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1

%k

mot_A

mot_B

pos_ X, pos_y, alt, ...

every trigger do:
read_inputs()
compute()
write_outputs()



The language Lustre
[Caspi, Pilaud and Plaice (1987), LUSTRE: a declarative language for programming
synchronous systems]

init —
incr ——{ count——n
reset —

node COUNT (init, incr: int; reset: bool)
returns (n: int):
let
n = init ->
if reset then init else pre(n) + incr:
tel;
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let
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Executable block-diagrams = “Model-Based Development”
The Scade Suite
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Vélus, a formally verified compiler for Lustre/Scade
https://velus.inria.fr/

8 people involved, 3 PhDs, 10 articles, +100k LoC
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Lustre NLustre
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initialization i-translation
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initialization optimization
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Semantic preservation
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Goal: interactive program verification
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Dataflow semantics, in Rocq

node rer (i : bool; n : int) returns (o : bool)
var e, ¢ : bool; d : int when ¢;

let

e = i and (false fby (not i));

c = e or (false fby o);

d = countdown((n, e) when c);

o = actdef(c, d) > 0;

tel;

i|FTTTFTT
n|2 2222202
e|F TFFFTF
c|FTTTFTT
d 2 10 2 1
ol F TTFFTT
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1 variable, 1 stream



Dataflow semantics, in Rocq
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P Relational semantics (H : History) + constraints on H



Dataflow semantics, in Rocq

node

var e,

let
e —=
c =
d =
o =
tel;

i|F T T TF TT .
rer (i : bool; n : int) returns (o : bool) n|2 22222 2 .
c : bool; d : int when ¢; e|F T FF F TF -
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i and (false fby (not i)); d|{A 210 A 21
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e or (false fby o);
countdown((n, e) when c);
actdef(c, d) > 0;

» ColInductive Str (D:Type) :=Cons : D -> Str D -> Str D

>
>

History :=PM.t (Str svalue) 1 variable, 1 stream

Relational semantics (H : History) + constraints on H

H(i) =si AH(n) =s,
A Jse, H(e) = se A H i and (false fby (not i)) | se
A Jsc, H(c) = sc A H I e or (false fby o) |} sc
VAN
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End sem_branch.

Inductive sem exp :

history - Stream B - exp - list (Stream svalue) -

Sconst:

YHbccs,
cs = const b ¢ =
sem exp H b (Econst ¢) [cs]

Senum:

YV HbK ty es,
es = enum b
sem exp H b

Svar:

VHbXs ann,
sem var H (Var x) s -
sem exp H b (Evar x ann) [s]

Sunop:

VHbeoptys oann,
semexp H b e [s] -
typeof e = [ty] =
lifty op ty s 0 ~
sem_exp H b (Eunop op e ann) [o]

Sbinop:

YV Hbepepopty] typ sq sp o ann,
sem exp H b e7 [s1] ~
sem exp H b e [s3] -
typeof e = [ty]] -
typeof ep = [typ] -
lifty op tyy typ s1
sem_exp H b (Ebinop

Stby:

¥ Hb ebs
Forally
Forally
Forally
sem_exp

Swhen:

VHDbXx tx s k es lann ss os,

Forallp (sem exp H b) es ss -

sem var H (Var x) s -

Forally (A s' = when k s' s) (concat ss) os =
sem_exp H b (Ewhen es (x, tx) k lann) os

Smerge:

Y Hbx tx s es lann vs os,
sem var H (Var x) s -

Forall2Brs (sem exp H b) es vs -
Forallp (merge s) vs os =

k =
(Eenum k ty) [es]

s 0=
op eg e ann) [o]

es anns sBss $ss 05,

(sem_exp H b) eds s0ss -

(sem_exp H b) es sss -

by (concat sOss) (concat sss) os =
H b (Efby e0s es anns) os

sem exp H b (Emerge (x, tx) es lann) os




Dataflow

ions  Buffers

End sem_branch.

Inductive sem exp : history - Stream B - exp - list (Stream svalue) - P :=
Sconst:
YHbccs,

cs = const b ¢ =

sem exp H b (Econst ¢) [cs]
Senum:
YV HbK ty es,

es = enum b k =

sem_exp H b (Eenum k ty) [es]
Svar:
VHbXs ann,

sem_var H (Var x) s -

sem exp H b (Evar x ann) [s]
Sunop:
VHbeoptys oann,

semexp H b e [s] -

typeofe= =
e ann) [o]

V Hbepepopty] tyz s1 53 0 ann,
sem exp H b ey [s1] -

cenexp Hb ey (51 - CompCert/cfrontend/Cop.v

typeof e = [ty]] -

typeo -
Tifty op typ tyz 51 52 0 3
Semexp-H-b—(Ebinep—op €] ey ann) [o]

Sfby:
¥ H b eBs es anns sOss sss os,
Forallp (sem exp H b) e0s s0ss -
Forally (sem_exp H b) es sss =
Forally fby (concat s@ss) (concat sss) os =
sem_exp H b (Efby eBs es anns) os
Swhen:
VHDbXx tx s k es lann ss os,
Forally (sem exp H b) es s5 -
sem var H (Var x) s -
Forally (A s' = when k s' s) (concat ss) os =
sem_exp H b (Ewhen es (x, tx) k lann) os
Smerge:
Y Hbx tx s es lann vs os,
sem var H (Var x) s -
Forall2Brs (sem exp H b) es vs -
Forallp (merge s) vs os =
sem_exp H b (Emerge (x, tx) es lann) os
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Relational synchronous semantics

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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Relational synchronous semantics

Pros
> No explicit fixpoint computation
> Easy to add constraints
» No errors/undefined behaviors

» Useful A invariants

Hard for verification

P Readability problem, no equational
reasoning

» Hard to deal with A

» No errors/undefined behaviors
(partial operators)

» Existence of the semantics?




Kahn denotational semantics

i* = i.i*

op™ (51, 52) =ecifsi=eorss=c¢

op™ (v1.51,v2.52) = (v1 op v2).0p™ (s1, 52)
£boy* (e, ys) =c

fby™ (v.xs,ys) =0.ys

when#(s],SZ) =cif sy =€cor so =¢
when#(vl.sl7 true.sz) = vl.(when#(sl, s2))

when” (v1.51, false.s2) = when”(s1, s2)
merge#(sl,sz,53) =¢cif Sy =€o0r so =e€or s3=c¢€

merge#(t7'u&shvz.sz,53) = Uz.merge#(sl,szA,%)
merge#(false.sl, $2,03.83) = 1)3.merge#(sl, $2,83)

Fig. 1. Data-flow Kahn semantics
» Set of streams D¥ = D* U D>
» CPO with prefix order (L = ¢, the empty stream)
» Primitive stream functions are continuous

» Solution of a system: fixpoint of the equations
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i* =iq*

op™ (51, 52) =ecifsi=eorss=c¢

op™ (v1.51,v2.52) = (v1 op v2).0p™ (s1, 52)
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Kahn denotational semantics, in Rocq
C. Paulin-Mohring, A denotational semantics for Kahn networks in Coq, 2009

Scott domains, (w-)CPO, fixpoints ...

(*¥* ** Ordered type *)
Record ord : Type := mk_ord
{ tord :> Type;
0le : tord - tord - P;
Ole refl : ¥ x :tord, Ole x x;
Ole_trans : ¥ x y z:tord, Ole x y - Oley z - Ole x z }.
Infix "=" := Ole : 0_scope.
Definition monotonic (07 07 : ord) (f : 01 = 03) :=
¥Yxy, x=y-Ffxs=fy.

Record fmono (07 0z : ord) : Type := mk_fmono {
fmonot :> 07 - 0p;
fmonotonic: monotonic fmonot

Infix "-m=" := fmono.

(** ** pefinition of cpos *)
Record cpo : Type := mk cpo {
tcpo:>ord;
Dg : tcpo;
lub: (nat0 -m> tcpo) - tcpo;
Dbot : ¥V x:tcpo, Dp = x;
le_lub : ¥V (f : natd -m= tcpo) (n:M), f n = lub f;
lub le : ¥ (f : nat0 -m> tcpo) (x:tecpo), (¥ n, fns=x) - 1lub fs=x
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fixp: (D —¢ D) —c D
fixp F ~p F(fixp F)
VF P, admissible P — P L — (Vx, P x — P(F x)) — P(fixp F)

Building D*
J_d:efT-T-T-T-T.//_-T---
CoInductive Str (D : Type) :=
| Cons : D->Str D ->StrD def

| Tau : Str D -> Str D. [a;b]:a'b'T'T'T'T'T'“

CoFixpoint bot := Tau bot.
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fixp: (D —¢ D) —c D
fixp F ~p F(fixp F)
VF P, admissible P — P L — (Vx, P x — P(F x)) — P(fixp F)

Building D*
1 s rrererT-7T
CoInductive Str (D : Type) :=
| Cons : D> Str D -> Str D Ly def

| Tau : Str D -> Str D.

CoFixpoint bot := Tau bot.
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fixp: (D —¢ D) —c D
fixp F ~p F(fixp F)
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Building D*
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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) —» A —. 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



Kahn denotat

File Edit s Buffers To oq Proof-General Holes Outline

(#% % Mapping a function on a stream *)

Section MapStream.
Variable D D': Type.
Variable F : D = D'.

Definition mapf : (DS D -C» DS D') -m> D -0+ DS D -C+ DS D'.
3 (A (f :DSD -C+DSD') (a:D) = CONS (Fa) @ f).
red; intros f g Hle a.

apply (fcont le intro (D1:=DS D) (D2:=DS D')); intro s.
repeat rewrite fcont_comp_simpl.

auto.

Defined.

Lenma mapf_simpl : v f, mapf f = A a - CONS (F a) @_ f.
trivial.
Qed.

Definition Mapf : (DS D -C~ DS D') -c> D-0- DS D -C+DS D'.
3 mapf.

red; intros h a.

rewrite mapf_simpl.

rewrite fcpo lub simp

apply (fcont le . 1ntrn (D1:=DS D) (D:=DS D')); intro s.
rewrite fcont_lub_simpl.

repeat rewrite fcont_comp_simpl; repeat rewrite fcont lub_simpl; intros.

rewrite (fcontinuous (CONS (F a)) (h <_>s))

+apply lub_le_compat; intro n; auto.

Defined.

1
Definition MAP : DS D -C- DS D'

Lenma MAP eq : MAP == DSCASE D D' (Mapf MAP).
exact (FIXP_eq (DSCASE D D' @_ Mapf)).
Qed.

Definition map (s: DS D)

Lenma map_bot : map ©
unfold map.

rewrite (fcont_eq elim MAP_eq 0).
rewrite DSCASE_simpl; auto.

Qed.

Lemma map_eq_cons : V a s,
map (cons a s)

intros; unfold map at 1.

rewrite (fcont eq elim MAP_eq (cons a s)).

rewrite DSCASE_simpl.

rewrite DScase cons; auto.

Qed.

cons (F a) (map s).

FIXP (DS D-C-DS D') (DSCASE D D' @

Mapf) .
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oq

(#% % Mapping a function on a stream *)

Section MapStream.
Variable D D': Type.
Variable F : D = D'.

Definition mapf : (DS D -C- DS D') -m>D -0- DS D -C~ DS D'.
3 (A (f :DSD -C+DSD') (a:D) = CONS (F a) @ f).

red; intros f g Hle a.

apply (fcont le intro (D1:=DS D) (D2:=DS D')); intro s.
repeat rewrite fcont_comp_simpl.

auto.

Defined.

Lenma mapf_simpl : .
trivial.

Qed.

v f, mapf f = A a - CONS (Fa) @

Definition Mapf : (DS D -C~ DS D') -c> D-0- DS D -C+DS D'.
3 mapf.

red; intros h a.
rewrite mapf_simpl.
rewrite fcpo lub simp

apply (fcont le . 1ntrn (D1:=DS D) (D:=DS D')); intro s.

rewrite fcont_lub_simpl.

repeat rewrite fcont_comp_simpl; repeat rewrite fcont lub_simpl; intros.
rewrite (fcontinuous (CONS (F a)) (h <_>s))

+apply lub_le_compat; intro n; auto.

Defined.
|
Definition MAP : DS D -C+ DS D' := FIXP (DS D-C+DS D') (DSCASE D D' @ Mapf).
Lemma MAP eq : MAP DSCASE D D' (Mapf MAP).
exact (FIXP_eq (DSCASE D D' @_ Mapf)).
Qed.
Definition map (s: DS D) s.
Lenma map_bot : map 0
unfold map.
rewrite (fcont eq elin MAP_eq 0).
rewrite DSCASE simpl; auto-
Qed.
Lenma map_eq_cons : V a s,
map (cons a s) == cons (F a) (map s). could be

intros; unfold map at 1.
rewrite (fcont eq elim MAP_eq (cons a s)).
rewrite DSCASE_simpl.
rewrite DScase cons;
Qed.

auto.

more practical...
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Inductive sem_exp
: history - Stream B - exp - list (Stream svalue) - P

| Sconst:
VHbCcs,
cs = const b ¢
sem_exp H b (Econst ¢) [cs]
Senum:
VHb Kty es,
es =enunb k -
sem_exp H b (Eenum k ty) [es]
Svar:
YVHbxs ann,
sem var H (Var x) s
sem_exp H b (Evar x ann) [s]
Slast:
VHbxs ann,
sem var H (Last x) s -
sem exp H b (Elast x ann) [s]
Sunop:
VHbeoptysoann,
sem exp Hb e [s] -
typeof e = [ty] ~
1ifty op ty s o ~
sem_exp H b (Eunop op e ann) [o]
Sbinop:
YV Hbeyepopty] ty, s1 s2 0 ann,
sem_exp H b ey [s1] -
sem_exp H b ez [s2] =
typeof e = [ty1] -
typeof ez = [tyz] -
ifty op ty) tyz 5152 0 =
sem_exp H b (Ebinop op ey e ann) [o]
Sextcall:
¥V Hb fes tyout ck tyins ss vs,li
Forally (A ty cty = ty = Tprimitive cty) (typesof es) tyins -
Foralls (sem exn H b) e -




Roadmap

Edit Outlin:

File

Edit Buffers Tools

Options

Cog Proof-Ge Holes Outline Hide/Show|

Definition denot exp (ins : list ident) (e : exp)
FENV -C» SEnv -C» SEnv -C- nprod (nunstreams e).

Lenma denot_exp_eq :
V ins e envG envI env,
denot_exp ins e envG envI env =
match e return nprod (numstreams e) with
Econst ¢ - sconst (Vscalar (sem_cconst c)) (bss ins envI)
Eenum ¢ _ -~ sconst (Venum c) (bss ins envI)
Evar x _ - denot_var ins envI env x
Eunop op e an -
let se := denot_exp ins e envG envl env in
match numstreams e as n return nprod n - nprod 1 with
| 1A se-
match typeof e with
| [tyl = sunop (A v - sem_unop op v ty) se
S errTy

- errTy

| Ebinop op e1 e an -
let sep
let sep
match numstreams ej as ni, numstreams ey as ny

:= denot_exp ins e envG envI env in
:= denot_exp ins ey envG envI env in

return nprod ny - nprod nz - nprod 1 with
| 1,1 = A sep sep =
match typeof ey, typeof ey with
| [ty1l,[tyz] - sbinop (A vi vy = sem binop op v tyj vy tyz) sej
| .~ errTy
end
| =X
end sey sey
| Efby e@s es an =
let s0s := denot_exps ins e0s envG envI env in
let ss := denot_exps ins es envG env env in

= errmyll

let n (list_sum (List.map numstreams e@s)) in

Inductive sem exp

: history - Stream B - exp - list (Stream svalue) - P

Sconst:
VHbDccs,
cs = const b c =
sem_exp H b (Econst ¢) [cs]
Senun:
VHb Kty es,
es =enum b k -
sem_exp H b (Eenum k ty) [es]
Svar:
YVHbxs ann,
sem_var H (Var x)
sem_exp H b (Evar x ann) [s]
Slast:
VHbxs ann,
sem_var H (Last x) s -
sem exp H b (Elast x ann) [s]
Sunop:
VHbDeoptysoanm,
sem exp Hb e [s] -
typeof e = [ty] -
lift] op ty s o -
sem_exp H b (Eunop op e ann) [o]
Sbinop:
¥V Hbejepopty] tyy s1 s2 0 ann,
sem exp H b ey [s1] -
sem_exp Hb ez [s2] -
typeof e1 = [ty1] -
typeof e = [tya] -
1ifty op ty] tyz s3 52 0
sem exp H b (Ebinop op ej e ann) [o]
Sextcall:
¥V Hb fes tyout ck tyins ss vs,li
Forally (A ty cty = ty = Tprimitive cty) (typesof es) tyins -
Faralls (sem exn H h) e -




Roadmap

with sem block: history - Stream B - block - P
| Sbeq:
vV Hb eq,
sem_equation H b eq -
sem block H b (Beq eq)

with sem node: ident - list (Stream svalue) - list (Stream svalue) - P :=
| Snode:

¥ f ss osnH,
find_node f G = Some n =
Forallyz (A x = sem_var H (Var x)) (List.map fst n.(n_in)) ss -
Forally (A x - sem_var H (Var x)) (List.map fst n.(n_out)) os -
let bs := clocks of ss in
sem_block H bs n.(n_block) —
sem_node f ss os.
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Definition denot global

Lemna denot_global eq :
Vv (G : global) envG f envI,
denot_global G envG f envI =
match find_node f G with
| Some n - FIXP _ (denot node G n envG envl)
| None - @
end.

Deflr\ltmr\ denot_global m global) :
FIXP _ (denot_global

FEnv :=

_ (G : global) : FEnv -C- FEnv.

File Edit

Optio Outline Hide/Show

with sem block: history - Stream B - block - P :=
| Sbeq:
vV Hb eq,
sem_equation H b eq -
sem block H b (Beq eq)

with sem_node:
| Snode:
¥ f ss osnH,

find_node f G = Some n =
Forallyz (A x = sem_var H (Var x)) (List.map fst n.(n_in)) ss -
Forally (A x - sem_var H (Var x)) (List.map fst n.(n_out)) os -
let bs := clocks of ss in
sem_block H bs n.(n_block) =
sem_node f ss os.

ident - list (Stream svalue) - list (Stream svalue) -
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Three semantic models

Kahn Synchronous dénot. Relational
n
E| DY =D*UD> D¥ = D* U D> D>
(0]
2| Di=v|err D:=A|v|err D:=A|v
14 .
2 | denot, prefix order, L =¢ relations/predicates
4]
5 | continuous and blocking functions conjunctions
Q
£ | fixpoint computation

existence supposed



Combinatorial operator

XS

ys

rs

xs| A 10 10 A 10 10
ys|A 10 5 A 2 1
rs \ A 1 2 A 5 10



Combinatorial operator

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 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)



Combinatorial operator

X rs

ys

lift : Str —. Str —, Str .=
zip

xs| A 10 10 A 10 10
ys|A 10 5 A 2 1
rs \ A 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)



Combinatorial operator

X rs

ys

lift : Str —. Str —, Str .=
zip(A AA = A

xs| A 10 10 A 10 10
ys|A 10 5 A 2 1
rs \ A 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)



Combinatorial operator

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 := LIFT Xs ys rs
zip(A AJA— A LIFT (A - xs) (A - ys) (A - rs)
| vi,voa — (match vy <+ v» with
| Some r — r LIFT XS Y5 IS Vi — v» = Some r

| None — erry)

)

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



Combinatorial operator

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 := LIFT Xs ys rs
zip(A AJA— A LIFT (A - xs) (A - ys) (A - rs)
| vi,voa — (match vy <+ v» with
| Some r — r LIFT XS Y5 IS Vi — v» = Some r

| None — erry)
| v, A | Av — €Ifsync

)

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



Combinatorial operator

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 := LIFT Xs ys rs
zip(A AJA— A LIFT (A - xs) (A - ys) (A - rs)
| vi,voa — (match vy <+ v» with
| Some r — r LIFT XS Y5 IS Vi — v» = Some r

| None — erry)
| v, A | Av — €Ifsync
| err, | _,err — err)

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



Combinatorial operator

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 := LIFT Xs ys rs
zip(A AJA— A LIFT (A - xs) (A - ys) (A - rs)
| vi,voa — (match vy <+ v» with
| Some r — r LIFT XS Y5 IS Vi — v» = Some r

| None — erry)
| v, A | Av — €Ifsync
| err, | _,err — err)

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

W Theorem: if lift xs ys is error-free, then LIFT xs ys (lift xs ys)



Combinatorial operator

XS 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 AAA—A LIFT (A - xs) (A - ys) (A - rs)
| vi,vo — (match vy =+ v» with
| Some r — r LIFT XS YS 1S vi =~ v» = Some r
| None — erry)
| A LA — LIFT (vy - xs) (va - ys) (r - rs)
| err, | _,err — err)

W Theorem: if lift xs ys is error-free, then LIFT xs ys (lift xs ys)

W Theorem: also, |[lift xs ys|a =~ lift" |xs|a |ys|a



Initialized delay

Xs

1

ys

fby

rs

XS
ys

1| o1

D~ O

~|[ 00 O

0|l ©O© O



Initialized delay

Xs

— xs|5 5 5 5 5
ys|6 7 8 9 10
ys fby s rs ‘ 5 6 7 8 9

fby# : Str — Str —, Str
fby# 1Lys~ 1
fby™ (v-xs) ys ~ v-ys



Initialized delay

Xs

— xs|A 5 A 5 5 5 5
ys|/A 6 A 7 8 9 10
L oy |2 rs|A 5 A6 7 8 9
FBY XS ys Is
FBY (A-xs)(A-ys)(A-rs
fby# : Str —. Str —. Str ( ) (A-ys) ( )
foy” L ys~ L FBY1 Vo XS Y¥S IS
foy® (v-xs) ys~v-ys FBY (v1 - xs) (v2 - ys) (v1 - rs)

FBY] V XS yS rs

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

FBY1 Vo XS ys rs

FBY3 v (vi - x5) (v2 - ys) (v - rs)



Initialized delay

Xs

1
ys by rs

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

» sync errors?
> x=0fby (x+1)7?

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

FBY3 v (vi - x5) (v2 - ys) (v - rs)



Initialized delay

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



Initialized delay

Xs—l 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 fby; _xs (_- ys) := map (Ax. errsync) xs

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

fby1 v (A - xs) ys :
fby1 v (vx - xs) ys :

fby1 v (err - xs) ys :

= A - fby; (Some v) xs ys
v - fby} None xs ys

err - map (Ax. err) xs



Initialized delay

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; v 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

ys)
ys)
ys)

):

ys

fby; (Some v) xs (A -
fby; _ xs (err -

fby; _xs (_

fby1 v (A - xs) ys :
fby1 v (vx - xs) ys :

fby1 v (err - xs) ys :

W Theorem: if fby xs ys is error-free, then FBY xs ys (fby xs ys)

map (Ax. err) xs

= map (AX. errsync) xs
= A - fby; (Some v) xs ys

v - fby} None xs ys

err - map (Ax. err) xs



Initialized delay

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 fby} _xs (_- ys) := map (Ax. erroync) xs

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

iy 25\ < ) = D (0% Aty > fby1 v (vx - xs) ys := v - fby] None xs ys

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

W Theorem: if fby xs ys is error-free, then FBY xs ys (fby xs ys)

W Theorem: also, |fby xsys|a =< fby# [xs|a [ys]a



Modular resetting of nodes

node count (init, incr : int)
returns (n: int);
let
n = init fby (n + incr);
tel

int {0 0 0 O O O O--
iner{1 1 1 1 1 1 1--
n‘O 1 2 3 4 5 6--



Modular resetting of nodes

node count (init, incr : int; r : bool)
returns (n: int);
let
n = if r then init
else (init fby (n + incr));
tel

int|{ 0 0O O O O O O--
incrf1 1 1 1 1 1 1--
rlF F T F F T F-.
n{0O 1 0 1 2 0 1--



Modular resetting of nodes

[Hamon, Pouzet, 2001]
reset f rs xs :=
let cs = true-until rs in
merge cs (f (when cs xs))

(reset f (whenot cs rs) (whenot cs xs))

int|{ 0 0O O O O O O--
incrf1 1 1 1 1 1 1--
rlF F T F F T F-.
n‘O 1 0 1 2 0 1--



Modular resetting of nodes

[Hamon, Pouzet, 2001]
reset f rs xs :=
let cs = true-until rs in
merge cs (f (when cs xs))

(reset f (whenot cs rs) (whenot cs xs))

c = reset counter(init, incr) every r;

int|{ 0 0O O O O O O--
incrf1 1 1 1 1 1 1--
rlF F T F F T F-.
n‘O 1 0 1 2 0 1--



Modular resetting of nodes

[Hamon, Pouzet, 2001]
Xs | x1 X2§X3 Xa X5§x6 X7 - -
rs|F F:T F FI{T F--
yslyi yv2o ys ya ysiyve yrooo

reset f rs xs :=

let cs = true-until rs in

merge cs (f (when cs xs))

(reset f (whenot cs rs) (whenot cs xs)) [Bourke, Brun, Pouzet, 2020]
fEla-x] -yl
c = reset counter(init, incr) every r; AFExa-xs-x6] 4 [y ys - v

A fEIxe x] U [ye - y7]
A .-



Modular resetting of nodes

[Hamon, Pouzet, 2001]

reset f rs xs :=
let cs = true-until rs in

merge cs (f (when cs xs))

X5 | Xp

FIT F...

X2§X3 X4
F T F

XS X1
rs | F
ys \ Y1

(reset f (whenot cs rs) (whenot cs xs))

sresets rs xs

sreset; (T - rs) xs ys

sreset; (F - rs) (x - xs) (y - ys)
sreset; (A - rs) (x-xs) (y - ys)

Y2iY3 Ya Y5iYe Y7 -

[Gérard, 2013]
= sreset; rs xs (f xs)
~ sreset; (F - rs) xs (f xs)
~ y - (sresetf rs xs ys)

~ y - (sresetf rs xs ys)

X7 -



Modular resetting of nodes
[Hamon, Pouzet, 2001]

reset f rs xs :=

s|F F . T F F T F...
ys|yi yv2 3 va ¥s Y6 vy

let cs = true-until rs in
merge cs (f (when cs xs))
(reset f (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) o=y - (sreset; rs xs ys)

sreset; (A-rs) (x-xs) (y-ys) o=y - (sreset; rs xs ys)

W Theorem: if clock(rs) ~ clock(xs) then resets rs xs ~ sresets rs xs

XS | X1 X X3 X4 X5 Xg X7 ‘-



Modular resetting of nodes
[Hamon, Pouzet, 2001]

reset f rs xs :=

s|F F . T F F T F...
ys|yi yv2 3 va ¥s Y6 vy

let cs = true-until rs in
merge cs (f (when cs xs))
(reset f (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) o=y - (sreset; rs xs ys)

sreset; (A-rs) (x-xs) (y-ys) o=y - (sreset; rs xs ys)

W Theorem: if clock(rs) ~ clock(xs) then resets rs xs ~ sresets rs xs

For all f satifying:
> Vxs, f(A-xs)~A-f(xs)

XS | X1 X X3 X4 X5 Xg X7 ‘-



Modular resetting of nodes
[Hamon, Pouzet, 2001]

reset f rs xs :=

s|F F . T F F T F...
ys|yi yv2 3 va ¥s Y6 vy

let cs = true-until rs in
merge cs (f (when cs xs))
(reset f (whenot cs rs) (whenot cs xs))
[Gérard, 2013]
sresets rs xs = sreset; rs xs (f xs)
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sreset; (F - rs) (x-xs) (y-ys) o=y - (sreset; rs xs ys)
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Modular resetting of nodes
[Hamon, Pouzet, 2001]

reset f rs xs :=

s|F F . T F F T F...
ys|yi yv2 3 va ¥s Y6 vy

let cs = true-until rs in
merge cs (f (when cs xs))
(reset f (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) o=y - (sreset; rs xs ys)

sreset; (A-rs) (x-xs) (y-ys) o=y - (sreset; rs xs ys)

W Theorem: if clock(rs) ~ clock(xs) then resets rs xs ~ sresets rs xs
For all f satifying:
> Vxs, f(A-xs)~A-f(xs)
» Vnxs, f(take n xs) ~ take n f(xs)
» Vnxs, if tI"xs < A¥ then tI"(f(xs)) < A¥

XS | X1 X X3 X4 X5 Xg X7 ‘-
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Error handling
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Static analysis

Rcall: only few well-typed operators can fail
(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

Procedure: prohibit these operations when the operand is unknown
» check-ops (4 % x) =F
» check-ops(x /2)=T
> ..

W Theorem: Vxs f, if check-ops (f) = T then no-run-time-errors f xs


https://github.com/AbsInt/CompCert/tree/master/cfrontend/Cop.v#L770
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(beforel)

compile f = OK asm
welltyped-inputs f xs

fExslys

asm |} (Load (xs(i)) - Store (ys(i)))i2o

(after?)

compile f = OK asm

welltyped-inputs f xs

check-ops (f) =T

Jdys, f=xs ys A asm | (Load(xs(i)) - Store(ys(i)))i=o

twith state machines
2without state machines
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Conclusion

We have defined:

» a synchronous denotational semantics for a dataflow language
with modular reinitialization within Vélus

» an accurate error modeling in the context of fixed-point
evaluation in Rocq

v

criteria for its correspondence with Kahn's model

P a static analysis to validate some executions

(not so) Future work:
» extension to hierarchical states machines
» more sophisticated static analysis

» more verification principles



