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Synchronous reactive programming

mot_A
mot_B

pos_x, pos_y, alt, ...

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



2/20

The language Lustre
[Caspi, Pilaud and Plaice (1987), LUSTRE: a declarative language for programming
synchronous systems]
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Table 1: The when operator 
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Table 2: The current operator 

does not ahave the same notion of time” ss E and B, as 
shown by Table 1. Now, several remarks must be made 
about this operation. 

In the above example, X is said to be computed on clock 
B. This means that the only notion of time that X “knows” 
is the sequence of cycles where B is true. As a consequence, 
the question =what is the value of X when B is not true?” 
makes no more sense than the question “what is the value 
of a variable between two integer instants?“. 

Our model of variables consisting of sequences is no 
longer sufficient: two variables may describe the same se- 
quence of values without being equal. Henceforth, a vari- 
able will be characterized not only by its sequence of values, 
but also by its clock. Let us call a stream the couple formed 
by a sequence and a clock. Streams and clocks are recur- 
sively defined as follows: 

< clock> ::= true 1 <boolean stream> 
<stream of type T > ::= <sequence of type T ><clock > 

Intuitively, if the stream associated with an expression is of 
clock true, then the expression is renewed with the basic 
cycle of the program. Constants are always assumed to be 
on the basic clock. A non basic clock is defined by a boolean 
expression, which in turn has a clock. Thus clocks may be 

nested: for instance, the millisecond can be modeled as a 
clock (a boolean variable which is true at each tick of a 
quartz) and the second can be another ciock defined on the 
millisecond clock. Moreover, this example shows that the 
when operation allows the basic cycle to be quite unrelated 
to physical time, which can be handled as an input to the 
program. 

Now, suppose that we wish to apply an operator on 
expressions with different clocks (e.g., to sum X and E in 
the example of Table 1). Since an operator operates on 
terms of the same rank, and since these terms can exist 
at different instants, either the causality or the bounded 
memory condition could be violated. In order to operate on 
expressions with different clocks, we must first put them on 
the same clock, either by sampling (when) or by projecting, 
using our last operator, current. 

If E is an expression of clock B, then current(E) is an 
expression whose clock is the same as that of B and whose 
value at each cycle of this clock is the value taken by E at 

the last cycle when B was true. Table 2 illustrates the com- 
bination of the when and current operators. The current 
operator allows operations over variables of different clocks, 
since if x and X’ are variables of respective clocks B and B’, 
and if B and B’ have the same clock, 

current (X1 op current (X’> 

is a legal expression for every binary operator op. 

1.3 Nodes and Nets 

A node is a LUSTRE subprogram. It receives input vari- 
ables, computes output variables, and possibly local vari- 
ables, by means of a system of equations. For instance, we 
can define a general counter as follows: 

node COUNT (init. incr: int; reset: boo11 
returns (n: int): 

let 
n = init -> 

if reset then init else prefn) + incr: 
tel: 

Node instantiation takes a functional form: if N is the 
name of a node declared with heading 

node N ( ir : 71; ir : 7s; . . . ; & : rP) 
returns f jl : Bi; j2 : 82; . . . . j, : 8,) : 

and if &,...,E,, are expressions of type 71,. . . , r,,, then 
the instantiation N (El,. . . ,EJ is an expression of type 
tuple(&, . . . ) e,) whose n-th value is the tuple (jl., . . . , jp,,) 
computed by the node from input parameters El,. . . , E,,, 
Conditional and sequence operators are polymorphic, and 
can be applied to tuples. Coming back to the general 
counter, one may write 

even = COUNTfO. 2. false): 
mod5 = COUNTfO. 1. pre(mod5=4)); 

thus defining even to be the sequence of even numbers and 
mod6 to be the cyclic sequence of integers module 5. 

Concerning clocks, and in agreement with the data-flow 
philosophy, the basic execution cycle of a node is deter- 
mined by the clock of its input parameters. As an example, 
the instantiation 

180 

init 0 0 0 0 0 0 0 · · ·
incr 2 2 2 2 2 2 2 · · ·

reset F F F F T F F · · ·
n 0 2 4 6 0 2 4 · · ·
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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

Untyped
Lustre Lustre NLustre

Stc

Assembly Clight Obc

parsing elaboration transcription

i-translation

s-translation

generationcompilationprinting

unnesting &
distribution

expression
initialization

sche-
duling

fusion
optimization

argument
initializationCompCert

dataflow

transition systems

imperative

https://velus.inria.fr/
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Semantic preservation
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Vélus + CompCert
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Semantic preservation

Goal: interactive program verification

φ φ
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Dataflow semantics, in Rocq

node rer (i : bool; n : int) returns (o : bool)
var e, c : bool; d : int when c;
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 F T T T F T T · · ·
n 2 2 2 2 2 2 2 · · ·
e F T F F F T F · · ·
c F T T T F T T · · ·
d 2 1 0 2 1 · · ·
o F T T F F T T · · ·

▶ CoInductive 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
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H(i) ≡ si ∧ H(n) ≡ sn

∧ ∃se , H(e) ≡ se ∧ H ⊢ i and (false fby (not i)) ⇓ se

∧ ∃sc , H(c) ≡ sc ∧ H ⊢ e or (false fby o) ⇓ sc

∧ . . .
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▶ CPO with prefix order (⊥ = ϵ, the empty stream)
▶ Primitive stream functions are continuous
▶ Solution of a system: fixpoint of the equations
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Kahn denotational semantics, in Rocq
C. Paulin-Mohring, A denotational semantics for Kahn networks in Coq, 2009

Scott domains, (ω-)CPO, fixpoints . . .
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Kahn denotational semantics, in Rocq
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zip f (a · s1) (b · s2) ≃ (f a b) · zip f s1 s2

zip f s ⊥ ≃ zip f ⊥ s ≃ ⊥
could be more practical...
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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 · · ·

lift xs ys rs

lift (A · xs) (A · ys) (A · rs)
==========================

lift xs ys rs v1 ÷ v2 = Some r

lift (v1 · xs) (v2 · ys) (r · rs)
=================================

lift

#

: Str →c Str →c Str :=
zip

(λ A, A → A
| v1, v2 → (match v1 ÷ v2 with

| Some r → r
| None → errrt)

| v , A | A, v → errsync
| err, _ | _, err → err)

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

Theorem: also, ⌊lift xs ys⌋A ≃ lift# ⌊xs⌋A ⌊ys⌋A
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▶ x = 0 fby (x + 1) ?
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Modular resetting of nodes

node count (init, incr : int)
returns (n: int);

let
n = init fby (n + incr);

tel

init 0 0 0 0 0 0 0 · · ·
incr 1 1 1 1 1 1 1 · · ·

n 0 1 2 3 4 5 6 · · ·
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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

init 0 0 0 0 0 0 0 · · ·
incr 1 1 1 1 1 1 1 · · ·

r F F T F F T F · · ·
n 0 1 0 1 2 0 1 · · ·
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Modular resetting of nodes

init 0 0 0 0 0 0 0 · · ·
incr 1 1 1 1 1 1 1 · · ·

r F F T F F T F · · ·
n 0 1 0 1 2 0 1 · · ·

reset f rs xs :=
let cs = true-until rs in
merge cs (f (when cs xs))

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

[Hamon, Pouzet, 2001]
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(reset f (whenot cs rs) (whenot cs xs))

[Hamon, Pouzet, 2001]

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

xs x1 x2 x3 x4 x5 x6 x7 · · ·
rs F F T F F T F · · ·
ys y1 y2 y3 y4 y5 y6 y7 · · ·

f ⊢ [x1 · x2] ⇓ [y1 · y2]
∧ f ⊢ [x4 · x5 · x6] ⇓ [y4 · y5 · y6]
∧ f ⊢ [x6 · x7] ⇓ [y6 · y7]
∧ · · ·

[Bourke, Brun, Pouzet, 2020]
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sreset′
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f (F · rs) xs (f xs)
sreset′

f (F · rs) (x · xs) (y · ys) ≃ y · (sreset′
f rs xs ys)

sreset′
f (A · rs) (x · xs) (y · ys) ≃ y · (sreset′

f rs xs ys)

[Gérard, 2013]
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Theorem: if clock(rs) ≃ clock(xs) then resetf rs xs ≃ sresetf rs xs
For all f satifying:
▶ ∀xs, f (A · xs) ≃ A · f (xs)

▶ ∀n xs, f (take n xs) ≃ take n f (xs)
▶ ∀n xs, if tlnxs ⪯ Aω then tln(f (xs)) ⪯ Aω
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The plan
Error handling

Lustre

Synchron
Denot.

Relational
∞ + no-errors ?

f ⊢ I ⇓ (Jf K I)

x = if 5 then y else zx = y + (y when c)x = x + 5

x = 8 / i
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Static analysis

Rcall: only few well-typed operators can fail
(cf. CompCert/cfrontend/Cop.v)

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

Theorem: ∀xs 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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Conclusion
Reinforcement of the correctness theorem

Theorem (before1)

if compile f = OK asm
and welltyped-inputs f xs
and f ⊢ xs ⇓ ys

then asm ⇓ ⟨Load (xs(i)) · Store (ys(i))⟩∞
i=0

1with state machines



19/20

Conclusion
Reinforcement of the correctness theorem

Theorem (before1)

if compile f = OK asm
and welltyped-inputs f xs
and f ⊢ xs ⇓ ys

then asm ⇓ ⟨Load (xs(i)) · Store (ys(i))⟩∞
i=0

Theorem (after2)

if compile f = OK asm
and welltyped-inputs f xs
and no-run-time-errors f xs

then ∃ys, f ⊢ xs ⇓ ys ∧ asm ⇓ ⟨Load(xs(i)) · Store(ys(i))⟩∞
i=0

1with state machines
2without state machines



19/20

Conclusion
Reinforcement of the correctness theorem

Theorem (before1)

if compile f = OK asm
and welltyped-inputs f xs
and f ⊢ xs ⇓ ys

then asm ⇓ ⟨Load (xs(i)) · Store (ys(i))⟩∞
i=0

Theorem (after2)

if compile f = OK asm
and welltyped-inputs f xs
and check-ops (f ) = T

then ∃ys, f ⊢ xs ⇓ ys ∧ asm ⇓ ⟨Load(xs(i)) · Store(ys(i))⟩∞
i=0

1with state machines
2without state machines



20/20

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

▶ criteria for its correspondence with Kahn’s model
▶ a static analysis to validate some executions
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