the metamodel of figure 4. Its denotation is given by [@]mm = m = (0, §).

Figure 10 shows m in details, and figure 11 shows a graph-based representation
of it. In this representation, the different name spaces n corresponding to classes,
data types, attributes and references are depicted by four kinds of dedicated
vertices.



[lmm : Limm) — M
z = [2]mm = ((C,Ca, D, R, Re, A), (61,04, 0r,60pp) ) where:

C={neN|(n)Cuz}
Ca={neN|{an)Ca}
D={neN| (n)dljm}
R:{(nl,ng)GN |E|m€M dng EN( 1[7127m,n3]r >cEx}
Re = {(n1,n2) € N? | Im € M,3nz € N, { n1 [c n2,m,n3)r Ye Tz}
A= {(m,nz) €N? | 3ImecM,3ns €N, (ni [n2,m,n3la ) C x}
51 ={(n1,n2) €C* | (n1 / na2 )e C x}
04 = {((n1,n2),(m,n3)) € A X (MxD) | (n1 [n2,m,n3la }e C x}
or = {((n1,n2),(m,n3)) € R x (MxC) | { n1 [n2,m,ns]r )c C =}
Sopp = {((n1,12), (n3,10)) € R* | Im € M, {n1 [n2,m,n3 < no Jr ) C a}
Fig. 9. pEcore semantics: valuation
[2]mm = m = (n,f) = ( (C,Ca,D,R,Rec, A), (01,04,dR, dopp) ) where:
C={A,X,Y} ; Ca={A}
D = {Bool, Int}
R=A{(Y,a),(Y,z),(Ay)} ; Re={(Y,a)}
A={(4,9),(A,b),(X,5)}
or={Xm—AY — A}
84 = {(A4,4) — ((0,1),Int), (A,b) — ((0,00), Bool), (X,5) — ((1,1),Int)}
6r ={(Y,a) = ((1,2), A), (Y, z) — ((0,00), X), (A,y) — ((0,1),Y)}

dopp = {(Avy) (K ) (Y a’) = (Avy)}

Fig. 10. Semantics of a pEcore metamodel

Fig. 11. Graph view of the semantics of a pEcore metamodel



Edges represent (and are labeled by) the partial functions of §. For instance,
(n1 — ng) € 7 is represented by an edge from a class vertex n; to a class vertex
ng. This edge is labeled by §;.

Partial functions §4 and dr are represented by pairs of edges. For instance,
((n1,m2) — (Mm,n3)) € 04 is represented by an edge from a class vertex n; to an
attribute vertex ns, followed by an edge from the same atiribute vertex ns to a
data type vertex ng. The first edge is labeled by 6 4. The second one is labeled
by m.

Partial functions d,p, are represented by edges between reference vertices. For
instance, ((n1,n2) = (n3,n4)) € dopp is represented by an edge from a vertex nq
to a vertex ng. This edge is labeled by d,pp. By construction, vertices na and ng4
are themselves respectively linked to class vertices n; and ng by means of edges
labeled by dg.

2 Metamodel evolution with uDif

uDif is a refactoring language whose scope encompass metamodels conforming
to pEcore. It is intended to perform reversible model migration together with
metamodel refactoring. In this section, we focus on metamodel refactoring.

2.1 Overview of uDif

uDif is basically a metamodel refactoring language gathering CRUD operations.
A uDif specification is an ordered sequence of refactoring operators applied to
an input wEcore metamodel. Therefore, each pDif operator has an implicit pa-
rameter corresponding to a uEcore metamodel. We name contezt and note mm
this metamodel associated to each uDif operator.

spec ::={ mm } (op)t (specification)
opu=cr|ul|d (operator)

Fig. 12. Textual syntax of uDif

Figure 12 is a partial view of the syntax of uDif. It extends the textual syntax
of pEcore defined by figure 2.

A specification is a context (defined by a metamodel mm) followed by a non-
empty ordered sequence of operators. Operators are divided into three CRUD
categories, namely create (cr), update (u) and delete (d). The next sections
present these categories in details. A following section presents the formal se-
mantics of uDif in regard to the semantic domains we introduced for pEcore.



2.2 uDif creation

Creation is related to concepts that are depicted by black classes in figure 2. The
concept of EPackage (depicted in grey) is supposed to be instantiated once (the
root package) and it remains out of the scope of refactoring.

Figure 13 outlines the creation operators. It completes the syntax of puDif
introduced in figure 12.

cr := createClass(n) (creation)
| createDataType(n)
| createAttribute(n, Niass, Type )
| createReference(m, Neass, Miargetedciass)

Fig. 13. uDif creation

Each of these operators is parameterized by a name n which is supposed to
be new among the named element of the corresponding context. For a class or a
data type, this context corresponds to the whole metamodel. For an attribute or
a reference, this context corresponds to the containing class plus all its ancestors
in regard to inheritance. More precisely:

— createClass(n) creates in mm a new concrete class without super classes and
without features; precondition: n does not already appear in the context
mm.

— createDataType(n) creates in mm a new data type; precondition: n does not
already appear in the context mm.

— createAttribute(n, M., Ny,.) Creates an attribute with default multiplicity
0..1; this attribute is attached to the class of mm identified by n.,. and it is
typed by the data type named n,,. in mm; precondition: n does not already
appear among the features associated to ng,., nor to any of its ancestors.

— createReference(1, Ny., Muargereacnss) CreAtES a new reference with default multi-
plicity 0..1; this reference is attached to the class of mm identified by n.,. and
it targets the class named 7Ngereaciass I MM precondition: n does not already
appear among the features associated to ng,., nor to any of its ancestors.

2.3 uDif deletion

As for creation, deletion is related to concepts that are depicted by black classes
in figure 2.

Figure 14 outlines the deletion operators. It completes the syntax of uDif
introduced in figure 12.

Each of these operators is parameterized by a name which is supposed to
be related to an existing element of the corresponding context (i.e. the whole
metamodel or a class).

A common precondition states that the element to be deleted must not be
targeted by any other element. More precisely:



d ::= deleteClass(nass) (deletion)
| deleteDataType(niype)
| deleteAttribute(acib, Tictass )
| deleteReference(rirer, Miciass)

Fig. 14. uDif deletion

— deleteClass(n,,.,) deletes the class (and its features) identified by n.,., in mm;
precondition: n,, is not a super class and it is not targeted by any reference.

— deleteDataType(n,,.) deletes the data type identified by n,,. in mm; precon-
dition: n,,. is not targeted by any attribute.

— deleteAttribute(n,m, Na..) deletes the attribute named n,.,, in the class of
mm named n,,; no precondition

— deleteReference(n,., na..;) deletes the reference named n,. in the class of mm
named n,,,; precondition: n, is not targeted by an opposite reference.

2.4 uDif update

There are three categories of update operators: value updates (i.e. updates of val-
ues conforming to meta-attributes), containment updates (i.e. updates of links
conforming to meta-compositions), and link updates (i.e. updates of links con-
forming to non-composite meta-references).

Figure 15 outlines the update operators. It completes the syntax of uDif in-
troduced in figure 12 and it introduces a syntactic root node for the following
grammar complements.

u=vu | cu | lu (update)

Fig. 15. uDif update

Value update Value update is related to the meta-attributes name, lowerBound,
upperBound, abstract and container in figure 2. A set operator is associated to
each of them.

Figure 16 outlines the value update operators. It completes the grammar rule
introduced in figure 15.

Each of these operators is parameterized by a name and the new value of the
corresponding meta-attribute. Most of them are subjected to specific precondi-
tions over the new values. More precisely:

— setName( (1 | Npee-? ), Mew ) SELS N, as the new name of n (class or data
type) or of the feature n (attribute or reference) of class n,,,; precondition:
the context mm (or the class n,,.) does not already embed a classifier (or a
feature) with the same name n,,,,.



vu = setName( (n | Naass-n ) 5 Nnew ) (value update)
| setLowerBound (nciass. 1, 7)
| setUpperBound(nas.n, 7)
| setAbstract(ncass, b)
| setContainer(ncass.m, b)

Fig. 16. uDif value update

— setLowerBound(n,,...n, i) sets a new lower bound ¢ for the feature n (attribute
or reference) of class n,,.; precondition: i is lower than or equal to the asso-
ciated upper bound.

— setUpperBound(n,,...n, i) sets a new upper bound i for the feature n (attribute
or reference) of class n,.; precondition: ¢ is upper than or equal to the
associated lower bound.

— setAbstract(n,,., b) makes class n,,. abstract or concrete according to the
boolean value b; no precondition.

— setContainer(ng,...n,b) makes reference n of class n,,., a composition or a
simple reference according to the boolean value b; no precondition.

Containment update Containment update is related to targets of composi-
tions in the metametamodel. In the metamodel of pEcore (fig. 2), it corresponds
to a unique element, namely ETypedElement. Its container is mandatory. There-
fore, there is only one relevant refactoring operator associated to this element.
It allows to move it from its current container to another one.

cu ::= moveFeatureTo(Nass. 1, Nociass)  (Ccontainment update)

Fig. 17. uDif containment update

Figure 17 introduces the syntax of this unique containment update operator.
It completes the grammar rule introduced in figure 15.

This operator is parameterized by the new class where an existing feature
has to be moved. A precondition prevents name clashes:

— moveFeatureTo(1 .. .1, Nocss) Moves the feature n (attribute or reference) of
class Mg, to another class of mm named n.c..; precondition: n does not
already appear among the features associated to n.q.., and all its ancestors.

Adding or removing a feature (attribute or reference) actually consist in cre-
ating or deleting this feature. These operations are already provided by creation
and deletion operators (see figures 13 and 14).

Link update Link update is related to targets of mon-composite references in
the metametamodel. In the metamodel of pEcore (fig. 2), it corresponds to eAt-



tributeType, eReferenceType, eSuperType and eOpposite. The relevant refactoring
operators associated to these targets depends on their multiplicity.

Links conforming to references whose target’s multiplicity is 1 are related
to elements that can only be moved. Links conforming to references whose tar-
get’s multiplicity is 0..x are related to collections from which elements can be
added, moved or removed. Finally, links conforming to references whose target’s
multiplicity is 0..1 are related to optional elements that can be set, replaced or
removed.

Figure 18 outlines these three categories of link update operators. It completes
the grammar rule introduced in figure 15 and it introduces a syntactic root node
for the three sub-categories of link update.

lu = mlu | clu | olu (link update)

mlu ::= moveReferenceTargetTo(Tuss- 7, Nociass)  (mandatory link update)
| moveAttributeTypeTo(Tcass 7, Nype )

clu = addSuperType(Nas, Toctass) (collection link update)
| removeSuperType(ncass, Msciass)
| moveSuper TypeTo(Teiass, Msciass, ToCass)

olu ::= moveOppositeTO(Meass- 1, NocClass - Mref) (optional link update)
| removeOpposite(nass.n)

Fig. 18. uDif link update

In the case of optional link update, the same operator moveOppositeTo allows
both to replace an existing opposite reference and add a new opposite reference.

Multiplicity 1 In the metamodel of pEcore (fig. 2), non-composite references
whose target’s multiplicity is 1 are eAttributeType and eReferenceClass:

— moveReferenceTarget To(1n,... 1, Nocns) MoOves the reference target of n to nyga.;
if an opposite reference exists, it is updated as well; precondition: if an
opposite reference exists, it has not the same name a any direct or inherited
feature of n,q,.-

— moveAttribute TypeTo(Nse-1, Nype) changes the type of n to m,,.; no precon-
dition.

Multiplicity 0..* In the metamodel of pEcore (fig. 2), the only non-composite
reference whose target’s multiplicity is 0..x is eSuperType:

— addSuperType(Ngu, Nociss) adds Nye.. to the set of classes inherited by ngu.;
precondition: 7, is not an ancestor of Ny,

— removeSuper Type(Tus, Macius:) TEMOVES Ny, from the set of classes inherited
by Ne.e; DO precondition.



— moveSuperTypeTo(Ngus, Maciass, Tociass) TEPLACES Tciass DY Mocee among the set of
classes inherited by n.,.; precondition: n., is not an ancestor of n.c., and
Neenss 18 actually a direct super class of ng,..

Multiplicity 0..1 In the metamodel of pEcore (fig. 2), the only non-composite
reference whose target’s multiplicity is 0..x is eOpposite:

— mMoveOpposite TO(7ues T, Mociass - Ter) MOVes the opposite target of n to the ref-
erence n, of class n.q..; precondition: n., does not already have an opposite
reference.

— removeOpposite(n,,...n) removes the opposite target of n; no precondition.

pDif operators x [denotation []o, ‘
createClass(n) cc:Mx N — M
create createDataType(n) cdt : M x N — M
createAttribute(n, Nass, Miype ) ca:Mx N3 =M
createReference(n, Neiass, MrargetedClass ) cr:Mx N2 >
deleteClass(ncs ) dc: MX N — M
deleteDataType(nype) ddt : M x N — M
delete . o
deleteAttribute(Natuib, Tclass) da:MxN? =M
deleteReference(ner, Mciass ) dr: M x N? — M
setName(n, Npew) sne: Mx NZ — M
setName (Ncass- 7, Tnew) snp:Mx N2 =M
value setLowerBound (s, %) slb: M x N2 xN— M
setUpperBound(na.e.n, 1) sub: M X N2 xN—- M
setAbstract(nciass, b) sa:MXN xB—M
setContainer(nas.n, b) sc:Mx N2 xB— M
update containment|moveFeatureTo(Ncass- 1, Mociass ) mft: Mx N° =M
(1) moveReferenceTarget To(Niss- 1, Nociass )| mrtt = I x N° — 9N
’ moveAttribute TypeTo(Neas- 1, Mype) | matt = M x N — I
addSuperType(Ticiss; Toclass) asc: Mx NZ > M
link [(0,00) [removeSuperType(Ticass, Msclass) rsc: Mx N2 =M
moveSuper TypeTo (T, Meciass, Tociass) | Msct : M x N3 — M
0.1) moveOppositeTo(Miass- 1, MoCiass- Mref) mot : M x NT > M
’ removeOpposite(Tcass.n) ro: Mx N? =M

Fig. 19. Valuation of uDif operators

2.5 uDif semantics

The denotational semantics of uDif is based upon the semantics domain of pEcore
noted 9 and introduced in figure 8.



We note L(op) the sets of words yielded from op in figure 12. Basically, £(op)
contains 22 refactoring operators.

We introduce a valuation function noted [-]p. It applies to £(op) and it maps
each operator to a dedicated function whose domain is a tuple including 9, and
whose codomain is 9.

Informally said, a uDif operator is described by a function from metamodels
(plus specific parameters) to metamodels. Figure 19 gathers the pDif operators
together with their corresponding functional denotations.

2.6 Notations

The functions of figure 19 are detailed in the following paragraphs. In each case,
the first parameter is noted m € 9. It corresponds to the input metamodel. By
definition, m corresponds to the following pair:

m £ ( (C7 C.A7 Da R7 RC? A)> (517 5A7 6R7 5opp) )
Metamodel component We note m.z the « component of m (e.g. m.dy).

Union of metamodel component We note m.(xUy) the union of components
xz and y of m (e.g. m.(CUD)):

m.(zUy) £ mazUmy

Substitution of metamodel component We note m.[x = y] the metamodel
m where y has been substituted to the x component of m (e.g. m.[6; = {...}]).

If y is an expression including components of m, then the explicit mention of m
is not needed (e.g. m.[0; = C U {...}] instead of m.[0; = m.CU {...}]).

General substitution Let S be a given set. Knowing (a,b) € S2, we note
m[a/b] the metamodel m where a has been substituted to each occurrence of b (in
each component of m). Examples:

— VY(a,b) € N2, m[a/b] £ m where each occurrence of b has been replaced by a
(regardless the kind of elements that are named b).

— Y(a,b,n1,n2) € N*,m[(a,n1)/(b,n2)] = m where the pair (a,n;) (i.e at-
tribute or reference ny of class a) has been substituted to each occurrence of
the pair (b, n2) (in each component of m).

— VY(a,b,a’,t') € N4, m[(a’ — b')/(a — b)] = m where the mapping between
a’ and b’ has been substituted to each occurrence of the mapping between a
and b (here in each functional component of m).



Classifier substitution Knowing (a,b) € N2, we note m[a/b]. the metamodel
m where the classifier name a (i.e class name or data type name) has been
substituted to each occurrence of the classifier name b (in each component of m).
This notation is a restriction of the previous one. It allows to specifically target
classifiers. Example:

— VY(a,b) € N?,mla/b]. & m where each occurrence of b has been replaced by
a. Features named b are out of the scope of this substitution.

Direct ancestors We note A;(c) the set of direct ancestors of class ¢ in regard
to inheritance:
Ar - C—=P(C)
c—{deC|dc)="}

We note A’ (c) the set of direct ancestors of class ¢, extended by class ¢ itself:

Ve € C, Ap(c) 2 (Ar(e) U f{e}).

All ancestors We note aj(c) the set of all ancestors of class ¢ in regard to
inheritance:
ar : C—>P(C)
¢ Uvea, o (¢} Uar())

We note a;(c) the set of all ancestor of class ¢, extended by class ¢ itself:

Ve € C,aly(e) = (ar(c) U{c})

2.7 Operators

Each operator of figure 19 is formally defined by one of the following functions.

Create class Creation of a new concrete class without super classes and without
features: a new class name is added.

cc i MxN—-M
nem(CUD) : m
(m,n) H{n¢m.(CU'D) m.[C =CU{n}]

Create data type Creation of a new data type: a new data type name is added.
cdt : MxN =M

nem.(CUD) :
(m,n) H{n¢$.(CUD) : 2.[D:Du{n}}



Create attribute Creation of a new attribute with default multiplicity 0..1: a
new attribute name is added and a new structural link is added as well.

ca @ MxN3 —M
(M, ng,Ne,Ng)
ne ¢ mCVng ¢ mDVIn € af(ne), (n,ng)
ne € m.C Ang € m.D AV € af(ne), (n,ng)
m.JA =AU {(n¢,nq.)}]
64 =04U{(n¢,ng) — ((0,1),n4)}]

A M

Create reference Creation of a new reference with default multiplicity 0..1: a
new reference name is added and a new structural link is added as well.

er o MxXN3  —am
(m, ny,ne,nL) —
ne ¢ mCVn, ¢ mCVIn e ai(n, (n,n,) €
n. € m.C An, € m.C AVn € o (n.), (n,n,) ¢
m.[R =R U{(ne,n.)}]
Jor = or U{(ne, ny) = ((0,1),n7)}]

Delete class Deletion of an existing class which is not a super class and which
is not targeted by any reference: the class, its features, and the corresponding
structural links are removed.

de :MxN =M
In' €C,or(n') =nVvI(r,m) € RxM,dr(r)=(m,n) :m
Vn' € C,é1(n’) #n AV(r,m) € RxM,0r(r) # (m,n) :

m.[C = C\{n}]

[Ca = CA\{n}]

(R =R\{(n,n,) | nr € N'}]
[Re = Re\{(n.ny) | nr € A}
JA=A\{(n,10) | na € N
f6r =0r\{n—n’|n €C}]
64 =04\{(n,n4a) = a | (ng,a) € Nx(MxD)}
J0r = 0r\{(n,n.) =7 | (ng,7) € N x(MXC)}]
Tomp = bopp\ (m13) 5 @ | () € N X R}]
[Gopy = bopg\{& > (0,10) | (nr2) € N X RY]

Delete data type Deletion of an existing data type which is not targeted by
any attribute: the data type is simply removed.

ddt : MxN — M
I(a,m) € AxM,d4(a) = (m,n) : m
(m,n) {V(a,m) € AxM,d4(a) # (m,n) : m.[D="D\{n}



Delete attribute Deletion of an existing attribute: the attribute and its cor-
responding structural link are removed.

da : MxN? =M

m.[A = A\{(n¢,14)}]
(m,ng,ne) — { 104 = 64\{(ne,na) = a | a € (MxD)}]

Delete reference Deletion of an existing reference which is not targeted by
an opposite reference: the reference and its corresponding structural link are
removed.

dr Mx N2 - M
I’ € R, 0opp(r') = (ney )
Vr' € R, dopp(r’) # (e, ny)
(m,n,, nC) = m.[R = R\{(n¢, nr)}]
[Re =Re\{(ne, nr)
J0r = dr\{(nc,n) =7 | r € (MxC)}]

m

Set classifier name Setting of a new classifier name: provided the new name
does not imply name clashes in the metamodel, the new name is substituted to
the old one wherever it appears.

sne 1 Mx N2 S m
(m s negm(CUD)vVn,em(CUD) : m
e e ne€m.(CUD) AR, ¢m.(CUD) : mln./n.

Set feature name Setting of a new feature name: provided the new name does
not imply name clashes along inheritance links, the new name is substituted to
the old one wherever it appears.

snp: Mx N3 =M
(m, ne,nyp,n’) =
(ne,ng) ¢ m(RUA)V 3In € af(ne), (n,n}) Em(RUA) : m
(ne,ng) € m(RUA) AV € af(ne), (n,n)) ¢ m(RUA)
m[(ne, ')/ (ne, ny)]

Set lower bound Setting of a new lower bound for a given feature name: pro-
vided the new lower bound is not greater than the corresponding upper bound,
the mapping associating the feature to its multiplicity is updated.

slb : MxN?xN—IM
(m,ne,nyg,i) —
(ne,ny) ¢ m(AUR) :m
(ne,ny) e m(AUR) :
let 6 =m.(64Udr) and ((z,y),n) = 6r(ne, ny) in

{y <1:
y>i: m[(nwnf)’_)((ivy)’n) / (nc,nf)H((x,y),n)]



Set upper bound Setting of a new upper bound for a given feature name:
provided the new upper bound is not lower than the corresponding lower bound,
the mapping associating the feature to its multiplicity is updated.

sub 1 Mx N2 x N*U{oo} — M
(m,ne,ny, 1) —
(ne,ny) ¢ m(AUR) :m
(ne,ny) € m(AUR):
let 07 =m.(04 Udr) and ((z,y),n) = 6 (n.,ny) in:

{x >i:m
z <i:m[(ne,ng)—((x,4),n) / (ne,ng)—((x,y),n)]

Set abstract Setting a class abstract or concrete: according to a boolean pa-
rameter, the class is added to, or removed from the set of abstract classes.

sa : MXNxB—M
ne ¢ m.C om
(m,ne,b) »<n.eCAb @ m[Ca=CaU{n.}|
ne€CA-b : m[Cyq=Cy\{n.}

Set container Setting a reference composite or not: provided the reference is
not targeted by an opposite reference, according to a boolean parameter, the
reference is added to, or removed from the set of composite references.

sc:MxN2xB—-M
(ne,ny) ¢ MR
(ne,ny) €EMRADAIr € MR, Sopp(r) = (neyr)
(m,ne,np, ) = 8 (N, nyp) €EMRADAVE € MRe, Gopp(r) # (e, )
m.[Re = Re U {(ne,nr)}]
(ne,ny) € MR A —b : m[Re = Re\{(ne,ny) }

m
m

Move feature Moving a feature from a class to another one (the target class):
provided the feature does not imply name clashes along inheritance links of the
target class, the new structural link (between the target class and the feature)
is substituted to the old one wherever it appears.

mft: MxN3 =M
(m,ne,ng,nl) —
(ne,ny) ¢ m(RUA) Vn
(ne,ny) €em(RUA) AR

¢m.CV3In e aj(n.),(n,ng) €eM(AUR) : m
emCAVYn € a;(n)),(n,ny) ¢ m(AUR):
m[(ng, ng)/ (e, ny)l

/
c
/
C

Move reference target Moving the target of a reference from a class to another
one (the new target class): the new structural link (between the reference and



the new target class) is substituted to the old one wherever it appears; if an
opposite reference exists, then this opposite reference is moved to the new target
class, provided its name does not imply name clashes along inheritance links of
the new target class.

mrtt M N3 — M
(m, ne, Ny, L) —
(ne,np) gMRVN, EdmlC @ m
(ne,ny) €EMR AN, €m.C
let (m,n) = m.0g(ne, n,) in:

o € N, Sopp(n, npo) = (ne, ny) :
In' € af(nl), (0, n) EM(RUA) :m
vn' € aff(nl), (0, 1) §m(RUA) :

m([(ng, nro) / (1, 10r0)]
(e, r) = (my ) / (e, ) = (m,m)]

Ve € N, (0, nr0) = (e, 1)) & Oopp

m((ne, ) = (m, ng) / (e, ny) = (m,n)]

Move attribute type Moving the type of an attribute from a data type to
another one (the new data type): the new structural link (between the attribute
and the new data type) is substituted to the old one wherever it appears.

matt Mx N3 =M
(man;navnd) =
(ne,ng) € mAVng ¢ mD om

(neyng) € MAANG € m.D
let (m,n) = m.04(ne, ng) in:
m[(ne, ng) = (myng) / (ne,ng)— (m,n)]

Add super class Adding a new super class to a class: provided the new super
class is not also a sub-class, the new inheritance link is added to the set of super
classes.

asc 1 MxN? =M

gmlCVn.€ai(n,) : m

em.CAn. ¢ af(nl)
m.[élzélu{ncHné}]

!/
C
(m,ne,nl) — < ne € mCAn,

Remove super class Removing an existing super class from a class: the cor-
responding inheritance link is removed from the set of super classes.

rsc 1 MxN?2 =M
(m,ne,nl) — m.[o; = §r\{n. — n.}



Move super class Replacement of an existing link between a class and a super
class by a link between the same class and a new super class: provided the new
super class is not also a sub-class, the new inheritance link is substituted to the
old one wherever it appears.

msct Mx N3 =M
n/¢mlCVn.ea;nl) : m
(m,ne,nl,n)— < n’ em.CAn. ¢ a;(nl)
m[ne—nl [ ne—nl]

Move opposite Setting of a new opposite reference to a reference, whenever it
already has an opposite reference or not: provided the new opposite reference is
not itself associated to another opposite reference, the new opposite references
are added and if necessary, and the old opposite references are removed.

mot : M x N4 — M
(m, ne, oy, nlyml) —
Ir € MR, Sopp(r) = (n, 1.
(ne,ny) € MRV (nl,nl) ¢ mR
(ne,ny) EMRA (nl,nl.) EmR
AV € MR, Gopp (1) # (NL, 1)) :
Ir € MR, Sopp(r) = (nc,nr) :
o = O\ (1 () ) )
L0opp = dopp U {(ng; ny) = (e, ); (nes ) = (g, g )}
Vr € mR, Oopp (1) # (Ne, ny)
M. [0opp = dopp U {(ngs ny) = (e, nr); (nes np) = (g, ny)

) Dom
m

C
/
T
!/
T

Remove opposite Removing an opposite reference: the old opposite references
are removed.

ro @ MxN?Z M
Vr € mR, 0opp(1) # (Neyny) @ m
(M, ne,np) = R 3Ir € MR, Sopp(r) = (N, )
M. [6opp = Sopp \{(12c; ) = 757 = (e, ) }]

2.8 Specifications

We note L(spec) the sets of words yielded from spec in figure 12. Basically,
L(spec) contains a specification made of one metamodel mm plus an ordered
non-empty set of operators applied to mm.

We note ﬂop]]pamm the set of specific parameters of the operator op, in ac-
cordance to figure 19. For instance, we have:

A 3
[CreateReference(’nﬂ nclass7 ntargetedClass)]]paTam = (n7 nc\assa ntargetedclass) e N



[Jspec : L(spec) — M

s matches with ({ mm } op)
[oplop ([mmlmm , [oplparam )

s matches with (s’ op) where s’ = ({ mm } (op’)")
lop]op (I5'Ispee » [oPlparam)

S —

Fig. 20. Valuation of uDif specifications

We introduce in figure 20 a valuation function noted [-]spec. It applies to
L(spec). It maps a specification to an output metamodel. It is obtained by a re-
cursive application of the functional denotations corresponding to each operator
in accordance to figure 19.

3 pEcore models

In order to state the principles of model co-evolution with uDif, we first need
to formally define what a model conforming to a wEcore metamodel is. For that
purpose, we first introduce a syntactical extension of wEcore. It allows the specifi-
cation of instances. Then we define a denotational semantics for these instances.
This semantics extends the semantic domain of pEcore so that a metamodel and
a conforming model can be gathered within a same logical framework.

3.1 Syntax extension

n7 ninst7 ncI3557 nattviby Thref e N (name)
s€S8 (scalar)

mod ::= from mm : (iT) (model)
T = { Ninse : Naass (v |1)")  (instance)
U E= [ Nawiv : S (value)
o= Nrer @ Minst | (link)

Fig. 21. Textual syntax of pEcore models

Figure 21 presents the textual syntax of pEcore models. It extends the syntax
of pEcore metamodels introduced in figure 3. A model is defined by a given
metamodel mm followed by a non-empty and non-ordered set of instances. An
instance is named and it is related to a metaclass whose name is supposed to
appear in the metamodel mm. It is also composed of a sequence of values and
links. A wvalue relates an attribute to a scalar value. A link binds a reference to
another instance via its name. Several values or links can have the same name



within an instance if these values or links refer to features corresponding to
collections (i.e. whose multiplicity’s upper bound is greater than 1).

As an illustration, figure 22 shows a model conforming to a wEcore metamodel
together with its equivalent textual specification. The pEcore metamodel of this
figure is taken from figure 4.

from { Int )q ( Bool )4
(aAli,(0,1),Int]a [b,(0,00),Boolla [y, (0,1),Y < alr )c
(X /A, (1,1),Int]a )e
(Y /Alca,(1,2),A < y]r [x,(0,00),X]r )e

(iyl:Y [i:3] [b:true] [b: false] [a:iy2] [x:ix] ) .
(iy2:Y [a:ix] [y:iyl] )
(ix: X [i:4] [[:4] [y:iy2])

Ha
1.2
O j:Int =]
= b : Bool a
A 8
0.1 y
B x o0 Hy
T j:Int
X
iyl:Y iy2:Y ix:X
i=3 y a y ali=4
b = true j=4
b = false

I T

Fig. 22. Textual and graphical form of a pEcore model

3.2 Semantics of a pEcore model

The formal semantics of pEcore models is defined by a mapping between the
models constructs we introduced in figure 21 and a semantic domain including
sets and partial functions. This domain is intended to be an extension of the
semantics of pEcore metamodels.

3.3 Semantic domain

Figure 23 defines the name spaces of the semantic domain. They are compatible
with name spaces N, C and D defined for metamodels (see figure 5).

Figure 24 defines the partial functions of the semantic domain. They allow
to gather instances, values, links and metaclasses according to instantiation and
structural links. These functions complete the set of partial functions defined



S :  scalar values
ICN\(CUD) : instances

Fig. 23. pEcore models semantics: name spaces

for metamodels (see figure 7) and they are compatible with name spaces C, A
and R also defined for metamodels (see figure 5). Note the codomains of §, and
6, are power sets. Thus, a set is associated to a collection specified by a given
multiplicity. As a consequence, duplicated values or duplicated references are not
taken into account.

dinst : L —C\Ca instanciation
by IxA—P(S) values
& IxR-—PI links

Fig. 24. pEcore model semantics: partial functions

Figure 25 defines the notion of model. It corresponds to a triplet composed
of name spaces n € 9;, partial functions § € §; and one metamodel m € 9M
(defined in figure 8).

J AN XF xM models
N = P(S) x P(T) models’ name spaces
Ti 2 P(Sinst) X P(8y) x P(8)  models’ partial functions
Fig. 25. pEcore model semantics
Name spaces are given by a sequence of 2 sets. Partial functions are given by

a sequence of 3 partial functions whose definition domains are the name spaces of
the model. In concrete terms a model i € J corresponds to the following triplet:

i 2 ( (S,I), (5inst;5m5l) ’ m)

Thereafter, we note i.x the 2 component of i (e.g. i.m or i.0;,st).

3.4 Valuation function

Notation We note mm(z) the metamodel part of a given model specification

x =|from meta : (i1) ‘ By definition in this case, mm(z) £ meta.




We also complete the notations we introduced on a given parsed metamodel
mm. We consider now a given parsed model mod and we use the following no-
tation:

pattern [ 1mod

This notation stands for a proposition stating that an instance matching with
the given pattern can be found in mod. This pattern corresponds to what can
be derived from ¢ according to the syntax specified by figure 21. More formally,
if we note L(7) the sets of words yielded from ¢ in figure 21, then by definition:
pattern € ﬁ(l)

Valuation We note L£(mod) the set of words yielded from mod in figure 21.
Figure 26 shows the definition of the valuation function. Its maps wEcore models
to the semantic domain J defined by figure 25.

[Tmoda : L(mod) — T
x = [2]moa = ( (8,7) , (dinst,0v,01) , m) where:
m = [mm(z)]mm

S={seS|In,n',n")eN(n:n [n":5)Cz}
I={neN|IeN,(n:n)Ca}

Sinst = {(n,n') ETXC|{n:n")C x}
8o = {((n,(n',n")),X) e T x A)xP(S)|Fse X,{(n:n" [n":5])Cx}
& ={(n,(n,n"),X)e (T xA) xPZ)|3In- € X,{n:n" [n :n;])Cz}

Fig. 26. pEcore model semantics: valuation

[2]mod =1 = (0, fs,m) = ( (8,7) , (dinst,0v,01) , m) where:
m = [mm(z)]mm (see figure 10 for details)

S = {3,4,true, false}
I= {iy17iy27ix}

6inst = {iyl — Kiyz —> Y7 1T > X}
0 = {(iy1, (A4,7)) — {3}, (iy1, (A, b)) — {true, false},
(iz, (A,4)) = {4}, (iz, (X, j)) — {4}}
o = {(iy1, (Y, a)) = {iy2}, (iy1, (Y, x)) = {iz},
(inv (Y7 a’)) = {Z.’E}, (inv (A7 y)) — {iyl}v (ixv (Av y)) = {in}}

Fig. 27. Semantics of a pEcore model



Fig. 28. Graph view of the semantics of a pEcore model

3.5 Example

Let « be the model of figure 22. Its denotation is given by [x]meq = 1 = (14, f;, m).

Figure 27 shows i in details, and figure 28 shows a graph-based representation
of it. It completes the graph-based representation of the metamodel part (see
figure 11).

The new kinds of vertices represent instance names and scalar values. The
new kinds of edges represent the partial functions of models, namely §;pst, 0y
and §;. The partial function d;,s is represented by edges between instances
and concrete classes. The partial function J, is represented by edges between
instances and scalar values. They are labeled by the names of the corresponding
attributes. The partial function §; is represented by edges linking instances to
other instances. They are labeled by the name of the corresponding reference.

3.6 Conformity

As depicted by the example of figure 28, the links between the model and its
metamodel are denoted by instantiation edges ;5. These structural links are
not intended to define a valid model in regard to its metamodel. A conformance
property remains to be stated.

Since scalar values are not related to data types in our approach, there are no
specific constraints on them. Finally, the following criteria define a valid model
in regard to its metamodel:



attribute name for each instance i, the name of each outgoing link targeting
a scalar value corresponds to the name of an attribute of either the class of
i or of one of its ancestor in regard to inheritance

reference name and type for each instance 7, the name of each outgoing link
targeting another instance i’ corresponds to the name of a reference r of
either the class of ¢ or of one of its ancestor in regard to inheritance, and r
targets either the class of ¢/ or of one of its ancestor in regard to inheritance

multiplicity for each instance i, the number of outgoing links having the same
name n belongs the interval defined by the multiplicity of the corresponding
feature n (attribute or reference) of either the class of i or of one of its
ancestor in regard to inheritance

opposite link for each reference link between instances ¢ and ¢/, if the corre-
sponding reference has an opposite named r, then there is another reference
link corresponding to r between instances i’ and ¢

This conformance property of a given model i is noted V(i) and is formally
defined by figure 29.

Vied, Vi) 2
Vi € 1.Z,Y(ne,na) € N2,
1.0y (%, (Ne,na)) 0 =
ne € a7 (1.0inst(4)) A I(m,d) € M x D,im.d4(nc,na) = (m,d)
A
Vi €1.Z,¥(ne,nr) € N2,
L.01(2, (ne,nr)) 0 =
ne € a7 (1.0inst (1)) AI(m, ') € M x C,im.Sr(ne,n.) = (m,c)
A Vi €i.8(i, (ne,nr)), ¢ € 7 (i-6inst (i)
A

Vi € 1.Z,V(ne,n) € N2,

let card = [i.(6; U 6y) (3, (ne, n))| in:

let (min, max) =im.(6r Uda)(ne,n).m in:
card < max A card > min

A
Y(i, 7 ne,ny) € LIE X N2 i € 1.61(1, (ne, ),
I(nl,n.) € N im.Sopp(ne, ny) = (nl,nl) =
i €if(i,(n,,n,))

Fig. 29. Conformance property of pEcore models

4 Model co-evolution with uDif

So far, uDif is defined as metamodel refactoring language whose scope encom-
pass the basic metamodel constructs of pEcore. Now, we aim at extending this



scope to model migration. For that purpose, each uDif operator (see table 19) is
associated to a set of dedicated functions that are intended to perform not only
model migration, but also model recontextualization and diagnostics. We call re-
contextualization the reversed migration from the refactored metamodel to the
initial metamodel. The diagnostic of a model transformation enables the analysis
of elements that have been discarded or added during the transformation.

4.1 Syntax extension

Figure 30 extends the syntax of uEcore, which itself has been extended to models
(see figure 21). A migration is a context (defined by a model mod) followed by
a non-empty ordered sequence of operators.

mig = { mod } (op)* (migration)

Fig. 30. Textual syntax of puDif including model migration

These operators have already been defined for metamodel refactoring in fig-
ure 12. They are divided into three CRUD categories, namely create (cr), update
(u) and delete (d).

Finally, they can be applied to either metamodels (see figure 12) or models
(see figure 30). When they are applied to metamodels, they are intended to
perform metamodel refactoring only. When they are applied to models, they are
intended to perform both metamodel refactoring and model migration.

4.2 Notations

We introduce some specific notations in order to state easily set-based operations
on a model i € J corresponding to the following triplet:

i £ ( (S7I)a (insts v, 01) m)

Model set operations Let x be a usual set operation like for instance U, N
or \. We note i x i’ the model whose components are the result of x applied to
the matching model components of i and i/, provided i and i’ have the same
metamodel. For instance, we have:

( (S)I) ) (5inst75v;5l) 9 m) ) ( (S/,I/) ) (5inst’76v/751/) ) m)
é( (SUS/,IUI/) ) (5instU5inst’75vU5v’aélU(sl/) 9 m)

Sub-model We note i C i’ the proposition stating that each model component
of i is contained by the corresponding component of i/, provided i and i’ have
the same metamodel.



Substitution of model component We note i.[t = y] the model i where y
has been substituted to the  component of m (e.g. i.[m = ..]).

Empty model We note i? the model which metamodel corresponds to i.m, and
whose model components are empty:

Vied, i’ 2 1S =01[Z=0][0ms=0.[0, = 0].[6; = 0]
Note that the metamodel part actually remains unchanged:
vied, "m=im

Note also that this empty model is always a wvalid model in regard to its meta-
model.

4.3 Principles of reversible model migration

Before giving details about the semantics of uDif model migration in regard to
each operator, we first present here the underlying principles of this migration,
its reversibility and its diagnostic facilities.

To illustrate these principles, we note op the functional denotation of a given
uDif operator taken from table 19. For instance, op can refer to cc : M x N — I,
the denotation of createClass. According to table 19, op applies to a metamodel
and a sequence of extra parameters, and as a result, it provides a refactored
metamodel:

let P be the parameter domain of op, op : MxP =M
(map) = Wyefactored

Migration Applying op to a model implies to identify elements that should be
discarded and elements that should be added.

Discarded elements Let op be the functional denotation of a given uDif operator
and P its parameter domain. We note (%T the function mapping a model to
the elements that have to be removed according to the semantics of op. These
elements are gathered within a model conforming to the input metamodel (i.e.
the metamodel before its refactoring):

ot IxXxP T
(i,p) — 1 such that ' C1i

This definition implies that discarded elements are actually taken from the model
which is intended to be migrated.



Added elements Let op be the functional denotation of a given uDif operator
and P its parameter domain. We note @a the function mapping a model to the
elements that have to be added according to the semantics of op. These elements
are gathered within a model conforming to the refactored input metamodel (i.e.
the metamodel after its refactoring):

ot IXP =T

(i,p) — i such that i'.m = op(i.m,p) AV \ (i.[m =op(im,p)] ) =1
This definition implies that the model we obtain is associated to the refactored
metamodel, and that no added elements are already present in the initial model.

Transformation Let op be the functional denotation of a given uDif operator
and P its parameter domain. We note (% the function mapping a model to the
corresponding migrated model according to the semantics of op.

op : IXP T
(i,p) ~ ((i\op"(i,p)).[m = op(i.m,p)]) Uop* (i, p)

By definition the migrated model corresponds to the initial model where some
elements have been firstly discarded, and then where the metamodel has been
refactored, and where finally some new elements have been added.

Validation For each operator op of table 19, the migration is formally defined by
the explicit functions @r and @a. This definition must be validated in regard
to conformity. In concrete terms, we need to prove under what conditions a valid
input model is transformed by op into a valid output model.

Let op be the functional denotation of a given uDif operator and P its pa-
rameter domain. We note CTO;, the predicate giving the sufficient condition under
which a valid input model is transformed by op into a valid output model:

C—>op : IxP—-B

¥(i,p) € 3x P, (V(i) A Cop(ip)) = V(ah(i,p))

—

If there is no specific condition, then by definition, V(i,p) € Ix P, Cyp(i, p) =

true, and thus, a valid input model is always transformed into a valid model in
regard to conformity.

Recontextualization We focus now on an initial model (conforming to an
initial metamodel) which has been migrated, i.e. which has been transformed
into a model conforming to a refactored metamodel. We want to transform it back
into a model conforming to the initial metamodel. We call this transformation
recontextualization. This concern makes sense if the migrated model has been
processed and potentially modified, typically by a rewriting tool we aim at reusing.



During the first migration, some elements have been respectively removed or
added, and they should be respectively recovered or deleted, as far as it does
not challenges the modifications made on the migrated model.

Recontextualization depends on op, the uDif operator that has been used for
the migration. It also depends on a migrated model and its initial metamodel.
As for migration, reversing op from a migrated model implies to identify ele-
ments that should be discarded and added. As for migration, the validity of this
transformation is subject to specific conditions.

Discarded elements Let op be the functional denotation of a given uDif operator
and P its parameter domain. We note &)T the function mapping a migrated model
to the elements that have to be removed according to the semantics of op. These
elements are gathered within a model conforming to a refactored metamodel (i.e.
a metamodel after its refactoring):

p" 1 IXxPxJI—=7
(i,p,iini) +> i such that V" C ((i \?w,p U 0P (iiniy 1) )
A =? (imi,p)) = (' = 0P (iii, p))

This definition implies that discarded elements are taken from two specific sub-
sets. The first one corresponds to elements that have been added by a tool, i.e ele-
ments that were not included in the original migrated model (i’ C (i\ 0p(iini, p))).
The second specific subset is a part of the elements that have been added by the
migration (i’ C 0p® (iini, p))-

In the case of a non-modified migrated model (i = @(iini,p)), by definition,
the set of discarded elements matches with the set of elements that have been
added by the migration (' = 0p(iini, p)).

Added elements Let op be the functional denotation of a given uDif operator and
P its parameter domain. We note op® the function mapping a migrated model
to the elements that have to be added according to the semantics of op. These
elements are gathered within a model conforming to the input metamodel (i.e.
the metamodel before its refactoring):

Sp¢  IxPxIoT
(i,p,iimi) +> i such that V'.m=ipmmAi\ (i[m=iym])="

A (i = 3p(iini,p) => (' = 0P (iini,P))

This definition implies that the model we obtain is associated to the initial
metamodel, and that this model has no common element with the refactored
model.

Adding elements during the recontextualization only makes sense if the mi-
grated model has been modified after the migration. In the other case (i =
@(iini, p)), there is no need to add any specific element. Hence the last condition
in this case: the set of added elements matches with the set of elements that
have been discarded by the migration (i’ = op" (iini, p))-



Transformation Let op be the functional denotation of a given puDif operator and
P its parameter domain. We note ﬁp the function mapping a migrated model to
the corresponding initial model according to the semantics of op.

o IXPxI=T
(i, p i) = ((G\ 8" (1 p, bini))-[m = fini.m]) U P2 (3, p, fini)

By definition the initial model corresponds to the refactored model where:

— some model elements are discarded: they include new elements (typically
added by a tool) and the elements that had been added during the migration

— some new elements are added: they include specific new elements and a part
of the elements that had been discarded during the migration

Validation For each operator op of table 19, the recontextualization is formally
defined by the explicit functions 0?“, @T, gp‘l and ﬁpr. As for migration, this
definition must be validated in regard to conformity. In concrete terms, we need
to prove under what conditions a valid migrated model is actually transformed
by % back into a valid initial model.

Let op be the functional denotation of a given uDif operator and P its pa-
rameter domain. We note Fop the predicate giving the sufficient condition under
which a valid possibly modified migrated model coming from a given valid mi-
grated model is transformed by 5p back into a valid initial model:

H

Cop : IXPXxT—=B
V(i,p,iini) €T X P x T, (V) A V(iini) A Fop(i,p, iini)) = V(&p(i, p, iini))

As for migration, if there is no specific condition, then by definition, V(i, p, iini)

€ I X P xT,Cop(i,p,lini) = true, and thus, a valid migrated model is always
transformed back into a walid initial model in regard to conformity.

Main property Recontextualization is intended to undo migration. Thus, the
composition of migration and recontextualization leads to identity:

Theorem 1 Let op be the functional denotation of a given WDif operator and P
its parameter domain.

Vied,vpeP, &p(opi,p),p.i) =1

Proof Leti € J be a given input model and p € P be a valid set of parameters
in regard to op. Then by definition of &p we have:

op(0p(i,p), i) = ((8D(i,p) \ &p"(9p(i, p), p,1)).[m = i.m]) U &p*(0p(i, p), p, )

However, by definition of &DT, knowing x is the first parameter, since we directly
have © = 0p(iini, p) (because the @ corresponds here to op(i, p) and i corresponds
to i), then we also have ﬁpr(@(i,p),p, i) = (%a(i,p). Thus:

5p(ob(i,p),p,1) = ((8p(i,p) \ 20 (i,p)).[m = i.m]) U 5p*(ap(i, p), p, 1)



By definition of 5pe, knowing x is the first parameter, since we directly have
T = @(i;ni,p) (because the x corresponds here to @(i,p) and i, corresponds to
i), then we also have %“((%(i,p),p, i) = o_ﬁr(i,p). Thus:

op(0b(i, p), p,1) = ((9P(i,p) \ 00" (i, p)).[m = i.m]) UG (i, p)
By definition of op, we have now:

((G\ap"(i,p))-[m = op(i.m,p)]) Uap®(i,p) \ ap*(i, p) )
op(op(i,p), p,i) = [m=im]|
U op" (i, p)

Now by definition:

op"(i,p) \ (i.[m = op(i.m,p)] ) = op(i,p)
And Then:

op"(i,p) \ ( (i\3p"(i,p)).[m = op(i.m,p)] ) = 5p"(i,p)

Thus, adding and deleting op®(i, p) from ( (i\op"(i,p)).[m = op(i.m, p)] ) has no
effect. Hence:

op(0b(i,p), p,i) = ( (i\ )" (i,p))-[m = op(i.m,p)].[m = i.m] ) UG (i, p)
The double applying of metamodel substitution has no effect:
&p(ap(i, p), p, i) = (i\ 0p" (i,p)) U op’ (i, p)

By definition of @T(i,p) :
op” (i,p) C i
Thus, deleting and adding (%T(i,p) from i has no effect. Hence:

ﬁp(@(i,p),n i) =i
O

4.4 Diagnostics

Migration and recontextualization are defined by means of specific sub-models
gathering added and removed model elements. These sets also give way to know
whether the corresponding transformation is relevant or not. This kind of knowl-
edge is domain-dependent. Indeed, uDif allows for instance to delete a concept
(i.e a meta-class) from the metamodel, but only the domain expert knows if this
concept is useless or forbidden.

This is a significant difference at the model level. If the deleted concept is
useless and if a model to be migrated includes some instances of it, then they
are simply and safely removed. But if the deleted concept is forbidden and if a
model to be migrated includes some instances of it, then the model is probably
unsuitable for the targeted tool.

pDif allows domain expert to diagnosis migrations, i.e. to distinguish safe
migrations from others thanks to their associated sets of added and removed
model elements.



Migration diagnostic Let op be a given uDif operator, i be a given input
model, and p be a valid set of parameters. The set of classes corresponding to
deleted instances is defined as follows:

{ceimC | Tiecap (i,p).Z, i.0ims(i) = c}
The sets of references corresponding to deleted links is defined as follows:
{reimR |36~ I)cop(i,p).0, i.0,(i,7) = I}
The sets of attributes corresponding to deleted values is defined as follows:
{acim.A| 36— S)eap(i,p).dy, i.0,(i,a) =S}

These definitions allow the domain expert to spot instances that have been
deleted before the tool’s application. The domain expert can use this information
to identify unsafe model migrations.

Moreover, if there is a specific condition to have a valid migrated model, then
these sets can be used to understand why this condition is not satisfied.

Black-box rewriting tool diagnostic Recontextualization makes sense if the
migrated model is modified, by a rewriting tool for instance. But in this case, we
need to ensure the tool’s action is not challenged by this transformation. More
precisely, we first need to observe the tool’s action, and then we need to give
way to know whether the transformation counteracts the tool’s action or not.

The tool’s action can be defined in regard to added and removed elements
(instances, scalar values and links) at the model level. From the outside of the
tool, considering it as a black box, updated elements cannot be distinguished
from a pair of added and removed elements.

Let tool be a given rewriting tool applying to a migrated model and a set of
parameters. Let P its parameter domain. Thereafter, we note tool® (resp. tool™)
the function mapping an input migrated model to the elements that are added
(resp. removed) by the tool:

foolt : IxP =7
(i,p) = tool(i,p) \i

fool” : IXP 73
(i,p) = i\ tool(i,p)

Contextualization diagnostic Let op be a given uDif operator, i;,; be a given
initial model, i be a given migrated model, and p be a valid set of parameters.
The set of classes corresponding to deleted instances during the conteztualization
is defined as follows:

{ceimC | 3i €& (i,p,iini). L, .0inst(i) = c}



The sets of references corresponding to deleted links is defined as follows:
{reimR |3~ I) €& (i,p,in).0, 1.0,(i,7) =T}

The sets of attributes corresponding to deleted values is defined as follows:
{a cim.A |3 S) e bp(i,p,iini)-0u, i.0,(i,a) = S}

These definitions allow the domain expert to spot instances that have been
added by the tool, and that have been later removed by the contextualization.
These instances are typically irrelevant within the initial context, but the domain
expert can decide whether their deletion counteracts the tool’s action or not.

As for migration, if there is a specific condition to have a valid model after
recontextualization, then these sets can be used to understand why this condition
is not satisfied.

4.5 By-default model migration

We consider the 22 puDif operators of table 19. Now we aim at formally defining
the migration and the recontextualization associated to each of them. For a given
operator op, in accordance with the principles we stated before, we mainly need
to define the functions (%T, @a, p" and Fpa. We also need to wvalidate these
operations in regard to conformity by the definitions of predicates C,, and Cqp,.

In many cases, the sets of discarded or added elements are empty. If both are
empty, it corresponds to a metamodel refactoring operator which has no effects at
the model level. Also in many cases, there are no specific conditions to maintain
the validity of transformed models in regard to conformity.

Thus, we introduce the following generic default semantics for a given oper-
ator op and its associated parameter domain P:

op" . IxP =7 ot . IxP =7
(i,p) i’ (i,p) i’ [m = op(im,p)]
Spr ot IXPxI—TJ Spr . IxPxTI—=T
(ial% iini) = iw (i,p, iini) — 10[11'1 = iin;.m]
Cop @ IxP —B &y © IXPxT B
(i,p) > true (i,p,4ini) > true

Note in this default case, we actually have the following required conditions:

Y(i,p)eIxP, i’ Ci

V(i,p) € Ix P, (([m = op(i.m,p)lm) = op(im,p)) A (i{?\i=1i)
Vi, p,iini) € I x P x 3, 1% C ((i\ 9(iini, p)) U 0P (iinis p)) A (i = 0D (i, )
V(i,p, i) € Ix P x 3, (({*.[m=1ip.mlm) = ipim)

AP\ (L[m =ipm] ) =i?
A i = 5P (iini, )



4.6 Model migration by operator in detail

We define now the 22 uDif operators of table 19. For each of them we only give
the specific definitions of (%T, %a, T %a, C<’.op and C'.O; . More precisely, we only
give these definitions when they are different from the generic default semantics
we stated before.

Create class The creation of a new concrete class without super classes and
without features has no effects on conforming models. Thus, nothing needs to
be deleted or added during the migration.

However, the recontextualization implies to delete instances of this class
whether they have been added by a rewriting tool. In this case, the migrated
model cannot contains links targeting these instances because the corresponding
metamodel does not have references targeting the new class.

s IXN XTSI
L O[T ={i € T | Sinst(i) = n}]
(i, m,dini) = { [Sinst = {(i,c) €L xm.C | ¢ =n A binst(i) = c}]

Deleted elements during the recontextualization corresponds to instances that
could not appear in any initial model, and that have not been added during the
migration. Finally, we can easily check that we actually have:

V(n,i,iin) € N x 92, &"(i,n, i) C (i \ @ (iimi, )
Thus, if the migrated model is kept unchanged, i.e. if i = a(iini,p), then i\
@(iini,p) = i%. Then in this case we actually have:

& (i, i) = i = @(i,n)

Validity We only give here proof sketches since the comprehensive proofs are
more tedious (because of notations) than inherently difficult.

There is no specific conditions to keep the conformance property over the
migration and the recontextualization associated to cc. Indeed, we do not add
or remove anything during the migration, and the metamodel is kept unchanged
except a new class without features and without instances is added. And during
the recontextualization, the only deleted instances correspond to the deleted
class in the metamodel.

Create data type As for a new class, the creation of a new data type has no
effects on conforming models. Thus, nothing needs to be deleted or added during
the migration.

Moreover, the scalar values are related to a data type by means of value links
corresponding to attributes. But the creation of a data type has no effects on
attributes (the modification of the attribute type is implemented by operation
moveAttributeTypeTo). Thus, the recontextualization does not require to delete
anything, nor to add anything.



Validity Since nothing is changed at the model level when a data type is cre-
ated or canceled, we obviously don’t need any specific condition to preserve the
conformance property.

Create attribute The creation of a new attribute with default multiplicity 0..1
has no effects on conforming models since this new attribute is not mandatory.
Thus, nothing needs to be deleted or added during the migration.
However, the recontextualization implies to delete the value links correspond-
ing to this new attribute whether they have been added by a rewriting tool.
After this deletion, some scalar values may be isolated in the model. There-
fore, these values are also deleted.

am 1 IxXN3IxT 57
.00, = {(i,a,8) € T x m.A x P(S) |
(i, gy Ney Mg, bini) —> a = (neyng) A dy(i,a) = S
JS={seS|V(i,a) eZT xm.A, s¢d,(i,a)}]

Validity A valid model transformed by G remains valid because nothing is
added at the model level and the new attribute at the metamodel level is not
mandatory.

A valid model transformed by ¢a remains valid because the only deleted
model elements are value links corresponding to an attribute which is removed
from the metamodel.

Thus, we don’t need any specific condition to preserve the conformance prop-
erty over the migration and the recontextualization.

Create reference As for attributes, the creation of a new reference with default
multiplicity 0..1 has no effects on conforming models since this new reference is
not mandatory. Thus, nothing needs to be deleted or added during the migration.

However, the recontextualization implies to delete the reference links corre-
sponding to this new reference whether they have been added by a rewriting
tool.

T IxNIxT =7
.w o .
. ' .0 ={(i,r,S) €T xmR x P(I)
(3, 72r ey ey o) = { r = (ne,ny) Ai(i,r) = S

Validity As for new attributes, a valid model transformed by ¢ remains valid
because nothing is added at the model level and the new reference at the meta-
model level is not mandatory.

In a same way, a valid model transformed by & remains valid because the
only deleted model elements are reference links corresponding to a reference
which is removed from the metamodel, and which has no opposite reference by
definition.

Thus, we don’t need any specific condition to preserve the conformance prop-
erty over the migration and the recontextualization.



Delete class The deletion of an existing class which is not a super class and
which is not targeted by any reference implies to delete its instances at the
model level, as also its attributes and references. This modification is safe since
by definition, the deleted instances are not targeted by any reference link. There
is no need to add anything specific during the migration.

Once migrated, a model can be processed by a rewriting tool. In this case,
no new elements introduced by this tool are likely to be remove during the
recontextualization. Indeed, the operation which is supposed to be undone by
the recontextualization is a deletion. Thus, we only need to add the instances
and the links that had been discarded during the migration, provided these links
are still related to existing instances.

d_c>r : IxN =7
0.[T = {i € | Sinst(i) = n}]
~Einst {:({(sz?)) 6%- X m7cz| C,P:(;)/T 6171515(2) = C}]
. Jo ={(,r,8) € T xm.R x
(in) = Simst (i) = n A G1(i,7) = S}
J0, ={(,a,5) € T x m.A X P(S) |
Oinst(1) =n A dy(i,a) = S}
%

de® : IXxNxT—=7T
0.7 = {i € tini.T | tini-Oinst (i) = n}]
'[5i"3t = {(Z,C) € iini.L X N ‘ c=nA iin;.5mst(z‘) = C}]
Jor =A{(4, 7, 9) € iini.Z X iinimR x P(Z) |
tini-Oinst (1) = nAVG € 8,5 € (8 Niini.0y) (i, 7)}]
160 = {(i,a,5) € T x mAx P(S) |
Gini-Oinst (V) =N AYj € S,j € (6 Niini.0y)(i,a)}]

(i7 n, iini) —

Validity A valid model transformed by d_>c remains valid because all the deleted
model elements are isolated scalar values and either instances of the deleted class
or links going out of them. By definition, the initial model does not include links
targeting the deleted instances.

However, a valid model transformed by (76 remains valid after the recontex-
tualization only if the discarded links that cannot be recovered (because of a
deleted target) are not mandatory in regard to multiplicity. Hence the unique
following predicate giving the sufficient condition under which a valid model
remains valid over recontextualization:

C<’_dc D IXN XTI =B
(i,n,iin;) — (1,n,I\1I) n Uiei;ni.I(iini-(sl(i)) = @

If all instances targeted by the discarded links are kept, then this is a sufficient
condition to preserve validity.

Delete data type Unlike the deletion of an existing class, the deletion of an
existing data type which is not targeted by any attribute does not imply any



modification at the model level. Thus, nothing needs to be deleted or added
during the migration or the recontextualization.

Validity Since nothing is changed at the model level when a data type is deleted
or recovered, we obviously don’t need any specific condition to preserve the
conformance property.

Delete attribute The deletion of an existing attribute implies to remove all
the corresponding attribute links at the model level. There is no need to add
anything during the migration. During the recontextualization, the deleted links
are recovered, as far as the corresponding instances still exist.

dor . IxN? 573
. 6, ={(i,a,8) € T x m.Ax P(S) |
(na,ne) = { 0= (ne:1a) A 8o (i, (nes 1)) = S}

Jao :© TIxN2xT =7
. . .06, = {(i,a,5) € i.T X ijppm.A X P(ijni.S) |
(17 nauncalini) — { o= (n(/.,’l’),a) A iini.év(i, (nw na)) _ S}]

Validity The migration by da of a valid model leads to a new valid model be-
cause the only deleted model elements are isolated scalar values and value links
corresponding to the attribute which is intended to be removed from the meta-
model.

However, we need to state a specific condition for the recontextualization.
Indeed, some instances of the class owning the deleted attribute may have been
added at the model level. After the recontextualization, these instances won’t
have values associated to the recovered attribute. This cannot be valid if the mul-
tiplicity of this attribute has a lower bound greater than 0, i.e, it is mandatory.
We introduce the predicates C; and Cy to address this case:

Ci: N?xi —»B
(navnmi) — 3(($,y),d) € M xD, (i~m-5A(ncana) = ((m,y),d) Nx = O)

CQZ N X i2 — B
(nc7i7 iini) — {Z cl ‘ Iéznst(l) = nc} \ {Z el | iini~6inst(i) = nc} = (Z)

Recontextualization is valid if the multiplicity of the deleted attribute is not
mandatory (C7). Recontextualization is also valid if the set of new instances of
the class from which the attribute has been removed is empty (C2). Hence the
following global condition for the conformance properties:

Cm : IXN2xT 5B

(i, Mgy N,y iini) = (Cl (naa nmi) \ CQ(”ca i, iini))



Delete reference The deletion of an existing reference implies to remove all
the corresponding reference links at the model level. There is no need to add
anything during the migration.

During the recontextualization, the deleted links are recovered, as far as the
corresponding source and target still exist.

ﬁr : IxN?2 =7
. .06, = {(i,7,S) €T x m.R x P(T) |
(,nene) = { o 2 (o) A i, (o)) = S

dro . IxN?2xT 7
o _)H{i@.[al:{(z'mS)ei.zxiini.m.nxp(i.z)|

r=Ne,np) AVj €S, j € iini.0i(i,7)}]

Validity The migration by dr of a valid model leads to a new valid model because
the only deleted model elements are links corresponding to the reference which
is intended to be removed from the metamodel.

However, as for attributes and for the same reasons, we need to state a
specific condition for the recontextualization. Indeed, some instances of the class
owning the deleted reference may have been added at the model level. After the
recontextualization, these instances won’t have values associated to the recovered
reference. This cannot be valid if the multiplicity of this reference has a lower
bound greater than 0, i.e, it is mandatory.

We introduce the specific predicate C] and we reuse the predicate Ca to
address this case:

Ci: N?xi =B
(npyne, i) = I((x,y),¢) € M x C, (im.dg(ne, ny) = (z,y),¢) ANz =0)

Recontextualization is valid if the multiplicity of the deleted reference is not
mandatory (C]). Recontextualization is also valid if the set of new instances of
the class from which the reference has been removed is empty (Cs).

There is a second condition due to the links that have been discarded by the
migration and that cannot be recovered by the recontextualization. In this case,
the recontextualization preserves validity only if these links are not mandatory in
regard to multiplicity. Hence the unique following predicate giving the sufficient
condition under which a valid model remains valid over recontextualization:

Caor : IXAN2xT =B
(i7 nrynmiini) — ( (C:ll(n’fancai) v C2(nc’i’ iini)) )
A (iini-Z \ 1.2) N Uiy 2 (tini-00(2)) = 0

If all instances targeted by the discarded links are kept, then this is a sufficient
condition to preserve validity.

Set classifier name The setting of a new classifier name implies to update the
instantiation links at the model level. This update is performed in two times.



First, the links are deleted, and then, new links between the instances and the
new class are added. There is no effect on other links (attributes or references).

During the recontextualization, the actions performed by the migration are
undone: added links are automatically deleted and discarded links are automat-
ically recovered. However, a processing tool may have introduced new instances
of the renamed classifier. In this case, the instantiation links from these spe-
cific instances have to be replaced by new instantiation links targeting the old
classifier.

Only a part of the links that have been discarded during the migration is
recovered during the recontextualization. The instantiation link between an in-
stance and the renamed class is not recovered if this instance has been deleted
by a tool.

et s IxNET 53
(i,ne,nl) — {iw.[émst ={(i,c) €I xm.C | ¢ =n¢ Adinst(i) = ne}

st IxN?T 57
(i,ne,nl) = i 0ot = {(i,¢) €T X N | ¢ = 0, A Sinst(i) = ne}]

SnaT r IxAN2xT =3
(i, ne, nL, iini) — {iw.[émst ={(i,c) eI xm.C | c=nl Adinst(i) =nl}]

. 0 IXN2XT =7
(i, ney ML, bini) {im.[émst ={(i,c) ET XN | c =nc A Ginst(i) = nl}]

Validity Since only instantiation links are substituted in accordance to a new
classifier name, we don’t need any specific condition to preserve the conformance

property.

Set feature name The setting of a new feature name implies to update the
value or reference links at the model level. This update is performed in two
times. First, the links are deleted, and then, new links between the instances
and the corresponding value (value link) or instance (reference link) are added.
There is no effect on instantiation links.

During the recontextualization, the actions performed by the migration are
undone: added links are automatically deleted and discarded links are automat-
ically recovered. However, a processing tool may have introduced new instances
of the class owning the renamed feature. In this case, the corresponding links
from these specific instances have to be replaced by new links targeting the same
elements.

Only a part of the links that have been discarded during the migration is re-
covered during the recontextualization. The value (or the reference) link between
an instance and a scalar (or another instance) is not recovered if this instance
has been deleted by a tool.
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a= (ne,ng) Ady(i, (ne,nyg)) = S}
Jor = A{( Z,T,S’) eZxmRxPX) |
=(

ne,nyp) A0y(is (ne,ny)) = S}

(.‘7 ncanfanf

J
{ 6, ={(i,a,9) € T x m. A x P(S) |

s.n;“ : Ix N3 57
.06, = {(i,a,8) € T x N? x P(S) |
: / a = (nwnl ) A 6v(i7 (nw nf)) = S}]
(bmesmpomp) = 4 g5, = {(z,r, S) e T % A % P(T) |
= (ne,ny) N3, (ne,ny)) = S}

Wfr : IxN3xT =73
.06, = {(i,a,9) € T x m.A x P(S) |
, ;o a = (ne,n) Ady(i, (ne,n’)) = S}
(e, g, iy i) > 45 {(z, r8) €I xmR x P(T) ]

(nca n/f) A 6l(7;’ (nc,nlf)) = S}]
Wf‘l : IXxN3xT —7
.06, = {(i,a,8) € T x N2 x P(S) |
A C e a= (ne,ng) Ady(i, (ne,n'y)) = S}
(b ey g, iy i) = 415 {(z,r, S) eI x N2 x P(T) |
= (nesnyp) Aoi(i, (ne,ny)) = S

Validity Since only value or reference links are substituted in accordance to a new
feature name, we don’t need any specific condition to preserve the conformance

property.

Set lower bound The setting of a new lower bound for a given feature implies
to make a semantic choice. Indeed, if the lower bound is increased, then some
links may lack. This is typically the case when an optional feature becomes
mandatory. In this case, if we aim at preserving the validity of the model, we
need to randomly add some new links.

If the lower bound is decreased, then any valid model remains valid after the
migration, without adding or deleting anything. But if a tool removes some links,
then we need to randomly add some new links during the recontextualization.
For instance, it is the case when a mandatory feature becomes optional, and
when after the migration, a tool removes a former mandatory link. Then during
the recontextualization, we need to put back a new link.

We decided to avoid these random actions. Instead of that, we keep the
model unchanged during the migration and the recontextualization. In return,
we define precisely the predicates giving the sufficient conditions under which a
valid model remains valid over migration and recontextualization:



CE): IxN?xN —B
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The migration preserves validity if there is no lack of mandatory links in the
case of a lower bound increase (Cyp,). The recontextualization preserves validity
if there is no lack of mandatory links in the case of a lower bound decrease (Z s b)-

Set upper bound The setting of a new upper bound for a given feature is a
symmetric case of the previous one. Instead of randomly adding links, we need
here to randomly removing links when they exceed the new upper bound during
the migration or during the recontextualization. We also decided to avoid random
actions during these transformations:

Cm : IxAN?xN =B
(i, ne,ng,y) —Vieil, ((|5v(i7 (ne,ng))| + 101(2, (ne, ny))]) < y)

Cop 1 IXNZxNxT B
(i, ne, g, Y, bini) — let (@, Yini), 1) = iini.m.(64 U 0R)(ne, ny) in:
Vi € 1.7, (1601, (ne,np)| + 10130y (e, np))]) < Yini)
The migration preserves validity if the number of correspond'ig links is not
greater than the new upper bound in the case of its decrease (Csyp). The recon-
textualization preserves validity if there is no extra new links in the case of a
upper bound increase (Ciyp)-

Set abstract As for the previous operations, setting a class abstract or concrete
implies to make a semantic choice. Indeed, if a concrete class is made abstract,
then we need to transform its instances. They could be connected to another
class among the ancestors or among the descendants of the modified class, but it
implies that this class actually have ancestors or descendants. If so, we also need
to propagate several modifications about attributes and references in regard to
the corresponding multiplicity.

Instead of that, we keep the model unchanged during the migration and
the recontextualization. In return, we define precisely the predicates giving the
sufficient conditions under which a valid model remains valid over migration and
recontextualization:

Cﬁ: IxNxB —B

. (i,ne,b)  —b = {i€il|idpms(i)=nc} =0
Csag :IXNXBxT =B
(i, me, by tini) = —b = {1 €17 | 1.0imst(1) = net =0



The migration preserves validity if there is no instance of a concrete class made
abstract. The recontextualization preserves validity if there is no instance of a
former abstract class (because it has to be set abstract again).

Set container Setting a reference composite or not is subject to strong pre-
conditions at the metamodel level. Under these conditions, the corresponding
migration and recontextualization have no effects, but they are subject to valid-
ity conditions. Indeed, in pEcore, all instances are gathered within a same and
unique root package. Reference links over these instances are given by partial
functions, regardless they are composite or not.

Once the specific constraints of containment are verified at the metamodel
level (e.g., no circular composite references, or no multiplicities upper bound
greater than 1), there is one extra requirement at the model level: if a relation is
made composite, then the instances targeted by the corresponding links cannot
be also targeted by other composite links.

Co : IxN2xB —B
(inesne ) b = Vi€ {Ujerz (100, (e me)) b

(3, (nl,nl)) €I x im.R,i €i.6,(7, (nl,n.)))
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(3@, (nl,nl)) €I x im.R,i € i.6(i, (n.,n.)))
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The migration preserves validity if the links corresponding to a reference made
composite target instances that are not already targeted by another composite
link. The recontextualization preserves validity if the links corresponding to a
former composite reference target instances that are not already targeted by
another composite link (because it has to be set composite again).

Move feature Moving a feature from a class to another one (provided the
feature does not imply name clashes along inheritance links of the target class)
implies again a semantic choice. Indeed, if a feature f belongs to a class A, and
if this feature has to be moved to class B, then if A has instances, we need to
remove the f links from them, but we also need to put them randomly over the
set of existing instances of B. If the number of instances of B is lower than the
number of instances of A, some links will be randomly deleted. If the number of
instances of B is greater than the number of instances of A, some links will be
randomly added if the moved feature is mandatory.

Instead of performing such random actions, we keep the model unchanged
during the migration and the recontextualization. In return, we define precisely
the predicates giving the sufficient conditions under which a valid model remains
valid over migration and recontextualization:
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The migration preserves validity if there is no link corresponding the moved
feature (from the initial class). The recontextualization preserves validity if there
is no link corresponding the moved feature (from the targeted class).

Move reference target Moving the target of a reference from a class to another
one raises similar questions to those of the previous case. Indeed, to achieve a
model transformation in regard to this operator, we need to change randomly
the current targets of reference links to new targets.

As in the previous case, we avoid these random actions and we keep the
model unchanged during the migration and the recontextualization. As in the
previous case, we define precisely the predicates giving the sufficient conditions
under which a valid model remains valid over migration and recontextualization:

—_—
Cmrtt : /JXNB — B

(iynesmr ) = {Ujerz (1010 (ne,m)) | =0

Cortr @ IXN3xT =B
(iv ncanrvnlcaiini) — {Ujei,z (lél(]» (ncvnr)))} = @

The migration preserves validity if there is no link corresponding the modified
reference. The recontextualization preserves validity if there is no new link cor-
responding the same moved modified reference.

Move attribute type Moving the type of an attribute from a data type to
another one is a much simpler case than the previous one since uDif does not
take data types into account. In this approach, scalar values (at the model level)
are not bound to a data type (at the metamodel level). Thus, there is no need
to change anything at the model level when a data type is updated.

Validity Since nothing is changed at the model level when a data type is updated,
we obviously don’t need any specific condition to preserve the conformance prop-
erty.

Add super class Adding a new super class to a class does not imply any
modification at the model level during the migration, provided the new class or



one of its ancestors has no mandatory feature. If this condition is not satisfied,
then we do not add random feature links and thus, the migration does not
preserve the conformance property.

During the recontextualization, the links corresponding to the features de-
fined by the new super class have to be removed.

Gsc  IXNZXT =7

0y = {(1,(e,nqa),S) €T xm.Ax P(S) |

Sinst(1) = ne A6y (i, (¢,ng)) = S A c € m.aly(nl)}]
o =A{(,(c,n.),S) €T xmR xP(S) |

Oinst (1) = ne AN 61 (i, (¢,nr)) = S Ac € mad(nl)}]

(ia Ne, n/ca iini) —

Validity The recontextualization always preserves the conformance property
since the only discarded elements corresponds to features inherited from the
class which is removed by this transformation.

But as mentioned before, the migration preserve the conformance property
only if the new super class or one of its ancestors has no mandatory feature.
Hence the unique following predicate giving the sufficient condition under which
a valid model remains valid over migration:

Comr : IXN? 5B
(i,nc,nl) = Ve € im.ay(nl),Y((ng,n), (z,y)) € N2 x M
((z,y),n) =im.(64Udr)(c,nf) = =0

Remove super class Removing an existing super class implies to remove links
corresponding to the features inherited from the deleted super class. There is no
new specific element to add during the migration.

During the recontextualization, the links that have been discarded by the
migration are recovered, as far as they are related to existing instances. If the
source or the target of the link has been deleted, then the link is not recovered.

FSET o IxNZx — 7
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Validity The migration always preserves the conformance property since the
only discarded elements corresponds to features inherited from the class which
is removed by this transformation.

But the recontextualization preserve the conformance property only if:

— the deleted super class or one of its ancestors has no mandatory feature
— or there is no new instance of the modified class

Indeed, if a tool has introduced new instances of the modified class before the
recontextualization, then the specific links inherited from the discarded super
class cannot be recovered. This is a problem only if these links corresponds to
mandatory features. Hence the unique following predicate giving the sufficient
condition under which a valid model remains valid over recontextualization:

O i IXN2XT 5B

(i, ne, L, i) — (Ve € tinmea (nl),Y((ng, n), (z,y)) € N? x M
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Move super class The replacement of an existing link between a class and a
super class by a link between the same class and another one could be seen as the
composition of the two previous operator (super class deletion followed by new
super class addition). In this approach, we do not take advantage of an important
specific information: the set of common features. Indeed, the common features
(i.e. same name and same target) can be kept during the transformation.

For that purpose, we first formally define this set of common features. We
note N, the common attributes between two metamodels and we note N, the
common references between two classes.

The common attributes are found along the inheritance paths (starting from
the two provided classes). Two attributes match if they have the same name,
the same data type, and the same multiplicity.

As for attributes, the common references are found along the inheritance
paths (starting from the two provided classes). Two references match if they
have the same name, the same multiplicity, and if the first targeted class appears
among the ancestors of the second targeted class.

Ng @ MxC? - AxXxMxD
(m, (c1,¢2)) = {((e,n),m,d) e m.04 | ¢ € &(cq1)
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Ny @ MxC?2 - RxMxC
(m, (c1,¢2)) = {((e,n),m,c;) € Mg | c € af(c1)
A3, ¢}) € C? (m.or(d,n)=(m,c})
N € al(er)) Ner € af(c}))



Using these definitions, we can state that the migration corresponding to
the replacement of an existing link between a class and a super class by a link
between the same class and another one implies to remove links corresponding to
the features inherited from the deleted super class, provided they are not common
with the new super class.

The recontextualization implies to remove the links corresponding to the
features defined by the new super class, provided they are not common with the
new super class.

Finally, during the recontextualization, the links that have been discarded by
the migration are recovered, as far as they are related to existing instances. If the
source or the target of the link has been deleted, then the link is not recovered.
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Validity The migration preserve the conformance property only if the new super
class or one of its ancestors has no mandatory feature among its specific features
(i.e. regardless of the common features).

The recontextualization preserve the conformance property only if the re-
placed super class or one of its ancestors has no mandatory feature among its
specific features (i.e. regardless of the common features), or there is no new in-
stance of the modified class Indeed, if a tool has introduced new instances of the
modified class before the recontextualization, then the specific links inherited



from the initial super class cannot be recovered. This is a problem only if these
links corresponds to mandatory features.

Hence the following predicates giving the sufficient conditions under which a
valid model remains valid over migration and recontextualization:

—
Chset © JIXN? =B
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Move opposite The setting of a new opposite reference to a reference (when-
ever it already has an opposite reference or not) is not supposed to have any
impact at the model level since opposite corresponds to a meta data associated
to a pair of existing references. Thus, there is nothing to add or remove during
the migration and the recontextualization.

Remove opposite For the same reasons as in the previous case, removing an
opposite reference is not supposed to have any impact at the model level. Thus,
there is nothing to add or remove during the migration and the recontextualiza-
tion.

[Imig : L(mig) = 73T
s matches with ({ mod } op)

Hop]]op([[mOd]]mOd ’ Hop]]param)
s matches with (s’ op) where s’ = ({ mod } (op")" )

[[OPHOP([[SI]]mig 5 Hop]]param)

Fig. 31. Valuation of uDif specifications including model migration

4.7 Specifications

We note L£(mig) the sets of words yielded from mig in figure 30. Basically, £(mig)
contains a specification made of one model mod (including its metamodel) plus
an ordered non-empty set of operators applied to mod.



As for the semantics of metamodel evolution, we note [op]param the set of
specific parameters of the operator op, in accordance to figure 19.

We introduce in figure 31 a valuation function noted [-]mig. It applies to
L(mig). It maps a model (including its metamodel) to an output migrated model
(including its refactored metamodel). It is obtained by a recursive application
of the functional denotations corresponding to each operator in accordance to
figure 19.
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