⋆

{ }

1

2

⋆⋆

⋆

⋆⋆

1 2 2

V aMoS

1 In tro duction

Abstract.

Keywords.

mfd@ecs.soton.ac.uk

Isabelle.Vernier-Mounier, Fabrice.Kordon @lip6.fr

Mo dular approac h to sp ecify and v alidate an

Electrical Fligh t Con trol System

Category 1

M. Do che , I.V ernier-Mounier , and F. Kordon

Critical Emb edded systems must ensure fault tolerance requirements. They are

more and more complex as their functions increase and b ecome more sophisti-

cated. These systems are structured in several heterogeneous comp onents strongly

interconnected. Comp onents may represent software as well as hardware parts

of the system. They may b e sp ecified in several sp ecification languages. Com-

p onents are often indep endently well-known and reused from one version of a

Department of Electronics and Computer Science

University of Southampton, Highfield

Southampton SO17 1BJ, United-Kingd om

Lab oratoire d’Informatique de Paris 6, 4 place Jussieu,

F-75252 Paris Cedex 05, F rance

T o study a part of an Electrical Flight Control System we

have develop ed a to ol-supp o rted metho d dedicated to the incremental

sp ecification and v alidati on of complex heterogeneous systems. F ormal

description of a system is structured in mo dules that interact.

W e combine two mo dular approaches that share the same view of mo d-

ularity but offer complementary v alidati on pro cedures: mo del checking

and functional test generation. W e have adapted these v alidatio n pro-

cedures to take care of the mo dular asp ects of our sp ecificati on . They

are p erformed incrementall y . W e first consider basic mo dules, then the

communication b etween mo dules and finally comp osed mo dules.

T o supp ort our metho d, we have adapted existing to ols, dedicated to non-

mo dular sp ecification s, to deal with mo dular constraints. These to ols are

integrated into a common platform to build a coherent execution envi-

ronment.

Heterogeneous Sp ecificati on, Mo dulari ty , V erification, T est

Generation, Case T o ols.

W ork supp orted by the pro ject, one of the four pro jects of the F rench action

FORMA (http://www.imag.fr/FORMA/)

This work was done while I was working at ONERA-CER

T/DTIM, T oulouse.

mor phisms

envir onment

V aMoS

structur al verific ation system to a new one. The main difficulty lies in the numb er and the diversity of

interactions b etween comp onents. So, we present in this pap er a to ol-supp orted

metho d to formally sp ecify and analyze mo dular sp ecifications of emb edded sys-

tems. The integration of the to ols in a common framework has allowed us to

apply our metho d to a significant industrial application develop ed to study a

part of an Electrical Flight Control System (EFCS). This industrial application

is prop osed by Sextant Avionique and is significant b oth for its size and com-

plexity

, represe ntative of a wide range of emb edded architectures . Sp ecification,

verification and test case generation results obtained on this system are given in

the corresp onding sections of the pap er.

There exist well-tried metho ds and to ols to sp ecify and v alidate sp ecifica-

tions. Their application to non-trivial software or pro cess control remains dif-

ficult, but some recent results are promising [4, 27, 28, 10]. T o overcome these

difficulties mo dular sp ecification and verification metho ds dealing with comp o-

nents are needed [12]. Problems app ear with the sp ecification of comm unications

b etween comp onents, decomp osition of global prop erties into a set of prop erties

that deal with a single comp onent at a time, incremental sp ecification and veri-

fication.

Several mo dular metho ds are prop osed in the literature to verification [2, 3]

or test generation [5, 26]. Our approach is to prop ose a set of mo dular meth-

o ds to deal with each steps of the software development. W e verify structural

prop erties of the comp onents to ensure that their comp ositions are p ossible and

lead to the exp ected result. These constraints are expressed by the comp osition

links, , b etween the two comp onents. This allows us to separate the

sp ecification coherence verification from the b ehavioral prop erties verification

and test case generation. F urthermore, if the sp ecification coherence is verified,

a mo dule can also b e reused several times.

W e combine two mo dular approaches. MOKA [25] is a to ol-supp orted metho d

dedicated to the sp ecification and comp osition of mo dules. The coherence b e-

tween interfaces and different parts of mo dules is checked b efore comp osition.

Combined with the metric temp oral logic TRIO [21], we generate functional

test cases at different level of abstraction [17]: basic comp onents, interactions

and cluster (i.e. the comp onent that results of the comp osition of others). The

OF-Class [14] language is dedicated to ob ject oriented sp ecification and b ehav-

ioral verification. It allows the verification of each mo dule indep endently

, by

computing an abstraction of the comp onents that comm unicate with it, i.e. its

. The two approaches offer complementary verification pro cedures

and share a same view of the mo dularity

. Therefore, it was v aluable to integrate

them in a unified mo dular metho d and to supp ort it by integrating the two

related sets of to ols into the platform F ramekit [23].

Section 2 describ es our sp ecification language, the language and the

of the coherence of our sp ecifications.

Section 3 shows how to analyze the b ehavior of the mo del, by verifying con-

straints of the sp ecified b ehavior.

V aMoS

2 The language

2.1 Mo dularit y in

Mo dule

–

–

–

– note files

V aMoS

V aMoS language

P ar am I mpor t

E xpor t B ody

P ar am

I mpor t

E xpor t

B ody

sour ce tar g et

P ar am I mpor t E xpor t

In Section 4 we describ e the generation of test cases at each level of abstrac-

tion we consider.

Moreover, we have integrated the different v alidation to ols (structural veri-

fication, b ehavioral verification and test cases generation) into a platform pre-

sented in Section 5. A graphical interface helps to design mo dular sp ecification

and we ensure the co ordination of the v alidation pro cess with , which

contain information on the state of the v alidation.

W e conclude and present future works in Section 6.

is a mo dular language to sp ecify and to v alidate complex systems. A

comp onent is describ ed in two steps. The first one deals with the mo dular as-

p ects of the sp ecification. W e define the comp onents of the system and their

interactions with the environment. The second step is the description of the

internal b ehavior of each comp onent.

F or complex systems with heterogeneous comp onents, a mo dular sp ecification

highlights the interface of each comp onent and its interaction with the envi-

ronment. Then we can define links b etween comp onents and build clusters of

comp onents according to mo dular op erations.

A mo dule is comp osed of four sp ecifications. The parts ,

and constitute the interface of the mo dule. The fourth part, , rep-

resents the internal b ehavior of the mo dule.

contains the parameters of a generic mo dule.

contains the declaration of the items of the environment needed by

the mo dule and the conditions under which these elements can b e used.

contains the declaration of the items supplied by the comp onent and

the conditions under which the environment can use them.

is the internal part of the comp onent. It sp ecifies how the imp orted

elements are used and how the exp orted ones are computed.

The four sp ecifications are interconnected by four internal morphisms, which

ensure safe formal connections b etween the sp ecifications (cf. Figure 3 and 5).

A morphism links an item of a sp ecification to an item of a sp eci-

fication with two constraints: b oth the linked items have the same typ e and the

b ehavior of the source sp ecification is preserved in the target sp ecification. The

target sp ecification is considered as a refinement of the source sp ecification. In

the particular case of a mo dule, the sp ecifications , and

do not contain b ehavior description but prop erties which describ e conditions on

their items. So the second constraint means in this case that the prop erties of the system mo dule

se cur e d gr ound

B ody

I mpor t E xpor t

I mpor t E xpor t

B ody

B ody

B ody

Reusabilit y

–

–

–

Mo dular op erations

Case study

F angle interface can b e deduced from the b ehavior sp ecification of . The internal

morphisms allow to verify the coherence of the four parts of the mo dule and of

its interface.

The explicit sp ecification of and conditions allows

us to:

reuse a mo dule. W e just have to verify that the environment in which we

want to plug the mo dule resp ects the and conditions. This

verification is p erformed indep endently of the implementation of the b ehav-

ior. The verification of the coherence b etween the four parts of a mo dule is

p erformed only one time (cf. 2.3).

refine the b ehavior of a mo dule indep endently of its environment. Since

the part is the only one to b e mo dified, there is no mo dification of

interfaces. Therefore, the coherence of the and the interfaces has to b e

verified (cf. 2.3).

manage several implementation of a same mo dule sp ecification. The mo dule

instances differ only by the implementation of the part and the choice

of the generic parameters.

A cluster is the comp onent that results from the com-

p osition of two others. The links b etween comp onents and the interface of the

resulting cluster dep end up on relationships b etween these comp onents.

Comp osition op erations are defined by external morphisms that identify

items of the interfaces of the comp osed mo dules. The four parts and the four

internal morphisms of the cluster mo dule are automatically computed. Thus, we

incrementally build a , which entirely sp ecifies the system. F or

more details on mo dule concepts and calculus, see [25, 30].

The presented case study is a part of an Electrical Flight Con-

trol System (EFCS). It is prop osed by Sextant Avionique and is a significant

industrial application b oth for its size and complexity

, representative of a wide

range of emb edded architectures (for instance in A330-40 aircraft [7]). Hardware

and software techniques must ensure fault tolerance requirements. Therefore the

co de correctne ss is highly critical ([16, 1]).

W e consider here the part of the EFCS that manages the sp oilers of an air-

plane during the takeoff and landing. The op ening angles applied to the sp oilers

are computed with resp ect to the v alue given by sensors (altitude, sp eed, . . . )

and the angle the pilot wants to apply .

A function computes an angle that dep ends on two parameters. One

parameter is the angle the pilot wants to apply to the sp oilers, it is identified by

the p osition of a lever and confirmed by a sensor. The other one is a signal that

indicates if the airplane is on ground. This signal, , is secured by

redundancy of the function dedicated to its computation. A decision pro cedure

DecisionFangle securedgrounddata-value1data-value2 finalanglevalue leverposition

Fig. 1. Mo dular comp osition of the case study

E xpor t

I mpor t

h

P ar am

I mpor t E xpor t B ody p artial c omp osition

V aMoS

V o c abulary

F ormulae se ction

Decision

F angle

– Decision

– F angle

Decision

De-

cision F angle

Decision F angle

Decision F angle

Decision

F angle

Decision

F angle

2.2 V aMoS Sp ecification Language

–

– compares the two results and transmits their common v alue if they match or a

pre-defined one otherwise. Figure 1 describ es this system.

W e sp ecify this mechanism by comp osition of two mo dules: and

. Then we define the interfaces of the mo dules:

The mo dule imp orts two signal v alues (data v alue1 and data v a-

lue2) computed from v alues of the sensors by two comp onents that are not

represente d and computes and provides a v alue (secured data) of the detec-

tion of the presence of the airplane on ground.

The mo dule imp orts a lever p osition v alue (lever v alue) provided

by the environment and the command of the pilot, a signal (secured signal)

provided by the mo dule and computes an angle v alue (final angle)

to apply to sp oilers.

W e sp ecify now the relationships b etween the comp onents. The mo dule

and the mo dule are comp osed by a op eration.

The mo dule is a supplier and the mo dule is a user. The

of the mo dule satisfies partially the of the mo dule .

The external morphism identifies the secured data exp orted by with

the secure d signal imp orted by . Figure 2 shows the four parts of each

mo dule.

The cluster mo dule, represented by Figure 3, imp orts the lever p osition and

the two v alues that are imp orted by . It exp orts the angle v alue com-

puted by . Its internal morphisms are automatically computed.

In such a case study

, where redundant mechanisms app ear often, the gener-

icity and reusability capabilities of our formalism are very useful: for the whole

case study

, comp osed of 18 comp onents, we have sp ecified only 6 mo dules.

W e show how b ehavioral sp ecifications are handled within mo dules. Each part

of a mo dule contains :

The declaration of the names of items used to describ e the b ehavior of the

system and the prototyp e of actions. It is denoted .

The logical description of constraints on items of the interface for the ,

and parts. F or the part it contains the logical descrip-

tion of the b ehavior. It is denoted .

Export˙Decisionsecured˙data(typesignal)Param˙FangleExport˙Fanglefinal˙angle(typeangle)Import˙Fanglelever˙value(typełever)secured˙ground(typesignal)Body˙Fangle e.Fanglen.Fangles.Fanglei.FangleBody_Decision

e.Decisionn.Decisions.Decisioni.Decision hImport_Decisiondata_value1 (type signal)data_value2 (type signal)Param_Decision

Param˙Dec˙angleExport˙Dec˙anglefinal˙angle(typeangle)Import˙Dec˙angledata˙value1(typesignal)data˙value2(typesignallever˙value(typełever)Body˙Dec˙angle e.Dec˙anglen.Dec_angles.Dec_anglei.Dec_angle

Fig. 2.

Fig. 3.

Definiti on of the partial pro duct of mo dules F angle and Decision

Result of the partial pro duct of mo dules F angle and Decision

–

V o cabulary

–

–

–

–

Decision

=

: ;

:

: ;

: ;

:

: ;

1 : ;

2 : ;

:

1( );

2( );

( );

:

:

Imp er ative language se ction

F ormulae Imp er ative language

F ormulae se ction

Imp er ative language se ction

Sorts

Constants

V ariables

A ctions

B ody

B ody

B ody

D ecision sig nal s

t f

D ecision secur ed data D ecision data v al ue

D ecision data v al ue

D ecision imp data v al ue D ecision imp data v al ue D eci

sion compute secur ed data

D ecision imp data v al ue D eci

sion imp data v al ue

S pecif ication D ecision

                                                                                                  S or ts D ecision sig nal s

                                                                                                  C onstants

t D ecision sig nal s

f D ecision sig nal s

                                                                                                  V ar iabl es

D ecision secur ed data D ecision sig nal s

D ecision data v al ue D ecision sig nal s

D ecision data v al ue D ecision sig nal s

                                                                                                  Actions

D ecision imp data v al ue D ecision sig nal s

D ecision imp data v al ue D ecision sig nal s

D ecision exp secur ed data D ecision sig nal s

I mper ativ eLang uag e :::

F or mul ae :::

endS pecif ication

The description of the actions p erformed by the mo dule for the part

only

. It identifies the actions, explicitly describ es them as well as their control

system. This description is denoted .

The and sections of the part allow us to

manage conjointly logical and b ehavioral views of a same comp onent.

The language used to sp ecify the is a linear temp oral logic.

W e have chosen the TRIO logic. The TRIO logic provides a description well

adapted to test case generation. A set of TRIO logic formulae represe nts the

logical links b etween the actions and the prop erties they must satisfy .

The language used to sp ecify the is a C-like

language (automatically translated into Colored Petri Nets (CPN)). Prop erties

are expressed apart from the b ehavior description in the TRIO logic. Therefore,

they can b e verified by mo del checking.

The vo cabulary consists of four declaration parts:

is a set of typ es;

declares constant functions;

declares v ariable functions, which describ e the state of the system;

mo dels o ccurrenc es of events op erating on the v ariables of the sys-

tem.

The example b elow shows the vo cabulary part of the sp ecification of the

mo dule. The comp onent op erates on data of typ e .

The sp ecific signal v alues are (true) and (false). The state of the comp o-

nent is describ ed by three signals , 1,

and 2. These comp onent v ariables are mo dified when one

of the actions 1, 2 or -

o ccurs.

An o ccurrence of the action 1 (resp ec tively -

2) allows the acquisition of a unique v alue, which is stored

Decision˙signalis[v,f];CLASSVARxinDecision˙signal;yinDecision˙signal;

Decision˙data˙value1Decision˙signal

Decision˙data˙value2Decision˙signalcompute˙t[x=tandy=t]compute˙f[x=fory=f]

Secured˙data˙computed

Decision˙secured˙dataDecision˙signal

¡f¿¡t¿¡y¿¡x¿Decision˙exp˙secured˙data¡x¿¡x¿

¡x¿¡y¿export˙data

Imp˙data˙value1Imp˙data˙value2Decision˙signalDecision˙signalΨ¡x¿¡y¿¡x¿¡y¿Decision˙imp˙data˙value1Decision˙imp˙data˙value2

Fig. 4. Petri net

Imp erative Language

Decision

F ormulae

Imp er ative language se ction

c ompute t c ompute f

F ormulae V aMoS

D ecision data v al ue D ecision data v al ue

D ecision secur ed data t

t in the lo cal v ariable 1 (resp ec tively 2).

The lo cal v ariable takes the v alue if and only if the

b oth previous v ariables take the v alue .

The OF-Class [13] language is dedicated to mo dular

sp ecification. Mo dules are comp osed regarding the interface sp ecification of the

mo dules. F rom the ,the OF-Class compiler automat-

ically generates a Colored Petri net from one or several comp onents [14].

The compiler represe nts each v ariable by a place. Interfaces places represent

imp orted and exp orted v ariables. Actions are represente d by transitions. The

comp osition of mo dules is p erformed by identification of interfaces places.

Figure 4 represents the significant elements of the Petri net automatically

generated from the sp ecification of the mo dule. The declaration part

of the CPN defines the classes (typ es) asso ciated with the places (v ariables) used

by the sp ecification. The double-circled places represent the interface v ariables.

The black transitions are the actions identified in the vo cabulary declaration;

they represent the imp ortation and exp ortation actions. The two transitions

and represe nt the two p ossible cases to compute the secured

data. The OF-Class compiler adds information to represent the control of the

v ariables. The complete automatically computed CPN holds 11 transitions, 16

places and 46 arcs.

The part of a sp ecification contains TRIO for-

mulae generated from vo cabulary items, and logical connectors. TRIO ([21]) is j � ! $

8 9

–

–

–

–

–

–

–

–

–

Next state(F)

AlwF(F)

SomF(F)

Until(F,G)

D ist F , δ F

δ δ

D ecision sig nal av ail abil ity v al ue D ecision sig nal av ail a

bil ity v al ue D ecision imp data v al ue

D ecision imp data v al ue

D ecision l ocal copy v al ue D ecision l ocal copy v al ue

D ecision secur e r esul t D ecision secu

r ed data

D ecision publ ish secur ed r esul t D ecision exp se

cur ed data

D ecision secur ed data a first order linear temp oral logic. A TRIO formula is comp osed of atoms and

logical connectors: classical ones (& and, or, not, implies, equiv alent),

quantifiers ( for all and exists) or temp oral op erators. Moreover, TRIO lan-

guage holds the basic temp oral op erator : ( ) means the formula is

true at time units from the current instant ( can b e p ositive or negative).

The TRIO op erators allows us to derive all the classical linear temp oral

op erators, in particular the following ones:

is true iff F is true in the next state.

is true means F is true in all the following instants.

is true if F means true in at least one of the following instants.

is true if F means true until G b ecomes true.

T o describ e the b ehavior of the system, we define a set of axioms, each of

them is a TRIO formula. In the example we have chosen to asso ciate an axiom

to each condition on an action:

1 (resp ect ively -

2) states how the action 1 (resp ectively

2) o ccurs at each time instant.

1 (resp ectively 2) asserts

that, each time a signal is acquired, its v alue is stored in the adequate lo cal

v ariable.

sp ecifies how the secured lo cal v alue -

is computed using the v alue of the other lo cal parameters.

characterizes the action -

.

At each time instant, the action publishes one and only one secured v alue:

.

The following set of formulae is the TRIO sp ecification of these axioms.

�

�

B ody

∃

∀ →

∃

∀ →

∀ →

∀ →

↔

∀ ↔

pr o of

obligation

2.3 Structural verification

–

–

=

:

:

: ;

:

1 :

( ( 1( )&

( 1( ) = )));

2 :

( ( 2( )&

( 2( ) = )));

1 :

( ( 1( ) 1 = ));

2 :

( ( 2( ) 2 = ));

:

( =

1 = & 2 = );

:

( ( ( )

= ));

S pecif ication D ecision :::

F or mul ae

                                                                                                  V ar s

x; y D ecision sig nal

                                                                                                  Axioms

D ecision sig nal av ail abil ity v al ue

Al w x D ecision imp data v al ue x

y D ecision imp data v al ue y x y

D ecision sig nal av ail abil ity v al ue

Al w x D ecision imp data v al ue x

y D ecision imp data v al ue y x y

D ecision l ocal copy v al ue

Al w x D ecision imp data v al ue x D ecision data v al ue x

D ecision l ocal copy v al ue

Al w x D ecision imp data v al ue x D ecision data v al ue x

D ecision secur e r esul t

Al w D ecision secur ed data t

D ecision data v al ue t D ecision data v al ue t

D ecision publ ish secur e r esul t

Al w x D ecision exp secur ed data x

x D ecision secur ed data

endS pecif ication

A preliminary step of v alidation (we call it “structural verification”) verifies the

consistency of a mo dular sp ecification based on the mo dules and the comp osition

op erations presented in section 2.1.

F or each mo dule, we check the four internal morphisms, which means for

each morphism :

The source vo cabulary is included in the target vo cabulary dep ending on

morphism and two linked items have the same typ e. The MOKA to ol, devel-

op ed at ONERA-CER

T ([25, 30]), p erforms typ e checking of the morphisms.

The constraints defined in the sp ecifications of the interface can b e deduced

from the sp ecification :

In CPN, the prop erties that represent the constraints are verified on the

Petri net sp ecification by mo del checking.

In TRIO, we prove that axioms of the source can b e deduced from the

set of axioms of the target. The MOKA to ol only generates a “

” that has to b e proved by some other to ol (for example a

prover on TRIO logic).

Then, for each sp ecification we check the consistency of b oth description

parts by classical means (parsers and typ e checkers dedicated to each language).

F or mo dular op eration definition, to control the v alidity of each interconnec-

tion, we must check the external morphisms as we check internal morphisms.

b ad

3.1 Mo dular asp ects

3 Beha vior v erification of mo dular sp ecifications

This verification, p erformed by the MOKA to ol, leads to the automatic compu-

tation of the four parts of the cluster mo dule.

This ensures that what is needed by a mo dule is offers by the one with which

it is comp osed. Several verification, as b ehavioral or test case generation, are

needed to ensure that what is offered is exactly what was exp ected.

T o verify prop erties we use a mo del checker. The first step is to decomp ose the

prop erty into a set of lo cal prop erties and a set of comm unication ones. Each

lo cal prop erty concerns the internal b ehavior of a mo dule. Its verification can b e

p erformed indep endently of the other mo dules. The comm unication prop erties

express relations b etween mo dules. Before their verification, the comp osition of

the concerned comp onents must b e computed.

The CPN, generated by the OF-Class compiler, are dedicated to mo dular verifi-

cation. Each mo dule is viewed as a function that imp orts data, computes results

and exp orts them. The computation of results is an internal action. Therefore,

once a mo dule has collected all the needed v alues, its environment has no im-

pact on the way the results are computed. That is why all the prop erties that

express prop erties on the computation step are preserved by comp osition. Such

are prop erties that express links b etween the v alues of the imp orted data and

the v alue of the results.

T o indep endently study each mo dule, a representation of its environment is

computed when it is translated into a Petri net. It represe nts the pro duction

of all the p ossible imp orted data and the use of the exp orted ones. There is no

restriction on the p ossible v alues of the imp orted data and they are provided

each time they are needed. Therefore, no deadlo ck results from this sp ecification

of the environment and it do es not restrict the p ossible b ehaviors of the mo dule.

This representation is used to verify lo cal prop erties that deal with the relation

b etween the v alues of the imp orted data and the exp orted ones or internal dead-

lo cks. If a lo cal prop erty is verified in this representation, it is verified whatever

the environment of the mo dule may b e. But, if the prop erty is not verified, no

conclusion is p ossible. The represente d environment may pro duce v alues that

are not pro duced by the real environment. T o obtain a certitude, we consider

the mo dule in its real environment.

T o verify prop erties that concern the comm unications b etween several mo d-

ules, we have to comp ose them. Such a prop erty may b e the detection of dead-

lo cks of the system. In this case the comp osition of the whole system is necessary .

The environment of several mo dules is represe nted by the same way as for one

mo dule. Therefore, incremental verification is p ossible. In [4] the authors mo del

the abstraction of the environment to check a part of a case study

, but this is

manually p erformed.

1

1

� )

                                                     � 9

6

� 8

PROD is develop ed at the Helsinki University of T echnology ([29])

3.2 Abstractions

3.3 Practical application

3.4 Example

F angle

Decision

Decision

F angle

C ommunicationP r oper ty Al w F D ecisionP r op S omF F ang l eP r op

D ecisionP r op x , x D ecision imp data v al ue x

D ecision imp data v al ue x x x

F ang l eP r op sp F ang l e compute ang l e sp,

Despite imp ortant results in the representation of the state space [9], the state

space explosion problem happ ens even for one mo dule. Therefore we have worked

on abstractions of the sp ecification.

The first abstraction we have identified is due to the sp ecification of data

with a large set of p ossible v alues (sp eed, altitude, . . . ). V ery often, given a

v ariable with a large domain, each p ossible v alue of the v ariable do es not lead

to a different set of instructions to execute. The domain is decomp osed into

sub-domains that lead to different sets of instructions.

The second abstraction dep ends up on the prop erty to verify

. Instructions

and prop erties without incidence on the result of the verification are suppresse d.

Rules to p erform abstractions and simplifications have b een identified and their

implementation is in progress. These rules have b een applied on the example

ab ove leading to a reduction factor of 100 to 1000 dep ending up on the verified

prop erties. The same principle is applied in [10]

The computation of abstractions is not yet to ol supp orted but rules have

b een identified and applied on the example presented in the pap er. The state

space reduction we obtain is significant.

CPN [22] are well adapted to describ e the control of systems and to supp ort

b ehavior verification. W e use the mo del checker PROD . It is a Petri net reach-

ability analysis to ol that supp orts on the fly verification of linear time temp oral

prop erties as well as verification of branching time prop erties. Moreover, linear

temp oral logic formulae supp orted by PROD can b e expressed in TRIO logic.

This allows us to complete or to confirm this verification step with to ols dedi-

cated to TRIO language.

The redundancy intro duced to supp ort failures needs some adaptation of the

software to manage the fact that two identical functions do not give the same

result. In our example, mo dule must provide a neutral angle v alue (i.e., 0

v alue) if mo dule imp orts two different v alues. The temp oral sp ecifica-

tion of this prop erty is:“at each instant, (mo dule imp orts two different

v alues) implies (there is an instant in the future such that mo dule ex-

p orts 0)”. It is a liveness prop erty

. The TRIO formulae are:

( ( ))

1 2 1( 1) &

2( 2) & ( 1 = 2)

( 0)

�

� )

� )

� )

De cisionPr op

F anglePr op

De cision

4 T est case generation from mo dular sp ecifications

Decision F angle

Decision

F angle

Decision F angle

Initial sp ecification Decision

F angle

Abstraction of data domains F angle

F angle

Abstraction regarding prop erty L3

F angle

C ommunicationP r oper ty

f

C ommunicationP r oper ty L L L

L Al w F D ecisionP r op D ecision exp secur ed data

L Al w F F ang l e imp data sig nal S omF F ang l eP r op

L Al w F D ecision exp secur ed data F ang l e imp data sig nal

W e decomp ose in three lemmas that highlight the

signal exp orted by mo dule and imp orted by mo dule . Lemma

L1 concerns mo dule . It shows the consequenc e of on the

v alue of the exp orted signal. Lemma L2 concerns mo dule . It shows the

conditions that must b e satisfied by the imp orted signal to ensure .

Lemma L3 concerns the relationship b etween the mo dules. It ensures that if

mo dule exp orts the signal v alue , mo dule imp orts the same

v alue.

( 1 & 2 & 3)

1 ( (f))

2 ( (f) ( ))

3 ( (f) (f))

The state space of the mo dule , computed in

16 seconds, holds 80 states and 93 arcs. Prop erty L1 has b een verified in 26

seconds on it. The state space of mo dule , computed in 4 minutes and 8

seconds, holds 9,247 states and 19,250 arcs. The state space of the global system,

computed in 18 hours 54 minutes 20 seconds, holds 818,390 states and 2,605,318

arcs

The mo dule uses angle v ariables that

b elong to the interv al [0..46]. The v ariables of this domain are only compared

with the maxim um v alue. As the v alues b elonging to [0..45] lead to the execution

of the same instructions we have mapp ed the interv al on [0..1]. The v alues [0..45]

are identified with 0 and 46 with 1. This do es not mo dify the p ossible b ehaviors

of the comp onents. Of course, such an abstraction may not b e applied for a

prop erty dealing with the exact v alue of a v ariable in the domain. The reduced

state space of mo dule , computed in 16 seconds, holds 113 states and 135

arcs. Prop erty L2 has b een verified in 27 seconds on it.

This abstraction is significant for the

prop erty that ensures that if exp orts the v alue “f ” then im-

p orts the same v alue. The way the v alues are computed is not imp ortant, only

the comm unication instructions affect the prop erty . W e reduce the size of the

sp ecification by deleting the instructions that do not affect the comm unications

b etween the two mo dules. This abstraction is applied jointly with the one on

the data domains. The state space of the global system has b een computed in

27 seconds. It holds 176 states and 318 arcs. Prop erty L3 has b een verified in 1

minute and 11 seconds.

T o complete the v alidation pro cess, we also generate functional test cases.

unit level

inte gr ation level

cluster level

unbiase d

valid

–

–

–

4.1 Mo dular asp ects

Encapsulation of data

Renaming according to the morphisms

Comp osition according mo dular op erations

Encapsulation

Many works deal with test cases generation from non-mo dular formal sp eci-

fications [20, 8], but many techniques are limited by the size of the sp ecifications.

W e take adv antage of the mo dular structure of our sp ecifications to assist the

test cases generation at different levels of abstraction:

First, tests indep endently and in details little parts of the system

or basic comp onents. The generation is based on basic mo dules that describ e

the basic comp onents.

Then, tests the interactions b etween comp onents of the

system. F or this step, we fo cus on interfaces of mo dules and morphisms

defined in a mo dular op eration to describ e the links b etween the comp onents.

Finally

, allows to detect global errors of the system. The gener-

ation is achieved by comp osition of test cases from basic mo dules according

to the mo dular op erations.

Moreover, we will generate, at each step, a correct test set as defined in [6].

A set of test cases is if it do es not reject a correct program and it is

if it accepts only correct programs.

In our approach, we want to reuse as often as p ossible classical generation tech-

niques from non-mo dular sp ecifications, which are often based on the generation

of mo dels of the sp ecification (see [20, 8] for a description of different techniques).

But during the generation pro cess from mo dular sp ecifications, new constraints

app ear due to the mo dular asp ects:

: at unit and cluster level, we want to generate test

cases that contain only data of the interface.

: at integration level, we want to

base the generation on the interface of several mo dules and on morphisms

which describ e links b etween the items of the interfaces.

: at cluster level, we want to

reuse test cases defined at unit level and to comp ose them to obtain test

cases for the cluster.

In the sequel, we describ e briefly the pro cesses follow to deal with encapsulation,

renaming and comp osition; we illustrate them on our example (more details can

b e found in [17, 15]). How these pro cesses preserve correctnes s is describ ed in

[18, 15].

A mo dule encapsulation allows to hide non-visible items. These

items must neither b e observed nor commanded during functional test steps.

However the test cases generated from the mo dule are p ossible executions of its

internal sp ecified b ehavior. T o deal with test generation at unit level:

Bo dy

F ang l e

D ecision F ang l e

–

–

Renaming

–

–

Comp osition

W e generate test cases from the sp ecification of the mo dule. Indeed,

by construction and structural verification, this part contains the complete

description of the b ehavior of the mo dule and constraints on its interface. F or

this purp ose, we use existing test case generation metho d from non-mo dular

formal sp ecification.

W e pro ject the resulting test cases on the vo cabulary of the interface (parts

Exp ort, Imp ort and Param) such that the new test cases contain only visible

items.

Assuming that the structural verification has succee ded, if we succeed to

generate a correct test set from the Bo dy sp ecification, its correctnes s is pre-

served during the pro jection step. Indeed, pro jection step reduces items of the

test cases, so they accept at least all programs accepted b efore pro jection step

and an unbiased test set remained unbiased. Its v alidity is preserved due to

conditions on the internal morphisms and structure of the mo dule (see [15]).

Interactions b etween comp onents are describ ed by a set of mor-

phisms b etween the interfaces of the mo dules, according to a mo dular op eration.

T o verify the mo dular sp ecification, we generate and prove pro of obligations on

these morphisms (see section 2.3), which allow to check that the b ehavior of the

target sp ecification of a morphism maps the b ehavior of its source sp ecification.

W e need to make the same check on the implementation: each p ossible b ehavior

of the target sp ecification meets the constraints stated by the source sp ecifica-

tion. So to deal with integration level, we follow for each morphism of a mo dular

op eration this pro cess:

W e generate test cases from the source sp ecification of the morphism by

a classical non-mo dular technique. They describ e the constraints stated by

this sp ecification.

W e rename each test case according to the morphism, to obtain test cases

defined on the vo cabulary of the target, for the constraints of the source

sp ecification.

V alidite and unbiased features of the build test set are preserved during

renaming step b ecause of the prop erties of the morphism. F or more details of

these approaches, see [18].

Application of a mo dule comp osition creates a new mo dule (see

section 2.1). A naive but inefficient approach in practice would b e to incremen-

tally generate the global system and to generate test cases for it. Therefore, we

reuse the test cases generated for unit level and we rely on prop erties of mo dular

op erations to complete the test cases.

F or example, let us consider the partial comp osition describ ed in section 2.1.

The TRIO to ol generates two sets of test cases for the user mo dule and

for the supplier mo dule . W e merge, by pair, any test case of

2

2

D ecision

c

k histories

temp or al window

4.2 Practical application

4.3 Example

T est cases generation from the b o dy sp ecification

Decision

Encapsulation of data on an unitary test case

Decision

Decision

A TRIO formal sp ecificati on environment for complex real-time system sp ecificati ons

has b een develop e d by CISE, supp orted by Politechn ico Di Milano, under a contract

of ENEL/CRA ([11]) with any compatible test case of to obtain a test case of the resulting

mo dule. Compatibility means that all common items of the b oth mo dules have

the same ev aluation at a given instant in the b oth test cases. That will b e

illustrated in the following example.

Once again, correctness is ensured by the correct definition of the cluster

mo dule and the external morphisms b etween b oth basic mo dules. A priori gen-

erated test cases accept at the most programs accepted by the test sets of b oth

basic mo dules, so v alidity is preserve d. Internal structure of the basic mo dules

and external morphisms b etween these mo dules ensure that the generated test

set remains unbiased. F or more details of these approaches, see [18].

T o achieve test case generation at cluster level, this comp osition step must

b e follow ed by a pro jection step to obtain test cases defined on the interface of

the cluster.

T o generate correct test cases from the sp ecifications of a mo dule, we use the

TRIO Mo del generator . It is founded on the TRIO language, and it allows gen-

eration of temp oral finite partial mo dels (called ) from a sp ecification.

W e define a , which is an interv al of integer, and which repre-

sents the time scale [21]. Each history is considered as an abstract test case and

is comp osed with a set of p ertinent ev aluation of items at any instant of the

temp oral window.

T o achieve an entirely to ol supp orted metho d, we develop to ols to deal with

mo dular asp ects: encapsulation, renaming and comp osition [15].

Let us consider the

mo dule : for a temp oral window of two units the TRIO mo del generator

has generated 16 test cases in 3.9 seconds.

W e pro ject each test case

generated from the b o dy on the vo cabulary of the interface. The pro jection of

the test case generated from the Bo dy of on the vo cabulary of the

interface of leads to the test case :

′

′

→

∼

∼

∼

∼

∼

∼

→

∼ ∼

→

∼

∼

∼

∼

( ) ( )

Generation of integration test cases

F angle

Decision

Generation of cluster test cases F angle

Decision

F angle

Decision

= =

= : 1

( ) : 1

( ) : 1

1 = : 1

1( ) : 1

1( ) : 1

2 = : 1

2( ) : 1

2( ) : 1

( ) : 1

( ) : 1

1( ) : 1

1( ) : 1

2( ) : 1

2( ) : 1

= =

( ) : 1

( ) : 1

( ) : 1

( ) : 1

+

=

=

( ) : 1

( ) : 1

( ) : 1

( ) : 1

( ) : 1

1( ) : 1

1( ) : 1

2( ) : 1

2( ) : 1

( ) : 1

D ecision secur ed data f D ecision secu

r ed data f

s

h

h t

l

k m

m

l k

m

h D ecision exp secur ed data

F ang l e imp secur ed data

k

l l k D eci

sion exp secur ed data F ang l e imp secur ed data c k

D ecision secur ed data f

                                                                    D ecision exp secur ed data t

D ecision exp secur ed data f

D ecision data v al ue f

                                                                    D ecision imp data v al ue t

D ecision imp data v al ue f

D ecision data v al ue t

                                                                    D ecision imp data v al ue f

D ecision imp data v al ue t

D ecision exp secur ed data t

D ecision exp secur ed data f

D ecision imp data v al ue t

D ecision imp data v al ue f

D ecision imp data v al ue f

D ecision imp data v al ue t

s t

                                                                        F ang l e imp secur ed g r ound t

     F ang l e imp secur ed g r ound f

     :::

F ang l e imp secur ed data t

F ang l e imp secur ed data f

:::

k

m

l

                                                                                       F ang l e imp secur ed data t

                    F ang l e imp secur ed data f

                    F ang l e imp l ev er data f

                    :::

D ecision exp secur ed data t

D ecision exp secur ed data f

D ecision imp data v al ue t

D ecision imp data v al ue f

D ecision imp data v al ue f

D ecision imp data v al ue t

F ang l e imp l ev er data f

:::

“ = : 1” means that the v ariable -

takes the v alue at the instant 1.

Assume is a test case of the source

sp ecification of the morphism (a part of the Imp ort of ). After renaming

according to , we obtain the test case , defined on the vo cabulary of the Exp ort

of :

Assume is a pro jected test case of ;

it merges the test case to obtain . Actions that are linked by an external

morphism are identified in . It is p ossible only if they have the same v alue.

Otherwise, the test cases cannot b e merged. Actions of and that are not linked

by the external morphism app ear in . In our example, the external morphism

identifies the action of the Exp ort of to

the action of the Imp ort of :

Conversely

, the following pro jected test case of cannot b e merged

with the test case b ecause and disagree on the ev aluation of action -

and .

′

∼

∼

∼

=

( ) : 1

( ) : 1

1( ) : 1

1( ) : 1

2( ) : 1

2( ) : 1

5 Implemen tation of a CASE en vironmen t

formalisms mo dels servic es

V aMoS

V aMoS

5.1 Multi-formalism management

Editor and User Interface

Services management k

D ecision exp secur ed data f

D ecision exp secur ed data t

D ecision imp data v al ue t

D ecision imp data v al ue f

D ecision imp data v al ue f

D ecision imp data v al ue t

T o efficiently test our metho dology and build a coherent execution environment

we have integrated the required to ols into F rameKit [23]. F ramekit is a generic

platform dedicated to the rapid prototyping of CASE environment. Its imple-

mentation follows the guidelines of the ECMA-NIST reference mo del [19]. In

F rameKit, presentation and display of services are strongly constrained. A p oly-

morphic editor engine, Macao [24], provides a unified lo ok and feel for the manip-

ulation of mo dels as well as access to services integrated in F rameKit. F rameKit

manages three kinds of entities: , and . A formalism

describ es representation rules of a knowledge domain. A mo del is the descrip-

tion of a given knowledge using a formalism; it is a ”do cument” comp osed with

ob jects defined in the formalism. A service is a to ol function that corresp onds to

op erations in a design metho dology . F or example mo dules and CPN are

formalisms for which the user may define several mo dels. The MOKA verifier,

the TRIO test case generator and the Petri net mo del checker PROD are ser-

vices. F rameKit allows the use of several formalisms. F urthermore, it manages

shared data, versions of mo del sp ecifications and provides go o d facilities for fast

integration of new to ols that were not initially designed for it.

Parameterization of Macao and the services management of F ramekit allows us

to sp ecify and handle multiple formalisms.

Macao is parameterized using external files that

describ e comp onents of the formalism. Thus, the construction of a new formal-

ism do es not imply any recompilation. Of course, Macao deals with syntactical

asp ects only

, semantical ones are a convention b etween the user and the to ol.

Figure 5 shows the formalism that is the graphical representation of

the sp ecification language presented in section 2.1. The figure shows the four

no des that represe nt the four parts of a mo dule, the four internal morphisms

that link them and the lab els asso ciated with the b o dy part.

Each service is relev ant for an identified set of for-

malisms. F rameKit holds an instantiation mechanism that identifies the formal-

ism of a mo del and creates the list of services dedicated to it. Therefore, the user

can only ask for services that are relev ant for its sp ecification.

modelwindowlabelwindowselectedclasstoolpalettemodelobject

Fig. 5. V aMos formalism

5.2 Op en Platform

5.3 Note files

–

–

–

a priori a p osteriori a priori a priori a p osteriori a p osteriori

F rameKit is an op en platform that may b e enriched by new services. T o achieve this enrichment, a pro cedure called integration has b een defined. W e distinguish two typ es of to ol integration : and .

The integration concerns to ols that are esp ecially designed to run in the F rameKit environment. The compiler from OF-Class to CPN was develop ed to b e integrated in F ramekit; it was implemented to an implementation.

The integration concerns already designed to ols (sometimes, source files may not b e av ailable) to b e integrated in the F rameKit environment.

It requires an adaptation of the imp orted software. A translation of the F rameKit file format into the file format exp ecte d by the to ol is necessary

. The opp osite translation is necess ary to store results. Moreover, for interactive to ols, as MOKA and PROD, functions that drive the user interface are provided. MOKA, PROD and TRIO are integrated to ols.

Figure 6 shows how the integrated to ols are linked. If some syntax errors or interface incoherence are detected, the sp ecification must b e mo dified. No verification to ol can b e applied.

A note file is attached to each sp ecification mo dule. It is a structured file containing all the information related to the analysis of the mo del. A note is asso ciated to a prop erty and gives:

its identification, the metho d used to verify it, the part of the mo dule concerned by the verification,

SyntacticallycorrectModularSpecification

ModularSpecification(VaMoSłangage)ModularSpecification+CoherenceInterfacesproperties

SyntacticalAnalysis(Moka+OF-Classcompiler)InterfacesCoherenceChecker(Moka)

Integrationandclustertestcasesgenerator(TRIO)ComposedSpecification+CoherenceInterfacesproperties

VerifiedTemporalPropertiesorCounterexamples

ModelChecker(PROD)TestCases

CompositionofModules(Moka)Unitartestcasegenerator(TRIO)

Temporalproperties(TRIOłangage)

SyntacticallycorrectTemporalproperties

TRIOParser

Manualdecompositionofproperties+temporalłogicparser

Setofsyntacticallycorrecttemporalproperties interfacesincoherenceglobalproperties syntaxerror

–

–

–

Fig. 6.

note files

6 Conclusion

Mo dular sp ecificatio n and v alida tion metho dolog y the way the prop erty has b een identified (by the mo del checker, the interfaces coherence checker, . . . ), the status of the verification (done, in progress, to do), the context of the verification (abstraction of the mo del, computation of the state space, . . . ).

The defined syntax of some note attributes allows the exploitation of the same note file by several to ols. These may b e used to pro duce an analysis rep ort at each moment. The files asso ciated with a mo del may b e shared b etween several to ols.

W e have presented a to ol-supp orted approach dedicated to the sp ecification and v alidation of critical emb edded systems. W e deal with the complexity of the system using a mo dular metho dology

, which provides generic and reusable mo dules. Our homogeneous sp ecification language allows us to manage conjointly two views of a same sp ecification: a logical one and a b ehavioral one. Each of them is well adapted to a sp ecific verification pro cedure (mo del checking and test cases generation). W e are now identifying the common semantic asp ects of

Petri nets and Mok a comp onents to strengthen the links b etween b oth views.

The mo dular structure of our sp ecifications is exploited to p erform the verification of the system. W e have improved these approaches to deal with a realistic industrial application ([1]). W e are implementing a CASE environment integrating these to ols into the platform F ramekit. This allows us to trace the development pro cess in b oth views, with note files to exchange information and version management. However, some steps of the v alidation metho ds are not yet to ol supp orted. T o improve these p oints, the semantics asp ects can help us to increase the co op eration b etween the two approaches. Esp ecially

, we will study

er e

References

how v alidation to ols can interact and how to use results of one step in the other.

F or example, TRIO mo del generator automatically computes data domain abstractions that are relev ant for the mo del checker PROD. The mo del checker

PROD defines p ossible execution scenarios that can b e used to define sequences of test cases to test on the system.

Ma ^ ıtrise de syst̀ emes c omplexes ŕ eactifs et s^ urs pr o c e e dings on the 10th International

Confer enc e on Computer-Aide d V erific ation

Pr o c e e dings of F

ASE’97

Pr o c e e dings of the 4th ACM

SIGOFT Symp osium on the F oundations of Softwar e engine ering

Softwar e Engine ering Journal

FTCS

CA V’99

IEEE T r ans. on Computer-Aide d

Design of Inte gr ate d Cir cuits and Systems 13 pr o c e e dings of the

1998 International Symp osium on Softwar e T esting and Analysis

ICLP 94 - Post Confer enc e Workshop on

L o gic Pr o gr amming in Softwar e Engine ering

Une Appr o che Multi-F ormalismes de Sṕ ecific ation de Syst̀ emes

Ŕ ep artis: T r ansformations de Comp osants Mo dulair es en Ŕ ese aux de Petri

Pr o c e e dings of the

7th IEEE International Workshop on R apid System Pr ototyping (RSP’96)

1. Action FORMA. ,

Jourń ee au MENR

T: Bilan de la 1 anń ee, Paris, January 1998.

http://www.imag.fr/FORMA/.

2. R; Alur, T.A. henzinger, F.Y.C. Mang, S. Qadeer, S.K. Ra jamani, and S. T asiran.

Mo cha : Mo dulari ty in mo del checking. In

, pages 521–525. Springer V erlag, 1998.

3. H.R. Andersen, J. Staunstrup, and N. Maretti. A comparison of mo dular verification techniques. In . Springer V erlag, 1997.

4. R.J. Anderson, P

. Beame, S. Burns, W. Chan, F. Mo dugno, D. Notkin, and J.D.

Reese. Mo del checking large software sp ecification s. In

, pages 156–166,

1996.

5. S. Barb ey

, D. Buchs, M-C. Gaudel, B. Marre, C. Ṕ eraire, P

. Th́ eveno d-F osse, and H. W aeselynck. F rom requirements to tests via ob ject-oriented design.

T echnical Rep ort 20072, DeV a ESPRIT Long T erm Research Pro ject, 1998.

http://www.laas.research.ec.org/dev a/ pap e rs/4c.p d f.

6. G. Bernot, M-C. Gaudel, and B. Marre. Software testing based on formal sp ecifications: a theory and a to ol. , 6, Novemb er 1991.

7. D. Brì ere and P . T raverse. Airbus a320/a330/a340 electric flight controls: a family of fault-tolerant systems. , 23:616–623, 1993.

8. E. Brinksma. F ormal metho ds for conformance testing: Theory can b e practical.

In , numb er 1633 in LNCS, pages 44–46. Springer V erlag, July 1999.

9. J.R. Burch, E.M. Clarke, D.E. Long, K.L. McMill an, and D.L. DILL. Symb olic mo del checking for sequential circuit verification .

, 4:401–424, 1994.

10. W. Chan, R.J. Anderson, P

. Beame, and D. Notkin. Improving Afficiency of Symb olic Mo del Checking for state-Based System Requirements. In

, 1998.

11. E. Ciap essoni, E. Corsetti, M. Migli orati , and E. Ratto. Sp ecifying industria l realtime systems in a logical framework. In

, 1994.

12. E.M. Clarke and J.M. Wing. F ormal Metho ds: State of the Art and F uture Directions. T echnical rep ort, Carnegie Mellon University

, 1996.

13. A. Diagne.

. Th̀ ese,

LIP6, Universit́ e Paris 6, 4, Place Jussieu, 75252 Paris Cedex 05, May 1997.

14. A. Diagne and F. Kordon. A multi-formali sms prototyping approach from conceptual description to implementati on of distributed systems. In

, Porto

Caras, Thessaloni ki Greece, June 1996.

T e chniques formel les p our l’´ evaluation de syst̀ emes c omplexes. T est et mo dularit́ e

DASIA’98

FMICS-4, F ourth International Workshop on

F ormal Metho ds for Industrial Critic al Systems

AMAST00, Algebr aic Metho dolo gy And Softwar e T e chnolo gy

T APSOFT’95

ACM T r ansactions on pr o gr amming languages and systems

Colour e d Petri Nets, Basic Conc epts, Analysis Metho ds and Pr actic al

Use, V olumes 1, 2 and 3

LNCS 1313, Pr o c e e dings of FME’97

ASE98

LNCS 1051, FME’96: Industrial Benefit and A dvanc es in F ormal Metho ds, 3r d

International Symp osium of F ormal Metho ds Eur op e

COMP

ASS’96, Pr o c e e dings of the 11th Annual Confer enc e on

Computer Assur anc e

Mo dularit́ e p our la c onc eption et la validation formel les de syst̀ emes

15. M. Do che.

. PhD thesis, ENSAE, ONERA-CER

T/DTIM, D́ ecembre 1999.

16. M. Do che, J. Cazin, D. Le Berre, P

. Michel, C. Seguin, and V. Wiels. Mo dule templates for the sp ecificati on of fault-tolerant systems. In , May 1998.

17. M. Do che, C. Seguin, and V. Wiels . A mo dular approach to sp ecify and test an electrical flight control system. In

, July 1999.

18. M. Do che and V. Wiels. Extended institution s for testing. In

, LNCS, Iowa City

, May 2000. Springer

V erlag.

19. ECMA. A Reference Mo del for F rameworks of Software Engineering s Environments. T echnical Rep ort TR/55 (version 3), NIST Rep ort, 1993.

20. M-C. Gaudel. T esting can b e formal, to o. In , pages 82–96. Springer

V erlag, 1995.

21. C. Ghezzi, D. Mandriol i , and A. Morzenti. A mo del parametric real-time logic.

, 14(4):521–573, Octob er 1992.

22. K. Jensen.

. Springer-V erlag, 1992.

23. MARS-T eam. F rameKit Home page. http://www-src.lip6.fr/framekit.

24. MARS-T eam. Macao Home page. http://www-src.lip6.fr/macao.

25. P

. Michel and V. Wiels. A Framework for Mo dular Formal Sp ecificati on and

Verification . In , Septemb er 1997.

26. A. Morzenti, P

. San Pietro, and S. Morasca. A to ol for automated system analysis based on mo dular sp ecificati ons. In , pages 2–11. IEEE Computer So ciety ,

1998.

27. R. Pugliese and E. T ronci. Automatic verificati on of a hydro electri c p ower plant.

In

, pages 425–444, 1996.

28. T. Sreemani and J.M. Atlee. F easibil i ty of mo del checking software requirements:

A case study

. In

, pages 77–88, 1996.

29. K. V arpaaniemi, J. Halme, K. Hiekk anen, and T. Pyssysalo. PROD Reference Manual. T echnical Rep ort ISBN 951-22-2707-X, University of technology

, Departement of Computer Science, Digital Systems Lab oratory

, 1995.

30. V. Wiels. .

PhD thesis, ENSAE - ONERA/CER

T, Octob er 1997.