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Spécifications abstraites de haut niveau
exécutables
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CRITICITE

Systémes qui ne doivent pas échouer
- Systemes de contrdle de vol
- Systémes ferroviaires automatiques

- Systémes de controle de centrales

Etat de l'art: certification industrielle du processus de développement, parfois
avec des methodes formelles, ex. SCADE

Question scientifique : peut-on mecaniser les définitions formelles et produire
une preuve de correction bout-a-bout?



FORMALISATION MECANISEE

Assistant de Preuve

- Outils pour aider la formulation de théorémes ainsi que le l )
]

développement et la vérification de leurs preuves
- Mizar, Isabelle, HOL, Coq, ACL2, PVS, Agda, ...



KLEIN et al. 2009

FORMALISATION MECANISEE KUMAR, MYREEN, NORRISH et OWENS 2014
LEROY 2009

Assistant de Preuve ‘)

- Outils pour aider la formulation de théorémes ainsi que le
développement et la vérification de leurs preuves (}

- Mizar, Isabelle, HOL, , ACL2, PVS, Agda, ...
1

Formalisations mécanisées existantes
seL4 : un micro-noyau verifié avec Isabelle
CakeML : un compilateur vérifié pour un langage fonctionnel avec HOL

Formalisation mécanisée avec Coq du langage C et de la preuve de correction
de sa compilation vers du code Assembleur.
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LE PROJET VELUS HALBWACHS, CASPI, RAYMOND et PILAUD 1991

CoLACO, PAGANO et POUZET 2017

Langages pour le
Model-Based Design

Scade 6, Lustre

+ Assistants de Preuve
Coq

Défis

1. Mécaniser les sémantiques

2. Prouver la correction des algorithmes de compilation

Focus : réinitialisation modulaire (modular reset)
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EXEMPLE

L FBY | « node ins(gps, xv: double)
1 I ®>alarm returns (x: double, alarm: bool)
3 |—T 1J 50 var pxa, xe: double; k: int;
let

L FBY WaLa\rgN 50 alarm L> k =0 fby (l( + 1);
X

g alarm = (k >= 50);
o.oJ xe = euler((gps, xv) when not alarm);
xXe

9ps e pxa = (0. fby x) when alarm;
WHEN [ u euler X = merge alarm pxa Xe;
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EXEMPLE

L FBY | « node ins(gps, xv: double)
1 I ®>alarm returns (x: double, alarm: bool)
3 |—T 1J 50 var pxa, xe: double; k: int;
let

L FBY WaLa\rgN 50 alarm L> k =0 fby (l( + 1);
X

g alarm = (k >= 50);
o.oJ xe = euler((gps, xv) when not alarm);
xXe
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EXEMPLE

[

FBY |

node ins(gps, xv: double)

+ . .
1 + ®>alarm returns (x: double, alarr!'l. bool)
0 |—T . 50 var pxa, xe: double; k: int;
let
L FBY W&E‘EN oxa ajarmL X = merge alarm pxa xe;
1 :>_, S k =0 fby (k + 1);
o.oJ pxa = (0. fby x) when alarm;
gps e xe = euler((gps, xv) when not alarm);
WHEN culer H*€ alarm = (k >= 50);
XV >_|_ - tel
gps 0.00 1.55 3.62 5.46 86.52 88.40 90.91
XV 15.00 20.00 17.00 12.00 18.00 23.00 20.00
R 0 1 2 3 49 50 51
alarm F F F F F T T
Xxe 0.00 1.50 3.50 5.20 77.35
pxa /7735 7735 ...
X 0.00 1.50 3.50 5.20 7735 7735 7735 ... 6



COLAGO, PAGANO et POUZET 2005
EXEMPLE

node nav(gps, xv: double, s: bool)
returns (x: double, alarm: bool)
var r, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)
((gps, xv) whenot c));

c = true fby (merge c (not s when c)
(s whenot c));
r = false fby (s and c);
tel

ins




COLAGO, PAGANO et POUZET 2005
EXEMPLE

node nav(gps, xv: double, s: bool)
returns (x: double, alarm: bool)
var r, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)
((gps, xv) whenot c));

c = true fby (merge c (not s when c)
(s whenot c));
r = false fby (s and c);
tel

ins

Il faut un moyen de




BIERNACKI, COLACO, HAMON et POUZET 2008
VELUS : UN COMPILATEUR LUSTRE VER”:'E BOURKE, BRUN, DAGAND, LEROY, POUZET et RIEG 2017

BOURKE, BRUN et POUZET 2020
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VELUS : UN COMPILATEUR LUSTRE VERIFIE
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analyse
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Clight
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analyse ordonnancement
syntaxique élaboration normalisation i-traduction
—> Lustre > NLustre > Stc
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analyse ordonnancement

syntaxique Lustre élaboration normalisation i-traduction
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s-traduction

- analyse syntaxique vérifiée (menhir --coq)

- élaboration pour obtenir horloges et types optimisation initialisation
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VELUS : UN COMPILATEUR LUSTRE VERIFIE

analyse S B ordonnancement
syntaxique élaboration normalisation i-traduction
—» Lustre > NLustre > Stc

— )

. PP . s-traduction
- analyse syntaxique vérifiée (menhir --coq) !
. élaboration pour obtenir horloges et types optimisation el
o P 8 P de fusion Obc O des arguments
- normalisation du code Lustre —
. . G génération
- i-traduction vers Stc (compilation du reset) !
- ordonnancement du code Stc Clight
* s-traduction vers Obc .
o ) ) o © , compilation
- optimisation de fusion des conditionnelles 3 ¥
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S
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BLAZY et LEROY 2009

VELUS : UN COMPILATEUR LUSTRE VERIFIE

analyse ordonnancement
syntaxique Lustre élaboration normalisation i-traduction
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VELUS : UN COMPILATEUR LUSTRE VERIFIE
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VELUS : UN COMPILATEUR LUSTRE VERIFIE

analyse

syntaxique Lustre élaboration normalisation i-traduction
—5 . Lustre »| NLustre > Stc
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s-traduction

ordonnancement

- analyse syntaxique vérifiée (menhir --coq)

Y
- élaboration pour obtenir horloges et types optimisation nielisaion
de fusion Obc des arguments
- normalisation du code Lustre

génération

- i-traduction vers Stc (compilation du reset) !

- ordonnancement du code Stc Clight
- s-traduction vers Obc

compilation

- optimisation de fusion des conditionnelles L

w

mp ression

CompCert

- initialisation des arguments
- Génération de code Clight
- Utilisation de CompCert pour la compilation
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LUSTRE

node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var pxa, xe: double; k: int;
let
k =0 fby (k + 1);
alarm = (k >= 50);
xe = euler((gps, xv) when not alarm);
pxa = (0. fby x) when alarm;
x = merge alarm pxa xe;
tel

node nav(gps, xv: double, s: bool)
returns (x: double, alarm: bool)
var r, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)
((gps, xv) whenot c));
c = true fby (merge ¢ (not s when c)
(s whenot ¢));
r = false fby (s and c);
tel



LUSTRE C

node euler(x0, u: double)

struct auter { Void funfmavtstep(struct nav eself
returns (x: double); o o .
Tlet [T struct funinststep outbinsrsstens
x = x0 fby (x + 0.1 % u); dounte pri
tel et e s
s":i: funginsgstep {
node ins(gps, xv: double) 3 o e ey
returns (x: double, alarm: bool) il Somginststen(o(seLr-sinr, Soutsinsrssten, 8, i
var pxa, xe: double; k: int; B g ;'\'ii’.J:i?:?iiii:ﬁ?a?;m,
let B cgreuna Gl s
k =0 fby (k + 1); ook stacms o
alarm = (k >= 50); B Eetna il
xe = euler((gps, xv) when not alarm); D e O e b
78 & (0o @ ©) wien Sy et ot g st e sl
x = merge alarm pxa xe; bt e
tel R Rty
T S ——— T
node nav(gps, xv: double, s: bool) p DD D T D
returns (x: double, alarm: bool) ) (P T G ) Goonte votatate 4
ER @, @8 Lol o boot vetatite starms
let eme Fapavgstep otsstep:
(x, alarm) = merge c void funtinststep(struct ins sselt, e
(gps when c, false) O oD ¢ reser oot
(estert i oy &) retser e S IR——.
((gps, xv) whenot c)); jrrersiagtail e ottt toaatogpss:
¢ = true fby (merge c (not s when c) e Lovton = setrom ) RPN
(s whenot ¢)); ii“""lipif’"“'“’““”“““"””" £ fonsnavtsten(oselrs, soutssten, 55, xv, )i
r = false fby (s and c); y e Votatite_store(6xs, outsstep.x
tel et oo Vetatite store(Batsees, outssrep-atamm);
t
Void funginstresec(struct s ~sel) (
e e 8



LUSTRE

C

node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

node ins(gps, xv: double)
returns ( double, alarm: bool)
var pxa, xe: double; k: int;

let

=0 fby (k + 1);
alarm = (k >= 50);
xe = euler((gps, xv) when not alarm);
pxa = (0. fby x) when alarm;
x = merge alarm pxa xe;
tel

node nav(gps, xv: double, s: bool)
returns (x: double, alarm: bool)
var r, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)

((gps, xv) whenot c));

c = true fby (merge ¢ (not s when c)
(s whenot ¢));
r = false fby (s and c);
tel

struct euter {
bool
doube px;
struct ins {
int ks
double px
struct euler xe;
struct funtintsten

double
boot atomm;
}

struct nav {

ool 7
struct ins insr

h
struct funsnavistep {
douste x;
bool. alarm;
b

double funseutersstep(struct euter wselr
uble %0, dowsle ) {
register double x;
i (setf->1) {

0;

{

x = sel-p;

}

self->1 = false,

Self->px = x + 0.10000800000080005 + u;

void funfeulersreset(struct euler sself) {

selfpx = 6;

Void funginsgstep(struct ins sself,
Struct funsinsSsten sout,
double gps, double xv) {

register double stepsc;

self-k = selfook +
P roecrcoae 0 e o s D
ese {

self-opx = out->x;

void funfinssreset(struct ins +self) {
self-
n.,.x,um;m"u.mw xe));

X

votd funfnavistep(struct nav sselt
et funsnavisiep saut,
gps, double xv, bool 5) {
struct funsinsgstep outsinsrsstep;
register bool cm
register dowble insr;
register bool alr;
i (self->r) { funixns!r!s!l(ﬁ(x!li >inse));
1

;i
out-salarm « false;

etse {
funsinsgstep(s(seli->insr, Goutsinsristep, gps, x);
insr = outsinsrsstep.x;

s - ouctinsristep.starm;

out-satarm - alr;

}
st -

}

void fngnavgreses(struct nay w3619 {

v
funbinstreset(a(sels->1nsn);

stepx = funfeulersstep(s(self->xe), gps, xV);
xe - steptn;

fouble volatile gps$;
s code traduit
doubte votatite x$;

int main(void) {
struct fungnavistep outgstep;
register double gps;
register double xv;
register bool 5;

fungnavreset (sself$);

white (true) {
g0s = volatile_Load(sgpss);
xv = volatile_load(sx3);
5 = volatile_load(8s$);

funsnavistep(aselrs, soutsstep, gps, xv, $);

volatile_store(sx, out§step.x);
volatile_store(salaras, outsstep.alarm);



LUSTRE

C

node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

node ins(gps, xv: double)
returns ( double, alarm: bool)
var pxa, xe: double; k: int;

let

=0 fby (k + 1);
alarm = (k >= 50);
xe = euler((gps, xv) when not alarm);
pxa = (0. fby x) when alarm;
x = merge alarm pxa xe;
tel

node nav(gps, xv: double, s: bool)
returns (x: double, alarm: bool)
var r, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)

((gps, xv) whenot c));

c = true fby (merge ¢ (not s when c)
(s whenot ¢));
r = false fby (s and c);
tel

struct euter {
bool
doube px;
b
struct ins {
int ks
double px
struct euler xe;
struct funtintsten
double

boot atomm;

b
struct nav {

ool 7
struct ins insr

h
struct funsnavistep {
douste x;
bool. alarm;
b

double funSeutersstep(struct euter sselr
uble %0, dowsle ) {
register double x;
i (setf->1) {

0;

{

x = sel-p;

}

self->1 = false,

Self->px = x + 0.10000800000080005 + u;

void funfeulersreset(struct euler sself) {

selfpx = 6;

void funinsgstep(struct ins sself,
struct funsinsSsten sou
Gouble goe, daupte w0 1
register double stepsc;

self-k = selfook +
P roecrcoae 0 e o s D
ese {

stepx = funfeulersstep(s(self->xe), gps, xV);
xe - steptn;

self-opx = out->x;

void funsinssreset(struct ins +self) {
Self-spx = 8
«ung,u|,v;v,<,'<a<<,\f xe));

votd funfnavistep(struct nav sselt
et funsnavisiep saut,
gps, double xv, bool 5) {
struct funsinsgstep outsinsrsstep;
register bool cm
register dowble insr;
register bool alr;
i (self->r) { funS)ns!r!s!l(E(X!li >inse));
1

= s
oxtostam =t

Somginststen(o(seLr-sinr, Soutsinsrssten, 8, i

insr = outsinsrsstep.x;
s - ouctinsristep.starm;
out-satarm - alr;
}
st -
}

void fungnavsreset(struct nav +self) {
self->c = true;

@%&mwwboucw

'

principale

struct nav self$

bool volatite alarns;

int main(void) {
struct fungnavistep outgstep;
register double gps;
register double xv;
register bool 5;

fungnavreset (sself$);
white (true) {
g0s = volatile_Load(sgpss);
xv = volatile_load(sx3);
5 = volatile_load(8s$);

funsnavistep(aselrs, soutsstep, gps, xv, $);

volatile_store(sx, out§step.x);
volatile_store(salaras, outsstep.alarm);




LUSTRE ASSEMBLEUR

node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var pxa, xe: double; k: int;
let
k=0 fby (k + 1);
alarm = (k >= 50);
xe = euler((gps, xv) when not alarm);
pxa = (0. fby x) when alarm;
x = merge alarm pxa xe;
tel

node nav(gps, xv: double, s: bool)
returns (x: double, alarm: bool)
var r, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)
((gps, xv) whenot c));
c = true fby (merge ¢ (not s when c)
(s whenot ¢));
r = false fby (s and c);
tel
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CORRECTION ?

compilation

sémantique sémantique
Lustre Assembleur

« equivalence »

Remarque : on veut en réalité la direction opposée, appelée raffinement,
c'est-a-dire les comportements observables de C sont aussi des comportements
observables de S.



MECANISATION DE LUSTRE NORMALISE



PRESENTATION DE NLUSTRE

4 types d’équations

X =ce équation simple
x=cfbye équation fby
x =f(e) instanciation de nceud
x = (restart fevery r)(e) instanciation avec reset modulaire
Sémantique
Flots comme fonctions N — value : Flots comme coinductifs :
o 1 2
11 1 - VoeVyeVye -
Vo Vi Wy
sémantique instantanée projetée description coinductive de la 10

sémantiaue



SEMANTIQUE

Sémantique Instantanée

REe; L <y REey | Ri-eq | <> Rbey | ¢
REx 1 R(x) REe1+ ey | <[+](v1,v2) R@) 4@ L ¢
Semantique Projetée
Vi, H,‘(X) =S VI, Hilels; VI, Hil-e ls; VI, H,‘(X) :fby(C,S),'
HEx=e Hix=c fby e

Vi, Hibe lxs; Ff(xs) llys Vi, Hi(x) =ys;
HEx = f(e)

"
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Sémantique Instantanée
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Semantique Projetée
Vi, H,‘(X) =S VI, Hilels; VI, Hil-e ls; VI, H,‘(X) :fby(C,S),'
HEx=e Hix=c fby e

Vi, Hibe lxs; Ff(xs) llys Vi, Hi(x) =ys;
HEx = f(e)

"
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Sémantique Instantanée

REe; L <y REey | Ri-eq | <> Rbey | ¢
REx | R(x) Rter+ ey | [+](v1,v2) Rtei+ey | o
Semantique Projetée
Vi, H,‘(X) =S VI, Hilels; VI, Hil-e ls; VI, H,‘(X) :fby(C,S),'
HEx=e Hix=c fby e

Vi, Hibe lxs; Ff(xs) llys Vi, Hi(x) =ys;
HEx = f(e)

"
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Sémantique Instantanée

REe; L <y REey | Ri-eq | <> Rbey | ¢
REx 1 R(x) REe1+ ey | <[+](v1,v2) R@) 4@ L ¢
Semantique Projetée
Vi, Hi(x) =s; Vi, Hikels; Vi, HiFe ls; Vi, Hj(x) = fby(c,s);
HEx=e Hix=c fby e

Vi, Hibe lxs; Ff(xs) llys Vi, Hi(x) =ys;
HEx = f(e)

"
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Sémantique Instantanée

REe; L <y REey | Ri-eq | <> Rbey | ¢
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Semantique Projetée
Vi, H,‘(X) =S VI, Hilels; VI, Hil-e ls; VI, H,‘(X) :fby(C,S),'
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REx 1 R(x) REe1+ ey | <[+](v1,v2) R@) 4@ L ¢
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Sémantique Instantanée

REe; L <y REey | Ri-eq | <> Rbey | ¢
REx 1 R(x) REe1+ ey | <[+](v1,v2) R@) 4@ L ¢
Semantique Projetée
Vi, H,‘(X) =S VI, Hilels; VI, Hil-e ls; VI, H,‘(X) :fby(C,S),'
HEx=e Hix=c fby e

Vi, Hikelxs; Ff(xs)llys Vi, Hi(x) =ys;
HEx = f(e)

"
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node(G,f) =n Vi, Hi(n.in) = xs; Vi, Hj(n.out) =ys;
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SEMANTIQUE

Sémantique de Neeud

node(G,f) =n Vi, Hi(n.in) = xs; Vi, Hj(n.out) =ys;
Veq € n.eqgs, Hteq

Hf(xs) Il ys

"



EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

node nat(i: int) r >—|
returns (n: int) I_ FBY —L>"

let 1 . _
n=1 fby (n + 1); i T ! > nat _> n
tel

++

12
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node nat(i: int) I_ — L> r>

returns (n: int)

let 1 i
n=1 fby (n + 1); i T |> nat —>n

tel

r F
i 0
nat(i) 0
(restart nat everyr)(i) O
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EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

node nat(i: int) I_ — L> r>

returns (n: int)

let 1 i
n=1 fby (n + 1); i T |> nat —>n

tel

r FF
i 0 5
nat(i) 0 1
(restart nateveryr)(i) 0 1
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EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

node nat(i: int) I_ — L> r>

returns (n: int)

let 1 i
=i fby (n + 1); i T '>_ pat >n

n =

++

tel
r F [F T
i 0 5 10
nat(i) 0o 1 2
(restart nateveryr)(i) 0 1 10

12



EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
n=1 fby (n + 1); i T |> nat >n

++

tel
r FF T F
i 0 5 10 15
nat(i) o1 2 3
(restart nateveryr)(i) 0 1 10 11

12



EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
n=1 fby (n + 1); i T |> nat >n

++

tel
r FF T F F
i 0O 5 10 15 20
nat(i) 01 2 3 &4
(restart nateveryr)(i) 0 1 10 11 12

12



EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
n=1i fby (n + 1); i 3y > nat >”

++

tel

T F F T

r F
5 10 15 20 25

F
i 0
nat(i) 0
(restart nat everyr)(i) O

2 3 4 5
1 10 11 12 25

[EY

12



EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
n=1i fby (n + 1); i 3y > nat >”

++

tel

T F F T F

r F
5 10 15 20 25 30

F
i 0
nat(i) 0
(restart nat everyr)(i) O

2 3 4 5 6
1 10 11 12 25 26

[EY

12



EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
n=1i fby (n + 1); i 3y > nat >”

++

tel

T F F T F

r F
5 10 15 20 25 30

F
i 0
nat(i) 0
(restart nat everyr)(i) O

2 3 4 5 6
1 10 11 12 25 26

[EY

12
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EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

++

node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
n=1i fby (n + 1); i 3y > nat >”

tel

T F F T F

r F
5 10 15 20 25 30

F
i 0
nat(i) 0
(restart nat everyr)(i) O

2 3 4 5 6
1 10 11 12 25 26

[EY

Peut étre implémenté dans un langage récursif d'ordre supérieur
12
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EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

++

node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
n=1 fby (n + 1); i T |> nat >n

tel

T F F T F

r F
5 10 15 20 25 30

F
i 0
nat(i) 0
(restart nat everyr)(i) O

2 3 4 5 6
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[EY
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EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

r FF T F F T F

I 0 5 10 15 20 25 30

(restart nateveryr)(i) 0 1 10 11 12 25 26
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EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

r FF T F F T F

count r 0 0 1 1 1 2 2
i O 5 10 15 20 25 30

(restart nateveryr)(i) 0 1 10 11 12 25 26

12



EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

r FF T F FoT F
countr 0 O 1 1 1 2 2
i O 5 10 15 20 25 30
mask i 0 5

(restart nateveryr)(i) 0 1 10 11 12 25 26

12



EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

r FF T F F T F
count r 0 O 1 1 1 2 2
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mask? i 0 5
nat( mask? i) 0 1

(restart nateveryr)(i) O 1 10 11 12 25 26
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r FF T F F T F
count r 0 0 1 1 1 2 2
i 0 5 10 15 20 25 30
mask? i 0 5

nat( mask?i) 0 1

mask, i 10 15 20

(restart nateveryr)(i) 0 1 10 11 12 25 26

12
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r FF T F F T F
countr 0 0 1 1 1 2 2
I 0 5 10 15 20 25 30
mask? i 0 5

nat(rnaskgi) 0 1

mask i 10 15 20

nat( mask} i) 10 11 12
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=
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r F F T F F T F
countr 0 O 1 1 1 2 2
i 0 5 10 15 20 25 30
mask? i 0 5

nat(rnaskgi) 0 1

mask i 10 15 20

nat( mask} i) 10 11 12

mask? | 25 30

10 11 12 25 26

(@)
=

(restart nat every r)(i)
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EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

r F F T F F T F
countr 0 O 1 1 1 2 2
i 0 5 10 15 20 25 30
mask? i 0 5

nat( mask?i) 0 1

mask i 10 15 20

nat( mask} i) 10 11 12

mask? | 25 30
nat( mask? i) 25 26

(@)
=

(restart nat every r)(i) 10 11 12 25 26

12



EXEMPLE PLUS SIMPLE : SEMANTIQUE INTUITIVE DU RESET MODULAIRE

r F F T F F T F
countr 0 O 1 1 1 2 2
i 0 5 10 15 20 25 30
mask? i 0 5

nat(rnaskgi) 0 1

mask i 10 15 20

nat( mask} i) 10 11 12

mask? | 25 30

nat( mask? i) 25 26

10 11 12 25 26

(@)
=

(restart nat every r)(i)

12
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Instanciation de noeud

Vi, HiFelxs; Ff(xs)|lys Vi, Hi(x) =ys,
HEx = f(e)

Reset modulaire

Vi, Hi(y) =rs; r = bools-of rs
Vi, Hi-e | xs; VR, -f <maskjffxs> |l maskFys Vi, Hi(x) = ys;

HEx = (restart fevery y)(e)

13



SEMANTIQUE FORMELLE

Instanciation de noeud

Vi, HiFelxs; Ff(xs)|lys Vi, Hi(x) =ys,
HEx = f(e)

Reset modulaire

Vi, Hi(y) =rs; r = bools-of rs
Vi, Hi-e | xs; VR, kf(maskf;xs) || masklys Wi, Hi(x) = ys;

HEx = (restart fevery y)(e)

Relation universellement quantifiée : nombre non borné de
contraintes

13



COMPILATION DU RESET MODULAIRE :
DE NLUSTRE VERS STC




UN PROBLEME AVEC LA COMPILATION DE NLUSTRE VERS OBC

node driver(x0, y0, u, v: double, r: bool) class driver {

returns (x, y: double) instance x: ins, y: ins;
var ax, ay: bool;
let reset() { ins(x).reset();
X, ax = (restart ins every r)(x0, u); ins(y).reset() }
y, ay = (restart ins every r)(y0, v);
tel step(x0, y0, u, v: double, r: bool)

returns (x, y: double)
var ax, ay: bool

if r { ins(x).reset() };
X, ax := ins(x).step(x0, u);
if r { ins(y).reset() };
y, ay := ins(y).step(y0, v)
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returns (x, y: double)
var ax, ay: bool

if r { ins(x).reset() };
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y, ay := ins(y).step(y0, v)
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var ax, ay: bool;
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X, ax = (restart ins every r)(x0, u); ins(y).reset() }
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UN PROBLEME AVEC LA COMPILATION DE NLUSTRE VERS OBC

node driver(x0, y0, u, v: double, r: bool) class driver {

returns (x, y: double) instance x: ins, y: ins;
var ax, ay: bool;
let reset() { ins(x).reset();
X, ax = (restart ins every r)(x0, u); ins(y).reset() }
y, ay = (restart ins every r)(y0, v);
tel step(x0, y0, u, v: double, r: bool)

returns (x, y: double)
var ax, ay: bool

if r { ins(x).reset() };
X, ax := ins(x).step(x0, u);
if r { ins(y).reset() };
y, ay := ins(y).step(y0, v)



UN PROBLEME AVEC LA COMPILATION DE NLUSTRE VERS OBC

node driver(x0, y0, u, v: double, r: bool) class driver {

returns (x, y: double) instance x: ins, y: ins;
var ax, ay: bool;
let reset() { ins(x).reset();
X, ax = (restart ins every r)(x0, u); ins(y).reset() }
y, ay = (restart ins every r)(y0, v);
tel step(x0, y0, u, v: double, r: bool)

returns (x, y: double)
var ax, ay: bool

{
if r { ins(x).reset() };
_ _ ) X, ax := ins(x).step(x0, u);
ordonnancer et introduire 'état if r { ins(y).reset() };
VS y, ay := ins(y).step(y0, v)
}

introduire 'état puis ordonnancer
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NLUSTRE

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var k: int, px: double,
xe: double when not alarm;
let
k =0 fby k + 1;
alarm = (k >= 50);
xe = euler(gps when not alarm,
xv when not alarm);
x = merge alarm (px when alarm) xe;
px = 0. fby Xx;
tel

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)

{

returns (x: double, alarm: bool)
var xe: double when not alarm;

next k = k + 1;

alarm = (k >= 50);

xe = euler<xe>(gps when not alarm,
Xxv when not alarm);

x = merge alarm (px when alarm) xe;

next px = X;
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var k: int, px: double,
xe: double when not alarm;
let
k =0 fby k + 1;
alarm = (k >= 50);
xe = euler(gps when not alarm,
xv when not alarm);
x = merge alarm (px when alarm) xe;
px = 0. fby Xx;
tel

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)

{

returns (x: double, alarm: bool)
var xe: double when not alarm;

next k = k + 1;

alarm = (k >= 50);

xe = euler<xe>(gps when not alarm,
Xxv when not alarm);

x = merge alarm (px when alarm) xe;

next px = X;



NLUSTRE

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var k: int, px: double,
xe: double when not alarm;
let
k =0 fby k + 1;
alarm = (k >= 50);
xe = euler(gps when not alarm,
xv when not alarm);
x = merge alarm (px when alarm) xe;
px = 0. fby x;
tel

introduire 'état uniquement

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)

{

returns (x: double, alarm: bool)
var xe: double when not alarm;

next k = k + 1;

alarm = (k >= 50);

xe = euler<xe>(gps when not alarm,
Xxv when not alarm);

x = merge alarm (px when alarm) xe;

next px = X;
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node ins(gps, xv: double)
returns (x: double, alarm: bool)
var k: int, px: double,
xe: double when not alarm;
let
k =0 fby k + 1;
alarm = (k >= 50);
xe = euler(gps when not alarm,
xv when not alarm);
x = merge alarm (px when alarm) xe;
px = 0. fby Xx;
tel

introduire 'état uniquement

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)

{

returns (x: double, alarm: bool)
var xe: double when not alarm;

next k = k + 1;

alarm = (k >= 50);

xe = euler<xe>(gps when not alarm,
Xxv when not alarm);

x = merge alarm (px when alarm) xe;

next px = X;



NLUSTRE

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var k: int, px: double,
xe: double when not alarm;
let
k =0 fby k + 1;
alarm = (k >= 50);
xe = euler(gps when not alarm,
xv when not alarm);
x = merge alarm (px when alarm) xe;
px = 0. fby Xx;
tel

introduire 'état uniquement

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)

{

returns (x: double, alarm: bool)
var xe: double when not alarm;

next k = k + 1;

alarm = (k >= 50);

xe = euler<xe>(gps when not alarm,
Xxv when not alarm);

x = merge alarm (px when alarm) xe;

next px = X;



NLUSTRE

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var k: int, px: double,
xe: double when not alarm;
let
k = 0 fby k + 1;
alarm = (k >= 50);
xe = euler(gps when not alarm,
xv when not alarm);
x = merge alarm (px when alarm) xe;
px = 0. fby x;
tel

introduire 'état uniquement

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)

{

returns (x: double, alarm: bool)
var xe: double when not alarm;

next k = k + 1;

alarm = (k >= 50);

xe = euler<xe>(gps when not alarm,
Xxv when not alarm);

x = merge alarm (px when alarm) xe;

next px = X;



COMPILATION DE L'EXEMPLE DU RESET

ordonnancement optimisation de fusion

- i-traduction s-traduction | | génération { - I
== =% NLustre Stc > Obc > ight f= ==

node driver(x0, y0, u, v: double, r: bool) system driver {

returns (x, y: double) sub x: ins, y: ins;
var ax, ay: bool;
let transition(x0, y0, u, v: double, r: bool)
X, ax = (restart ins every r)(x0, u); returns (x, y: double)
y, ay = (restart ins every r)(y0, v); var ax, ay: bool;
tel {

X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y0, v);
reset ins<y> every (. on r);

introduire 'état uniquement }



COMPILATION DE L'EXEMPLE DU RESET

ordonnancement optimisation de fusion

- i-traduction s-traduction | | génération { - I
== =% NLustre Stc > Obc > ight f= ==

node driver(x0, y0, u, v: double, r: bool) system driver {

returns (x, y: double) sub x: ins, y: ins;
var ax, ay: bool;
let transition(x0, y0, u, v: double, r: bool)
X, ax = (restart ins every r)(x0, u); returns (x, y: double)
y, ay = (restart ins every r)(y0, v); var ax, ay: bool;
tel {

X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y0, v);
reset ins<y> every (. on r);

introduire 'état uniquement }



COMPILATION DE L'EXEMPLE DU RESET

ordonnancement optimisation de fusion

- i-traduction s-traduction | | génération { - I
== =% NLustre Stc > Obc > ight f= ==

node driver(x0, y0, u, v: double, r: bool) system driver {

returns (x, y: double) sub x: ins, y: ins;
var ax, ay: bool;
let transition(x0, y0, u, v: double, r: bool)
X, ax = (restart ins every r)(x0, u); returns (x, y: double)
y, ay = (restart ins every r)(y0, v); var ax, ay: bool;
tel {

X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y@, v);
reset ins<y> every (. on r);

introduire 'état uniquement }



COMPILATION DE L'EXEMPLE DU RESET

ordonnancement optimisation de fusion

- i-traduction s-traduction | ) | génération { - htl
= == 9| NLustre Stc »| Obc > ig -=

node driver(x0, y0, u, v: double, r: bool) system driver {

returns (x, y: double) sub x: ins, y: ins;
var ax, ay: bool;
let transition(x0, y0, u, v: double, r: bool)
X, ax = (restart ins every r)(x0, u); returns (x, y: double)
y, ay = (restart ins every r)(y0, v); var ax, ay: bool;
tel {

reset ins<x> every (. on r);
reset ins<y> every (. on r);
X, ax = ins<x>(x0, u);
y, ay = ins<y>(y0, v);

ordonnancer uniquement }
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SEMANTIQUE INTUITIVE DE STC

Etats de départ S,

o, Contraintes de transition Ftat intermédiaire |
d'arrivee S
system driver {
sub x: ins, y: ins;
S s’

transition(x0, y0, u, v: double, r: bool)
returns (x, y: double)
var ax, ay: bool;
{
X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y0, v);
reset ins<y> every (. on r);



SEMANTIQUE INTUITIVE DE STC

Etats de départ S,

Jarrivée S Contraintes de transition Ftat intermédiaire |/

) driver
system dr}ver { . //////HEEQETF;?T\\\\\&
sub x: 1ins, y: ins;
S s’
transition(x0, y0, u, v: double, r: bool)
returns (x, y: double)
var ax, ay: bool; SiK 1]
{
X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y0, v);
reset ins<y> every (. on r);



SEMANTIQUE INTUITIVE DE STC

Etats de départ S,

Jarrivée S Contraintes de transition Ftat intermédiaire |/

en drs ( driver
system driver
sub x: ins, y: ins; //////HEELETF;?T\\\\\&
S s’
transition(x0, y®, u, v: double, r: bool) ‘ ins
returns (x, y: double)
var ax, ay: ﬁool; SiK reset Ix] S'Ix
{
X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y0, v);
reset ins<y> every (. on r);



SEMANTIQUE INTUITIVE DE STC

Etats de départ S,

Jarrivée S Contraintes de transition Ftat intermédiaire |/

en drs ( driver
system driver
sub x: ins, y: ins; //////HEELETF;?T\\\\\&
S s’
transition(x0, y0, u, v: double, r: bool) ‘ ins ins ‘
returns (x, y: double) ~ Treset ~default ™
var ax, ay: bool; SiK Ix] S'Ix
{
X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y0, v); s

Sl
reset ins<y> every (. on r);



SEMANTIQUE INTUITIVE DE STC

Etats de départ S,
d'arrivée &

system driver {
sub x: ins, y: ins;

transition(x0, y0, u, v: double, r: bool)

returns (x, y: double)
var ax, ay: bool;
{
X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y0, v);
reset ins<y> every (. on r);

Contraintes de transition

driver

S s’
‘ ins ins ‘
~reset ™~ default >

S I SN

driver

m

S s’

Skx] Ix]

Ftat intermédiaire |



SEMANTIQUE INTUITIVE DE STC

Etats de départ S,
d'arrivée &

system driver {
sub x: ins, y: ins;

transition(x0, y0, u, v: double, r: bool)

returns (x, y: double)
var ax, ay: bool;
{
X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y0, v);
reset ins<y> every (. on r);

Contraintes de transition

driver

S s’
‘ ins ins ‘
~reset ™~ default >

S I SN

driver

m

S s’

S[x] A 1[x] S’[x]

Ftat intermédiaire |



SEMANTIQUE FORMELLE DE STC

Contrainte de transition basique
Rte | R(x)
R,S,I,S'Fx=¢e
Contrainte de transition next

Ri-e [ «v» R(x)=<5(x)> S'(X)=v REe <> R(x)=<¢> S'(x)=S(x)
R,S,1,S'Fnext x=e R,S,1,S'Fnext x = e
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Contrainte de transition basique
Rte | R(x)
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SEMANTIQUE FORMELLE DE STC

Transition par défaut
Ree v I[i],ST1Hf(v) [l R(X)
if (k=0) then I[i] & SJi]
R,S,1,S Fx = f<i,k>(e)

Transition reset

Rtck | true initial-statef I[i] Ri-ck | false I[i] & SJi]
R,S,1,S'Freset f<i> every ck R,S,1,S' Freset f<i> every ck
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PRODUCTION DE CODE IMPERATIF :
DE STC VERS OBC




STC

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)
returns (x: double, alarm: bool)
var xe: double when not alarm;

{
alarm = (k >= 50);
next k = k + 1;
xe = euler<xe>(gps when not alarm,

xv when not alarm);

x = merge alarm (px when alarm) xe;
next px = Xx;

0]:]6

class ins {

state k: int, px: double;
instance xe: euler;

reset() { state(k) := 0;
state(px) := 0.;
euler(xe).reset() }

step(gps, xv: double)
returns (x: double, alarm: bool)
var xe: double

{
alarm := state(k) >= 50;
state(k) := state(k) + 1;
if alarm { }
else { xe := euler(xe).step(gps, xv) };
if alarm { x := state(px) }
else { x := xe };
state(px) := x 21



STC

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)
returns (x: double, alarm: bool)
var xe: double when not alarm;

{
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COMPILATION DE L'EXEMPLE DU RESET

ordonnancement optimisation de fusion
i-traduction s-traduction (% génération )
---. Sic ~| obe i |-->
system driver { class driver {
sub x: ins, y: ins; instance x: ins, y: ins;
transition(x0, y0, u, v: double, r: bool) reset() { ins(x).reset();
returns (x, y: double) ins(y).reset() }
var ax, ay: bool;
{ step(x0, y0, u, v: double, r: bool)
reset ins<x> every (. on r); returns (x, y: double)
reset ins<y> every (. on r); var ax, ay: bool
X, ax = ins<x>(x0, u); {
y, ay = ins<y>(y0, v); if r { ins(x).reset() };
} if r { ins(y).reset() };
} X, ax := ins(x).step(x0, u);
y, ay := ins(y).step(y0, v)
} 2
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REGLES SEMANTIQUES

Expressions

me,vel-e; |l vi me,vele, |l v,

me,vetx || ve(x) me,vel-state(x) I me(x) me,vetey + ey I [+](v1, v2)

Instructions
me,vetl-e |l v me,vel-e |l v

me,vel-x :=e || (me,ve{x s v}) me,vetl-state(x) :=e | (me{x— v},ve)

me, vetsy |l (mey,vey) .
meq,vei ks, |l (me,, ve,) me,vet-e [l v meli]t-c.f(v) |} me]

me,vet-s; ; s; L (mey,vey) me,vetx:=c(i).f(e) I (me{i — mej},ve{x — w})

23
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REGLES SEMANTIQUES

Exécution en boucle

Ysp n-+1
metc.f(xsp) Ul me’ me'Fcf(xs) Qys

n

metc.f(xs) Qys
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GENERATION DE CODE CLIGHT




LE LANGAGE CLIGHT

Mécanisation en Coq de la syntaxe, de la sémantique et des algorithmes de
compilation du langage C.

Clight

- langage intermédiaire de CompCert
- trés proche de C

- opérations de bas niveau (adresses, structures, ...)

25



0]:]e

CLIGHT

class ins {
state k: int, px: double;
instance xe: euler;

reset() { state(k) := 0;
state(px) := 0.;
euler(xe).reset() }

step(gps, xv: double)
returns (x: double, alarm: bool)
var xe: double

{
alarm := state(k) >= 50;
state(k) := state(k) + 1;
if alarm { x := state(px) }

else {
xe := euler(xe).step(gps, xv);
X 1= xe };

state(px) := x

struct ins {
int k;
double px;
struct euler xe;

58

void fun$ins$reset(struct ins =*self) {
self->k = 0;
self->px = 0;
fun$euler$reset(&(self->xe));
return;

}

26
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instance xe: euler;
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else {
xe := euler(xe).step(gps, xv);
X 1= xe };
state(px) := x

struct fun$ins$step {
double x;
bool alarm;
fbs
void fun$ins$step(struct ins =*self,
struct fun$ins$step =out,
double gps, double xv) {
register double step$x;
register double xe;
out->alarm = self->k >= 50;
self->k = self->k + 1;
if (out->alarm) { out->x = self->px; }
else {
step$x = fun$euler$step(&(self->xe), gps, xv);
xe = step$x;
out->x = xe;
}
self->px = out->x;
return; 26
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BOUCLE PRINCIPALE

int main(void) {

struct nav { struct fun$nav$step out$step;
bool c; register double gps;
bool r; register double xv;
struct ins insr; register bool s;

e

fun$nav$reset(sself$);
struct fun$nav$step {

double x; while (true) {
bool alarm; gps = volatile_load(&gps$);
b xv = volatile_load(&xv$);

s = volatile_load(&s$);
struct nav self$;

double volatile gps$; fun$nav$step(&self$, Sout$step, gps, xv, s);
double volatile xv$;

bool volatile s$; volatile_store(&x$, out$step.x);

double volatile x$; volatile_store(&alarm$, out$step.alarm);
bool volatile alarm$; }
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MODELE SEMANTIQUE DE CLIGHT

- modeéle mémoire : blocs contigus
- variables et registres
- état sémantique (E, L, M)

E environnement de variables : identifiants vers adresses
meémoire

L environnement de registres : identifiants vers valeurs

M meémoire : adresses vers octets

28



CORRECTION : CORRESPONDANCE ENTRE OBC ET CLIGHT

Conséquences du modéle mémoire de CompCert

- aliasing
- alignement
- permissions

- tailles de types

Manipulation de structures et de pointeurs
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CORRECTION : CORRESPONDANCE ENTRE OBC ET CLIGHT

Conséquences du modéle mémoire de CompCert

- aliasing
- alignement
- permissions

- tailles de types

Manipulation de structures et de pointeurs

Solution : utiliser des assertions de Logique de Séparation
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) REYNOLDS 2002
LOGIQUE DE SEPARATION

Une extension de la logique de Hoare pour raisonner sur des programmes qui
manipulents des structures et des pointeurs.
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Le prédicat M & P« Q stipule que M peut étre partitionnée en deux zones
distinctes sur lesquelles P et Q sont vraies respectivement.

30



) REYNOLDS 2002
LOGIQUE DE SEPARATION

Une extension de la logique de Hoare pour raisonner sur des programmes qui
manipulents des structures et des pointeurs.

Le prédicat M & P« Q stipule que M peut étre partitionnée en deux zones
distinctes sur lesquelles P et Q sont vraies respectivement.

CompCert utilise déja une librairie legere de Logique de Séparation pour l'une de
ses passes.

30



PREDICAT DE CORRESPONDANCE D'ETAT

bool c
bool r

alignement| | |
C insr 9

int k
alignement
// \\ bool il|| [}
i pX

nav

ins insr

double px || \\
alignement |

double px \\

euler xe

31



PREDICAT DE CORRESPONDANCE D'ETAT

bool c
bool r

) alignement
C r insr 9

int k
alignement

. double px ]
// \\ bool i|| [}
: alignement |
double px \\

nav
[ ]

1ns 1nsr

(]
©
x
euler xe

31



PREDICAT DE CORRESPONDANCE D'ETAT

bool c
bool r

) alignement
c r insr 9

int k
alignement

. double px ]
// \\ bool il|| [}
: alignement |
double px \\

nav
|

1ns 1nsr

(]
©
x
euler xe

31



PREDICAT DE CORRESPONDANCE D'ETAT

bool c
bool r
alignement

nav

int k
alignement

. double px ]
// \\ bool il|| [}
: alignement |
double px \\

1ns 1nsr

(]
©
x
euler xe

31



PREDICAT DE CORRESPONDANCE D'ETAT
= bool ¢
_LLUTree = bool r|| |
A ----------------- —_

) .. alignement
C r insr ~A 9

int k
alignement

. double px ]
// \\ bool i|| [}
: alignement |
double px \\

1ns 1nsr

(]
©
x
euler xe

31



PREDICAT DE CORRESPONDANCE D'ETAT
= bool ¢
_LLUTree = bool r|| |
A ----------------- —_

) .. alignement
(@ r insr ~A 9

int k
alignement

. double px L[] ]]
// \\ bool il|| [}
: alignement |
double px \\

1ns 1nsr

(]
©
x
euler xe

31



PREDICAT DE CORRESPONDANCE D'ETAT
= bool ¢
_LLUTree = bool r|| |
A --------------- [

) “a alignement
(@ r insr ~A 9

int k
alignement

double px

1ns 1nsr

bool 1
alignement

double px

(]
©
x
euler xe




PREDICAT DE CORRESPONDANCE D'ETAT

bool c
________________ bool r

: .. alignement
¢ r insr 2N J ATAngTT

int k
alignement

¢

o

©
]

nav
[ ]

double px ]

Yins insr

bool 1i
alignement ‘

double px | |

(]
©
=
euler xe

31



PREDICAT DE CORRESPONDANCE D'ETAT

bool c
________________ bool r

: .. alignement
¢ r insr 2N J ATAngTT

int k
alignement

double px ]

bool il|| |

alignement ‘
double px | |

¢

o

©
]

nav
[ ]

Yins insr

H
©
x
euler xe

31



PREDICAT DE CORRESPONDANCE D'ETAT

bool c
________________ bool r

C r insr T alignement ATngTT

int k
alignement
double px ]

bool 1
alignement

(.In
-
D
©
]
nav
| ]

Yins insr

double px

(]
©
X
euler xe




CORRECTION
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CORRECTION

génération ]
====p» Obc »| Clight |===»

o +f.reset() I meg 3T, P | Reacts(T)
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CORRECTION
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e »| clight k---»
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————> P |} Reacts(trace-stepf xS ys)
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CORRECTION DE VELUS




THEOREME FINAL

Théoréme (correction de Vélus)

Soient une liste de declarations D, un nom f, deux listes de flots de valeurs xs
et ys, un programme NLustre G et un programme Assembleur P tels que
compile D f = OK (G, P) et G-f(xs) || ys, alors, il existe une trace infinie
d’evenements T telle que

P lasu Reacts(T) et bisim-I0°fxsys T
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CONCLUSION

Résumeé

- Un compilateur veérifié Lustre vers Assembleur ’:"

- Une seule regle sémantique pour le reset anu)

- Un langage de systemes de transitions velus.inria.fr

intermeédiaire : Stc github.com/INRIA/velus

Futur Perspectives et discussion

- Normalisation (fait!) - 42000 loc et 3% de code fonctionnel

- Machines a états (en cours!) - Extensibilité

- Raffinement - Maintenance

- Optimisations - Axiomes

- Applicabilité industrielle .


https://velus.inria.fr
https://github.com/INRIA/velus

LUSTREC ET COMPILATION CERTIFIANTE




LUSTREC : UN COMPILATEUR LUSTRE

élaboration normalisation optimisations

analyse
syntaxique ' traduction ]
Lustre Machine Code > C
ordonnancement optimisations —
. . —>| Ada
Implémenté en OCaml (~ 28 000 loc)
> EMF
—> Horn
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THIRIOUX 2016
OBJECTIF : COMPILATEUR CERTIFIANT

- Géneération de spécification ACSL

C
- Encodage du résultat de correction f r aitla

- A terme : transport automatique de

spécification haut niveau Software Analyzers

36



LUSTREC ET VELUS

- Approche plus souple

- Autres backends envisageables (ex. SPARK / Ada)

- Incomparables en termes de fonctionnalités (2K loc vs 28K loc)
- SCADE vs Simulink

- Transport de spécifications et vérification

37



EXEMPLE

FBY

L.

node euler(x0, u: double)
returns (x: double);
let
X = x0 fby (x + 0.1 * u);
tel

38



EXEMPLE

struct _arrow_mem {
struct _arrow_reg { _Bool _first; } _reg;

b

void _arrow_reset(struct _arrow_mem *self) {
self->_reg._first = true;

struct euler { return;
bool 1i; }
double px;
e _Bool _arrow_step(struct _arrow_mem =*self) {

if (self->_reg._ first) {
self->_reg._first = 0;
return 1;

}

return 0;

}

38



EXEMPLE

struct euler {
bool 1i;
double px;
5g

struct euler_mem {
_Bool euler_reset;
struct euler_reg {double
struct _arrow_mem *ni_9;

bg

_euler_2;} _reg;

38



EXEMPLE

void euler_set_reset(struct euler_mem *self) {
self->euler_reset = 1;
return;

}

void fun$euler$reset(struct euler *self) {

self->i = true; .
! void euler_clear_reset(struct euler_mem xself) {
self->px = 0;

return; if (self->euler_reset) {
} self->euler_reset = 0;
_arrow_reset(self->ni_9);
}
return;

}
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EXEMPLE

void euler_step(double x0, double u,

double fun$euler$step(struct euler xself, double (*x),
double x0, double u) { struct euler_mem *self) {
register double x; _Bool __euler_1;
if (self->i) { euler_clear_reset(self);
X = X0; __euler_1 = _arrow_step(self->ni_9);
} else { if (__euler_1) {
x = self->px; *X = X0;
} } else {
self->i = false; *X = self->_reg.__euler_2;
self->px = x + 0.100000000000000006 * u; }
return x; self->_reg.__euler_2 = (*x + (0.1 % u));
} return;
}
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COMPILATION DU RESET
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COMPILATION DU RESET
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PRINCIPE DE LA SPECIFICATION

Prédicats ACSL

- correspondance d’état (mémoire fantdome, principe de s-rep)

- relations de transition

40



EXEMPLE AVEC SPECIFICATION

/*a) requires \separated(self, mem, self->ni_9, x);
requires euler_ghost(*mem, self);
ensures euler_ghost(*mem, self);
ensures euler_transition(\old(*mem), x0, u, *mem, *x);
assigns *x;
assigns self->_reg.__euler_2;
assigns self->ni_9->_reg._first;
assigns self->euler_reset;
assigns mem->_reg.__euler_2;
assigns mem->ni_9._reg._first;
assigns mem->euler_reset;
*/
void euler_step(double x0, double u,
double (xx),
struct euler_mem xself)
/*@d ghost (struct euler_mem_ghost \ghost *mem) %/ {

41



EXEMPLE AVEC SPECIFICATION

_Bool __euler_1;

euler_clear_reset(self) /*@ ghost (mem) */;

//@ assert euler_ghostO(*mem, self);

//@ assert euler_transitionOQ(*mem, x0, u, *mem);
Reset:

__euler_1 = _arrow_step(self->ni_9) /*@ ghost (&mem->ni_9) =*/;
//@ assert euler_ghosti(*mem, self);
//@ assert euler_transitionl(\at(*mem, Reset), x0, u, __euler_1, *mem);

if (__euler_1) {
*X = X0;
} else {
*x = self->_reg.__euler_2;
}
//@ assert euler_ghost2(*mem, self);
//@ assert euler_transition2(\at(*mem, Reset), x0, u, *mem, *x);

self->_reg.__euler_2 = (*x + (0.1 % u))

//@ ghost mem->_reg.__euler_2 = (*x + (0.1 * u));

//@ assert euler_ghost3(*mem, self);

//@ assert euler_transition3(\at(*mem, Reset), x0, u, *mem, *x);

return; 41



EXEMPLE AVEC SPECIFICATION

/*@) ghost struct euler_mem_ghost {
_Bool euler_reset;
struct euler_reg _reg;
struct _arrow_mem_ghost ni_9;

Bs
*/
/*a) predicate euler_ghostO(struct euler_mem_ghost mem, struct euler_mem *self) =
mem.euler_reset == self->euler_reset &5 mem.euler_reset == \false;
*/

/*a) predicate euler_ghostl(struct euler_mem_ghost mem, struct euler_mem *self)
euler_ghost0(mem, self)
&& _arrow_ghost(mem.ni_9, self->ni_9);

*/

/*@) predicate euler_ghost2(struct euler_mem_ghost mem, struct euler_mem *self)
euler_ghosti(mem, self);

*/
/*@ predicate euler_ghost3(struct euler_mem_ghost mem, struct euler_mem *self)
euler_ghost2(mem, self)

&& (!_arrow_initialization(mem.ni_9) ==> mem._reg.__euler_2 == self->_reg.__euler_2);
*/
/*@) predicate euler_ghost(struct euler_mem_ghost mem, struct euler_mem *self) =
mem.euler_reset ? (mem.euler_reset == self->euler_reset) : (euler_ghost3(mem, self)); 41

*/



EXEMPLE AVEC SPECIFICATION

/*a predicate euler_transition0(struct euler_mem_ghost mem_in,
double x0, double u,
struct euler_mem_ghost mem_out) =
\true;
*/
/*d predicate euler_transitioni(struct euler_mem_ghost mem_in,
double x0, double u, _Bool __euler_1,
struct euler_mem_ghost mem_out) =
euler_transition0(mem_in, x0, u, mem_out)
&6 _arrow_transition(mem_in.ni_9, mem_out.ni_9, __euler_1);
*/
/*@ predicate euler_transition2(struct euler_mem_ghost mem_in,
double x0, double u,
struct euler_mem_ghost mem_out, double x) =
\exists _Bool __euler_1;
euler_transitioni(mem_in, x0, u, __euler_1, mem_out)
&§6 (__euler_1 ? (x == x0) : (x == mem_in._reg.__euler_2));
*/
/*@ predicate euler_transition3(struct euler_mem_ghost mem_in,
double x@, double u,
struct euler_mem_ghost mem_out, double x) =
euler_transition2(mem_in, x0, u, mem_out, Xx)
&6 mem_out._reg.__euler_2 == (x + 0.1 * u);
*/
/*@ predicate euler_transition(struct euler_mem_ghost mem_in,
double x0, double u,
struct euler_mem_ghost mem_out, double x) =
\exists struct euler_mem_ghost mem_reset;
euler_reset_cleared(mem_in, mem_reset)
&6 euler_transition3(mem_reset, x0, u, mem_out, Xx); 41

*/
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euler_step Assertion
euler_step Assertion
euler_step Assertion
euler_step Assertion
euler_step Assertion
euler_step Assertion
euler_step Assertion
euler_step Assertion
euler_step

Assigns ... (exit)

Model

Typpd (Reah

Typed (Real)
ed (Real)
Typed (Real)
Typed (Real)
Typed (Real)
Typed (Real)
Typed (Real)
Typed (Real)
Typed (Real)
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*\

*me

Provers...
Qed Script Alt-Ergo 2.3.1 Z34.8.6

o -
- - o

.
- - ° °
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- - °
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old(x));

_first,

, struct euler_mem *self)

*mem
_arrow_step(self- =1 91 /*@ qhnst (& mem->ni_9) */;

em); */

*mem, *x); */ ;

®Clear
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