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Figure 6: EMF model of the policy

Report No. 385, September 2007 UNU/IIST, P.O. Box 3058, Macau



Generic tools via general refinement

Steve Reeves and David Streader
Department of Computer Science,
University of Waikato, Hamilton, New Zealand

Abstract

Tools have become essential in the formal model-driven development of software but are very
time consuming to build and often restricted to a particular semantic interpretation of a particular
syntax. This is regrettable since there is large amount in common between tools, even if they do
“implement* different syntaxes and different semantics.

We propose splitting tools into front- and back-ends where an operational semantics acts as the
link between the two. We will not have much to say about the front-end and the link in this paper since
it is theoretically straightforward. Instead, we concentrate on the second part and provide a well-
motivated, general, mathematical framework to form the underlying theory that gives great flexibility
to the back-end of a tool which is concerned with developing software via stepwise refinement.

From a general model of refinement between two entities, where the refinement is parameterised
on contexts and observations, we build logical theories which have refinement as implication. Fur-
ther, we consider what can be expected of a guarantee concerning the behaviour of an implementation
relative to a specification. Then by fixing the contexts and observations in suitable ways, and so get-
ting particular, special models of refinement, we give a formal interpretation of a guarantee. To this
we add theory morphisms between special models, where a theory morphism can change the con-
texts and observations we can make in controlled and useful ways, mainly by preserving a refinement
relation between entities even as we change them.

We show how the generality brought about by the parameterisation allows an example from the
literature, which seems formally not to be a refinement, to be captured as a refinement, in accordance
with our intuitions about the example.

In this way we show the flexibility of our theory for a refinement tool back-end. From this it
follows that the effort put into building a tool based on our theory will be well-spent—a single tool
should be parameterised (just as our theory is) to deal with the many different notions of refinement
found in the literature. Thus we make a contribution to the problem of ensuring correctness and
dependability of software using formal methods and tools of modelling, design, verification and
validation.

1 Introduction

Refinement is used to model the design decisions made in the stepwise development of an abstract spec-
ification to an implementation or more concrete specification. In practice refinement requires a large
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number of small and uninteresting details to be checked wehtgccuracy. Undertaking such work by
hand is very error prone and tool support is vital for refinement to be widely applied to anything other
than toy examples.

Refinement is formalised to provide a guaranteed relation between the abstract specification and the
implementation. Knowing how refinement is formalised allows the person writing a specification to
know in what way the implementation wihtisfyit.

We note that refinement is defined in different ways in different formalemsCSP, IOA, B, Event B,

Z etc, and these differences can be subtle and make it hard to relate the different definitions. This may

be important if, for example, we wish to specify some parts of a system in one language and other parts

in another language. For example event-based specification may be appropriate for the interactive parts
of a system and state-based specification may be appropriate for the purely transformational parts.

It turns out that if we keep sight of both the contexts we place systems in and the observations a user can
make, then a single general definition of refinement can be given. This can be specialised to particular
refinement relations with appropriate (depending on the problem domain) properties by fixing (instanti-
ating) the contexts and observations to give a more specialised, concrete definition of refinement.

We have shown [1, 2] that contexts and observations can be selected in such a way that some of the
well-known refinements found in the literature can be expressed as specialisations of our general model.
Further we have shown [3] that using our general model of refinement we are #idlediera definition

of refinement from one (state-based) formalism to a different (event-based) formalism in which setting it
appears to be new. The bridge between state- and event-based formalisms used in [3] is the well-known
isomorphism between a state-based operational semantics (sets of named patrtial relations, Npr) and an
event-based operational semantics (labelled transition systems, LTS).

Taking a very high-level view for a moment we can say there is a wide variety of different formal models,
each with different syntax. CSP, CCS, I0A, CBS, Z, B, Everdt& all have an operational semantics
based on LTS or Npr. Thus we can use the operational semantiaasaon intermediate language

We are not going to discuss the translation into this common (up to isomorphism) operational semantics
since it is quite straightforward (if intricate). Rather we are going to focus our attention on a general
theory that permits:

1. different interpretations of the operational semantics;

2. formalises changes in the interpretation as a refinement step.

The formal model we will discuss is of interest from the tool-building perspective for two important
reasons:

1. definitions and results can be given at a general level and consequently are applicable for a variety
of interpretations of the operational semantics;
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2. it allows a great deal of flexibility in what can be considkes refinement,e. what development
steps are permitted.

An illustration of this first point can be seen in [3] where an existing event-based definition of refinement

is re-expressed and then re-established at a more general level, and subsequently applied with different
state-based interpretations of the operations being made. The second point above has, to some degree,
been illustrated in [1, 3], but here we will give a further and, we believe, more convincing illustration.

To summarise: we believe that there are advantages to developing tools in two parts—the front-end
that translates languages of various types into an operational semantics that takes the role of a common
intermediate language, and the back-end that manipulates the operational semantics. The front-end is
important, of course, but technically straightforward. Consequently, we restrict ourselves here to the
definition of a general formal model from which a flexible back-end might be built.

1.1 Flexible development

The very reason for building a specification before an implementation is that the specification can be
more abstract than the implementation, the idea being that certain “important” features can be consid-
ered without the clutter of unnecessary detail. We need to remember the top-level specification needs
to be both written and understood by a person. By allowing as much flexibility as is practical when
deciding what features to focus on and what to abstract we aid both the writing and comprehension of a
specification.

For example programmers frequently consider data structures (lists, treestcdatsthout fixing the
maximum size they can grow to. Nonetheless, at some point in the design, maybe near the end of the
process, the maximum size must be fixed (even if only by accepting some system defaults). Tradition-
ally the fixing of the size would not be considered a formal refinement but some other informal design
step. What we do here is relax the formal definition of refinement so that this step can be viewed as a
refinement, with a guaranteed relation between the abstract specification and the implementation.

We take as a running example an abstract specification of a data structure representing a set of undeter-
mined size. Then we show how to formally refine this specification into a more concrete specification of
a set of a given size.

In order to model this design step we have had to take a relaxed view of both operation refinement and
data refinement. Rather than define two new definitions of refinement, one for operation refinement and
the other for data refinement, we have defined one general niorefinementand then shown how

to specialise this to both operation and data refinement. So, thinking back to this being a theory for
the basis of a tool, we see that by implementing lax refinement we can build other, more specialised,
definitions of refinement (like operation and data refinement shown here) simply by defining the values
to two parameters for each specialised refinement.

Our running example is not of our making but has been taken from the retrenchment literature as a
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natural and practical design step, yet it cannot be fornl{ge the best of our knowledge) by any
known refinement in the literature. Indeed for a class of problems retrenchment [4] can be replaced by
lax refinement thus maintaining a guaranteed relation between the specification and implementation.

In Section 2 we give an informal definition of refinement and a motivating example. The technical detail
of the semantics on which to base the flexible back-end of a tool is given in Section 3. Thenin Section 4.1
and Section 5 we show how to apply our definitions to single operations and machines (collections of
named operations and private state) respectively. Using this in Section 6 we formalise as refinement the
development step of our example, and in Section 7 we conclude.

2 Conceptualisation

Our starting point is the following natural notion of refinement that appears in many places in the litera-
ture [5, 6, 7, 8, 9, 10] and can be applied to operations, processes, maetaina of which we refer to
asentities

The concrete entit€ is a refinement of an abstract enthywhen no user of could observe
if they were giverC in place ofA.

Thus the details of refinement both define and are defined by the interpretationgofattzateethat C
satisfies (behaves like) the specificatidn

2.1 Motivating Example

This paper is about the refinement of entities represented by some operational semantics. It does not
matter to us what syntax is used to define the entities. We take our example, formalised in Z, from
[4], but wish to stress our paper is not about Z. We are simply using Z to express an entity because the
published example did.

All the reader needs to know about Z is that state spaces and operations over them are defined by schemas:
named boxes with declarations above the dividing line and predicates giving properties below the line.
Operations are then to be understood as relations between “before and after” states, or pre- and post-
states, using the useful convention that pre-state observation names are unprgng@nd post-state
observation names are primedg. $. This priming convention is also applied to state schemaStag,

has an observation named

The abstract definitioBet, of a (data structure for a) set containing natural numbers with two operations

1Seasoned Z readers will note conventions that we might have followed to make our Z more standard—we have omitted
these since, as we said, this paper is not about Z, does not depend on it and no knowledge of Z is needed to read it.
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__Setc
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Figure 1: InfiniteSet, and bounde®etc

Puta, to add numbers to the set, a@at,, to remove them, can be found in Fig‘Z 1n all our uses of
this example we will assume the existence ofrahoperation that initialises the set to the empty set. In
Sety this will beinity £ [Statg, | s= @].

It is plainly not possible to implement such a definition. Computers have a finite amount of storage and
hence a program that is repeatedly execuBng, will, at some point, simply run out of space. A more
concrete, and now implementable, definiti@etc, with the size of the set bounded by three, can be
found in Fig 1 too (for the moment ignore mention of the £¢}).

If Set, is interpreted as a specification guaranteeing that an infinite numPert obperations, each with
distinct inputs, can be successfully called tisaic certainly does not meet this guarantee. Consequently
if refinement is meant to capture this guarantee ®etg is not a refinement ddet,. Nonetheless, if we
accept that in some “practical situations” any reasonable person might wish to insist on \&=tgnas

a refinement oSet, then reasonable people cannot be interpreiety as guaranteeing so much. So,

2We note that, in fact, since Z is strongly typed and_smust join two things of the same type, the typ&l U {X} in this
example as it stands cannot properly be said to be Z. However, with more work, we could make this proper Z, but it would
complicate, somewhat, what is written for the type concerned and would therefore distract us from the point of this paper.
Finally, we have used exactly the example from [4].
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the notion of what a guarantee is needs to be considered.

In an early step in the development of a system we might sp8eify because a set will be needed for
the correct behaviourof the system. In some subsequent step, when consideringriitrebehaviour
we specify the maximum size of the set. We would then wish to refine the abSegcinto the more
concreteSetc, as proposed in [4].

Given that we would likeSetc to be a refinement dbet, we can, informally speaking, ask for a guar-
antee thaSetc behaves just lik&et, in contexts satisfying the following assumptions:

1. the set is not used to store more than three different numbers; and

2. only the “put” and “get” operations are called.

This guarantee is certainly weaker than the (unreasonable because unimplementable) guarantee we
started with, but it seems to be the strongest guarantee we can expect, and, crucially, it is useful and,
probably, all we were expecting all along (being reasonable people).

We will show how to formally model the development®ét, into Setc as a refinement step and show

that its formal guarantee corresponds to the above informal guarantee. Clearly the example is very small
and we could easily have given the concrete specification in the first place. The point we make, though,
is that if one were given &rge complex specification on which a lot of time has been spent, then one
would be reluctant to throw away all this effort and start again.

3 Formalisation

Note that the informal notion of refinement in Section 2 talks about not only the entities involved in the
refinement, but also the observations a user can make of them. Also, since the user, in order to make
observations, must presumably use the entities they must have been placed in some egtpres (

grams which call the operations the entities provide). We should be careful when formalising refinement
not to lose track of, or throw away, these contexts and observations. They were important enough to be
employed in the informal notion of refinement, so they might also turn out to be useful in the formalised
version too.

We will give a formal general definition of refinement with explicit parameters representing=btile
contexts in whichA andC will be placed, andD, a function from entities to sets of trace§0) (e.g.of
event names or states). Where each ttace O is a potential observation. Our definition will have the
following useful features:

One we can construct a guarantee tRasatisfiesA that is parameterised on bdthandO;
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Two we can construct a simple logical theory, base&on O relations, wherd is the set of traces. In
this theory refinement is modelled by implication;

Three the well-known Galois connections can be used to define a new interpretation of entities, con-
texts and observations in terms of existing ones, consequently giving a new interpretation to both
refinement and what refinement guarantees.

This general model can be made more concrete by instantiating its parafeted®© to give what we
call aspecial theorylt has been shown ([11]) that some of the classic theories of both abstract data types
(ADT) and processes that appear in the literature are special theories of the general model given here.

In Section 3.1 we develop a general model of lax refinement. In Section 4.1 we apply it to individual
operationse.g.Puta (Fig 1). Subsequently in Section 5 we apply it to whole entitieg,Set (Fig 1).

In Section 6 we apply the refinement we have developed to give a formal developnteet-ofrom

Set, as needed in our motivating example.

3.1 General model of lax refinement

In this section we give a general definition of a standard natural notion of refinement. We use three
distinct systemsgE, the entity being refinedX, the context which interacts privately witky andU, a

user that observex. All interaction occurs at the interface between two systems. Ourllisgkes on

the role of a tester, so it passively observes any event in the interface betvaeetJ. This is pictured

in Fig 2.

Figure 2: An entity, a context and a user

In order to formalise this notion we must decide what the user can observe, so we make some assump-
tions. In practice we are interested in reasoning about and refining small modules of a larger entity. Thus
we model the entity (module as existing in some conteX (rest of larger whole) interacting on the

set of event@Act whereAct C NamegwhereNamess a set consisting of all possible event names). All

E’s events interact witlX at theE—X interface (see Fig 2). So, the events in theldaines\ Act are

those which cannot appear Ehand which, thereforeX andU communicate with, without interfering

with communication betweeB andX. We model the observer as a passive Wdhat is a third entity

that observes or interacts witk, but cannot block th& events. The useU is formalised byO, an
observation function that returns sets of traces of observed events.

We use the notatiof |x to denote putting-in-a-context since this is suggestive of a gap into which an
entity can be placed in order to interact with some con¥xso placing entityE in contextX will be
written as[E]x, which is another (composite) entity.
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Definition 1 General refinement. LeE be a set of contexts each of which the entileand C can
communicate privately with, and O be a function which returns a set of traces, each trace being what a
user observes of an execution. Then:

ACzo C£Vxe Z.0([Clx) € O([Aly)

This general definition of refinement is one of the central parts of this paper and later it will be specialised
(made more concrete) by:

one defining how we represent our entities. In Section 4.1 we use partial relations and, in Section 5,
labelled transition systems;

two defining the sets of contexi and

three defining the observation functidd from entities to sets of traces.

We also define equality between representations:

Definition 2 Entity equality
A==0BE£AC=pBABLC=zpA

3.2 Theories and relations

Itis easy to see that we can give entities in our general model a relational semantics. We are not the first to
use relations as a semantics for a diverse range of models: indeed the Unifying Theories of Programming
(UTP, [12]) do just this.

Definition 3 The relational semantics of an entityis a subset oE x O:

[Alz,0 = {(x.0) [ x € Z,0 € O([A],)}

It should be noted that we use quite different relations to those in UTP, but like UTP we have “refinement
as subset of the relations™:

AC=z0C < [Clz0 C [A]=0.
This means that refinement is implication between the predicates that define the relations. Thus we can
view each set of relations as defining a logical theory where refinement is implication.

It is important to note that we have not fixed what the underlying operational or denotations semantics
of the entities are. Indeed, the entities in a theory can have an operational semantics of ADTSs, processes
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of various kinds and even individual operations, and difierefinement relations (differentiated by the
contexts and observations we choose) can give different denotations (meanings) to the same operational
semantics.

Definition 4 A theoryT is (Et,Ct) whereEy is a set of entities an@-+C Et x Eg is a refinement
relation. o

By considering only theories where refinement is given by Definitigrel Cr£C=. o,, our theories
can equally well be defined by the tuple

(ET7 ET7 OT)

In the next section we generalise our general model further by viewing a theoayer & the larger
scheme of things.

3.3 Theory morphisms

We use a semantic mappirig]y to interpret high-level entities as low-level entities, and a separate
semantic mappingA to interpret low-level entities as high-level entities.

We view this pair of functions astaeory morphismTo be useful they must reinterpret both high-level
refinement as low-level refinement and low-level refinement as high-level refinement. We do this by
constructing &alois connectiofetween two theories.

P En — Q= & »VAEQH]]v— Ch —*Vﬁ(RL)

H—ﬂv [-Iv VA VA

Figure 3: Refinement—— within and between theories

In top-down development, such a theory morphism may be preceded by some high-level refinement steps
and may itself precede low-level refinement steps (see Fig 3). The theory morphism replaces a high-level
entity by a low-level entity, a high-level context by a low-level context and high-level observation by
low-level observation.

We will define the effect of a theory morphism @iy=Cz, o, (high-level refinement) in terms of the
theory morphism applied to both the contexts and observations:

[Enlv éE[EHHVv[OHHV
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We have chosen to let the semantic mappifigs and vA be polymorphic in that we apply them to
entities, contexts, observations and refinement relations. In practice we will need only to define one
function that will be amended in an obvious way to give the various functions of the required type.

We find it useful to think of theories as being layers in a structured development of a system, as Fig 3
suggests. Thinking of the various layers of abstraction we move through in a protocol stack might be a
useful analogy here.

Definition 5 Semantic mappings]f't and vA'- betweer(Ey, Z4, Oy), a high-level theory, antE, , =, , O, ),
a low-level theory, form a theory morphism when they are a Galois connection:

VXn € En, YL € EL.[Xu]Y" Tz 0, YL € Xu =04 VATS(YL)

We choose to call a theory morphismextical refinementC,= ([_]v, VA) because it defines a guaranteed
relation between the more abstract high-level entities and the more concrete low-level entities.

The two functiong_]/'* andvAHt define how tdnterpretone theory in the other and consequently:

H CHL L guaranteesthat the high-level/A-interpretation of entity. behaves like (can be
observed to have a subset of the observations of) edtig.g. Py in Fig 3) whenever it is
placed in any high-level conte¥, and only the high-level observatiof; are made.

We now have general refinement, Definition 1 and vertical refinement Definition 5 taken together they
constitute what we calbx refinement

3.4 Subsets are simple theory morphisms

In this section we are interested in the special case of therg®lC where=, C Zc andOp C Oc.

It is well-known ([13, p155] [12, 4.1]) that subset relations likg x Op C ZEc x O¢ form a simple
theory morphism which we denote Squ, where the interpretation mappings are:

embedding of the abstract in the more complex concrete, where forRny¥ E (using the definitions
Ec\a = Ec\Ea andOc\a = Oc\Op)
[Palesh = [Palzaox U{(X,0) | XE€ Ec\a V O € Oc\al;

projection of the concrete back into the abstract, where forBgy= Ec:

subA*®(P¢c) 2 [Pclz,.0n-
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We can establish that4$ is a theory morphismi,e. that:
VXa € Ep, Ye € Ec.[Xa]A5 Cc Ye < Xa Ca subAC(Ye)
by checking that:
VXa € Ea, Yc € Ec.[Xa]z,,0, U{(X,0) [ XE Ec\a VO E Oc\at 2 [Yc]zc,00

And [[XA]]EA,OA = [[YCHEADA
From the guarantee in Section 3.3 we see that:

A ;SAqu C guaranteesthe high-levelvA-interpretation of any entity fron® behaves exactly

like an entity fromA whenever it is placed in any abstract cont€xtand only the abstract
observation®©, are made.

EA Oa =c Oc
a e a— e
Oa £ {e>f>g} 4

g Ep 2 {a,b,c} c '

X ............. : éy

; A —AC
Figure 4.A C; C

Recall that our theory can be applied both to single operations and to machines. Thinking of Fig 4 as

representing a single operation then we observe that this is neither how refinement is normally defined in

the literature nor, if we considerandy to be L, is it the same as any definition of lifting and totalising

that we can find in the literature.

Our subset theory morphism formalise the addition of new observationy,ithEig 4. The intuitive
justification for adding{(a,y), (b,y), (c,y), (X,y)} is that in the abstract specificatiGn x Oa they
observation had not been considered (recorded). Although this definition of vertical refinement may
seem unusual when considering the entity to be a single operation, it is no more than an application of
Galois connections as have appeared widely in the literature. It is the adding of the new observations
that makes our formal model (of both single operations and machines) so flexible. In addition it is the
preservation of the guarantee that allows us to view theory morphisms as refinements.

4 Lax refinement with state-based interfaces

Theory morphisms and general refinement, which together constitute what we call lax refinement, have
been given without being specific as to what meangpfesentations to be used nor what will appear
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in the interface between entity and context. Machines cbp$isoth state and operations (sometimes
called events or actions). Here we focus on the situation where the interface is considered to consist of
state and not operations.

4.1 State-based interfaces and operations

In this section we will specialise the general definitions to the concrete case of single operations which
transform some state from the state sp&taeby:

one representing entities by partial relations frér Statex State;
two using initial states fronStatee C Stateas the contextSs £ Stateye; and

three making an observation a pre-, post- pair of states fbrf: Stateye x Statgess WhereStateost C
State

The relational semantics in Definition 3 is between the contéxtis which an entity finds itself, which
for an operation is some “starting” state frdatate,, and Os, which tells us what can be observed
when the entity is executed. So, a context is a state in the precondition of the operatiblose states
for which the operation is properly defined. Al9Dg gives us the states in which the operation can
terminate given its stating state, ®g can be given by pre- and post-state pairs fiSiaite e x Stateos:
Consequently we are concerned with relationS¢nx Og C Statee x (Statere x Statgost).

Notice that the set of start states of the observation already appears as the domain of the whole relation,
so the repeat is redundant and hence we can omit it. Thus the semantics need be no more than a subset
of Stateyre x States, Which accords with the usual way of giving the semantics of a single operation.

As an example, we can apply the subset morphism to introduce the erron¢&ube operatiorPuta
(see Fig 5, wheré&tate = Statg, x N and Statees; = Statg)) for both the Z and the underlying
relational semantics.

We can consider the contexts and observations to delineate a “frame of reference” for an operation such
that no guarantee about it is given outside of this frame of reference. In this case it medPstghat
(which, note, uses the augmented state f@at. in Fig 1) is free to have any behaviour in contekt

and, in addition, the post-sta¥§ since it is not in any observation, can be reached from any context.
Clearly Puty andPutc are not the same but as we will explain in Section 6 we will make ugautf in

the stepwise development S&tc.

Notice that in this refinemerX needs to be added to the contexts and the whole set of{gajis) | z €
State, U {X}} needs to be added to the observations. We \@ﬁﬁ as shorthand for this.

The refinemenPuty giﬁg Puty guarantees that any old observati@bate,, that can be made dfuty

could have been made Bit,.
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Stateye Stateost
__Puty
State,, Sate, ({3.0) {0}
n? : N Puta ({0},0)——{0}
n? ¢s ({0},1)——{0,1}
s =su{n?} : :
__ Puty Stateye Stateost
State., Sat
St Sa (00—
SEXAN s Putc (10}, O)’{O}
g=su{n?}vs=X ({0}, 1)

(X,0) S i

Figure 5:Put giﬁg Puty

4.2 State-based interfaces and machines

In Section 4.1 we defined a theory morphigﬁfg and the exampl@uta gifg Puty. It should be easy
to see that we can lift this to machines by extending the abstract machine state and hence the state of
all the machines operations. Hence we wfets gifg Sety (see Fig 6), for an application of the

state-subset theory morphism to all the operations in the abstract m&wtjne

But what guarantee does this refinement provide? Put abstractly and generally:

it is the responsibility of the contexite. program, to call only operations that keep the state
of the entity in one of the abstract states

which for our example means any operation (includimt) cannot finish inX.

Put slightly differently:

the specification makes no guarantee about the behaviour of concrete operations outside of
Za x Op but inside=Zp x Op the concrete relational semantics is a subset of the abstract
relational semantics.

It should be clear that state-based lax refinement can only introduce nondeterminism by allowing the
operations of the abstract machine to terminat@ew statesi.e.states not in the abstract machine.
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— Setx

__Statg
s: PNU{X}

_ Puty
Stateg, Sate,
n? : N

SEXANTZS
g =su{n?}vs=X

_ Gety
State, State,
n':N

SEXANes
g =s\{nl} v =X

Figure 6:Set, CX Sety

=sub

The intuitive reason for this being that the new stake# our example, are thought not to have been
considered in the abstract specification.

5 Lax refinement with operation-based interfaces

By a “machine” all we mean is a set of named operations including an initialisation and maybe a finali-
sation. Examples of machines include abstract data types, processes, collections of states and operations
in Z like Seta, and B machines. As each named operation can be given an operational semantics as a
relation, the whole machine can be given an operational semantics as a set of named relations.

So, a machineM from the set of all machineBl is defined to be a tuple consisting of its state space
Statgy, an initialisation and finalisation, both subsets of the state space, and a function from names (the
alphabet of the machinglpy) to operations oveBtate

M = (Statey, St En, T)

where
StC Statgy A EnC Statgy A T € Alpy — Statgy x Statey

It is well-known that sets of named relations are isomorphic to labelled transition systems and hence we
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can easily translate between the two representations (bew [fetails).

In this section we will make the abstract definitions more concrete by having:

1. entitiesE as machine® ¢ M;
2. contexts as programise. unbranching sequences of operations f@mn= Alp;,;

3. observations as a pre-, post-state pairs febyn= State, x Statey.

Hence the relational semantics of a machine M is:

Em x Om = Alpy, x (Statey x Statey)

It has been shown [1, 11] that this special theory is a standard theory of data refinement.

6 Example

Here we re-work the example given in [4]. Starting w8kt the first step is to define a subset theory
morphism to introduce the error stateas in Section 4.2. This gives us the first st6pia Qifg Sety in
the stepwise refinement &fet, into Setc.

Having introduced the new staXewe will have introduced nondeterminism, as an operation started from
any initial state may now end at the new post s¥fsee Fig 5). This nondeterminism can be removed by
“ordinary” refinement (Definition 1). ThuSety C Setg in Fig 7 is the second refinement step towards
Setc.

The third and final step that introduces the new operdferet is another subset theory morphism but

this time asSetg C{R°°*" Setc it is applied to the whole machine, as in Section 5.
We can now be sure, from the three refinement steps, what is guaranteed by the lax refinede¢nt of
into Setc

X Reset
Sety T2 sety C Setg C{Rese

Setc

The first refinemen$eta gifg Sety tells us thatSety behaves like&set, when it is not in the error state
X and when operations are called only when they do not end in erron&tatee second refinement step

is a simple reduction of nondeterminism. It is in this step that the developer decides that the set is to have
no more than three elements. Hence the guarantee is unchanged when sets never have more than three

elements but any operation that attempts to increase the size to greater than three is free to return the new
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— SetB

__Statgy
t: PNU{X}

_ Putg
Statey, Sate,
n? : N

(tAXANT LA
#t<3Nt =tu{n?}) Vv
(tAXANT LA
#t=3 At =X)

__Getg
States, State,
n':N

t#XAn et
t' =t\{n!}

Figure 7:Setyx C Setg

{Reset}

stateX. The third and final refineme&etg Cg

call only the ‘Put” and “Get” operations.

Setc further restricts the contexts to programs that

Together these guarantees form exactly the guarantee we wanted, as given in Section 2.1, and they have
been captured formally via lax refinement.

7 Conclusion

We propose developing tools in two parts: the front-end that gives languages of the various types known
in the literature an operational semantics in a formalism that takes the roleahion intermediate
language and the back-end that manipulates the operational semantics.

Here we are only interested in the back-end and have presented a formal model that allows great flexi-
bility in what development steps can be formalised as a refinement.

We have considered what the nature of a guarantee in the context of specifications and their implemen-
tations might be.

We have also considered the usual informal notion of refinement. By seeking to preserve as much of that
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informal notion as possible, we have been led to a new and gledefinition of refinement. We have
shown how to apply this definition to both expand the state space of an entity and its set of operations.

The usefulness of these ideas is illustrated by providing a formal refinement of an example that has been
used in the literature to show that more traditional and less lax definitions of refinement are too restrictive,
leading to suggestions for weaker notions than refinement which may not preserve any guarantees about
how the concrete version of a system is related to a more abstract version.

We note that the latest addition to Event B [14] does allow addition of operations as a refinement step as
long as the the invariant is preserved. So as there is no invariant on the state in our example Event B could

make the third refinement step in our exam$lets giﬂfset} Setc. However, none of the refinements

in the literature allow the addition of states or the addition of operations where an invariant changes.

Future work : Combining our framework, as presented here, with the work reported in [15, 16] could
yield a proof assistant to support use of our very general notion of lax refinement.
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Abstract

It is a challenge for automatic tool support to formal design by refinement transforma-
tions. In this paper, we bring this matter to the attention of the research community and
discuss a component-based model transformational approach for integrating refinement into
software development tools. Models, their consistency and correctness, in an object-oriented
and component-based development process are defined in rCOS, a refinement calculus re-
cently developed at UNU-IIST. Correctness preserving transformations between models are
formalized and proved as refinement rules in rCOS. In this paper, we will discuss on how
these transformations can be implemented in the relations language of Query/View/Trans-
formation (QVT) standardized by OMG.

Keywords: Model transformations, MDA, QVT, rCOS.

1 Introduction

In model based development, transformations are used in the development of an application
from the earliest models of requirements to the final deployed code. It is a challenge to develop
automatic transformations that preserves correctness with respect to specified properties. All
application of these tools is based on the construction of a correct model of the system to
be verified or validated. Building such a model requires high technical skills and theoretical
knowledge, and there is little satisfactory tool support to it.

In our approach, we take the view that the process of developing a software system is a process
of working out a proof of the final software product, with a sequence of step of constructing
models with annotated properties that are verified. For this, we use the relational calculus,
called rCOS [16, 4], to define the models that are to be produced in a development process.

Like UML but with a formal definition, rCOS provides a method of two dimensional multi-view
modelling. It also combines component-based and object-oriented modelling and design. In the
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horizontal dimension, rCOS allows to define a component in terms of its provided interface for
syntactic type checking, the specification of the static functionality of the interface methods by
the notation of design in UTP [17], the interaction protocol for the order of the methods in
which the clients (environment) can interact with the component, and the dynamic execution
behavior. Further features, such as constraints on timing and memory can also be included in
the model. The nice feature of this modelling techniques is that models of different views can be
introduced incrementally. In the vertical dimension, models of different views can be refined by
correctness preserving transformations. The model of a whole system consists of its structural
view defined by the set of components, their relations modelled by the provided and required
interfaces, the interactions among components and dynamic execution of the components.

The UML graphic modelling language can be used to illustrate the models of the different views:
the data structure of an interface is given by a class diagram, the protocol is shown by a sequence
diagram, and the dynamic execution model is given by a state diagram.

Increasing Views (Horizontal Transformation)

g g Structure Behavior
- @
o B . . Conceptual Use Case State Functionality
fg Model of Requirements : Class Diagram ~ Sequence Diagram = Diagram /Specification
S o
£ M
E Desi Object
=7 ; . esign / jec
3 Model of Design - Class Diagram  Sequence Diagram
&S I
Model of Component Architecture: Cpmponent / Component ) / Spale / Func}i‘onglity
Diagram Interaction Diagram’ Diagram ° Specification

Figure 1: Models with views and refinements

The feature of multi-view supports separation of concerns and incremental modeling, the multi-
level of abstraction supports stepwise development processes by correctness preserving transfor-
mations [5].

The development process of a system is a stepwise, incremental, and iterative process and
can follow the V-Model , which is a generalized version of the Waterfall Model, as shown in
Fig. 1. Each subsequent model should be produced from its preceding version by applying a
transformation that preserves specified properties. The theoretical frameworks supporting such
a development process are usually referred to as correctness by design. In rCOS, correctness
preserving transformations are characterized by refinement rules.

Fig. 2 is a sketch for a model-to-model transformation. Such a transformation definition is given
and realized by a transformation language such as QVT [12] which is compatible with MDA
[10] standard suite: UML [13], Meta Object Facility MOF [14], OCL [15], etc., and it is used to
generate a target model from a source model.

In parallel with QV'T, many research groups and companies have been working on their own
model transformation approaches and tools, e.g. GreAT [2], UMLX [28], AToM* [8], VIATRA
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Figure 2: Model transformation

[27], BOTL [20], ATL [3] and YATL [21]. These model transformation languages all have a
similar operational context. They provide their own metamodels to define concrete syntaxes.
Most of them are based on MOF. In [7], these model transformation approaches are classified
as four categories.

e Declarative approaches focus on what is to be transformed into what instead of how the
transformation is done.

e Imperative approaches focus on how the transformation are performed.

e Hybrid approaches are combination of the imperative and declarative approaches. These
approaches allow the user to mix and match different concepts and paradigms depending
on the application. Examples of the hybrid approaches include ATL [3] and QVT [12].

o Graph-Transformation approaches are inspired by theoretical work in graph transforma-
tions and specifically designed to represent UML-like models. These approaches are visual
notations and formally founded. Examples of graph-transformation approaches include
VIATRA [27], AToM? [8], GreAT [2], UMLX [28], and BOTL [20].

Several tools and development approaches of these transformation languages are used to help the
software development [26, 1, 9]. Also an attempt of studying the correctness and completeness
of transformations in VIATRA was made in [27]. This shows a direction to introduce formal
methods into model transformation languages and to help software development.

In [27], some requirements for model transformation approaches are identified, and we hope to
develop tool that satisfy these requirements:

e formal, complete and minimum metamodels.
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e mathematically precise description of transformation rules.
e automatic model generation from the transformation rules.

e tool for proving semantic correctness and completeness of the transformations.

We plan to use the relations language of QVT to implement the transformation, since the refine-
ment rules in rCOS are relations between models and these refinement rules can be implemented
as a relation of the transformation directly using the declarative approach, instead of being im-
plemented as steps to be executed using the imperative approach. The transformations that
implement the refinement rules are already correctness preserving transformations. As require-
ment of the transformation language, we need to define the metamodels and instances models
that we want to transform.

Overview

We will start with an introduction to the rCOS development process in Section 2. In Section 3
we will define the metamodels that we are going to manipulate. After that, we will discuss the
implementation in QVT of our ongoing research in Section 4. Finally Section 5 concludes and
discusses the further work.

2 rCOS Development Process

To support the correctness preserving transformation, we introduce the normal models of object-
oriented and component-based design that can be formalized and refined in rCOS.

2.1 Model of requirements

The development starts from the construction and analysis of a model of requirements for a
number of use cases (business processes). In such a model of requirements, each use case is
specified as an rCOS contract of the interface [4]:

e The methods of the interface in the contract are the operations that the actors call for
execution in the use case.

e The fields of the interface in the contract represent the data and objects needed in realizing
the use case, and these types and relations form a conceptual class diagram.

e The functionality of the methods is specified by pre- and post-conditions.
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e The protocol of the contract describes the pattern in which the actors and the system
interact in the use case and can be illustrated by a use case sequence diagram.
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| Cashier | |ImelfaceofUC('ﬂnllI)esk‘
T

startSale()

L
|ig enter] de.qty) |

finishSale() >

al | cashPayi change)

cardPay(card)

connection

al + |price.
awount: Long
isuer_—— card
9| Bank card = =
i PR S 1

Figure 3: Conceptual Class Diagram and Use Case Sequence Diagram

Example:

We used the example of Point-Of-Sale (POS) system originally proposed by Larman [18] for the
implementation of the transformation. For the use case Process Sale (Cash Desk), we quote the
problem description used in [6]:

A Customer arrives at a checkout with items to purchase. The Cashier records the
purchase items and handle either a cash or a card payment. On completion, the sale
is logged and the inventory is updated, and the Customer leaves with the items.

Fig. 3 shows the conceptual class diagram and the use case sequence diagram of the use case
Process Sale. The pre- and post-conditions of the methods are specified in [6].

2.2 Model of logical design

From the model of requirements, a model of the logical design is produced by first applying
object-oriented refinement to the methods of the use cases. This is mainly to decompose the
classes in the conceptual class diagrams and to decompose the functionality of the methods by
delegating responsibilities to the auxiliary classes by using the expert pattern. This step designs
the interactions among the objects and thus produces a model of logical design that consists of:

o A design class diagram, that refines the conceptual class diagram in the model of require-
ments.
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o A refinement of each use case sequence diagram, that decompose the use case methods
and delegates the partial functionalities to appropriate objects (called expert objects).
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Figure 4: Design Class Diagram and Object Sequence Diagram

Example:

The designer applies the refinement rules of rCOS to the methods that we specified for the use
cases. Fig. 4 show the design class diagram and the object sequence diagram that are refined
from the precious diagrams in the model of requirements.

2.3 Model of component architecture

A further step of design is component architectural design in which some components are com-
bined into larger components, and some components are decomposed into interconnected sub-
components. This produces a model of component architecture that includes:

e A family of components, specified with their provided and required interfaces, and this
can be described as a component diagram.

o A set of component interaction diagrams that is an abstraction and composition of the
object sequence diagrams.

Detailed design can be carried out on the component architecture so that each method in each
component is designed. The components can the be verified, tested and checked by various tools
such as a model checker or a runtime checking tool (e.g. JML [19]).
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The final step of the development is to integrate the components implementing the interfaces

among components with appropriate interaction mechanisms and middlewares, such as RMI and
CORBA.
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Figure 5: Component Diagram and Component Interaction Diagram
Example:

The designer decided to partition the functions that are handled by the CashDesk, the Inventory,
the Clock and the Bank considering deployment of these four parts. So the use case is partitioned
to four components: SalesHandler, Inventory, Clock and Bank. Fig. 5 shows the component
diagram and the component interaction diagram. Then the interface of the components are
specified easily in [6].

2.4 Tool support of the development process

These models can be used in different stages of the software development process by different
roles. For example, in the MDA tool MasterCraft [24] by Tata Research Development & Design
Center (TRDDC), the Analysis Modeler produces the model of requirements that implements
the use case. Then the Design Modeler takes the model of requirements as input, and increases
design details to produce the model of logical design that is ready for code generation. Finally,
the Architecture Modeler may produce the model of component architecture based on the model
of logical design and consider the deployment.
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Figure 7: Metamodel for the model of logical design

3 QVT Metamodels

As required for the transformation language QVT, we define the QVT metamodels for the model
of requirements, the model of logical design and the model of component architecture, as show
in Fig. 6 - Fig. 8. In this section we will focus on the relationship among these diagrams.

3.1 QVT metamodel for the model of requirements

A conceptual class diagram contains class declarations:

o A class is declared with its attributes.

e An association is declared as class with roles of the association with the attributes and
the role classes as their types.
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Figure 8: Metamodel for the model of component architecture
o A generalization-specialization relation between two classes C; and C; is specified by C;
extends C;.

e A constraint is recorded as an uninterpreted text string. It is future work to select an
expression syntax that can be used in checking refinement of operations.

Most of the model elements are the same as those in the UML model, except the usage of a set
of output parameters which is replaced by a return type in UML.

A use case sequence diagram represents the interactions among the actors and the use case,
which consists of:

e A sequence of entities with the lifelines that send or receive the entities. The entity may
be a message, loop or alternative.

e A source and a target of the entity. The source of the entity should be an actor and the
target of the entity should be the use case interface with methods.

e An order number of the entity. The order number is given according to its position in
a structure tree. The root node of the tree is corresponding to the starting actor of the

sequence diagram. Then the first layer branches with order number is 1,2,3,---,n. From
the u-th node of first layer, there may be m nodes, and the corresponding order numbers
of branches are u.1,u.2,---,u.m. u.v is the v-th branch from that node.

o A message event which is either a method call or a command without method calls (an
internal action). For simplicity, we only consider the call event (method call), not the
stgnal event.
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3.2 QVT metamodel for the model of logical design

The metamodel for the design class diagram is quite like the metamodel for the conceptual class
diagram except adding the declaration of the methods of the class.

An object sequence diagram represents the pattern of interactions among the objects. The
differences between the metamodel of the use case sequence diagram and the metamodel of the
object sequence diagram are:

e The source and the target of the entity should be classes. Of course the source of the
entity can also be an actor.

e The message events are not invocations of the methods of the use case interface, but the
methods of the classes.

3.3 QVT metamodel for the model of component architecture

In a component architecture, an interface declares a set of fields and a set of operation signatures
without providing any semantic information of their designs and implementations. A component
diagram is specified as follows:

e A field is a variable with its type.

e An operation declares a name for the operation and its input parameters and output pa-
rameters with their types.

o A static functionality specification assigned to each operation as constraints in terms of
pre- and post-conditions.

The metamodel for the class diagram is also a part of the component-based architecture.

The semantics of the component interaction diagram is the protocol of the operation invocations
of the component interfaces. The metamodel for the component interaction diagram is quite like
the metamodel for the sequence diagram except the agents of the lifelines should be components.

Some parts of the metamodels are shared, but have to be replicated in the metamodels, e.g. the
Lifeline business, as shown in the boxes in Fig. 6 - Fig. 8

Report No. 385, September 2007 UNU/IIST, P.O. Box 3058, Macau



Integrating refinement into software development tools 211

4 Implementation of the Transformations

To implement the transformations from model of requirements to model of component architec-
ture based on the POS case study, we choose the relations language of MOF 2.0 QVT [12] which
is a standard by OMG. QVT supports queries, views and transformations of models, and MOF
[14] allows the development of interoperable tools for manipulating both data and metadata in
a platform independent manner.

Within the QVT specification, there exist provisions for a declarative and an imperative trans-
formation language. The relations language, which borrows from logic programming, allows
structural matching on classes and navigating associations.

In the relations language, a transformation between models is specified as a set of relations
that must hold. A relation is defined by two or more domains and a pair of when and where
predicates.

e A domain is a distinguished typed variable that can be matched in a model of a given
type. A domain pattern can be viewed as a set of variables, and a set of constraints.

e A relation can also be constrained by two sets of predicates: the when clause specifies
the condition under which the relation needs to hold, and the where clause specifies the
condition that must be satisfied by all model elements in the relation.

A transformation can be invoked to check two models for consistency (no side effect), or to modify
one model to enforce consistency. Whether or not the relation maybe enforced is determined
by the target domain, which may be marked as checkonly or enforce. When a transformation
executes in the direction of the model of a checkonly domain, it is simply checked to see if there
exists a valid match that satisfies the relation. When a transformation executes in the direction
of the model of an enforce domain, if the checking fails, the target model is modified so as to
satisfy the relation, it is a check-before-enforce semantics. A more detailed semantics of the
checking and enforcement can be found in [12].

For the tool support of automatic transformation, ModelMorf [25], a QVT engine developed
by TRDDC, supports the QVT relations language. The metamodels and instance models are
constructed by the MetaModeler, which is also developed by TRDDC, and exported in the
interchange format XMI [11]. The left of the Fig. 9 shows how to produce an instance model
based on the source metamodel in the POS example using the MetaModeler. The source and
target metamodels and the instance model will be exported as XMI files and taken as input
of the QVT engine ModelMorf. The transformation execution of the POS example in enforce
mode is shown on the right of the Fig. 9.
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[E: \Mode 1Moxf \Example_YangLu~00MtoGBM_P0S>java —jar E:\ModelMorfQutTool\GutTool.
ljar -p E:\ModelMorf -m OOM_MM —nf OOM_MM.>anl -m CBM_MM —-nf CBM_MM.xnl -c¢ 0OMtoCB|
M_POST _.qut —u N1 —f test.xml —u N2 —f out.xml —t OOMtoCBM_POST -4 N2 —q enforce

Inporting meta model from file “OOM_MM.xml" to workspace SOURGE_WORKSPACE

Inporting meta model from file “CBM_MM.xml" to workspace TARGET_WORKSPACE

lConpiling qut specifications file “00MtoCBM_POST.qut"
Inporting instance model from file “test.xnl" to workspace SOURCE_WORKSPACE

< > [Executing transformation "00MtoCBM_POST.O0O0MtoCBM_POST"
beeturn value of transformation 00MtoCBM_POST.00MtoCBM_POST is true
caa oty |

[Exporting instance model to file “out.xml" from workspace TARGET_WORKSPACE

v 0 lode 1Moxf \Example_YangLu“00MtoCBH_POS>

Figure 9: (a) Model Construction and (b) Transformation Execution
4.1 Implementation of the transformation for refinement rules

After the requirement capture and analysis, the logical design is needed by applying object-
oriented refinement to the requirement model, e.g. decomposing the classes in the conceptual
class diagrams. We have carried out the implementation of the refinement rule class decomposi-
tion pattern in QVT [29] and improve it in this paper, and we will implement other important
refinement rules, especially the expert pattern that are use to decompose the functionality of
the methods by delegating responsibilities to the inner classes. The design decisions are needed
for the class decomposition pattern and the expert pattern, and this kind of patterns can be
implemented as semi-automatic QVT transformations. These design decisions are made by the
designer. More simple transformations, e.g. the attribute encapsulation pattern, can be executed
automatically without too many design decisions.

Example:

During an object-oriented design, we often need to decompose a class into a number of classes.
For example, consider classes C; :: Daj, Co:: Dag, and D:: Ty z, Ty y. If methods of C; only
call a method D :: m(){...} that only involves z, and methods of C; only call a method D :: n(){...}
that only involves y, we can decompose D into two Dy :: Ty x;m(){...} and Dy :: T y;n(){...}, and
change the type of a; in C; to D; and the type of as in Cy to Dy. There are other rules for class
decomposition in [16].

We first introduce some notations in rCOS. We use N[supclass, pri, prot, pub, op] to denote a well-
formed class declaration that declares the class N that has supclass as its direct superclass; pri,
prot and pub as its sets of private, protected and public attributes; and op as its set of methods.

Theorem 1 (Class decomposition Pattern) Assume Mpri,op] is a well-formed class dec-
laration, pri = {x,y} are (or are lists of ) attributes of M, mi(){c1(x)} € op only accesses attribute

x, method ma(){c2[m1]} € op can only change x by calling my (or it does not have to change it at
all). Then

Report No. 385, September 2007 UNU/IIST, P.O. Box 3058, Macau



Integrating refinement into software development tools 213

M [prig, opo); Cdecls © M [prinew, OPnew); Mi[prii, op1]; Ma[pria, ops]; Cdecls

prio = {z,y} Prinew = {M> 02}
opo = {mi1(){c1(2)}, oPnew = {m1(){o2.m1(0)},
ma(){ea[m1()]}} ma(){o2.m2()}}
priy = {x}

op1 = {mi(){c1(z)}}
pris = {y, My 01}
op2 = {m1(){o1.m1()},

ma(){c2[o1.m1()]}}

This class decomposition pattern is illustrated in Fig. 10. The class M in the target model is a
part of a more complex model, where M is connected via interfaces to some class C. The QVT
implementation of this pattern is shown in A.

mi{cy(x)}
ma{ calmy] }

mi{ oamy} mi{ opmy }
my{ 0pmy} ma{ colopmy } mi{ e }

| |
| |
| |
| Mz 0z s Mi0g B x |
| |
| |
| |

Figure 10: Class Decomposition Pattern

4.2 Implementation of the transformation for component architecture

We have carried out the transformations from the model of logical design to the model of
component architecture. For correct construction of the software, such a transformation has to
be proved to be a refinement.

In the transformation from the object-oriented model to the component-based architecture, the
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functionality of the use case will be handled by several components. The decision of functionality
decomposition of the use case should be made by the designer. The strategy is mapping Classes
into Components and assigning Methods to Component or hide them based on the above mapping.
The detailed transformation rules are defined in the following.

For the model elements in the sequence diagram, we need to consider the transformation of
different kinds of entities (messages, loops, alternatives) in different situations:

1. The message event is a method invocation between classes that belong to the same com-
ponent:
This kind of messages in the source domain will not be shown in the component interaction
diagram in the target domain.

2. The message event is a method invocation between classes that belong to different com-
ponents: (cf. the four relations Message_to_Message)

(a) While transforming the Message in the source domain to the target domain, the Order
Number of the Message is kept. The agents of the 1ifelines that send and receive
the message will be transformed from the classes to the corresponding components.
If class Ca; is in component Co; and class Cas is in component Coz, Co; calls Coy
only when Ca, calls Cay. The interface of the component which is the agent of the
lifeline will be created.

(b) The method invoked in the source domain will be transformed to the operation of
the interface (in rule a) in the target domain.

(¢) The attributes which are used by the method (in rule b) should be known by the
external environment of the component and will be transformed to the fields of
the interface (in rule a). There fields should be attached to the corresponding
operation (in rule b).

(d) The (input and output) parameters and the constraints of the method (in rule b)
will also be transformed to the parameters and the constraints of the operation
(in rule b).

In the situation we separate this step into four QVT relations to satisfy different conditions:
the method with input parameters, the method with output parameters, the method with
attributes or the method with none of them, to support more complex situations which
are combined by the four.

3. The message event is a method invocation from actor to class: (cf. the four relations
Message_to_Message?2)
The transformation rules are similar to these in rule 2 (b - d).

(a) The sender of the lifelines will be transformed from actors in the source domain
to the target domain, and the receiver of the 1ifelines will be transformed from the
classes to the corresponding components. The interface of the component will be
created.
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Quite like the messages in situation i-iii, the loop and alternative in these different situations
have similar transformation rules: the sender and receiver of the loop (or alternative) are trans-
formed, together with a lifeline (or a set of lifelines) that the loop (or alternative) contains (cf.
the two relations Loop_to_Loop and the two relations Alternative to_Alternative).

For the model elements in the class diagram in the source domain, they will be transformed to
the corresponding elements in the target domain:

e The classes and their attributes and methods (with the parameters and constraints)
are transformed to the corresponding elements in the target domain directly (cf. the rela-
tions Class_to_Class_and_Component,

Attribute_to_Attribute, InputParameter_to_InputParameter,
Method_to_Method and OutputParameter_to_OutPutParameter).

e The specializations associations between classes will be kept in the target domain (cf.
the relation SuperClass_to_SuperClass).

e The associations between classes in the same component will be transformed to the cor-
responding elements in the target domain, and the associations between classes in differ-
ent components will not be shown in the target domain. (cf. the relation Association to_Association)

Two relations of the transformation from model of logical design to Model of component archi-
tecture are shown in B.

4.2.1 Discussion

For the tool support of this correctness preserving transformations, at first we choose one of the
transformations which is proved to be correct using rCOS and implemented using QVT. Then
we import a source model which will be transformed and parameterize the transformation based
on the design decisions. Finally this transformation will be executed.

1. While creating model elements, we want to ensure that duplicate instances are not created
when the required elements already exist. In such case we just want to update the existing
ones. The concept of Key in QV'T, that defines a set of properties of a class that uniquely
identify an instance of the class in a model, is used in the transformation. A class may
have multiple keys. For example, the key of method should be the name of the method,
the class that it belongs to and the input parameters. But the multiple keys are not
supported by the QVT engine we use now, we only use name of the method as the key, so
do other model elements.

2. Transformations may be unidirectional or bidirectional. In a unidirectional transformation,
changes must be propagated from the source model to the target model. In a bidirectional
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transformation, changes must be propagated in either direction. In some cases, changes
may be made to both models. Our implementation is a unidirectional transformation
which does not work backwards.

3. For some transformations, such as class decomposition pattern, the design decisions are
needed and the transformation will not be a fully automatic process. If the interaction be-
tween the designer and the QV'T tool is possible, the designer can provide design decisions
for the transformation. There are two parts of the QVT transformation, one containing
the transformation rules executed automatically, another introducing the design decisions
made by the designer (cf. the query QClassToComponent).

4. Quite often, the functionality of a use case is handled by a number of components. The
component decomposition task is needed in this situation, e.g. the use case Process Sale
is partitioned to four components. But there are also situations that we need to combine
the functionality of several use cases for a component. The component composition task
is needed here, e.g. some of the functions of the use cases Process Sale, Order Products,
Change Price and Show Report are used to complete the interfaces of the component
Inventory. These different situations make the transformation more complex.

5. The proof of the correctness of the transformation is missing now. For example, the
semantics of the sequence diagram and the component interaction diagram are protocol
in terms of a set of traces. We can use verification tools such as FDR [22] to check
the consistency of the traces before and after the transformation, or we can prove the
consistency (correctness property of the transformation) directly.

5 Conclusion and Future Work

This article discusses the practical aspects of transformation from the object-oriented design to
the component-based design. By using MOF/QVT framework for implementing model trans-
formations, we hope to be able to tie the knot between formal methods and tool support in the
long term. We plan to use formal reasoning to prove the correctness of transformations that are
implemented in QVT, that is, investigate how sequences of atomic transformations modify or
preserve already proved properties on a more abstract level.

We have done the experiment using QVT/MOF framework to develop a semi-automatic cor-
rectness preserving transformation tool in the whole software development process. We believe
this correctness preserving transformation approach would be applicable to a wide range of
models. Therefore, we would like to embed them in an existing successful transformation tool,
such as MasterCraft [24], to have extensive coverage of the whole software development life-cycle
following the idea of Rushby’s toolbus [23].

There is indeed room for further work. We have found the following main areas:

1. We propose to implement the OVT transformation for all the rCOS refinement rules,
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especially the expert pattern which is quite often used in the object-oriented design. If
we implement a group of automatic transformations, the work will be more useful. This
makes it possible to reuse the transformation with only proving its correctness once.

Theorem 2 (Expert Pattern) Given a list of class declarations Classes and its naviga-
tion paths ry. . ... ry.x(denoted by le), {ai1.. ... A1y L1y ey AL e e aek,-xe}, and {byy. .. .. biji-Yts-- b
starting from class C, let m() be a method of C specified as

C:= m(){ clarr..... Qlky - Tly ey Qlle e ek, - Te)
A e = e(b11 ..... b151 Yl ey st btst.yt) }

Then Classes can be refined by redefining m() in C and defining the following fresh methods
in the corresponding classes:

C check(){T’eturn’:c(au.gethuI1 0,-.. 7all'9€twa“w())}
m(){if check() then r1.do-mx,, (bn.getﬂb11 O PR bsl.getwbﬂys M}

T(aij) = getr, 4, Ofreturn’=a;;+1. get,rauﬂm,()} (1:1..6,5:1..k; — 1)
ij ij *
Taik;) = getr, " o, O{return’=a;} (i:1..0)
T(Ti) b dO ’mﬂ—r (du, ey Sl){Ti_;,_l.dO—mﬂ-”Jrl (dn7 ey dsl)} 7 1..f -1
T(rf) o do- mmf (dll, ey dﬂ){]]l = e(dll, ey dsl)}
T(bij) == gety, . O{return’=biji1.get,, (O} (i:1.t,5:1.si = 1)
'lj 7 ’LJ+1 7
T(bis;) = gety, ., Ofreturn’=y:} (i:1.t)

where T(a) is the type name of attribute a and m,, denotes the remainder of the corre-
sponding navigation path v starting at position j.

If the paths {ai;..... A1y - T1yen ey QpLeen - aek,-z¢} have a common prefix, say up to a;, then
class C can directly delegate the responsibility of getting the z-attributes and checking
the condition to T(a,;) via the path ai;....,a;; and then follow the above rule from T(a;;).
The same rule can be applied to the b-navigation paths.

2. We propose to model the expressions in command, pre- and post-conditions in metamodel
based on the syntax of rCOS:

T == M |int|bool|double] ... type

V== x|V'|this|null|n|true] false | .. variable

E V|Em|E.f(E)|(M)E) | Mnew( )| B expression
(Ey+ Ep) | (Ey — Ep) | (Ey* Eb) | (E1/Es) | ..

B (BE1 == E3) | (B1 < E3) | "B | (B1 A Ba) boolean expression
(VVeB)|(Fis M)

C var T z [= E] | end z | skip | chaos command

(V:=E)|(Ei.m:=Ey) | E.f(E; V)
(01;02)|01<IB\>02|B*C
(ClﬂCQ) | (Cl/\CQ)
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State M achine

guard

1

Constraint

FinalState

Figure 11: Metamodel for the state diagram

3. State diagram is also an important view of the system and we will model the metamodel
of the state diagram, as shown in Fig. 11.

A state diagram specifies the behavioral patterns of the classes and the functionalities of
method invocations. A state diagram consists of states and transitions. A transition from
a state is either one of the methods of classes or triggered by external invocations. A
transition may have a trigger event and an action with the guard:

e A trigger event is a method signature.
e An action is a rCOS command.

e A guard is a predicate about the attributes of the class and local variables in action.

Acknowledgments

I would like to thank Zhiming Liu and Volker Stolz from UNU-IIST for their discussions and use-
ful comments for the paper. This work is partially supported by the project HighQSoftD funded
by Macao Science and Technology Development Fund and the National Grand Fundamental
Research 973 Program of China (No. 2002CB312001).

References

[1] Kent Modelling Framework. http://www.cs.kent.ac.uk/projects/kmf/, 2004.

[2] A. Agrawal. Graph Rewriting And Transformation (GReAT): A Solution For The Model
Integrated Computing (MIC) Bottleneck. In ASE, pages 364-368, 2003.

[3] J. Bézivin, G. Dupé, F. Jouault, and J. E. Rougui. First experiments with the ATL model
transformation language: Transforming XSLT into XQuery. In Online Proceedings of the
OOPSLA’03 Workshop on Generative Techniques in the Context of the MDA, 2003.

[4] X. Chen, J. He, Z. Liu, and N. Zhan. A Model of Component-Based Programing. In
International Symposium on Fundamentals of Software Engineering, to appear in LNCS.
Springer, 2007.

Report No. 385, September 2007 UNU/IIST, P.O. Box 3058, Macau



Integrating refinement into software development tools 219

[5]

X. Chen, Z. Liu, and V. Mencl. Separation of Concerns and Consistent Integration in Re-
quirements Modelling. In Proceedings of 33rd International Conference on Current Trends
in Theory and Practice of Computer Science (SOFSEM 07), LNCS 4362. Springer, 2007.

Z. Chen, A.H. Hannousse, D. Van Hung, I. Knoll, X. Li, Y. Liu, Z. Liu, Q. Nan, J. Okika,
A.P. Ravn, V. Stolz, L. Yang, and N. Zhan. The Common Component Modelling Example

in rCOS. In The Common Component Modeling Example: Comparing Software Component
Models. Springer, 2007. To be published as LCNS.

K. Czarnecki and S. Helsen. Classification of Model Transformation Approaches. In Pro-
ceedings of OOPSLA 2003 Workshop: Generative techniques in the context of MDA, 2003.

J. de Lara and H. Vangheluwe. AToM3: A Tool for Multi-formalism and Meta-modelling.
In Proceedings of FASE 2002, pages 174—188, 2002.

J. de Lara and H. Vangheluwe. Using AToM3 as a Meta-Case Tool. In Proceedings of
ICEIS 2002, pages 642—649, 2002.

Object Management Group. Technical Guide to Model Driven Architecture: The MDA
Guide, version 1.0.1. http://www.omg.org/cgi-bin/doc?omg/03-06-01, OMG Document:
omg/2003-06-01, 2003.

Object Management Group. Meta Object Facility (MOF) 2.0 XMI Mapping Specification,
version 2.1. http://www.omg.org/uml/, OMG document: formal/05-09-01, 2005.

Object Management  Group. MOF QVT final adopted specification.
http://www.omg.org/docs/ptc/05-11-01.pdf, OMG Document:ptc/05-11-01, 2005.

Object Management Group. Unified Modeling Language: Superstructure, version 2.0, fi-
nal adopted specification. http://www.omg.org/uml/, OMG Document: formal/05-07-04,
2005.

Object Management Group. Meta Object Facility, version 2.0. http://www.omg.org/cgi-
bin/doc?formal /2006-01-01, OMG document: formal/2006-01-01, 2006.

Object Management Group. Object Constraint Language Specification, version 2.0. OMG
document: formal/06-05-01, 2006.

J. He, X. Li, and Z. Liu. rCOS: A refinement calculus for object systems. Theoretical
Computer Science, 365(1-2):109-142, 2006.

C.A.R. Hoare and J. He. Unifying Theories of Programming. Prentice-Hall, 1998.
C. Larman. Applying UML and Patterns. Prentice-Hall Intl., 3rd edition, 2005.

G.T. Leavens, A.L. Baker, and C. Ruby. Preliminary Design of JML: A Behavioral Interface
Specification Language for Java. Technical Report 98-06-rev29, Department of Computer
Science, lowa State University, USA., January 2006.

Report No. 385, September 2007 UNU/IIST, P.O. Box 3058, Macau



Integrating refinement into software development tools 220

[20]

[21]

[22]
[23]
[24]
[25]
[26]
[27]

[28]

A

F. Marschall and P. Braun. Model Transformations for the MDA with BOTL. In
A. Rensink, editor, Proceedings of the Workshop on Model Driven Architecture: Foun-
dations and Applications, pages 25-36, 2003.

O. Patrascoiu. YATL:Yet Another Transformation Language. In Proceedings of First
European Workshop MDA-IA, 2004.

A.W. Roscoe. The Theory and Practice of Concurrency. Prentice Hall, 1997.

J.M. Rushby. An Evidential Tool Bus. In Proceedings of ICFEM 2005, pages 36-36, 2005.
Tata Consultancy Services. MasterCraft. http://www.tata-mastercraft.com/.

Tata Consultancy Services. ModelMorf. http://www.tcs-trddc.com/modelmorf/.

INRIA Atlas team. ATL engine. http://modelware.inria.fr /rubriquel2.html, 2003.

D. Varro, G. Varro, and A. Pataricza. Designing the Automatic Transformation of Visual
Languages. Science of Computer Programming, 44(2):205-227, 2002.

E. D. Willink. UMLX: A graphical transformation language for MDA. In A. Rensink,
editor, Proceedings of the Workshop on Model Driven Architecture: Foundations and Ap-
plications, pages 13-24, 2003.

L. Yang, V. Mencl, V. Stolz, and Z. Liu. Automating Correctness Preserving Model-
to-Model Transformation in MDA. In Draft Proceedings of the 1st Asian Work-

ing Conference on Verified Software, AWCVS’06, UNU-IIST Report No. 348, 2006.
http://www.iist.unu.edu.

Appendix: The QVT Implementation of the Class Decompo-
sition Pattern

In the following we give the working source code of the Class Decomposition Pattern we used
to implement the transformation in the ModelMorf QVT tool.

transformation ClassDecomposition(N1:ObjectUML;N2:0bjectUML)

{

key ObjectUML::Class{name};

key ObjectUML::Attribute{name};

key ObjectUML::Operation{name};

key ObjectUML::DataType{name};

key ObjectUML::PrimitiveDataType{name};

top relation ClassDecomp{

x,cl:String;

checkonly domain N1
c:Class{
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name = "M’
attributerev = att: Attribute{
name = X,
isPrimitive = true
}a
operationrev = o_1:Operation{
name = 'm1’,
commandrev = cmd_1:Command{
cmd = cl,
parameterrev = att
}
}a
operationrev = 0_2:0Operation{
name = ‘'m2’,
commandrev = cmd_2:Command{ cmd = 'm1’ }

}
%

enforce domain N2
c_0:Class{
name = 'M’,

sourcefwd = asso-2:Association{
directionrev = c_2:Class{
name = 'M2’,

sourcefwd = asso_1:Association{
directionrev = c_1:Class {
name = 'M1’,
attributerev = att_1: Attribute{
name = X,
isPrimitive = true
2
operationrev = oper_1:Operation{
name = ‘'ml_1’,
ovisibility = "public’,
commandrev = cmd_1_1:Command{
cmd = cl,
parameterrev = att_1

P

attributerev = attr_2: Attribute{
name = ’ol’,
isPrimitive = false,
atypefwd = c_1
}a
operationrev = 0_2_1:Operation{
name = ‘'ml_2’,
commandrev = cmd-2_1:Command{ cmd = ’0l.m1.1’ }

2

operationrev = 0_2_2:Operation {
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name = 'm2.2’,
commandrev = cmd-2_2:Command{ cmd = ’ol.m1.1’ }

Hs

attributerev = attr_0: Attribute{
name = ’02’,
isPrimitive = false,
atypefwd = c_2
}a
operationrev = 0_0_1:Operation{
name = 'm1’,
commandrev = cmd-0_1:Command{ ¢cmd = '02.m1.1’ }
}a
operationrev = 0_0_2:Operation {
name = 'm2’,
commandrev = cmd-0_2:Command{ ¢cmd = '02.m2.2’ }
3z
}
¥

B Appendix: The QVT Implementation of the Relations in

OOtoCB

In the following we give part of the working source code of the OOtoCB transformtion: relations

Message_to_Message and Association_to_Association.

top relation Message_to_Message_with_Input_Parameter {
mname,inname,outname,ename,oname,linname,loutname,proname,
prename,postname,pname,tname,prec,postc:String;
o:Integer;

checkonly domain N1
message_1:Message{
order = o,
senderfwd = lin_1:LifeLine{
ownerrev = ca_in_1:Class{}
}a
receiverfwd = l_out_1:LifeLine{
ownerrev = ca_out_1:Class{}
}a
eventfwd = msgevent_1:MessageEvent{
name = enamne,
operationcalledfwd = m_1:Method{
name = onamne,
in_parameterrev = in_parameter_l:Parameter{
name = pname,
ptypefwd = type_inl:DataType
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{name = tname}
2
preconditionfwd = pre_1:Constraint{
name = prenaimne,
condition = prec
2
postconditionfwd = post_1:Constraint{
name = postname,
condition = postc
1 HQClassToComponent(ca_in_1) <> QClassToComponent(ca_out_1)};

enforce domain N2
message_2:Message {
name = mnaie,
order = o,
senderfwd = 1.in_2:LifeLine{
name = linname,
ownerrev = co-in_2:Component
{name = inname}
}a
receiverfwd = l_out_2:LifeLine{
name = loutname,
ownerrev = co_out_2:Component{
name = outname,
providedrev = pro_interface: Interface
{name = proname}
32
eventfwd = msgevent_2:MessageEvent{
name = enane,
operationcalledfwd = m_2:Operation{
name = onaie,
operationfwd = pro_interface,
in_parameterrev = in_parameter_2:0_Parameter{
name = pname,
co_ptypefwd = type_in2:DataType
{name = tname}
2
co_preconditionfwd = pre_2:0_Constraint{
name = prename,
o_condition = prec
2
co_postconditionfwd = post_2:0_Constraint{
name = postname,
o_condition = postc

s

where {
inname = QClassToComponent(ca-in_1);
outname = QClassToComponent(ca_out_1);
mname = message_l.name.substring(1,message_1.name.size()—ename.size()—1).concat(’.’+ename);
linname = l.in_1.name.substring(1,l.in_1 .name.size()—ca_in_l.name.size ()). concat(inname);
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loutname = 1_out_1.name.substring(1,]_out_1.name.size()—ca_out_l.name.size()).concat(outname);
proname = outname + ’_provided_interface’;

1

top relation Association_to_Association {
aname,sname,tname:String;

checkonly domain N1
association_1 : Association{
name = aname,
sourcerev = sclass_1 :Class{name = sname},
directionrev = dclass_1:Class{name = tname}
HQClassToComponent(association_l.sourcerev) = QClassToComponent(association_1.directionrev)};

enforce domain N2

association_2 : Association {
name = aname,
sourcerev = sclass_2 : Class{name = sname},
directionrev = dclass_2:Class{name = tname}

h
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