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Compilation synchrone vérifiée

xs, ys, s1, s2, s3 : Stream svalue

H : History

bs := base_of [xs]

H1 : Env.find _r H = Some xs

H2 : Env.find _up H = Some sl

H3 : Env.find _pn H = Some s3

H4 : Env.find _n H = Some ys

H5 : fby (const bs (Venum 1)) s2 si

H6 : sem_exp H bs ((_up and _n < 5) or (mot _up and _n <1)) s2
H7 : sem_exp H bs (0 fby _n) s3

H8 : sem_exp H bs (if _up then (_pn + 1) else (_pn - 1)) ys

Forall_Str (A v = match v with
| present (Vint i) =
Int.1t Int.zero i &% Int.1lt i (Int.repr 6) = true
| . =1
end) ys.
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Vérification de propriétés
> interactive/automatique
> lisibilité?

> traitement des erreurs?
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Trois sémantiques a flots de données

Synchrone dénot.

Relationnelle

D¥ = D* U D*
D:=A]v

DOO
D:=A|v

dénotationnelle (ordre préfixe), L =€
fonctions continues et bloquantes

calcul du point fixe des équations

relations/prédicats
conjonctions
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Probleme d'encodage

Kahn
@ | D¥ = DU D™
[e]
| D:=v
(O]
=3
jon
‘e
(o]
()
No)
1S
£ | explicites (?)
et
o

explicites (7)

» comment parler de D¥ en Coq?

» par exemple, filter : (D — B) — D* — D¥

inexistantes
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C. Paulin-Mohring, A denotational semantics for Kahn networks in Coq, 2009

filter: (A — B) —» AY —». A%

filter f (a-s)~a-filterfs si(fa)=T
filter f (a-s) ~filter f s si(fa)=F
filter f L ~ 1

map: (A— B) - AY —. B¥
map f (a-s)~(f a)-map f s
map f L~ 1

zip:(A—>B—C)—= AY = BY . C¥
zipf(a-s1)(b-sp)~(fab) zipfs s
zipfsl~zipf lLs~1
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Construction : opération combinatoire

X5 xs| A 10 10 A 10 10
= rs ys|A 10 5 A 2 1
ys s|/A 1 2 A 5 10
lift :Str —. Str — Str := LIFT Xs ys rs
zip(A AJA — A LIFT (A - xs) (A - ys) (A - rs)
| vi,voa — (match v <+ v» with
| Some r — r LIFT XS Y5 IS Vi ~ v» = Some r

| None — err,)

)

LIFT (vy - xs) (va - ys) (r - rs)



Construction : opération combinatoire

10 10 A 10 10
10 5 A 2 1

A

X . rs xs
- ys A
ys rs ‘ A

lift : Str —. Str —. Str :=
zip(A A A = A
| vi,voa — (match v <+ v» with
| Some r — r
| None — err,)
| v,A| A, v — erfgync

)

1 2 A 5 10

LIFT XS ysS rs

LIFT (A - xs) (A - ys) (A - rs)

LIFT XS yS 1S vi — v» = Some r

LIFT (vy - xs) (va - ys) (r - rs)



Construction : opération combinatoire

10 10 A 10 10
10 5 A 2 1

A

X . rs xs
- ys A
ys rs ‘ A

lift : Str —. Str —. Str :=
zip(A A A = A
| vi,voa — (match v <+ v» with
| Some r — r
| None — err,)
| v,A| A, v — erfgync
| err, | _,err — err)

1 2 A 5 10

LIFT XS ysS rs

LIFT (A - xs) (A - ys) (A - rs)

LIFT XS yS 1S vi — v» = Some r

LIFT (vy - xs) (va - ys) (r - rs)



Construction : opération combinatoire

ys

rs

10 10 A 10 10
10 5 A 2 1

ys rs ‘ A

lift : Str —. Str —. Str :=
zip(A A A = A
| vi,voa — (match v <+ v» with
| Some r — r
| None — err,)
| v,A| A, v — erfgync
| err, | _,err — err)

1 2 A 5 10

LIFT XS ysS rs

LIFT (A - xs) (A - ys) (A - rs)

LIFT XS yS 1S vi — v» = Some r

LIFT (vy - xs) (va - ys) (r - rs)

» Théoreme : si lift xs ys est sans erreurs, alors LIFT xs ys (lift xs ys)



Construction : opération combinatoire

s xs| A 10 10 A 10 10
= rs ys|A 10 5 A 2 1
ys s|/A 1 2 A 5 10

lift™ : Str — Str —. Str:=
zip (A AA—A
| vi, v — (match v <+ v» with
| Some r — r
| None — err,)

| v AA—errene
| err, | _,err — err)

LIFT XS ysS rs

LIFT (A - xs) (A - ys) (A - rs)

LIFT XS yS 1S vi — v» = Some r

LIFT (vy - xs) (va - ys) (r - rs)

» Théoreme : si lift xs ys est sans erreurs, alors LIFT xs ys (lift xs ys)

$ Théoreme : et aussi, [lift xsys|a =~ lift# [xs|a |ys|a
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Construction :

Xs

1
ys by rs

fby# : Str — Str —, Str
foy” L ys~ L
fby® (v-xs) ys ~v-ys

délai initialisé

xs|A 5 A 5 5 5 5
ys|A 6 A 7 8 9 10
rs|/A 5 A6 7 8 9

FBY XS yS s

FBY (A - xs) (A-ys) (A-rs)

FBY;1 Vo XS ys rs

FBY (v - xs) (va - ys) (v - rs)

FBY] V XS yS rs

FBY1 v (A - xs) (A-ys) (A-rs)

FBY1 Vo XS ys rs

FBYy v (vi - x5) (v2 - ys) (v - rs)



Construction :

Xs

1
ys by rs

fby# : Str — Str —, Str
foy” L ys~ L
fby® (v-xs) ys ~v-ys

Synchrone dénotationnel

> quelles erreurs?
> x=0fby (x+1)7

délai initialisé

xs|A 5 A 5 5 5 5
ys|A 6 A 7 8 9 10
rs|/A 5 A6 7 8 9

FBY XS yS s

FBY (A - xs) (A-ys) (A-rs)

FBY;1 Vo XS ys rs

FBY (v - xs) (va - ys) (v - rs)

FBY] V XS yS rs

FBY1 v (A - xs) (A-ys) (A-rs)

FBY1 Vo XS ys rs

FBYy v (vi - x5) (v2 - ys) (v - rs)



Construction : délai initialisé

Xs

— xs|A 5 A 5 5 5 5
ys|/A 6 A 7 8 9 10

¥ | oy |2 rs|A 5 A6 7 8 9

fby (A - xs) ys := A - fbya xs ys fby; None xs (v - ys) := fby; v xs ys

fby (v - xs) ys := v - fby; None xs ys

fbya xs (A - ys) := fby xs ys
fby1 v (A - xs) ys := A - fby; (Some v) xs ys
fby1 v (vx - xs) ys := v - fby] None xs ys



Construction : délai initialisé

Xs

— xs|A 5 A 5 5 5 5
ys|A 6 A 7 8 9 10
¥ | oy |2 rs|A 5 A6 7 8 9
fby (A - xs) ys := A - fbya xs ys fby; None xs (v - ys) := fby; v xs ys
fby (v - xs) ys := v - fby; None xs ys fby, (Some v) xs (A - ys) := fby; v xs ys
fby (err - xs) ys := err - map (Ax. err) xs fby] _ xs (err - ys) := map (\x. err) xs
fbya xs (A - ys) := fby xs ys foyy _xs (_- ys) := map (Ax. errsync) xs

fbya xs (err - ys) := map (Ax. err) xs fby1 v (A - xs) ys := A - fby] (Some v) xs ys

fbya xs (v - ys) := map (Ax. efrsync) xs T S e A B

fby1 v (err - xs) ys := err - map (Ax. err) xs



Construction : délai initialisé

Xs

— xs|A 5 A 5 5 5 5
ys|A 6 A 7 8 9 10
¥ | oy |2 rs|A 5 A6 7 8 9
fby (A - xs) ys := A - fbya xs ys fby; None xs (v - ys) := fby; v xs ys
fby (v - xs) ys := v - fby; None xs ys fby, (Some v) xs (A - ys) := fby; v xs ys
fby (err - xs) ys := err - map (Ax. err) xs fby] _ xs (err - ys) := map (\x. err) xs
fbya xs (A - ys) := fby xs ys foyy _xs (_- ys) := map (Ax. errsync) xs

fbya x5 (err - ys) := map (Ax. err) xs fby1 v (A - xs) ys := A - fby] (Some v) xs ys

fbya xs (v - ys) := map (AX. effsync) Xs fbys v (e - x5) 5 := v - fby}, None xs ys

fby1 v (err - xs) ys := err - map (Ax. err) xs

» Théoreme : si fby xs ys est sans erreurs, alors FBY xs ys (fby xs ys)



Construction : délai initia

lisé

xS xs|A 5 A 5 5 5 5
-~ ys|A 6 A 7 8 9 10
¥ | oy |2 rs|[A5 A6 7 8 9

fby (A - xs) ys := A - fbya xs ys
fby (v - xs) ys := v - fby; None xs ys

fby (err - xs) ys := err - map (Ax. err) xs

fbya xs (A - ys) := fby xs ys
fbya xs (err - ys) := map (Ax. err) xs

fbya xs (v - ys) := map (Ax. efrsync) xs

$ Théoreme : si fby xs ys est

fby; None xs (v
fby; (Some v) xs (A -

fby; _ xs (err - ap (Ax. err) xs

m
fby] _ xs (_- map (AX. €rfsync) Xs
1 Y

fby1 v (A - xs) ys := A - fby] (Some v) xs ys
fby1 v (vx - xs) ys := v - fby] None xs ys

fby1 v (err - xs) ys := err - map (Ax. err) xs

sans erreurs, alors FBY xs ys (fby xs ys)

$ Théoreme : et aussi, |[fby xsys|a =< fby? [xs|a [ys]a



Construction : réinitialisation modulaire

""""""" : xs|1 1 1

CR . ys

it B A s|FOFOF
1 2 3

rs B E ys‘

> > >

_| -

N[ T~

WM~

_| -



Construction : réinitialisation modulaire

XS : £ :
rs s :

ys

XS | X1 X2 X3 X4§X5 X6 X7§X8
rs|F F F AIT F FIT

ys|y1 y2 y3 vaiys Yo yiiYs

[Bourke, Brun, Pouzet, 2020]
fEx-x-x3-xa] 4 [y1-y2-y3-yal
AN FEIxsx6-x7] 4 [ys - Y6 -yl

A = [xg] U [ys]
N



Construction : réinitialisation modulaire

XS | X1 X2 X3 XaiXs Xe X7! X8

xs Loys i i
3 P e s|F FF AT F F LT
P e T : Ys|yi y2 y3 va ¥s Yo yii ¥s

[Bourke, Brun, Pouzet, 2020]
fEx-x-x3-xa] 4 [y1-y2-y3-yal
AN FEIxsx6-x7] 4 [ys - Y6 -yl

A = [xg] U [ys]
N

(masquage : [x2-x3] =A-xp-x3-A-A--")



Construction : réinitialisation modulaire

: xs|x1 xo X3 XaiXs Xe X7 X
xs s 1 X2 X3 XaiXs Xg X7i Xg

rs|F F F AT F F.T

R ysivi va y3 yvaiys ¥6 1 e
[Hamon, Pouzet, 2001]

resets rs xs :=
let cs = true-until rs in
merge cs (f (when cs xs))
(resets (whenot cs rs) (whenot cs xs))
[Bourke, Brun, Pouzet, 2020]

fE-x-x3-x] § [y1-y2-ys- yal
A fEIxs-x6-x7] U [ys - ye - y7l

A = [xg] U [ys]
N

(masquage : [x2-x3] =A-xp-x3-A-A--")



Construction : réinitialisation modulaire

: xs|x1 xo X3 XaiXs Xe X7 X
xs s 1 X2 X3 XaiXs Xg X7i Xg

rs|F F F AT F F.T

R ys|y1 y2 y3 vaiys Yo yiiYs
[Hamon, Pouzet, 2001]

resets rs xs :=
let cs = true-until rs in
merge cs (f (when cs xs))
(resets (whenot cs rs) (whenot cs xs))
[Gérard, 2013]

sresets rs xs := sreset} rs xs (f xs)
sreset; (T - rs) xs ys ~ sreset; (F - rs) xs (f xs)
sreset; (F-rs) (x-xs) (y-ys) =y -(sreset; rs xs ys)
sreset; (A-rs) (x-xs) (y-ys) =y -(sreset; rs xs ys)



Construction : réinitialisation modulaire

Xs Ly

XS | X1 X2 X3 X4§X5 X6 X7§X8
rs|F F F AIT F FIT

R ys|y1 y2 y3 vaiys Yo yiiYs
[Hamon, Pouzet, 2001]

resets rs xs :=
let cs = true-until rs in
merge cs (f (when cs xs))
(resets (whenot cs rs) (whenot cs xs))
[Gérard, 2013]

sresets rs xs := sreset} rs xs (f xs)
sreset; (T - rs) xs ys ~ sreset; (F - rs) xs (f xs)
sreset; (F-rs) (x-xs) (y-ys) =y -(sreset; rs xs ys)
sreset; (A-rs) (x-xs) (y-ys) =y -(sreset; rs xs ys)

» Théoreme : si clock(rs) =~ clock(xs) alors resets rs xs ~ sresets rs xs
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Approche proposée

Traitement des erreurs

..................... Synchrone | 14 (IF] 1)

(" Relationnel
no-errors ? Denot. o0 + no-errors ?

erry - errpy
erry, . s erry

;. €ffsync

x = if 5 then y else z Lustre
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Approche proposée

Traitement des erreurs

..................... Synchrone | 14 (IF] 1)

no-errors ? Denot. no-errors ?

(" Relationnel

x=1if5-theny-elsez [ Lu:stre - typage des données v/
S typage des horloges v
analyse de causalité v/
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10/x

1

X fboy |——
x|5 21 0 2 5
foy |2 5 2 1 0 2
foy | 2 5 2 errg errg errg -
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Traitement des erreurs

10/x
1
o Autres obligations ?
fby — .. #
Variations sur fby™ ?
x|5 21 0 2 5
foy* [2 5 2 1 0 2
foy | 2 5 2 errg errg errg -



Approche proposée

Traitement des erreurs

o-run-time-er Denot.

Synchrone

=LY ([ 1)

Relationnel

no-run-time-errors

Lustre

typage des données v’
typage des horloges v/
analyse de causalité v/
preuve interactive ?



Analyse statique

Constat : seules quelques opérations bien typées peuvent échouer
(cf. CompCert/cfrontend/Cop.v)


https://github.com/AbsInt/CompCert/tree/master/cfrontend/Cop.v#L770
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n/0 n%0 n >> 64 n << 64
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Analyse statique

Constat : seules quelques opérations bien typées peuvent échouer
(cf. CompCert/cfrontend/Cop.v)

n/0 n%0 n > 64 n << 64
MIN_INT / -1 MIN_INT % -1
(int)NaN (int) Infty (int)2763-1.0 (int)-2763.0

Procédure : interdire ces opérations lorsque |'opérande est inconnue
» check-ops (4 % x) =F
» check-ops(x /2)=T
> ..
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Analyse statique

Constat : seules quelques opérations bien typées peuvent échouer
(cf. CompCert/cfrontend/Cop.v)

n/0 n%0 n > 64 n << 64
MIN_INT / -1 MIN_INT % -1
(int)NaN (int) Infty (int)2763-1.0 (int)-2763.0

Procédure : interdire ces opérations lorsque |'opérande est inconnue
» check-ops (4 % x) =F
» check-ops(x /2)=T
> ..

» Théoreme : Vxs f, si check-ops (f) = T alors no-run-time-errors f xs


https://github.com/AbsInt/CompCert/tree/master/cfrontend/Cop.v#L770
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et welltyped-inputs f xs
et fExs{ys
alors asm |} (Load (xs(/)) - Store (ys(i)))i2o

1. avec machines a états



Conclusion

Une correction de la compilation renforcée

Théoréme (avant?!)

si compile f = OK asm
et welltyped-inputs f xs
et fExs{ys
alors asm |} (Load (xs(/)) - Store (ys(i)))i2o

Théoreme (aprés?)
si compile f = OK asm
et welltyped-inputs f xs
et no-run-time-errors f xs
alors dys, fFxsl ys A asm (Load(xs(i)) - Store(ys(i)))i=o

1. avec machines a états
2. sans machines 3 états



Conclusion

Une correction de la compilation renforcée

Théoréme (avant?!)

si compile f = OK asm
et welltyped-inputs f xs
et fExs{ys
alors asm |} (Load (xs(/)) - Store (ys(i)))i2o

Théoreme (aprés?)

si compile f = OK asm
et welltyped-inputs f xs
et check-ops(f)=T
alors dys, fFxsl ys A asm (Load(xs(i)) - Store(ys(i)))i2o

1. avec machines a états
2. sans machines 3 états
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Conclusion

Nous avons défini :

» une sémantique dénotationnelle synchrone pour un langage a
flots de données avec réinitialisation modulaire, dans le cadre
du compilateur Vélus

» une modélisation précise des erreurs dans le contexte d'une
évaluation par point fixe, dans Coq

» des critéres de sa correspondance avec le modéle de Kahn

» une analyse statique pour valider certaines exécutions

[l reste a faire :
» une extension aux automates hiérarchiques
» une analyse statique plus élaborée

» affiner les critéres pour pouvoir raisonner sur le modeéle de Kahn



