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Embedding Domain-Specific Modelling Languages in MaudecBipations

Vlad Rusu, Inria Lille Nord-Europe & Laboratoire d’Informgue Fondamentale de Lille, France

VIl ad. Rusu@nria.fr

Abstract the operational semantics ofcsML is just a particular class of
an endogenousnodel transformations, i.e., a transformation be-
We propose an approach for embedding Domain-Specific Me@een thepsmL’s metamodel and itself. Thanks to the semantics
elling Languagesi{smL) into Maude, based on representing mo@f metamodels (that we have obtained via the translationesam
els and metamodels as Maude specifications, and on representodels to Maude specifications), we obtain the abstract idefin
operational semantics and model transformations as c@bleuttion for model transformations between twsML as computable
functions/relations between such specifications. Thigiges us, functions/relations between the semantics of their metkeiso
on the one hand, with abstract definitions of essential qusceThis formalises the intuition that “model transformati@me func-
of domain-specific modelling languages: model-to-metaghodons/relations between two metamodels”. An abstract iiefin
conformance, operational semantics, and (operatiomas#cs- of the operational semantics obaML is obtained by considering
preserving) model transformations; and, on the other hauttl, it as an endogenous transformation of the language’s metaimo
equivalent executable definitions for those concepts, wbém be  Having obtained abstract definitions for operational seingn
directly used in Maude for formal verification purposes. and model transformations, what are the equivalent exblaudef-
initions in Maude? Such definitions require Maude to “exetut
. the Maude specifications representing models ofommL and to
1 Introduction transform them according to, e.g., operational semantiles ror
to model transformation rules. This is possible thanks tadées
Domain-Specific Modelling LanguagesgwmL) are modelling lan- reflectivenature: one can define in Maude functions and relations
guages designed by the people who use them. Typically, Sigriepetween Maude specifications. We show that the set of corbieuta
of a bsmML involves the definition of a metamodel describing t%nctions/re]aﬁons between the semantics of two metatsade
language’s syntax. Recent works have focused on technfquesncides with the set of executable functions/relations tizn be
defining a language’s operational semantics (cf. Relatetk®V0 defined in Maude by reflection in a certain precisely idertifigy.
Section 5). Some of these works [1, 2] are based on Maude [3]. A natural question that arises is then: given w&uL £, and
We introduce a new approach for embeddirgmL in Maude. £, each endowed with an operational semantics, and given ¢
We represent models and metamodels as Maude specificai@hsmodel transformation betweey and£,, how to define the fact
the operational semantics ofsmL, as well as the model transthat the transformatiopreserveshe operational semantics 6f
formations betweemsmL, as computable functions/relations bento £,? Such transformations are used for verification purposes
tween such specifications. This provides us with abstraftide e g. £, is the input language of a model checkd fis An abstract
tions for the essential notions of (1) model-to-metamodefar- definition capturing this intuition requires the model storma-
mance, (2) operational semantics, (3) model transformstiand tion to be asimulationbetween thetransition systemsinderly-
(4) the property of model transformations of beiagerational- jng the operational semantics of our twsmL defined in Maude.
semantics preservingie also obtain equivalent executable deffhere are many kinds of simulations (see, e.g., [6] for sitiohs
nitions for these notions, which can directly be used by Maud in the context of algebraic specifications). We here propwse
that requires the transformation to beedinemenbdf £, into L.,
Contributions. Based on the representation of metamodels a@d define a semi-algorithmic procedure in Maude for autemat
models as Maude specifications proposed in earlier work]j4, @lly checking it. This means that if the simulation does it
we obtain a new abstract definition nfodel-to-metamodel con-(i-€., the model transformation fails to preserve operatiseman-
formanceas an “inclusion” of the semantics of the model’s spedics) then our procedure will detect this; otherwise, thecedure
fication into the semantics of the metamodel's specificatiiitis May not terminate. We also suggest inductive theorem-pgpvi
captures the intuitive idea that a model conforms to a metiidiechniques (also available in Maude [7]) for proving thatisia-
if the model's semantics is allowed by the metamodel’s seirmn tion does hold.
Moreover, we show that our proposed abstract definition isveq
alent to the Maude executable one, defined in [4, 5], whiclséslu Organisation. After this introduction, in Section 2 we briefly
for automatically verifying model-to-metamodel conformea. present Maude. In Section 3 we present our abstract and-equiv
Next, we propose abstract definitions fierational semantics alent Maude-executable definitions of essential notioteted to
of bsmL and formodel transformationbetweenbsmL, as well psmL: metamodel, model, conformance, operational semantics,
as executable definitions for these concepts in Maude. Nwate ind model transformations. In Section 4 we study model trans



spec ELEMENT-SET is -
sorts El ement Set InitState Automaton
subsort El ement < Set trace:String
a b : Elenent [1..1]
enmpty : Set
_,_  Set Set -> Set [assoc comnmid: enpty]
X: El ement, X: El ement = X: El enent active/ [1..1] owned
. e orig out [0..]
Figure 1:MEL specificatiorEL EMENT- SET. State [TL..1] [0.7 ] Transition
dest in_|' |apel:String
: : : . [1.1] [0..4]
formations that preserve operatlonal semantics. Sectmafents Context State : self.out — forAll(ts, ts|t; # to implies t;.label # to.label)
related and future work, and concludes. Context Transition : self .label # 77

Figure 2: Metamodel for deterministic finite automata.

2 BaCkg round sO:InitState 2 a:Automaton sl:State

Maude specific_a_ttions are written in Membership Equatioaji orid dostarig races < ong dest

(MEL) or Rewriting Logic RL), a superset ofMEL. We present

them here by means of examples. The reference for Maude is [3]“ in__—Gwned out | owned i qwn oyt in
A MEL specification consists of a setsrts of a partial order | tL:Transition t2:Transition 3:Transitior

on sorts called thsubsortingelation, which expresses the fact thatl_abe! ="a" label =™ label = "b"

some sorts are subsorts of others; of a setfpafrations which are

functions between the sorts, each of which hasudty giving its Figure 3: Model of an automaton.

number of arguments, where constants®egy functions; and of The initial algebra of a MEL specification is intuitively the
a set ofaxiomsdefining the operations. Axioms are (possibly O host natural in%er retation” of thgs ecification; for Bmac?;ica—
ditional) equationsbetween terms, anembershipsf terms into tion depicted in Fi pure 1 it consists OF:‘ setsa:n‘an(’jbs Formall
sorts. Among the equational axioms, some particularly irgd the i 'tl'ol laeb 9 ‘ ; h serhs theset of C | Y
ones (associativity, commutativity, identity, . ..) candssociated € inflial algebra [nIErprets each seras eset of equivalence

to some operators, saving us the trouble of writing an eitjgléuia- classes of ground ternthat can be proved to be of sortusing

tion. Atermis either a constant, a variable of a given sort, or tNeELij Idenductllve s?/f?iim [S]At;/vherrevtv;o terrrl1$ z?rr]e 'It?\:::el same
application of an operation to the appropriate number ohseof equivalence class €y can be proved equalusing

the appropriate sorts. ground termis a term without variables. du_ctlve system._ Th? f_unct|o_ns Interpreting th_g no_n-cq_nslper-
. . : . .. ations are then implicitly defined by the specifications®ms.
Rewriting Logic is a superset ofEL, which allows, in addition

: o . Theinitial semanticof aMEL specification consists of its initial
to all the above, for (possibly conditiona@write rules A . e
( y algebra. We denot§s) the initial semantics of a specificatich

A sampleMEL specification is shown in Figure 1. It is the stan- . . .
dard way of defining (finitepetsin Maude. We use a simplified Theloose s_emantlosfaMEL speC|f|cz_it|_0_nS‘, denote_d byS]. is
the set of all its algebras. We use the initial semanticsifemeL

Maude syntax for better readability. Sets are constructetjuhe N ) . .
y y specifications denoting models, and a finitary version oldbse

enpt y constant, or by takinginionsof sets, denoted by the, . e i

operation in Figure 1, which is declared to be associatommu- semantics for t,hMEL specmcatlons. r.epr_ese.ntmg metgmodels.
tative, and to havenpt y as its identity element. There is a sort The semantics Qf aMauda. specification is anyap§|t|on Sys-
El enent for elements. which consists of the constam@ndb temwhose states interpret terms, and whose transition ralatio

and the subsorting relatid# ement < Set , which says that ev- terprets thaewrite relationof the RL specification (two terms,,

ery element is a set. Note that, with just this definition, tansruld  £2 @r€ in relation ift; is obtained front, by one rewrite).
allow for multiple identical elements. To avoid this, theuag T inally, in orderto make the definitions of operational saties
tionX: El ement , X:El ement = X: El enent prevents el- and of model transformatiorexecutabldy Maude, we shall use
ements to occur in a set more than once. However, if this @quatn® fact that Maude igeflective there exists a Maude specification
was replaced by @ewrite rule, written in Maude-like syntax aStha.t reﬂect_s all Mgude specmcatlons,_mcludmg |Fselfe'§p¢0|f|-
X: El ement , X:El ement => X: El enent, the intepreta- cat|on-|n Figure 1 is obtained by applying a certain opergticthe
tion would be different: the equation is a part of the defmitof llowing parameters: a set of sorts (heeement andSet ), a
sets; by contrast, the rule can be part of the definition obier- Subsorting relation (her&l ement < Set), a set of operations
ational semanticsf a system whose states are multisets. (here,a, b, enpty,and_,_) and a set of axioms (here, the
The semanticof a MEL specification is defined in terms af-  SOl€ equatioiX: El ement , X El ement = X: El ement).
gebras Defining an algebra for a spemflcatlérnon_ssts in |_nte_r— 3 RepresentlngDSM L into Maude
preting each sort of as a set such that the subsorting relation is in-
terpreted by the subset relation. The operations are therpieted In this section we propose abstract definitions to the esdert-
as functions between the corresponding sets (or by cosstatiite tions involved inDsmL: metamodel, model, model-to-metamodel
corresponding sets). It is required that the interpretasiatisfies conformance, operational semantics, and model transt@nsa
the specification’s axioms. We denote Hy= ¢ the satisfaction For conformance, operational semantics, and model tremsfo
of a formula¢ of a specificatiors by an algebrad of S, with the tions we show the equivalence of abstract definitions witbrap
usual meaning - when interpretedih) ¢ evaluates tdrue. tional definitions that can be used by Maude for verification.



We take in this paper the commonly shared view that me-1 Metamodels

models are essentiallymL class diagrams. An example is de- q b h lat ¢
picted in Figure 2. It is meant to capture the usual finite enatia. We denote bywEL (MM) the translation of a metamodéhM

The unidirectional association from the claastomatorto the to MEL (actually, to the order-sorted subsetdL), defined by:

cIassStated_er_](_)tes thactivestate. ThenitStatesubclass oftate | the standard specifications of elementary types occuring in
represen_ts initial staFes of automata. The c&s@matorhas the _ the metamodel (e.g., Boolean, Integer, String, ...), are im
trace attribute - a string of characters, obtained by concategati ;
L e ported inMEL (M M),

labelsof transitionsfired by the automaton. Transitions are asso-
ciated withorigin anddesthation states. The opposite roles, from o each class: is translated into a sort The generic sorSet
the point of view of states, are those iatoming andoutgoing of Maude is instantiated to and the resuliSet{c} is also
transitions. The roles of associations are labelled witltptici- imported inMEL (MM),
ties, e.g., transitions have one origin and one destinatete. The
ocL invariantsbelow the diagram say that the automaton is deter-e the inheritance relation is represented by the subsoréleg r
ministic: for each distinct pair of transitions originagifrom the tion: whenever, directly inherits fromes in MM we have
same state, their labels are different, and all labels anemgty. in MEL(MM) a declaratiort; < cg;

Figure 3 shows a model of an automaton asJan object di-
agram of the class diagram in Figure 2. It is composed of: fa sel ® each attributra of typet of a class: is translated to a function
loop labelled 4" on the (active and initial) state,; a transition declaration : ¢ — ;
from states, to states; labelled ""; and a self-loop labelled™
on s;. This model does not conform to the metamodel in Figure 2°
because it violates the metamodel’s secowd invariant.
Model and metamodel representations in Maude. We give se-
mantics to (meta)models by representing them in Maude. e a bidirectional association is translated as two uni-dioeal

We first discuss the existing alternatives.  Existing ap- associations:
proaches [1, 2] represent models as Maude terms. Howevgr, [1
represents metamodels as sorts (specifying the constrdiat e if the metamodel containscL invariants they are translated
models conforming to a given metamodel must satisfy), afid [2 as defined in [4].
base their representation on Maude’s object oriented siien
In our Opinion both approaches [_‘]_’ 2] miss the opportunity We do not give details about the translation [4]CIIIL invariants
using theexisting rich semanticprovided bystandard order- due to lack of space; how exactly the translation is perfarise
sorted Speciﬁcation&echnica"y,ME|_ Specifications without ex- irrelevant here - it suffices for us to know that the translagxists
plicit membership axioms), which (as we will see) provides @nd that it generates a finite set of ground confluent equsation
with relatively simple and natural abstract definitions todel and ~ Other features of metamodels (roles with multiplicitiesme
metamodel semantics, to conformance, as well as to opesiti®0sition and aggregation associations. ..) are not tretskince
semantics and to model transformations. By doing so, wedaviiey do not any expressiveness to metamodels and can beequiv
the complexity of expressing conformance with memberstups lently encoded irocL. For the metamodel shown in Figure 2, the
having to rely on Maude’s object-oriented extension. result of the translation is shown in Figure 4, using a sifigali

Moreover, both approaches [1, 2] suffer from a theoreticalbp Maude syntax. The last two statements are ad-hoc transatid
lem: the sort definitions (respectively, the object-orehspecifi- theocL invariants of the metamodel (the actual representation [4]
cations) denoting metamodels are quite complex, with tmseo is syntactically more complex but semantically equivgle@ther
quence that (to our best knowledge) their representatiomedel- OCL invariants, also translated as equations (not shown in gre fi
to-metamodel conformance were not shown to be decidable. ure encode multiplicity constraints of the associatioresol For

Hence, we take a different approach - we represent both mé&gample, the equatiorar d( act i ve(a: Automaton)) = 1
models and models as order-sorted specifications. Theraenstencodes thé. . 1 multiplicity on theact i ve role (Figure 2).
tions present in metamodels: classes, inheritance betetasses, For aMEL specificationS we denote byfS]; the set of algebras
associations, and attributes of classes, are mapped tadndl A of S such that
constructions of order-sorted specifications: respegtite sorts,
to subsorting relations, and to functions between sortsis€oc-
tions present in models are also mapped to corresponding con
structions of order-sorted specifications, amdL invariants are
mapped to equations, such that, overall, the specificatiome-
senting object diagrams ageound confluent and terminatirid].
This ensures (and in Maude, is required for) the decidghoft  \we shall call[S]; thefinitely loose semantics &f.
model-to-metamodel conformance, especially in the (Qszade
when metamodels includecL invariants. This is an advantagéefinition 1 (metamodel semantics)The semantics of a meta-
with respect to the above-mentioned approaches, and rretisar model MM is the finitely loose semanti¢sieL (MM )] of the
choice representing (meta)-models as order-sorted spe@fls. MEL representation oM M.

each uni-directional association between classeand cs,
wherec, plays the rolers, is translated into a function :
c1 — Set{ca};

o the restriction ofA to the specifications imported s their
initial algebra, and

e A interprets each proper sort §f(i.e., a sort that is not im-
ported) as a finite set.



spec Determ nistic-Automata-Meta-Mdel is

i mport Bool String

sorts Automaton Transition State Initial State

subsort Initial State < State

owned : Automaton -> Set{Transition}

orig : Transition -> Set{State}

dest : Transition -> Set{State}

incomng : State -> Set{Transition}

outgoing : State -> Set{Transition}

trace : Automaton -> String

active : Automaton -> State

label : Transition -> String

equal s(Il abel (t1: Transition),
if outgoing(x:State) :
tl: Transition, t2:Transition,

I engt h(l abel (x: Transition)) > 0

| abel (t2: Transition)) = false

S: Set{Transi tion}
= true

Figure 4:MEL specification of the metamodel in Fig. 2.

spec Autonaton-Mdel is

. inport Determ nisticAutonata-Meta-Mdel except for

. the equations that denote OCL invariants
a @ Automaton
s0 : Initial State
sl : State
tl1t2t3
owned(a)
trace(a)
active(a)
orig(tl)
dest(t1)
| abel (t1)
orig(t2)
dest (t2)
| abel (t2)
orig(t3)
dest (t3)
| abel (t3)
i ncom ng(s0)
out goi ng(s0)
i ncom ng(s1l)
out goi ng(s1)

Transition
t1, t2, t3.

= s0
s0
s0
=" a"
s0
sl
sl
sl

t2

o

Figure 5:MEL specification of the model depicted in Figure 3.

3. the set of links of an association between an okjectd a set
of objectsO, each playing the role from the point of view
of o, is translated as an equatiofv) = O.

For the modelM depicted in Figure 3 and the metamodel M
depicted in Figure 2, theleL specificationMEL pq (M) is de-
picted in Figure 5.

Definition 2 (model semantics)The semantics of modeM
based on metamod8H .M is (MEL yqaq(M)).
to MM if

Definition 3 (conformance) M conforms

(MEL pm (M) € [MEL(MM)] .

Note that the above definition implicitly says th&t is based on
MM (otherwise,MEL o (M) is not defined). We now show
that Definition 3 of conformance is equivalent to our openazi
definition of conformance from [5]. There, conformance is de
fined as follows. For a modeWt based on a metamodal M,
the equational representation of the conjunction oball invari-
ants of MM, denoted here bpCLyg (MM), is automatically
evaluated in the Maude representati@gL , (M) by equa-
tional reduction, thanks to the ground confluence and teamin
tion of the equations denotingcL invariants [4]. Conformance
holds iff the canonical form of the conjunctianCLyg, (MM)

in MELamaq (M) is true. Since for ground confluent and ter-
minating (order-sortedyeL specifications, the initial algebra is
the algebra of canonical forms of terms [3], we obtain that-co
formance in the sense of [5] amounts to the satisfactionioela

‘ (MEL pm (M) = OCLyer (MM) ‘ We need the following:

The reason why we use the finitely loose semantics (instead-8f?ma 1 (metamodel semantics=set of semantics of its modgels

the “plain” loose semantidseL (MAM)]) is that the instances of
a metamodel (i.e., its models) are finite, whereas an algefaa
specification may be infinite. Also, this avoids undesiredres
to the semantics of the elementary types (Booleans, Strings
hence the initial-algebra requirement on those types.

3.2 Models

We now describe the translation of modeld to MEL (order-
sorted) specifications. A modeél is essentially an object dia-
gram of some metamodel (i.e., class diagrav?. If this is the
case we simply say tha1 is based onM M. We shall denote by

MEL (MM = { (MELpad (M) | (MELart (M)D=OCLey (MM)}.

Proof (sketch): To prove th€ inclusion, from any algebral €
[MEL(MM)]; we build a specificatioMEL y(¢(M) and show
that its initial algebra is the algebrd we started from. For this,
we take the (finite) sets in the algeh#ainterpreting the sorts of
MEL(MM) denoting classes oMM, and declare the elements
of those sets as constants of the respective SOME i (M);
and characterise the non-constant functions in the algeélwéh
equations inMEL o aq(M). The initial algebralMEL v (M)
then coincides with the algebr4 we started from. To conclude,

MEL o1 (M) the MEL specification defined as follows. First, th&0te thatd € [MEL(MM)] just meansd (= OCLye (MM).

MEL translation of the metamodéh M (with the exception of the
axioms translating the metamodedigL invariants - for technical
reasons) is generated and importeth&L ¢ (M). Then,

1. each instance of classc becomes a declaratian:— ¢ of a
constanb of sortc;

2. each attribute of an objecto having valuev is translated to
an equatioru(o) = v;

1An object diagram if a class diagram if all objects have classes that belo
to the class diagram; all atributes of an object are presethiei object’s class, and
the value of the attributes have the same types as (or havgpsshof) the types
declared in the class; and for all links between two objebtse exists an instance
between the two object’s classes in the class diagram. Ebnigal reasons we
assume that all attributes of all objects have values.

D: consider a modelM based on MM such that
(MELAMM(M)) B oCLye (MM).  The initial algebra
(MEL a4 (M) is then an algebra ifiMEL (MM)]; - the inter-
pretations of sorts ofMEL Aa1(M)) denoting classes aMM
are indeed finite, namely, they consist of the finitely many
constants declared iMEL pA(M); and (MEL (M) E
OCLygL (M M) means satisfation of the invariantsiM. O

Lemma 1 implies that the conformance.btf to MM accord-
ing to Definition 3: (MEL (g (M)) € [MEL(MM)]; is equiva-
jentto (MEL vat(M)) € {(MELMm(M)) | (MELAm(M)) =
OCLue (MM)}, e, 10 [(MELpim(M)) = OCLye (MM)]
that, as seen earlier, is equivalent to conformance in thegasp
tional sense given in [5]: thus, executable and abstraatitiefis
of model-to-metamodel conformance coincide.




We also have the following technical lemma, used later ia tMEL A(1¢(M) is theterm in the specificatiorvbdel s| nMM
section for establishing equivalences between abstrattean- that reflectsMEL pqaq(M). The sortModelsin MM is defined
cutable definitions of operational semantics/model tremations. using a conditionamembershipwhose condition checks that our

conformance-checking procedure from [5] retutnisue?. A
Lemma 2 There is a bijection between the s§t8EL A(11(M)|  definition of a sort of the formodelsIn MM is in Figure 7.
(MELpm(M)) | OCLye (MM)} and {(MELpam(M)) | Injectiveness of reflection ensures that the $Bi5L v (M) |
(MEL Am (M))EOCLyeL (MM} (MELMm(M)) | oCLye (MM)} and {MEL (M) |
_ _ . (MELApMm (M) = OCLye (MM)} are in bijection, and the lat-
Proof (sketch): consider the mapping that to each spedditatier s in bijection with[MEL (MM)]; (cf. Lemmas 1, 2). Hence,
associates its initial algebra. It is obviously a surjettioe- 5, equivalent to Definition 4 is: the operational semantits o
tween our two sets. To prove its injectiveness, we note tat ¢, psvL of metamodelMM is any recursive function in the
ferent models\M;, My of MM have at least two distinct 0b-get {(MEL v 0 (M) | (MELAA(M)) £ OCLue (MM)} —
jects, or different values for the same attribute of an dbjec Pr({MELpa (M) | (MELp(M)) = OCLye (MM)}).
different links between objects. Hence, the respectiveipa- Next, a theorem by Bergstra and Tucker [9] says that recur-
tions MEL ya1(M1), MELAMa(M2) differ either in their con- gjve functions on a given domain/codomain are exactly those
stant declarations or in their equation sets (or both). &I ,nctions that can be defined by a set of ground conflu-
construction there are no equations in specifications ofd@ ot ang terminating equations on algebraic specificatiohs o
MEL pmat(M) between the constants denoting objects, the initige domain/codomain.  But we have seen that the domair
algebra ofViEL v« (M) interprets sorts as the constants defingfier o (M) | (MELa(M)) = OCLue (MM)} is alge-
of the respective sorts iMEL vir¢(M), and interprets the func-prajcally specified as the soffodelsIn MM in a certainMEeL
tions between the sort interpretations as defined by thetieasaf gpecificationvbdel s1 nMM; and the polymorphic soifet{-}
MEL pai(M). Hence, for different modelst,, Mo of MM, i~ ajthfully encodes finite sets of its argument sort. Hente t
ther the sort intepretations or the functions intepreteti®r both) recursive functions fromMELya (M) | (MELp(M)) E
differ, hence, we Obtaiﬂ'IVIELMM(M1)|) #* (]MELMM(MQ)D- O OCLyeL (./\/l./\/l)} to Pf({m | (]MELMM (M)D ):
; : OCLye (MM)}) are exactly the functions fromfodelsIn MM
3.3 Operational Semantics to Set{ ModelsIn MM} that can be equationally defined in some

The operational semantics obsML is, intuitively, a function that L specification containing the specificatidbdel s| nMM.
maps models in thesmL to "next" models. Using the seman-

tics of metamodels (Definition 1) we obtain the following st Defin_ition 5 (operational semantics (bis))The operati(_)nal se-
definition for the operational semantics obamL, capturing the mantics of absmL of metamodelMAM is any funct|or)F :
intuition that a model may have several (finitely many) sssoes, Mo.delsmMM_’Sd{.MOd.elS]nMM}. that can be equationally
or none; and that the set of successors should be computable.deflnecj in auEL specification containingbdel s nMM.

. . . . . This definition is an executable one, in the sense that irsdte
Definition 4 (operational semantlgs)The ope_ratlonal semanticsgqyationally-defined Maude functions. However, in ordense
of a psmL of metamodelMM is a recursive functionf” : \jaude’s automatic verification tools (namely, state-spaqelo-
[MM]y — Pr(IMM]y). ration, an example is given below) it is better to equivdiergp-
Here, P;(S) denotes the set of finite subsetssfWe prove that reser_1t such nondeterministic semantics usu'mgite_ rulesof RL. _
this abstract definition is equivalent to a Maude-execetdbfini- _ 1S can always be done thanks to the following observations

On the one hand, the graph of any functién ModelsIn MM —

tion that can be used for verification purposes; we shakttitate X ,
this on a simple example base on the automata models/megamotf { ModelsIn MM} can be encoded as the rewrite relation gen-

Given the bijection between the semantifi8EL(MM)], erated by the rewrite rule = y if y,z :== F(a:),_ wherez and
of a DSML’s metamodel and the se{MELy(M) | y are variables of sot{odelsin MM, and the variable has sort

(MELMm(M)) | oCLye, (MM)} (cf. Lemmas 1, 2) Set{ ModelsIn M M}. On the other hand, the transition relation
we can state the following equivalent definiton to DefVe' the sortModelsIin MM of any RL specification containing

inition  4: the operational semantics of @smL of the MEL specificationvbdel sI nMM is a computable, i.e., re-

metamodel MM is a recursive function from the sefursive functionfromVodelsin MM to Set{ModelsInMM}.

{MELpMMm(M) | (MELpMm(M)) = OCLye (MM)} to the Definition 6 (operational semantics(ter)) The operational se-
setPr({MELpm (M) | (MELAm(M)) = OCLye (MM)}).  mantics of absmL of metamodelM M is the rewrite relation

Moreover, these sets can be algebraically specificied inddawver the sortModelsIn MM, of some rewriting-logic specifica-
using the fact that Maude iseflective there exists aMEL tion containing the specificatiovbdel s| nMM.

sp§C|f|cat_|on cglled_l\/bt a- Modul e where all MEL SpeCIf_I- 2The condition implicitly checks that is a valid model based aM M, i.e.,
cations (including itself) are reﬂ_eCt_ed derms of a c_e_rtaln that it has no dangling edges, and that it only uses sorts paitions declared in
sort calledModul e. We then write in Maude a specificationeL (MM); these checks are performed by Maude’s parser and typeaheck
Mbdel sl nMM extendingMet a- Modul e, where we define 3Note the analogy with [1], where metamodels are encodedrtsau models

; o are encoded as terms of those sorts. The difference is thaeffbrm their encod-
a subsortModelsIn MM of Mbdul e, which is mterpretEd as ing directly in Maude'’s logic, whereas, in our case, Maudeftection mechanism

the _Se_t{MELMM(M) | QMELM_/\_/I(M)I) |: OClweL (MM)} in automatically reflects models as terms/metamodels-ds;$@sed on our encoding
the initial algebra of the specificatioMbdel sl nMM - here, of modelsimetamodels as specifications.




ctive We can use now the Maude specification shown in Figure 7 to

X:Stat Y:Aut I Z:Stat . Y .
= "ZCZT? o = execute, e.g., the automaton whose model’s specificatiiairde
orig owner dest is shown in Figure 5 and to verify its properties. For example
out |owned 7, : the following <_:ommand asks Maude whether an exe(_:ution of the
W-Transition automaton exist such that the trace of the automaton is bdaab
label = L sear chi nExecuti on: upModul e(’ Aut ormat on- Model ) =« X
. such that getTrace(X) = ’'"aaabb". String.
active. . . N
X-State V-Automaton 7-State Maude instantly responds positively, and provides us ujgen r
trace =T + | quest with the shortest path leading to the solution.
orig owner dest
out |owned 7 3.4 Model Transformations
W:Transition . . . . .
TebelL | The operational semantics bEML as defined in the previous sec-
tion is just a particular case of andogenousnodel transforma-
Figure 6: Executing automata: graphical rule. tion, i.e., a transformation where the source and targeamed-
spec Execution is els are the same. We naturally extend the abstract Defirdtion
i mport Met a- Mbdul e Aut onat a- Met a- Mbdel H H
sore Mbdel sinaut onat & Vet - Modo! model transformatlo_ns bet\_/veen two different metamodﬂls/ll_
subsort Mbdel sl nAut omat a- Met a- Mbdel < Modul e and MM, as functions with domaifi 1M, ] and co-domain
Joogefinition of the sort Mbdel sinAutomta- et a- Nodel Pr([MMs;],). We also extend the executable Definitions 5, 6
X : Nbdel s| nAut ommat a- Mt a- Model to model transformations, based on salsdelsiIn MM ; and
if conformance-check(X,’ Automata- Meta- Model) = true P;(ModelsIn MM 2) defined by reflection as in Section 3.3.
-- rule fort executing autonmata
("active[Y:Tern] = X Term . .
Jowned[ ¥: Ternj = W Ter m 4 Semantical Preservation
origilWTernf = X Term
?223 \[NWT'?';ﬂnj = ZL;T-er.rs:nm Given twobsML £, and L,, each endowed with an operational
‘trace[Y:Term] = T:Term semantics, and given a model transformation betw&eand L,
("?act ive[Y:Tern] =z Term how to define the fact that the transformatjmeserveshe opera-
: omed\[A;frTTerrﬂ Zwrerm tional semantics when translating frofa to £,? Intuitively, this
gerels?{WTgnnii -z Tgm preservation means that the imageCinof any model inC; by the
’ iabel [x\qer n = L Ter:ﬂ . . transformation does “at least as much" as the original.
"trace[ Y: Ter = ' _+ o ler o ler . . . . . . .
[ _ & - _ n m) _ In this section we define a notion of semantics-preservingegho
Figure 7: Executing automata: Maude rewrite rule. transformation (with respect to a given notion of simulajjo

and propose an automatic procedure to detect that the sesiant

We illustrate below the executable definitions on the metighopreservation property does not hold. The procedure is cetiepit
for automata, represented in Maude in Figure 4. For morergénedetects all situations where simulation does not hold, aag not
ity we allow for nondeterministic automata and semantieside, terminate otherwise. The procedure also makes it possilpieve
we disregard thecL invariants of that metamodel that encode dehat simulation does hold, using Maude’s theorem prover [7]
terminism; we let also leAut omat a- Met a- Model be a copy  We naturally identify a meta-modgl{ M with the set of mod-
of the Maude specification in Figure 4 without the last two&quels that conform to it, and the operational semanticef a DSML
tions denoting thecL invariants that encode determinism. having metamodeM M with a relation—C MM x MM. By

Figure 6 depicts automata execution: if an automafawns a choosing an “init(i)al state’M” € MM we obtain a transition
transitionW’ with label I whose origin isX and destination i, System(MM, M", —), which expresses the evolution of mod-
and the currently active state J§, then the active state become8!S conforming taMM starting fromM?® and according te-.

Z, and the labeL is concatenated to the automaton’s trate ~ We require that such transition systetriel M, M?, —) to benon
blocking meaning that a model can always evolve into some model

The corresponding Maude rewrite rule is shown in Figure (hossibly, itself). Some definitions for transition systefollow.

It closely matches the graphical rule: the links and attgbeal- £, any transition systerli = (A, aini, —4), an execution is
ues are denoted by equations; the rule changes the set of eg4Rquence of statgs= ao,...a, € A, such thats; — 4 ai+1

| ) ) . - gy Un ’ 7 )
tions in order to change the links and attribute values. Hb® o, — o 1 length(p) = n is thelengthof the execution

link that changes is thactivelink, from* active[Y: Terml =, pyecutions of lengtl are states. We denote yec(7) the
X: Termto’ active[Y: Ternj = Z:Term Operator names g nset of executions that startdp),;.

from the meta-model specification are quoted, and varisdnes

of sort Ter m this is due to the fact that we are using MaudeBefinition 7 Given two transition systen® = (A, ajni, —7),
reflection (allowed by the importation of thet a- Modul e 7' = (B, b;n;, —7/), arelationR C A x B, and executiong €
Maude specification).  The attribute value that changes eigec(7) andnw € exec(7’), we say thap is R-matchedby = if

"trace[ Y: Ter ni , whose next-state value is the concatenatitimere existsy : [0, ..., length(p)] — N with «(0) = 0, such that
of the labell and tracel’, expressed by reflection in Maude by théor all i € [0,. .., length(p)], (p(i), 7(a(i))) € R, and such that
equation trace[Y: Termi ="' _+ [L: Term T:Ternml. forallie]|0,...,length(p) —1],a(i +1) € {a(i) + 1, (d)}.



ao al a2 a3 aq

Figure 8: R-matching executionsR is depicted by dashed lines.

as

In Figure 8 we represent two executignands«. The relationR
is denoted by the dashed lines. The function [0,...,5] — N
defined byx(0..3) = 0 anda(4) = 1, a(5) = 2 ensures tha (of
length 5) isR-matched byr (of length 2).

The notion of R-matching allows shorter executiongo match
longer executiong. This is useful when semantics have di
ferent granularities; for example, in a determinisationdele
transformation, each execution of possibly nondeterrimasu-
tomaton is matched (in terms of its trace) by some typicdityrter
execution of its deterministic automaton. Executions indeter-
ministic automata are longer than the executions that ntataim
in deterministic automata because of ""'-labeled transitio

Definition 8 For transition system& = (A, ain;, —71), 7'
(B, bini, —7+) and relationR C A x B, we say thatR is a sim-
ulationbetweerZ and 7" if for all executions € ezec(T) there
exists an execution € exec(7”) s.t.p is R-matched byr.

We are now ready to define semantical preservation.
two DSML £ and£’ whose metamodels aret M, MM’, whose
operational semantics give rise to respective transit@ations
—C MM x MM and—'C MM’ x MM'’, and whose ini-
tial states areM, and M. Assume also a model tranformatign
betweenM M and MM’ i.e., a relationp C MM x MM'.

Definition 9 (semantics-preserving model transformation)
A model transformationy is semantics-preserving it is a
simulation betweeWM M, M, —) and (MM, M0, —').

p € exec(My) of lengthn, andS consists exactly of the all mod-
els that are last on some executiore ezec(My|,) having length
at mostn, and such thap is p-matched byr. Hence, if(M, 0)

is reachable, there exists an executior ezec(My) ending in
M, but no executionr of length at mostength(p) matchingp.
Since in our simulation framework longer executigrean only be
matched by shorter ones, there is no execution matchipgt all,
meaning that simulation is violated. On the other hand, ihaio of
the form(M, 0) is reachable, then every executior exec(M,)

is ¢-matched by some executian Note that the completeness of
our procedure in exploring all executiopse ezec(M,) follows
from the completeness of the Maude’s search command and fron

our assumption that transition systems are non-blocking. O

Finally, our procedure suggests an approach based on ineluct
theorem proving to show that a simulation does hold, i.at ¢
model transformation preserves operational semantidsiciively
prove that terms of the forfiM, ) cannot be reached using Rule
(1) from the initial pair{M,, Mg), using e.g., Maude’s prover [7].

5 Conclusion, Related, and Future Work

We present an embedding of essentiaML concepts in Maude.
We exploit the rich semantical features of Maude specificetin
order to provide models, metamodels, operational sensgraicl

Assumedel transformations with abstract definitions that redtyicap-

ture their intuitive meanings. We also give equivalent exalole
definitions to those concepts, which can be used by Maudefer f
mal verification, and illustrate the approach on a simplemla.

Related Works. We build on earlier work [4, 5]. In addi-
tion to the representations of models, metamodels, andoconf
mance [4, 5] we define here operational semantics and (et
semantics-preserving) model transformations. The dittin be-
tween abstract and equivalent executable definitions dsredsr.

To check semantical preservation in Maude, we write two func The closest related works are [1] and [2], who propose differ

tionsr unlst ep andr unlst ep’ , which take a set of models in

ent encoding of the syntax and semanticesfiL in Maude. The

MM and inMM’, respectively, and apply one step of the opefain difference is that we encode metamodelsias specifica-

ational semantics aM.M and of MM’, respectively. We then
write a conditional rewrite rule:
() M,S) =M, ")
if M'/S” := runlstep(M) A
S’ = (S, runlstep’ (S))Np(M')
That is, any paif.M, S) is rewritten to some paifM’, S’) where

e M’ is somel-step successor o¥1 according to the opera-
tional semantics aM M,

e S’ s the intersection betweer(M’) and theunion(denoted
by _, _) betweenS andr unlst ep’ (S).

Our procedure consists in performing the Maude command:
(1) search (Mo, Mp) =>+ (M, 0).

Proposition 1 A model transformatiorp is semantics-preserving
if and only if the Maude search commafig finds no solution.

tions, whereas [1] use Maude’s sorts, and [2] use an objgetted
extension of Maude. We believe that our approach exploits be
ter the some of the simplest constructions of MaudeL order-
sorted specifications and their semantics. We also studgehe
mantics preserving model transformaton property, whichofir
best knowledge) is new farsmL in Maude. On the other hand, [1]
and [2] are more advanced in practical terms; their tooldrdee
grated in theecLIPSEenvironment, and they propose higher-level,
user-friendly languages for users to define operationabséuos,
including real- time semantics [10, 11].

Among the many related works, graph transformations are for
mal modelling languages that have been used for definingrsema
tics of bsML and of model transformations [12, 13, 14], including
semantics-preserving model transformations [15, 16]. dvea-
tage of using Maude with respect to these approaches ishtimat t
abstract away from attribute values, whereas Maude does not

A theorem-proving approach for semantical preservation of
Proof (sketch): based on the following statement, easitabes model transformations is presented in [17]. A theorem-prgv
lished by induction. For each pair of the foriM, S) reachable approach dedicated to testing model transformations is [18

in n rewriting steps fromM,, M{,), M is last on some execution Yet another, different approach is taken by the Kermeta éram



work*, where methods written in Kermeta’s languagewseaved

in a metamodel to make its underlying models executable [19]

The article [20] proposes a rewriting-logic formal semesifor
the ATL model transformation languagje

In the full version of this paper we shall present the appilica
of our approach to an executable version of #meEm standarél
and to a transformation to timed Petri nets, borrowed fror.[1

(10]

In the future we are planing to adapt the general algebraie sj11]

ulations (and the verification techniques dedicated to JHeom
the article [6] to semantics-preserving model transforomast Re-

garding more practical concerns, we are planning to conmect
approach to thecLipseenvironment and to a user-friendly, pos-
sibly graphical language for expressing operational s¢icgn
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