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Abstract. In this paper we describe a simple formal approach that can be used
to support the definition and implementation of model to model transforma-
tions. The approach is based on the idea that models as well as metamodels
should be regarded as abstract data types (ADTs), that is to say, as abstract
structures equipped with a set of operations. On top of these ADTs we define a
minimal, imperative model transformation language with strong formal seman-
tics. This proposal can be used in two different ways, on one hand it enables
simple transformations to be implemented simply by writing them in any ordi-
nary programming language enriched with the ADTs. And on the other hand, it
provides a practical way to formally define the semantics of more complex
model transformation languages.

Keywords: Model driven software engineering, Model transformation lan-
guage, denotational semantics, Abstract data types, ATL.

1 Introduction

Model-to-model transformations are at the core of the Model Driven Engineering
(MDE) approach [1] and it is expected that writing such transformations will become
an ordinary task in software development. Specification and implementation of
model-to-model transformation involves significant knowledge of both the source and
target domains. Even when the transformation designer understands both domains,
defining the mapping between corresponding model elements is a very complex task.

One direction for reducing such complexity is to develop domain-specific languages
designed to solve frequent model transformation tasks. A domain-specific language
focuses on a particular problem domain and contains a relatively small number of
constructs that are immediately identifiable to domain experts. Domain-specific lan-
guages allow developers to create abstract, concise solutions in a simpler way.

Indeed, this is the approach that has been taken by the MDE community. As a re-
sult, a variety of model transformation domain-specific languages have been recently
developed, e.g. QVT [2], ATL [3], Tefkat [4] and VIATRA [5]. These languages are
very rich and are used in various domains; each of them possesses its own syntax,
programming paradigm and other specific language peculiarities.

However, there are a number of facts that frequently hinder the use in industry of
these specific languages, on one hand their application require a large amount of
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learning time that cannot be afforded in most projects; on the other hand considerable
investment in new tools and development environments is necessary. And finally, the
semantics of these specific languages is not formally defined and thus, the user is
forced to learn such semantics by running transformations example suites within a
given tool. Unfortunately, in many cases the interpretation of a single syntactic con-
struct varies from tool to tool. Additionally other model engineering instruments, such
as mechanism for transformation analysis and optimization, can be only built on the
basis of a formal semantics for the transformation language; therefore, a formal se-
mantics should be provided.

To overcome these problems, in this paper we describe a minimal, imperative ap-
proach with strong formal semantics that can be used to support the definition and
implementation of practical transformations. This approach is based on the idea of
using “models as abstract data types” as the basis to support the development of
model transformations. Specifically, we formalize models and metamodels as abstract
mathematical structures equipped with a set of operations. The use of this approach
enables transformations to be implemented in a simpler way by applying any ordinary
imperative programming language enriched with the ADTs, thus avoiding the need of
having a full model transformation platform and/or learning a new programming
paradigm. Additionally, the meaning of the transformation language expressions is
formally defined, enabling the validation of transformation programs.

Complementary, this approach offers an intermediate abstraction level which pro-
vides a practical way to formally define the semantics of higher level model transfor-
mation languages

The paper is organized as follows. Section 2 provides the formal characterization of
models and metamodels as abstract mathematical structures equipped with a set of
operations. These mathematical objects are used in section 3 for defining the semantics
of a basic transformation language. Section 4 illustrates the use of the approach to
solve a simple transformation problem, while Section 5 shows the application of the
approach to support complex transformation languages (in particular ATL). Section 6
compares this approach with related research and Section 7 ends with the conclusions.

2 Model Transformation Languages with ADT's

A model transformation is a program that takes as input a model element and provides
as output another model element. Thinking about the development of this kind of
programs there are a number of alternative ways to accomplish the task:

A very basic approach would be to write an ordinary program containing a mix of
loops and if statements that explore the input model, and create elements for the out-
put model where appropriate. Such an approach would be widely regarded as a bad
solution and it would be very difficult to maintain.

An approach situated on the other extreme of the transformation language spec-
trum would be to count with a very high level declarative language specially designed
to write model transformations (e.g. QVT Relations [2]). With this kind of language
we would write the ‘what’ about the transformation without writing the ‘how’. Thus,
neither concrete mechanism to explore the input model nor to create the output model
is exposed in the program. Such an approach is very elegant and concise, but the
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meaning of the expressions composing these high level languages becomes less intui-
tive and consequently hard to understand. In addition, the implementation of heavy
supporting framework is required (e.g. MediniQVT supporting tools [6]).

A better solution, from a programming perspective, would be to build an interme-
diate abstraction level. We can achieve this goal by making use of abstract data types
to structure the source and target models. This solution provides a controlled way to
traverse a source model, and a reasonable means to structure the code for generating
an output model. With this solution we would raise the abstraction level of transfor-
mation programs written in an ordinary programming language, while still keeping
the control on the model manipulation mechanisms. Additionally we do not need to
use a new language for writing model transformations, since any ordinary program-
ming language would be sufficient.

Towards the adoption of the later alternative, in this section we formally define the
concepts of model and metamodel as Abstract Data Types (ADTs), that is to say as
abstract structures equipped with a set of operations.

Definition 1: A metamodel is a structure mm = (C, A, R, s, @, r) where C is the set of
classes, A is the set of attributes and R is the set of references respectively; s is an
anti-symmetric relation over C interpreted as the superclass relation, a maps each
attribute to the class it belongs to; and r maps each reference to its source and target
classes.

For example, a simplified version of the Relational Data Base metamodel is defined
as MMRDB =(C, A, R, s, a, r), where:

C={Table, Column, ForeignKey}

A= { Nameraple, NAMEColumn } )

R= { COlurnnsTable:2C01umn s prlmaryKeyTable2Column s forelgnKeySTable2F0reignKey s
tableForciganyZTable }

s= {} a= {(nameryp, Table), (namec,jym, Column)}

r= {(columnsr.piezcorumn, (Table, Column)), (primaryKeyrapieacolumn, (Table,
Column)), (foreignKeysrapiezroreignkeys (Table, ForeignKey)), (tablego,.
eignKey2Tables (ForeignKey, Table))}

The usual way to depict a metamodel is by drawing a set of labeled boxes connected
by labeled lines; however the concrete appearance of the metamodel is not relevant
for our purposes. Figure 1 shows the simplified metamodel of the Relational Data
Base language.

Table Column

foreignKeys columns
name

ForeignKey
table

Fig. 1. The metamodel of the Relational Data Base language

- name
primaryKey
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For the sake of simplicity, we assume single-valued single-typed attributes and refer-
ences without cardinality specification. The previous metamodel definition could be
easily extended to support multi-valued multi-typed attributes and to allow the speci-
fication of reference’s cardinality; however, in this paper those features would only
complicate our definitions, hindering the understanding of the core concepts.

Definition 2: A model is a structure m = (C, A, R, s, a, r, E, ¢, va, vr) where mm =
(C, A, R, s, a, r) is a metamodel, E is the set of model elements, ¢ maps each element
to the class it belongs to, va applied to an attribute and to an element returns the value
of such attribute (or bottom, if the attribute is undefined), vr applied to a reference and
an element returns a set of elements that are connected on the opposite end of the
reference. In such case, we say that model m is an instance of metamodel mm. When
the metamodel is obvious from the context we can omit it in the model structure.

For example, let m = (C, A, R, s, a, r, E, ¢, va, vr) be an instance of the MMRDB
metamodel, where:
mm = (C, A, R, s, a, r) is the metamodel defined above,
E={Book, Author, nameg,, editorialg,., authorsgyeksauthors NAME Author }
c={(Book, Table), (Author, Table), (nameg,,, Column), (editorialg,., Column),
(authorsg ek author, ForeignKey), (name pygqor, Column)}
va={((namery., Book), Book), ((namer,., Author), Author)}
vr= {((columnSr;piexcotumns BOOK), {namepk, editorialgook}) » ((COlumnsupieacotumns
Author), {nameaunor}), ((primaryKeyrapieacoumn Book), {namepoox}),
((pnmar yKe}’Table2Columna Al,lthOI'), {nameAuthor})a ((foreignKeySTable2ForeignKeya
BOOk), {authorSBookZAuthor})v ((tableForeignKeyZTablea aUthorSBookZAuthor)7 {BOOk}) })

Figure 2 illustrates the instance of the MMRDB metamodel in a generic graphical
way. The concrete syntax of models is not relevant here.

Book Author
pkey: name authors p| Pkey: name
editorial

Fig. 2. An instance of the MMRDB metamodel

After defining the abstract structure of models and metamodels we are ready to de-
fine a set of operations on such structure. These operations complete the definition of
the Abstract Data Type.

Let M be the set of models and let MM be the set of metamodels, as defined
above. The following functions are defined:

(1) The function metamodel() returns the metamodel of the input model.
metamodel: M — MM

metamodel (C, A, R,s,a,r,E, c,va,vi)=(C,A,R,s,a,r)

(2) The function classOf() returns the metaclass of the input model element in the
context of a given model.

classOf: E>M — C

classOf e (C,A,R,s,a,r,E, c, va, vr) = c(e)
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(3) The function elementsOf() returns all the instances of the input class in the con-
text of a given model. Instances are obtained by applying the inverse of function c.
elementsOf: C > M — P(E)
elementsOf ¢ (C, A, R, s, a,r,E, c, va, vr) = ¢\(c)
(4) The function new() creates a new instance of the input class and inserts it into the
input model.
new: C - M — ExM
newc (C,A,R,s,a,r,E, c,va,vr) =
(e, (C,A,R,s,a,r, EU{e}, c[ec], va, vr)), withe ¢ E
(5) The function delete() eliminates the input element from the input model.
delete:E > M - M
deletee (C,A,R,s,a,r,E, c,va,vr)= (C,A,R,s,a,r,E’, c’,va’, vr’),
with  E’=E-{e}, ¢’ =c-{(e,c(e))},
va’ =va-{(a,(e’,n))le=e’ " (a,(e’,n)) € va}
vr’ =vr-{(r,(e’,es))l e=e’ " (r,(e’,es)) € vr}
(6) The function getAttribute() returns the value of the input attribute in the input
element belonging to the input model.
getAttribute: A > E—>M—>7Z,
getAttribute ae (C, A, R, s, a,r, E, ¢, va, vr) = va(a)(e)
(7) The function setAttribute() returns an output model resulting from modifying the
value of the input attribute in the input element of the input model.
setAttribute: A - E—-7, - M —>M
setAttributeaen (C, A, R,s,a,r, E, c,va, vr) =
(C,A,R,s,a,r,E, c,va[va(a)[e<n]], vr), if (a,s(e)) € a
(C,A,R,s,a,r,E, c,va,vr),if (a,cle)) ¢ a
(8) The function getReferences() returns the set of elements connected to the input
element by the input reference in the input model.
getReferences: R - E - M — P(E)
getReferencesre (C, A, R, s,a,r, E, ¢, va, vr) = vr(r)(e)
(9) The function addReference() returns an output model resulting from adding a
new reference (between the two input elements) to the input model.
addReference: R 5 E—>E—>M ->M
addReferenceree’ (C,A,R,s,a,r,E, c,va, vr) =
(C,A,R,s,a,r,E, c,va, vru(r,(ee))), if (r,(c(e), c(e’))) e r
(C,A,R,s,a,r,E, c,va, vr), if (1,(c(e), c(e))) ¢ r
(10) The function removeReference() returns an output model resulting from delet-
ing the input reference between the two input elements from the input model.
removeReference: R > E>E—->M—>M
removeReferenceree’ (C,A,R,s,a,r, E, c,va, vr) =
(C,A,R,s,a,r,E, c,va,vr-(r,(ee’)))

The remaining functions (e.g. similar functions, but on the metamodel level) are omit-
ted in this paper for space limitations.
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3 A Simple Yet Powerful Imperative Transformation Language

In this section we define SITL a simple imperative transformation language that sup-
ports model manipulation. This language is built on top of a very simple imperative
language with assignment commands, sequential composition, conditionals, and finite
iterative commands. As a direct consequence, this language has a very intuitive se-
mantics determined by its imperative constructions and by the underlying model
ADT.

This language is not intended to be used to write model transformation programs,
rather it is proposed as a representation of the minimal set of syntactic constructs that
any imperative programming language must provide in order to support model trans-
formations. In practice we will provide several concrete implementations of SITL.
Each concrete implementation consists of two elements: an implementation of the
ADTs and a mapping from the syntactic constructs of SITL to syntactic constructs of
the concrete language.

3.1 Syntax

The abstract syntax of STIL is described by the following abstract grammar:

<intexp>:=null I011121...
| <intvar> | - <intexp> | <intexp> + <intexp> | <intexp> - <intexp>
| <intexp> * <intexp> | <intexp> =+ <intexp>| <elemexp> . <attrexp>
| size <elemlistexp>
<boolexp> ::= true | false
| <intexp> = <intexp> | <intexp> < <intexp> | <intexp> > <intexp>
| = <boolexp> | <boolexp> A <boolexp> | <boolexp> v <boolexp>
| <elemexp> = <elemexp> | contains <elemlistexp> <elemexp>
<modelexp> ::=m; | m, | ...
<classexp> ::=c; I ¢, | ...l classof <elemexp>
<attrexp>:=a;layl...
<refexp> =111 1...
<elemexp> ::= <elemvar> | <elemlistexp> (<intexp>)
<elemlistexp> ::= elementsOfClass <classexp> inModel <modelexp>
| <elemlistvar> | <elemexp> . <refexp>
<comm> ::= <intvar> := <intexp> in <comm> | <elemvar> := <elemexp> in <comm>
| <elemlistvar> := <elemlistexp> in <comm> | <comm> ; <comm>
| skip | if <boolexp> then <comm> else <comm>
[ for <intvar> from <intexp> to <intexp> do <comm>
| add <elemexp> to < elemlistvar> | remove <elemexp> from <elemlistvar>
| <elemexp> . <attrexp> := <intexp>
| addRef <elemexp> <refexp> <elemexp>
| removeRef <elemexp> <refexp> <elemexp>
| forEachElem <elemvar> in <elemlistexp> where <boolexp> do<comm>
| newElem <elemvar> ofclass <classexp> inModel <modelexp>
| deleteElem <elemexp>
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<procD>::=proc <name> <procparams> beginproc <comm> endprocl| <procD>;<procD>
<comm’> ::= <comm> | call <name> (actualparams) | <comm’> ; <comm’>
<program>::= <procD> <comm’>

Currently, we consider three types of variables: integer variables, element variables,
and list of elements variables. It is worth to remark that STIL is limited to finite pro-
grams; we argue that model to model transformation should be finite, so this feature is
not restrictive at all.

Denotational Semantics

The semantics of SITL is defined in the standard way [7]; we define semantic func-
tions that map expressions of the language into the meaning that these expressions
denote. The usual denotation of a program is a state transformer. In the case of SITL
each state holds the current value for each variable and a list of the models that can be
manipulated. More formally, a program state is a structure 6 = (Gy;, Ogm, O, OEs, O7)
where Gy is a list of models, Ggy maps each element to the model it belongs to, 6g
maps element variables to elements, g, maps element list variable to a list of ele-
ments, and 6; maps integer variables to its integer value or to bottom.

Let X denote the set of program states; the semantic functions have the following
signatures:

[[-Hintexp : <intexp> — X = Z; [[-1boolexp : <boolexp>— X — B
[[-1lmodelexp - <modelexp> — X — M [[-]]ciassexp : <Classexp> — X — C
[[-1eiemexp : <elemexp>— X — E [[-Hetemiistexp : <€lemlistexp> — X — [E]
[[-Hatrexp : <attrexp> —> X — Z [[-ietexp : <refexp> - X = Z

[[-Heomm : <comm> — X — X

Then, we define theses functions by semantic equations. The semantic equations of
Integer expressions and Boolean expressions are omitted, as well as some equations
related to well-understood constructs such as conditionals, sequences of commands
and procedure calls. For the following equations let 6 = (Gyj, Ogm, OF, Os, O7) € Xt

— Equations for integer expressions
[[nun]]imexp o=1
[[e . a]]imexp 6= getAttribu[e ([[a]]attrexp G) ([[e]]elemexp G) (GM (GEM ([[e]]elemexp G)))

— Equations for class expressions

[[CIaSSOf e]]Classexp o= ClaSSOf([[e]]elemexp G) (GM (GEM ([[e]]elemexp G)))
— Equations for element expressions

[[ex]]elemexp O = O (ey)

— Equations for element list expressions

[[elementsOfClass ¢ inModel m]]ciemiisexp © =
ezementsof([[c]]classexp G) (GM ([[m]]modelexp G))
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[[esx]]elemlistexp O = Of; (es,)
[[e . r]]elemlistexp 6= getReferences ([[r]]refexp 6) ([[e]]elemexp G) (GM (GEM ([[e]]elemexp G)))

— Equations for commands

[[x := ie]lcomm O = (Om, Opm, Ok, Os, 6Z[Xe([[ie]]imexp o)D)
[[ex := eellcomm O = (Om, Orm, OElex <_([[ee]]elemexp 0)], Ogs, O7)

[[e A= ie]]comm o=
setattribute ([[a]]attrexp G) ([[e]]elemexp G) ([[ie]]intexp G) (GM (GEM ([[e]]elemexp G)))
[[newElem e, ofclass c inModel m]].omm G = (Om’, Ogm’s O’ s Oks, O7)
with im= [[m]]modelexp o, (e.m) = new ([[C]]classexp o) (oM (im)),

Oy’ = Opm[im <~ m], 65’ = Ggle, < e], Oy’ = OpmEle < im]
[[deleteElem €]]comm O = (Om’, Okm’s Ok, Ok, O7)
with e’ = [[e]lciemexp O, iMm = Ogy €7, m = delete € (Gyim)

oM = GM[im < m], Ogm’ = Omele < 1im]

[[fOI’ x from ie1 to ieZ do C]]comm c =iSec ([[iel]]intexp G) ([[iGZ]]intexp G) Xco
iSecnmxco=o,ifn>m

iSec (n+1) m x ¢ ([[c]]comm ((OMm, Orm, OE, Oks, Oz[X¢—n]))), if n < m
[[forEachElem e, in es where b do c]lcomm © = eSec ([[eS]]ciemiisiexp O) €x b ¢ O
eSecese,bco=0,ifes=

eSeces’e,bco’,esz D

with es =e:es’, 6’ = (Oy, Ogm, Ol€x < €], Ogs, O7)
o= [[C]]comm G” if [[b]]boolexp G” o= G,’ if not [[b]]boolexp o’

By applying these definitions we are able to prove whether two programs (i.e. trans-
formations) are equivalent.

Definition 3: two programs t and t’ are equivalent if and only if ([[t]]comm O)OM =
([[t,]]comm G)GM, forallo e X.

Note that this definition does not take the values of variables into consideration, so
two programs using different sets of internal variables would even be equivalent.
Equivalence is defined considering only the input and output models (observable
equivalence).

4 A Simple Example

Let mm be the metamodel defined in section 2; let m1 be an instance of mm and m2
be the empty instance of mm. The following SITL program when applied to a state
containing both the model m1 and the model m2 will populate m2 with the tables in
ml, but none of the columns, primary keys or foreign keys will be copied to m2.

forEachElem t in (elementsOfClass Table inModel ml)
where true do
newElem t’ ofClass Table inModel m2; t’.name = t.name;
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The resulting model is m2=(E, c, va, vr) where, E={Book, Author}, c={(Book, Table),
(Author, Table)}, va={((nameru,., Book), Book), ((namer.., Author), Author)},
vr=J).

A formal proof of the correctness of this transformation would be written in a
straightforward way by using the SITL’s semantics definition.

5 Encoding ATL in SITL

Due to the fact that SITL is situated at midway between ordinary programming lan-
guages and transformation specific languages, such intermediate abstraction level
makes it suitable for being used to define the semantics of more complex transforma-
tion languages. With the aim of showing an example in this section we sketch how to
encode ATL in SITL. Each ATL rule is encode into a SITL procedure.

Lets considerer the following simple rule template in ATL:

module m from m;: MM; to m,: MM,
rule rule_name {

from

in_var; : in_class;!MM; (condition;),
in_var, : in_class,!MM; (condition,)
to

out_var; : out_class;!MM, (bindings;),

out_var, : out_class,!MM, (bindingsg)
do {statements}}

The equivalent code fragment in SITL would be:

proc rule_name () beginproc

forEachElem in_var; in (elementsOfClass in_class; inModel
m; )

where condition; do

forEachElem in_var, in(elementsOfClass in_class, inModel
my)
where condition, do

newElem out_var; ofclass out_class; inModel m,;

newElem out_var, ofclass out_class, inModel m,;
bindings;;

bindingsy;
statements;
endproc

A more complete encoding of ATL in SITL taking into account called rules and lazy
unique rules can be read in [8].
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6 Related Work

Sitra [9] is a minimal, Java based, library that can be used to support the implementa-
tion of simple transformations. With a similar objective, RubyTL [10] is an extensible
transformation language embedded in the Ruby programming language. These
proposals are related to ours in the sense that they aim at providing a minimal and
familiar transformation framework to avoid the cost of learning new concepts and
tools. The main difference between these works and the proposal in this paper is that
we are not interested in a solution that remains confined to a particular programming
language, but rather in a language-independent solution founded on a mathematical
description.

Barzdins and colleagues in [11] define L0, a low level procedural strongly typed
textual model transformation language. This language contains minimal but sufficient
constructs for model and metamodel processing and control flow facilities resembling
those found in assembler-like languages and it is intended to be used for implementa-
tion of higher-level model transformation languages by the bootstrapping method.
Unlike our proposal, this language does not have a formal semantics neither is based
on the idea of models as ADTs.

Rensink proposes in [12] a minimal formal framework for clarifying the concept of
model, metamodel and model transformation. Unlike that work, our formal defini-
tions are more understandable while still ensuring the characterization of all relevant
features involved in the model transformation domain. Additionally, the proposal in
[12] does not define a particular language for expressing transformations.

On the other hand, due to the fact that SITL is situated at midway between ordinary
programming languages and transformation specific languages, such intermediate
abstraction level makes it suitable for being used to define the semantics of complex
transformation languages. In contrast to similar approaches - e.g. the translation of
QVT to OCL+Alloy presented in [13] or the translation of QVT to Colored Petri Nets
described in [14] - our solution offers a significant reduction of the gap between
source and target transformation languages.

7 Conclusions

In this paper we have proposed the use of “models as abstract data types” as the basis
to support the development of model transformations. Specifically, we have formal-
ized models and metamodels as abstract mathematical structures equipped with a set
of operations. This abstract characterization allowed us to define a simple transforma-
tion approach that can be used to support the definition and implementation of
model-to-model transformations. The core of this approach is a very small and under-
standable set of programming constructs.

The use of this approach enables transformations to be implemented in a simpler
way by applying any ordinary imperative programming language enriched with the
ADTs, thus we avoid the overhead of having a full model transformation platform
and/or learning a new programming paradigm.
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Additionally, the meanings of expressions from the transformation language are
formally defined, enabling the validation of transformation specifications. Such mean-
ing is abstract and independent of any existing programming language.

Finally, we have shown that other well-known model transformation languages,
such as ATL, can be encoded into this frame. Thus, this approach provides a practical
way to formally define the semantics of complex model transformation languages.
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