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What did we do?

e Implement a Lustre compiler in the Coq Interactive Theorem Prover.
_ FO”OWing a previous attempt [Auger, Colago, Hamon, and Pouzet (2013): “A Formal- :I

ization and Proof of a Modular Lustre Code Generator”

e Prove that the generated code implements the dataflow semantics.
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e Computer assistance is all but essential for such detailed models.
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What is Lustre?

e A language for programming cyclic control software.

every trigger {
read inputs;
calculate; // and update internal state
write outputs;

}

e A language for programming transition systems

— «+-+ functional abstraction
— ---+ conditional activations
— -+ efficient (modular) compilation

H . Kahn (1974): “The S i f a Si |
e A restriction of Kahn process networks [ (7 (17): [The Scmanties of o Bimele |,

guaranteed to execute in bounded time and space.
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Lustre |

Caspi, Pilaud, Halbwachs, and Plaice (1987): “LUSTRE: A
declarative language for programming synchronous systems”

ini —
inc —>
res —

count
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Caspi, Pilaud, Halbwachs, and Plaice (1987): “LUSTRE: A
Lustre [

node count (ini, inc: int; res: bool)
returns (n: int)

let ini
. . — ——n
n = if (true fby false) or res then ini Irr;(s: , count
else (0 fby n) + inc;
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L t Caspi, Pilaud, Halbwachs, and Plaice (1987): “LUSTRE: A
ustre declarative language for programming synchronous systems”

node count (ini, inc: int; res: bool)
returns (n: int)
let
n = if (true fby false) or res then ini
else (0 fby n) + inc;

ini —
inc —| count —>n
res —»

tel
ini ojo0ojo0ojojo0o|0/|0
inc 0 1 2 1121310
res FIF|F|F | T|F|F
truefbyfalse | T | F | F | F | F | F | F
0 fby n 0/0|1|3|4|0]3
n 0| 1|3]4|0]3]3

e Node: set of causal equations (variables at left).
e Semantic model: synchronized streams of values.
e A node defines a function between input and output streams.
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Lustre: syntax and semantics
node count (ini, inc: int; res: bool) n
returns (n: int)
let res
n = if (true fby false) or res then ini true fby false
else (0 fby n) + inc; 0 fby n
tel n

inc

oo 4 Tmo o

— o mmeE o

W= T TN O

S W T T O

o~ TN O

W o T T wo
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Lustre: syntax and semantics

node count (ini, inc: int; res: bool) il:é
returns (n: int)
let res
n = if (true fby false) or res then ini true fby false
else (0 fby n) + inc; 0 fby n
tel n

Inductive clock : Set :=
| Cbase : clock
| Con : clock — ident — bool — clock.

Inductive lexp : Type i=
| Econst : const — lexp

| Evar : ident — type — lexp

| Ewhen : lexp — ident — bool — lexp

| Eunop : unop — lexp — type — lexp

| Ebinop : binop — lexp — lexp — type — lexp.

Inductive cexp : Type :=
| Emerge : ident — cexp — cexp — cexp
| Eite : lexp — cexp — cexp — cexp
| Eexp : lexp — cexp.

Inductive equation : Type :=
| EqDef : ident — clock — cexp — equation

| EqApp : idents — clock — ident — lexps — equation
| EqFby : ident — clock — const — lexp — equation.

Record node : Type = mk_node {
n_name : ident;
n_in : list (ident * (type * clock));
n_out : list (ident * (type * clock
n_vars : list (ident * (type * clock));
n_eqs : list equation;

n_defd : Permutation (vars_defined n_egs)
(map fst (n_vars + n_out));
n_nodup : NoDupMembers (n_in + n_vars + n_out);

oo - Tmmo o

= O T T o
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A WT TR O
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Lustre: syntax and semantics

node co
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let
n=if
el

tel
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| Eqhpp :
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ident — clock — const — lexp — equation.

Record node : Type := mk_node {

n_name :
n_in
n_out :
n_vars :
n_egs :

n_defd

n_nodup

ident;

: list (ident x (type * clock));

list (ident * (type x clock
list (ident * (type * clock));
1list equation;

: Permutation (vars_defined n_egs)
(map fst (n_vars + n_out));
NoDupMembers (n_in + n_vars + n_out);

ini
inc
res
true fby false
0 fby n
n

oo - Tmmo o
=N e e
W T TN O
AW T TR O
o TIHNO
wo mTwo
W wTTmo o

inductive sem_node (G: list node) : ident —
stream (list value) — stream (list value) — Prop :=
| SNode:
find_node f G = Some n —
clock_of xss bk —
sem_vars bk H (map fst n.(n_in)) xss —
sem_vars bk H (map fst n.(n_out)) yss —
sem_clocked_vars bk H (idck n.(n_in)) —
Forall (sem_equation G bk H) n.(n_egs) —
sem_node G f xss yss.
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Lustre Compilation: normalization and scheduling

node count (ini, inc: int; res: bool)
returns (n: int)
let

n = if (true fby false) or res then ini

else (0 fby n) + inc;
tel
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Lustre Compilation: normalization and scheduling

node count (ini, inc: int; res: bool) node count (ini, inc: int; res: bool)
returns (n: int) _ returns (n: int)

let @ var f : bool; c : int;

n = if (true fby false) or res then ini let

else (0 fby n) + inc; f = true fby false;
tel c = 0 fby n;
n = if f or res then ini else ¢ + inc;

Normalization tel

e Rewrite to put each fby in its own
equation.

e Introduce fresh variables using the
substitution principle.
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Lustre Compilation: normalization and scheduling

node count (ini, inc: int; res: bool)
returns (n: int)

normalization
let :

n = if (true fby false) or res then ini
else (0 fby n) + inc;
tel

Scheduling

e The semantics is independent of
equation ordering; but not the
correctness of imperative code
translation.

e Reorder so that

— ‘Normals’ variables are written before

being read, ...and

— 'fby’ variables are read before being

written.

node count (ini, inc: int; res: bool)
returns (n: int)
var f : bool; ¢ : int;

let
f = true fby false;
c = 0 fby n;

n = if f or res then ini else ¢ + inc;

tel
U scheduling

node count (ini, inc: int; res: bool)
returns (n: int)
var f : bool; ¢ : int;
let
n = if f or res then ini else ¢ + inc;
f = true fby false;
c = 0 fby n;
tel
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Lustre compilation: translation to imperative code

class count {
memory f : bool;
memory ¢ : int;

(2008): “Clock-directed modular code gener-

|:Biernacki, Colago, Hamon, and Pouzet ]
ation for synchronous data-flow languages”

node count (ini, inc: int; res: bool)

returns (n: int) reset() {
var f : bool; ¢ : int; state(f) := true;
let state(c) ;=0

n = if f or res then ini else ¢ + inc; }

f = true fby false;

c = 0 fby n; step(ini: int, inc: int, res: bool)
tel returns (n: int) {

if (state(f) | restart)
then n :=ini

else n := state(c) + inc;
state(f) := false;
state(c) :=n
}
}
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Lustre compilation: translation to imperative code

class count {
memory f : bool;

|:Biernacki, Colago, Hamon, and Pouzet]
memory ¢ : int;

(2008): “Clock-directed modular code gener-
ation for synchronous data-flow languages”

node count (ini, inc: int; res: bool)

returns (n: int) reset() {
var f : bool; ¢ : int; state(f) := true;
state(c) ;=0

let
n = if f or res then ini else ¢ + inc; }

f = true fby false;
c = 0 fby n;
tel

step(ini: int, inc: int, res: bool)
returns (n: int) {

f s if (state(f) | restart)

(~t 0) then n :=ini

else n := state(c) + inc;
state(f) := false;
state(c) :=n
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Lustre: instantiation and sampling

node avgvelocity(delta: int; sec: bool) returns (r, v: int)
var t :int;

let
r = count(0, delta, false);
t = count((1, 1, false) when sec);

v = merge sec ((r when sec) / t) ((0 fby v) when not sec);
tel
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Lustre: instantiation and sampling

node avgvelocity(delta: int; sec: bool) returns (r, v: int)
var t :int;
let
r = count(0, delta, false);
t = count((1, 1, false) when sec);
v = merge sec ((r when sec) / t) ((0 fby v) when not sec);

tel
delta 0 1 21112 |3|0] 3
sec F F FIT|F|T|T|F
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Lustre: instantiation and sampling

node avgvelocity(delta: int; sec: bool) returns (r, v: int)

var t :int;
let
r = count(0, delta, false);
t = count((1, 1, false) when sec);

v = merge sec ((r when sec) / t) ((0 fby v) when not sec);

tel
delta 0 1 2111 2
sec F F F | T]|F
r 0 1 3 14| 6
(c1) 0 0 1 3| 4

o O —H W

© o - o
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Lustre: instantiation and sampling

node avgvelocity(delta: int; sec: bool) returns (r, v: int)
var t :int;
let
r = count(0, delta, false);
t = count((1, 1, false) when sec);
v = merge sec ((r when sec) / t) ((0 fby v) when not sec);

tel
delta 0 1 21112 (3|03
sec FIF|F|T|F|T|T|F
r 0 1 3146 ([9)|9]12
(c1) 01| O 113 4]6|9]| 9
r when sec 4 919
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Lustre: instantiation and sampling

node avgvelocity(delta: int; sec: bool) returns (r, v: int)
var t :int;
let
r = count(0, delta, false);
t = count((1, 1, false) when sec);
v = merge sec ((r when sec) / t) ((0 fby v) when not sec);

tel

delta 0 1 21112 (3|03
sec FIF|F|T|F|T|T|F
r 0 1 31416 1]9)|9]12
(c1) 01| O 113 4]6|9]| 9

r when sec 4 919
t 1 2|3
(c2) 0 112

9/27



Lustre: instantiation and sampling

node avgvelocity(delta: int; sec: bool) returns (r, v: int)

var t :int;
let

r = count(0, delta, false);
t = count((1, 1, false) when sec);

v = merge sec ((r when sec) / t) ((0 fby v) when not sec);

tel

delta

sec
r

(c1)

r when sec

t

(c2)

0 fby v
(0 fby v) when not sec
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Lustre: instantiation and sampling

node avgvelocity(delta: int; sec: bool) returns (r, v: int)
var t :int;
let
r = count(0, delta, false);
t = count((1, 1, false) when sec);
v = merge sec ((r when sec) / t) ((0 fby v) when not sec);

tel

delta o112 1|2 /3]0]S3
sec FI|F|F|T|F |T|T]|F
r 0| 1|3 4|6 |9]9]12
(c1) 0O/ 0|1 [3|4]6|]9]|09

r when sec 4 919

t 1 2 3

(c2) 0 1|2
0 fby v OO0 00| 4 4|4]3
(0 fby v) whennotsec | O | 0 | O 4 3
v 0| 0| 0| 4|4 43|33
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Lustre: instantiation and sampling

Semantic model

e History environment maps identifiers to streams.
e Maps from natural numbers: Notation stream A := nat — A

e Model absence: Inductive value := absent | present v

delta oO|1,2 (1|2 |3]0]3
sec F|F | F|T|F|T|T]|F
r 0|1 3|46 |9]9]12
(c1) 0,01 3|4 ]6]9]|9
r when sec 4 919
t 1 23
(c2) 0 1]2
0 fby v O|O0] 00| 4 4|4]3
(0 fby v) whennotsec | O | 0 | O 4 3
v 0|0 |0 |44 /|4|3]3
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Lustre compilation: translation to clocked imperative code
node avgvelocity(delta: int; sec: bool) class avgvelocity {

returns (r, v: int) memory w : int;
var t, w: int; class count ol, 02;
let

r = count(0, delta, false); reset() {

t = count((1, 1, false) when sec); count.reset ol;

v = merge sec ((r when sec) / t) count.reset 02;

(w when not sec); state(w) := 0

w = 0 fby v;

tel

step(delta: int, sec: bool) returns (r, v: int)
{ var t :int;

r := count.step ol (0, delta, false);
if sec

then t := count.step 02 (1, 1, false);
if sec
then v :=r / t else v := state(w);
state(w) :=v
b
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Lustre compilation: translation to clocked imperative code
node avgvelocity(delta: int; sec: bool) class avgvelocity {

returns (r, v: int)

var t, w: int;

let
r = count(0, delta, false);
t = count((1, 1, false) when sec);
v = merge sec ((r when sec) / t)

(w when not sec);
w = 0 fby v;
tel

state(i) state(v) state(i) state(v)

memory w : int;
class count o1, 02;

reset() {

count.reset ol;
count.reset 02;
state(w) := 0

}

step(delta: int, sec: bool) returns (r, v: int)
{ var t :int;

r := count.step ol (0, delta, false);
if sec

then t := count.step 02 (1, 1, false);
if sec

then v :=r / t else v := state(w);
state(w) :=v

}
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Lustre compilation: translation to clocked imperative code
node avgvelocity(delta: int; sec: bool) class avgvelocity {

returns (r, v: int)

var t, w: int;

let
r = count(0, delta, false);
t = count((1, 1, false) when sec);
v = merge sec ((r when sec) / t)

(w when not sec);
w = 0 fby v;
tel

state(i) state(v) state(i) state(v)

memory w : int;
class count o1, 02;

reset() {

count.reset ol;
count.reset 02;
state(w) := 0

}

step(delta: int, sec: bool) returns (r, v: int)
{ var t :int;

r := count.step ol (0, delta, false);
if sec

then t := count.step 02 (1, 1, false);
if sec

then v :=r / t else v := state(w);
state(w) 1= v

}
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Lustre compilation: translation to clocked imperative code
node avgvelocity(delta: int; sec: bool) class avgvelocity {

returns (r, v: int)

var t, w: int;

let
r = count(0, delta, false);
t = count((1, 1, false) when sec);
v = merge sec ((r when sec) / t)

(w when not sec);

w = 0 fby v;

tel

state(i) state(v) state(i) state(v)

memory w : int;
class count ol, 02;

reset() {

count.reset ol;
count.reset 02;
state(w) := 0

}

step(delta: int, sec: bool) returns (r, v: int)
{ var t :int;

r := count.step ol (0, delta, false);
if sec

then t := count.step 02 (1, 1, false);
if sec

then v :=r / t else v := state(w);
state(w) :=v

}
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Lustre compilation: translation to clocked imperative code
node avgvelocity(delta: int; sec: bool) class avgvelocity {

returns (r, v: int)

var t, w: int;

let
r = count(0, delta, false);
t = count((1, 1, false) when sec);
v = merge sec ((r when sec) / t)

(w when not sec);

w = 0 fby v;

tel

state(i) state(v) state(i) state(v)

memory w : int;
class count ol, 02;

reset() {

count.reset ol;
count.reset 02;
state(w) := 0

}

step(delta: int, sec: bool) returns (r, v: int)
{ var t :int;

r := count.step ol (0, delta, false);
if sec

then t := count.step 02 (1, 1, false);
if sec

then v :=r / t else v := state(w);
state(w) := v
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Implementation of translation

e Translation pass: small set of functions on abstract syntax.

e Challenge: going from one semantic model to another.

Definition tovar (x: ident) : exp :=
if PS.mem x memories then State x else Var x.

Fixpoint Control (ck: clock) (s: stmt) : stmt :=
match ck with
| Cbase = s
| Con ck x true = Control ck (Ifte (tovar x) s Skip)
| Con ck x false = Control ck (Ifte (tovar x) Skip s)
end.

Fixpoint translate_lexp (e : lexp) : exp :=
match e with
| Econst ¢ = Const ¢
| Evar x = tovar x
| Ewhen e ¢ x = translate_lexp e
| Eop op es = Op op (map translate_lexp es)
end.

Fixpoint translate_cexp (x: ident) (e: cexp) : stmt :=
match e with
| Emerge y t f = Ifte (tovar y) (translate_cexp x t)
(translate_cexp x f)
| Eexp1 = Assign x (translate_lexp 1)
end.

Definition translate_eqn (eqn: equation) : stmt :=
match eqn with
| EqDef x ck ce = Control ck (translate_cexp x ce)

Definition translate_eqns (eqns: list equation) : stmt :=

fold_left (fun i eq = Comp (translate_eqn eq) i) eqns Skip.

Definition translate_reset_eqn (s: stmt) (eqn: equation) : stmt :=

match eqn with
| EqDef _ _ _=s

| EqFby x _ vO _ = Comp (AssignSt x (Const v0)) s
| EqApp x _ £ _ = Comp (Reset_ap £ x) s

end.

Definition translate_reset_eqns (eqns: list equation): stmt :=

fold_left translate_reset_eqn eqns Skip

Definition ps_from_list (1: list ident): PS.t :=
fold_left (fun s i=PS.add i s) 1 PS.empty.

Definition translate_node (n: node): class :=
let names := gather_egs n.(n_eqs) in
let mems := ps_from_list (fst names) in
mk_class n.(n_name) n.(n_input) n.(n_output)
(£st names) (snd names)
(translate_eqns mems n.(n_egs))
(translate_reset_eqns n.(n_egs)).

Definition translate (G: global) : program := map translate_node G.

| EqApp x ck f les = Control ck (Step_ap x f x (map translate_lexp les))

| EqFby x ck v le = Control ck (AssignSt x (translate_lexp le))

end.
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SN-Lustre

translation

Obc

12/27
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Correctness of translation

translation
SN-Lustre > Obc

too weak for a direct proof by induction X

sem_node G f xss yss

stream(T ") — stream(T") ¢ A
(fta 50)

SXxT " 5T'xsS

12/27



Correctness of translation

translation
SN-Lustre > Obc

N
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sem_node G f xss yss msem_node G f xss M yss

'\

stream(T+) - stream(T+) N
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Correctness of translation

translation
SN-Lustre > Obc

short proc;f’:'..?ll\/l

sem_node G f xss yss msem_node G f xss M yss

stream(T ") — stream(T")
(fta 50)

SXxT " 5T'xsS
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Correctness of translation

translation

SN-Lustre

short proc;f’:'..?lM

sem_node G f xss yss

stream(T ") — stream(T")

msem_node G f xss M yss

long proof

SxT >

Obc

T"'xS

'\

fta 50) |
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Correctness of translation e Tricky proof full of technical details.
induction n e =100 lemmas

L induction G e Several iterations to find the right

L g definitions.
Induction eqgs . . .
q e The intermediate model is central.

— case: x = (ce)Ck

case: present

-ug proof

case: absent

— case: x = (f e)Ck

case: present

7w
case: absent
f xss M yss

— case: x = (k fby e)Ck

t case: present

case: absent

o"n

(o)

SXxT " 5T'xsS
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Generation: Obc to Clight

(normalized) elaboration

elaboration

/
parsing Unannotated
Lustre
dataflow
imperative
e Clight

Lustre

~

normalization

N-Lustre

scheduling

— Simplified version of CompCert C: pure expressions.

— 4 semantic variants:

we use big-step with parameters as temporaries.

e Integrate Clight into Lustre/Obc
— Abstract interface for the values, types, and operators

of Lustre and Obc.

— Result: modular definitions and simpler proof.

— Instantiate Lustre and Obc syntax and semantics with
CompCert definitions.

fusion optimization

Y o

CompCert

1 SN-Lustre !
1

]

translation

be

Y

generation

Clight

Y

compilation

Assembly

:
1
\

printing
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(normalized) elaboration

elaboration

Lustre

normalization

scheduling :

N-Lustre [m—

SN-Lustre !
1

............................................................................................................. translation

Y-
ParsiNg | ypannotated
Lustre
dataflow
imperative

Theorem behavior_asm:
V D G Gp P main ins outs,
elab_declarations D = OK (exist _ G Gp) —

wt_ins G main ins —

wt_outs G main outs —
sem_node G main (vstr ins) (vstr outs) —
compile D main = 0K P —

3T, program_behaves (Asm.semantics P) (Reacts T)

A bisim_io G main ins outs T.

fusion optimization

G

Obc

generation
Y

CompCert

Clight

! compilation
1

Y

Assembly

printing

<~ - -
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dataflow
imperative

Theorem behavior_asm:

V D G Gp P main ins outs,

/ typing/elaboration succeeds,

elab_declarations D = OK (exist _ G Gp) —

wt_ins G main ins —

wt_outs G main outs —
sem_node G main (vstr ins) (vstr outs) —
compile D main = 0K P —

3T, program_behaves (Asm.semantics P) (Reacts T)

A bisim_io G main ins outs T.

fusion optimization
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Y
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1
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(normalized) elaboration

elaboration

Lustre

normalization

scheduling : 1

N-Lustre [ SN-Lustre !
1

............................................................................................................. translation

Y-
ParsiNg | ypannotated
Lustre
dataflow
imperative

Theorem behavior_asm:

V D G Gp P main ins outs,

/ typing/elaboration succeeds,

elab_declarations D = OK (exist _ G Gp) —

wt_ins G main ins —

V well typed input and output streams. ..

wt_outs G main outs —
sem_node G main (vstr ins) (vstr outs) —
compile D main = 0K P —

3T, program_behaves (Asm.semantics P) (Reacts T)

A bisim_io G main ins outs T.

fusion optimization
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(normalized) elaboration

elaboration

Lustre

normalization

scheduling : 1

N-Lustre [ SN-Lustre !
1

............................................................................................................. translation

Y-
ParsiNg | ypannotated
Lustre
dataflow
imperative

Theorem behavior_asm:

V D G Gp P main ins outs,

/ typing/elaboration succeeds,

elab_declarations D = OK (exist _ G Gp) —

wt_ins G main ins —

V well typed input and output streams. ..

wt_outs G main outs —

sem_node G main (vstr ins) (vstr outs) —

compile D main = 0K P —

3T, program_behaves (Asm.semantics P) (Reacts T)

A bisim_io G main ins outs T.

fusion optimization
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generation
Y
.related by the Clight
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Theorem behavior_asm:

(normalized) elaboration

r ~ e

parsing elaboration normalization scheduling |
Ui P Lustre [======= > N-Lustre f=———— SN-Lustre !
Lustre 1

dataflow

imperative

fusion optimization

G

typing/elaboration succeeds,
V D G Gp P main ins outs, /

elab_declarations D = OK (exist _ G Gp) —

wt_ins G main ins — V well typed input and output streams. ..
wt_outs G main outs — ... related by the
sem_node G main (vstr ins) (vstr outs) — dataflow semantics,
compile D main = 0K P —
3T, program_behaves (Asm.semantics P) (Reacts T) \ CompCert
A bisim_io G main ins outs T. if compilation
succeeds,

translation
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Clight
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Y
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(normalized) elaboration

ys 4 fmmmm o
parsing elaboration normalization scheduling | 1
Unannotated > Lustre | =m=m==== »| N-Lustre |m—————pp- SN-Lustre !
Lustre 1 1
-_—— - ==
dataflow
e B e P e P L PR PP PR PEPPPPRPIIERRPPS translation
imperative

fusion optimization

Theorem behavior_asm: typing/elaboration succeeds, C Obe
V D G Gp P main ins outs, /
elab_declarations D = OK (exist _ G Gp) — "ge"eratb"
wt_ins G main ins — V well typed input and output streams. ..
wt_outs G main outs — ... related by the Clight
sem_node G main (vstr ins) (vstr outs) — dataflow semantics, .
compile D main = 0K P — | compilation
3T, program_behaves (Asm.semantics P) (Reacts T) \ CompCert Y
A bisim_io G main ins outs T. if compilation | | Assembly
succeeds, .
then, the generated assembly épri"ti"g

produces an infinite trace. . .
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(normalized) elaboration

~ 4 f—m e o
parsing elaboration normalization scheduling 1
UnaLnnotated > Lustre == == === P N-Lustre _V: SN-Lustre !
ustre 1
I_ [ |
dataflow
..: .......... A translation
imperative
fusion optimization
Theorem behavior_asm: typing/elaboration succeeds, C Obe
V D G Gp P main ins outs, /
elab_declarations D = OK (exist _ G Gp) — "ge"eram"
wt_ins G main ins — V well typed input and output streams. ..
wt_outs G main outs — ... related by the Clight
sem_node G main (vstr ins) (vstr outs) — dataflow semantics T
compile D main = 0K P — : compilation
3T, program_behaves (Asm.semantics P) (Reacts T) \ CompCert Y
A bisim_io G main ins outs T. if compilation | | Assembly
succeeds, .
.
then, the generated assembly ;p""t'"g

produces an infinite trace. . .

... that corresponds to the dataflow model.
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Work in Progress. ..

1. Semantics of (not-yet-normalized) Lustre
2. Clocking of node arguments
3. Treatment of modular reset (Lélio Brun's thesis topic)
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NLustre: syntax

Inductive lexp : Type :=

Econst : const — lexp

Evar : ident — type — lexp

Ewhen : lexp — ident — bool — lexp |e when x / Ie when not x
Eunop : unop — lexp — type — lexp

Ebinop : binop — lexp — lexp — type — lexp.

Inductive cexp : Type :=

| Emerge : ident — cexp — cexp — cexp merge X Cel Ce2

| Eite : lexp — cexp — cexp — cexp

| Eexp : lexp — cexp.

Inductive equation : Type := X = ce

EgDef : ident — clock — cexp — equation _ f |
EqApp : list ident — clock — ident — 1list lexp — equation y!""y - ( €,
EqFby : ident — clock — const — lexp — equation.

x = c fby le

Record node : Type :=

mk_node {
n_name : ident;
noin  : list (ident # (type * clock)): node f(x,...,x) returns (y,...
n_out : list (ident * (type * clock)); var w, ..., w;
n_vars : list (ident * (type * clock));
n_eqs : list equation; let x = ceey s tel

n_ingt0 : 0 < length n_in;
n_outgt0 : 0 < length n_out;

n_defd : Permutation (vars_defined n_eqs)
(map fst (n_vars + n_out));
n_vout : VY out, In out (map fst n_out) —

- In out (vars_defined (filter is_fby n_eqs));
n_nodup : NoDupMembers (n_in + n_vars + n_out);
n_good : Forall NotReserved (n_in + n_vars + n_out)
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Lustre: syntax

Definition ann : Type := (type * nclock). (* No tuples. "Lists of flows' are flattened: *)
Definition lann : Type := (1list type * nclock). node shuffle (a, b, ¢, d : bool)

returns (w, x, y, z : bool);
Inductive exp : Type :=

| Econst : const — exp (w, x, y, z) = shuffle(((a, (b, (<)), d)));
| Evar : ident — ann — exp

| Eunop : unop — exp — ann — exp

\

Ebinop : binop — exp — exp — ann — exp

(e,....e) when x / (e,....e) when not x

| Ewhen : list exp — ident — bool — lann — exp
| Emerge : ident — 1list exp — list exp — lann — exp [MErge X (e,...,e) (e,...,e)
| Eite : exp — list exp — list exp — lann — exp
| Efby : list exp — list exp — list ann — exp (e,...,e) fby (e,...,e)
| Eapp : ident — 1list exp — list ann — exp. ‘F(ev vy e)
Definition equation : Type := (list ident * list exp). .,€
Record node : Type :=
mk_node {
nname  : ident; node f(x,...,x) returns (y,...,y);
n_in : list (ident * (type * clock)); var w W
n_out : list (ident * (type * clock)); v '
n_vars : l]:.St (idem_: * (type * clock)); let x = T tel
n_eqs : list equation;
n_ingt0 : 0 < length n_in;
n_outgt0 : 0 < length n_out;
n_defd : Permutation (vars_defined n_egs)
(map fst (n_vars + n_out));
n_nodup : NoDupMembers (n_in + n_vars + n_out);
n_good : Forall NotReserved (n_in + n_vars + n_out)
T
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NLustre: semantics 1/3

Notation stream A := (nat — A).

Definition history := PM.t (stream value).
Definition R := PM.t value.

Section InstantSemantics.

Variable base : bool.
Variable R : R.

Inductive sem_var_instant (x: ident) (v: value): Prop :=
| sv:
PM.find x R = Some v —
sem_var_instant x v.
End InstantSemantics.
Section LiftSemantics.

Variable bk : stream bool.

Definition restr H (n: nat): R :=
PM.map (fun xs = xs n) H.

Definition lift (sem: bool - R —» A — B — Prop) H x (ys: stream B): Prop :=
V n, sem (bk n) (restr H n) x (ys n).

Definition sem_var H (x: ident)(xs: stream value): Prop :=
lift (fun base => sem_var_instant) H x xs.

End LiftSemantics.
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NLustre: semantics 2/3

Inductive sem_lexp_instant: lexp — value — Prop :=

| Sconmst: i*[e] =€
v = (if base then present (sem_const c) else absent) — i#[true.cl] = v.i#]el]
sem_lexp_instant (Econst c) v i#[falsecl] _ ab&i#[cl]
| Svar:

sem_var_instant x v —
sem_lexp_instant (Evar x ty) v

Swhen_abs:
sem_lexp_instant s absent —
sem_var_instant x absent —
sem_lexp_instant (Ewhen s x b) absent

when (s1, s2) =cifsgi=ecorsa=c¢
| Swhen_eq: when” (abs.zs, abs.cs) = abs.when” (zs, cs)
sem_lexp_instant s (present sc) — when#(zms,tru&cs) — x.when#(xs,cs)

sem_var_instant x (present xc) —
val_to_bool xc = Some b —
sem_lexp_instant (Ewhen s x b) (present sc)

when™ (z.xs, false.cs) abs.when™ (zs, cs)

Colaco and Pouzet (2003): “Clocks as
First Class Abstract Types”

Swhen_abs1:
sem_lexp_instant s (present sc) —
sem_var_instant x (present xc) —
val_to_bool xc = Some b —
sem_lexp_instant (Ewhen s x (negb b)) absent

Definition sem_lexp H (e: lexp) (xs: stream value) : Prop :=
lift sem_lexp_instant H e xs.
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NLustre: semantics 3/3

Inductive sem_equation G : stream bool — history — equation — Prop :=

| SEqDef:
sem_var bk H x xs —
sem_caexp bk H ck ce xs —
sem_equation G bk H (EqDef x ck ce)

| SEqApp:
sem_lexps bk H arg 1ls —
sem_vars bk H x xs —
sem_clock bk H ck cks —
clock_of 1s cks —
sem_node G f 1s xs —
sem_equation G bk H (EqApp x ck f arg)

| SEqFby:
sem_laexp bk H ck le 1s —
sem_var bk H x xs —
(Y n, xs n = fby (sem_const c0) 1s n) —
sem_equation G bk H (EqFby x ck c0 le)

with sem_node G :
ident — stream (list value) — stream (list value)

— Prop :=

| SNode:
find_node f G = Some n —
clock_of xss bk —
sem_vars bk H (map fst n.(n_in)) xss —
sem_vars bk H (map fst n.(n_out)) yss —
sem_clocked_vars bk H (idck n.(n_in)) —
Forall (sem_equation G bk H) n.(n_egs) —
sem_node G f xss yss.

Inductive sem_laexp_instant
clock — lexp — value — Prop:=
| SLtick:
sem_lexp_instant ce (present c) —
sem_clock_instant ck true —
sem_laexp_instant ck ce (present c)
| SLabs:
sem_clock_instant ck false —
sem_laexp_instant ck ce absent.

Fixpoint hold
(v0: val) (xs: stream value) (n: nat) : val :=
match n with
| 0= vo
| 8 m = match xs m with
| absent = hold vO xs m
| present hv = hv
end
end.

Definition fby
(v0: val) (xs: stream value) (n: nat) : value :=
match xs n with
| absent = absent
| _ = present (hold vO xs n)
end.
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Lustre: semantics 1/3

PM.t (Stream value).

Definition history :=

Notation sem_var H :=

Inductive sem_exp : h
| Sconst:
sem_exp H b (Econ

(fun (x: ident) (s: Stream value) = PM.MapsTo x s H).

st c) [const c b]

match b with

istory — Stream bool — exp — list (Stream value) — Prop :=
CoFixpoint const (c: const) (b: Stream bool) : Stream value :=

;1 b' = present (sem_const c) ::: const ¢ b'

v.i#[cl]

| Svar: | true ::
sem_var H x s — | false ::: b' = absent ::: const c b'
sem_exp H b (Evar x ann) [s] end.
| Swhen: i#[f]
Forall2 (sem_exp H b) es ss — i#[true.cl]
sem_var H x s — i#[fals&cl]

Forall2 (when k s) (concat ss) os —
sem_exp H b (Ewhen es x k lann) os

when”
when?

when®
#

s1,52)

abs.xzs, abs.cs)
z.x5, true.cs)

x.xs, false.cs)

when’

CoInductive when (k: bool)

abs.i*[cl]

Stream value — Stream value — Stream value — Prop :=

| WhenA:
when k xs cs rs —
when k (absent ::: cs) (absent ::: xs) (absent ::: rs)
cif 51 =¢cor
abs.when” (xs, | WhenPA:
z.when? (s, cs) when k xs cs rs —
abs.when® (x5, cs) val_to_bool ¢ = Some (negb k) —
when k (present c ::: cs) (present x ::: xs) (absent ::: rs)
| WhenPP:
when k xs cs rs —
val_to_bool ¢ = Some k —
when k (present c ::: cs) (present x ::: xs) (present x ::: rs)
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Inductive sem_exp : history — Stream bool — exp — list (Stream value) — Prop :=
| Sconst:
sem_exp H b (Econst c) [const c b]

£by™ (¢, ys) =e¢
| sfby: fby™ (abs.xs, abs.ys) = abs.fby* (xs,ys)

Forall2 (sem_exp H b) e0s sOss — £by* (z.25,1.ys) = a.£by1# (y, s, ys)

Forall2 (sem_exp H b) es sss — 4 X _ ’ ’
£by1” (v, €, ys) =c

Forall3 fby (concat sOss) (concat sss) os — % 4

sem_exp H b (Efby e0s es amns) os fby1™ (v, abs.xs, abs.ys) = abs.£byl1™ (v, ws,ys)
foy1 (v, w.xs, 5.ys) = v.fby17 (s, z5,ys)

CoInductive fby
| FbyA:
fby xs ys rs —
fby (absent ::: xs) (absent ::: ys) (absent :: rs)

| FbyP:
fbyl y xs ys rs —
fby (present x ::: xs) (present y ::: ys) (present x :: rs).

CoInductive fbyl
| Fby1A:
fbyl v xs ys rs —
fbyl v (absent ::: xs) (absent ::: ys) (absent :: rs)

| FbyiP:

fbyl s xs ys rs —
fbyl v (present w ::: xs) (present s ::: ys) (present v ::: rs).
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Inductive sem_exp : history — Stream bool — exp — list (Stream value) — Prop :=
| Sconst:
sem_exp H b (Econst c) [const c b]

| Sapp:
Forall2 (sem_exp H b) es ss —
sem_node f (concat ss) os —
sem_exp H b (Eapp f es lann) os

with sem_equation: history — Stream bool — equation — Prop :=
| Seq:

Forall2 (sem_exp H b) es ss —

Forall2 (sem_var H) xs (concat ss) —

sem_equation H b (xs, es)

with sem_node: ident — list (Stream value) — list (Stream value) — Prop :=
| Snode:

find_node f G = Some n —

Forall2 (sem_var H) (idents n.(n_in)) ss —

Forall2 (sem_var H) (idents n.(n_out)) os —

Forall (sem_equation H b) n.(n_eqs) —

b = sclocksof ss —

sem_node f ss os.
CoFixpoint sclocksof (ss: list (Stream value)) : Stream bool :=

existsb (fun s= hd s <>b absent) ss :::sclocksof (List.map tl ss).
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Prior work on Lustre semantics in Coq

® [Boulmé and Hamon (2001): A clocked denotational semantics for Lucid-Synchrone in Coq ]

Shallow embedding of Lucid Synchrone into Cog.
Embed the clocking rules into the Coq type system.
Use clocks (boolean streams) to control rhythms.
Denotational semantics using co-fixpoints.

— Values: present, absent, and fail.
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— CoInductive Str (A:Type) : Type :=
| Eps: StrA — Str A
| cons: A - StrA — Str A

— Least element: Eps™
— Shallow embedding of programs.

e [Auger (2013): “Compilation certifiée de SCADE/LUSTRE" |
— Streams as (backward) finite lists.
— Deep embedding of programs.
— Relational semantics linking programs to lists.
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Semantic model: design constraints

Judging the (informal) ‘correctness’ of the development.
e Proving properties of programs.

e Proving correctness of compilation.

Proving properties of the language

— Existence of semantics
— Determinism of language
— Correctness of the clocking system
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Inferring whens

node f(a: bool) returns (b: bool when ¢; c: bool);
let

c = false fby (not c);

b = a when c;
tel

node g(y: bool when z; z: bool when x; x: bool) returns (o: bool when x)
let

o = false fby (not z);
tel

node h(u: bool) returns (v: bool);
var w: bool when u;
let
w = g(f(true), u);
v = merge u w false;
tel
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var w: bool when u; ‘ f
let approximate input mapping: {x — u}
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tel

>

instantiated: g(cwon uon ?, « on u, @)

freturns ( 1:~v0n2,2:7)
approximate base clock: v = a onu
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Conclusion
First results

e Working compiler from Lustre to assembler in Cog.
e Formally relate dataflow model to imperative code.
e Generate Clight for CompCert; change to richer memory model.

¢ Intermediate language and separation predicates were decisive.
Ongoing work
e Finish normalization pass, add resets, add automata. ..

e Prove that a well-typed program has a semantics.

e Combine interactive and automatic proof to verify Lustre programs.
. . . Bourke, Glabbeek, and Héfner (2016): “Mechanizing
- Can Verlfy reactive models in Isabelle. I:a Process Algebra for Network Protocols” :I

— Can compile reactive programs in Coq.
— What's the best way to do both at the same time?

e Treat side-effects in dataflow model and integrate C code.
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