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Programmation réactive de systémes embarqués

[

mot_ A
mot_ B

pos_Xx, pos_y, alt, ...

every trigger do :
read _inputs()
compute()
write outputs()
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Diagrammes de schéma-blocs

<swit>

automaton SM2
initial state Active

Enabled

unless
if Brake > PedalsMin
restart Interrupt

Stdby Condition - bool
L6 - bool,

L7 - boo,
L8 - bool.
L9 - bool,

t
automaton SW3
initial state On
unless.
on if Stdby Condition
restart StandBy;

L10 - (CruiseState;
L11 - tSpeed
L12 - tSpeed
113 - tPercent
et
113 = CruiseRegulation(L11. L12);
ot 112 = Speed
ThottleCm
CruiseState = L10;
L11 = local_CruiseSpeed:
L10=0N
tel
state StandBy
unless
if not Stdby Condition
restart On

L14 - (CruiseState;
et

CruiseState
L14 =STDBY;
tel

retums.

L

Lustre/Scade : langage synchrone flots de données

2/12



Compilation vérifiee de Lustre/Scade
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Compilation vérifiee de Lustre/Scade

w
'R(0);R(2)
[ R(F);W(0)
JR(2,
traces ’R((F)) W((Z))
[ R(0)iR(2)

()0 v R(’:_)iW(4)
-«‘_:_j-

1
1
r

n

gp flot de données

Sémantique relationnelle, avec machines
a états [Bourke, Pesin, Pouzet, 2023]

- Quel modéle pour la vérification interactive ?

Lustre/Scade Assémbleur

Vélus + CompCert
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Le modéle de Kahn

En théorie

-- Keeps output "o true for 'n’ iteration after a rising edge on "i°

node rising_edge_retrigger(i : bool; n : int)
returns (o : bool)
var edge, ck : bool; v : int;
let
edge = i and (false fby (not i));
ck = edge or (false fby o);
v = merge ck (count_down((edge, n) when ck))
(0 when not ck);
0o=v>0;
tel

programme = ensemble d'équations
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-- Keeps output "o true for 'n’ iteration after a rising edge on “i’.
node rising_edge_retrigger(i : bool; n : int)
returns (o : bool)

i F T T T F F/F T F|T F F F F| -

¥2zedge,ck:bool;v:int; n 3 3 3‘3‘3‘3‘3 3‘3‘3 3‘3‘3 3‘.

edge = 1 and (false fby (not i)); edge FTF‘F‘FF‘FTF‘T F‘F‘FF'

ck = edge or (false fby 0); ck F T T T T|FF T T T TTTFE

v = merge ck (count_down((edge, n) when ck)) edge when ck T F|F F T F| T F F F
(0 when not ck); count_down(...) 3 2/1]0 3/2/3 2‘1 0

0=v>0; v 03210003232‘100~

tel ° F T T T/ F|F/F T/ T TTT|FF|-

programme = ensemble d'équations
sémantique = solution aux équations (point fixe)
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4/12



Le modéle de Kahn

Prototypage en OCaml avec bibliothéque lazy

(** type des flots *)
type 'a lazy stream = 'a stream Lazy.t
and 'a stream = | Cons : 'a * 'a lazy_stream -> 'a stream

5/12



Le modéle de Kahn

Prototypage en OCaml avec bibliothéque lazy

(** type des flots *)
type 'a lazy stream = 'a stream Lazy.t
and 'a stream = | Cons : 'a * 'a lazy_stream -> 'a stream

(** application point a point *)
let rec map (f : ('a -> 'b)) (x :
lazy (match Lazy.force x with

| Cons(a,x) -> (Cons(f a, map f x)))

'a lazy stream) : 'b lazy stream =

5/12



Le modéle de Kahn

Prototypage en OCaml avec bibliothéque lazy

(** type des flots *)
type 'a lazy stream = 'a stream Lazy.t
and 'a stream = | Cons : 'a * 'a lazy_stream -> 'a stream

(** application point a point *)

let rec map (f : ('a -> 'b)) (x : 'a lazy stream) : 'b lazy stream =
lazy (match Lazy.force x with
| Cons(a,x) -> (Cons(f a, map f x)))

(** délai initialisé *)
let fby : 'a lazy stream -> 'a lazy stream -> 'a lazy stream =
fun x y -> lazy (match Lazy.force x with
| Cons(a,_) -> Cons(a,y))

5/12



Le modéle de Kahn

Prototypage en OCaml avec bibliothéque lazy

(** type des flots *)
type 'a lazy stream = 'a stream Lazy.t
and 'a stream = | Cons : 'a * 'a lazy_stream -> 'a stream

(** application point a point *)

let rec map (f : ('a -> 'b)) (x : 'a lazy stream) : 'b lazy stream =
lazy (match Lazy.force x with
| Cons(a,x) -> (Cons(f a, map f x)))

(** délai initialisé *)
let fby : 'a lazy stream -> 'a lazy stream -> 'a lazy stream =
fun x y -> lazy (match Lazy.force x with
| Cons(a,_) -> Cons(a,y))

(** combinateurs de point fixe *)

let fix (f : 'a lazy stream -> 'a lazy stream) : 'a lazy stream =
let rec y = lazy (Lazy.force (f y)) iny

5/12



Le modéle de Kahn

Prototypage en OCaml avec bibliothéque lazy

(** type des flots *)
type 'a lazy stream = 'a stream Lazy.t
and 'a stream = | Cons : 'a * 'a lazy_stream -> 'a stream

(** application point a point *)

let rec map (f : ('a -> 'b)) (x : 'a lazy stream) : 'b lazy stream =
lazy (match Lazy.force x with
| Cons(a,x) -> (Cons(f a, map f x)))

(** délai initialisé *)
let fby : 'a lazy stream -> 'a lazy stream -> 'a lazy stream =
fun x y -> lazy (match Lazy.force x with
| Cons(a,_) -> Cons(a,y))

(** combinateurs de point fixe *)
let fix (f : 'a lazy stream -> 'a lazy stream) : 'a lazy stream =
let rec y = lazy (Lazy.force (f y)) in y

(** combinateurs de point fixe sur les environnements *)

let fix_env (f : 'a env -> 'a env) : 'a env =
let rec y = fun i -> lazy (Lazy.force (f y i)) iny
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En Rocq
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Bibliothéque de CPO, points fixes [Paulin-Mohring, 2009]
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En Rocq

Constructive denotational semantics for Kahn networks
Bibliothéque de CPO, points fixes [Paulin-Mohring, 2009]
Encodage des flots (finis et infinis) et de |'ordre associé

Calculs productifs grace a un constructeur Eps

Adaptation au compilateur [Bourke, Jeanmaire, Pouzet, 2025]

Langage noyau Lustre/Scade avec réinitialisation
Traitement de la synchronisation et des erreurs d'exécution
Preuve d'adéquation avec le modéle relationnel de Vélus

Aujourd’hui : extension aux machines a états
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Transitions réinitialisantes

Principe

; p _

(0:int32)

(0int32)

automaton initially A
state A do
y = (0 fby y) + x;

until y > 3 then B
state B do

y = (0 fby y) — x;

until y < —2 then A
end

7/12



Transitions réinitialisantes

Principe

; p _

(0:int32)

(0int32)

automaton initially A
state A do
y = (0 fby y) + x;

until y > 3 then B
state B do

y = (0 fby y) — x;

until y < —2 then A
end

7/12



Transitions réinitialisantes

Principe

; p _

(0int32)

(0:int32)

automaton initially A

state A do
y = (0fbyy) +x x|[1 2 1.0 1 2 0 1 2
until y > 3 then B y‘l 3 4 0 -1 3 0 1 3
state B do

y = (0 fby y) — x;
until y < —2 then A
end

7/12



Transitions réinitialisantes

Principe

; p _

(0:int32)

(0int32)

automaton initially A
state A do
y = (0 fby y) + x;

until y > 3 then B
state B do

y = (0 fby y) — x;

until y < —2 then A
end

7/12



Transitions réinitialisantes
Sémantique

x|[1 2 1 0 1

automaton initially A
state A do
y = (0 fbyy) + x;
until y > 3 then B
state B do
y = (0fbyy) —x;
until y < —2 then A
end

let auto_reset i fs ft env =
let f = fixp (fun f (i, env) —
let env' = fs i env in
let t = ftienv in
merge _until t env’' (fun j — f (j, rem_until t env)))
in f (i, env)
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Transitions avec histoire

Principe

(0int32)

automaton initially A

state A do
y = (0 fby y) + x; x|[1 2 1.0 1 2 0 1 2
unless x = 0 continue B y‘l 3 4 0 -1 3 4 5 7
state B do

y = (0fbyy) —x
unless x = 0 continue A
end
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Transitions avec histoire

Sémantique

automaton initially A
state A do
y = (0 fby y) + x;
unless x = 0 continue B
state B do
y = (0 fby y) — x;
unless x = 0 continue A
end

let auto continue i fs ft env =
let rec ft' : id — id lazy stream =
fun i — map (Option.value “default:i) (ft i (wheni i ts env))
and ts = lazy (Cons (i, mergei ts ft')) in
mergei (rem ts) (fun i — fs i (wheni i (rem ts) env))
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Transitions mixtes

Sémantique

automaton initially A x(1 2 0 1 2 1 1 1 1
state A do

y = (0fbyy) +x

until x = 0 then B
state B do

y=(0fbyy) —x

until y < —2 continue A

| x = 0 then A

end

let auto i fs ft env =
let rec f (i, reset, env, hist, trim) =

let s := if reset then fs i env else trim i (fs i (hist i env)) in
let t := if reset then ft i s else trim i (ft i (hist i env)) in
(* update continuations )
let hist j env' = if j = i then hist i (merge until t s env’) else hist j env' in
let trim j env' = if j = i then rem until t (trim i env') else trim j env’ in
mergei _until t s (fun (j, reset) — f (j, reset, rem until t env, hist, trim)))

in f (i, false, env, (fun i env — env), (funis — s)).
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Mais avant ca
Définitions plus simples ? (Plus efficaces ?)
Quelles régles de raisonnement ?
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