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THE PROBLEM

Adding the modular reset to Velus

- Compilation and optimization
- Semantic model
- Proof of correctness
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[Cas+87; CPP17]
A NORMALIZED LUSTRE EXAMPLE

ey | node euler(x0, u: double)

fabe 1 returns (x: double);
o i var i: bool, px: double;
x0 L. let
xv FBY | px >x 1 = true fby false;

g x = if 1 then x0 else px;
0o px = 0.0 fby (x + 0.1 * u);
tel
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[Cas+87; CPP17]
A NORMALIZED LUSTRE EXAMPLE

node ins(gps, xv: double)
L FBY | . returns (x: double, alarm: bool)
1 i ®>alarm var k: int, px: double,
ol 4 - xe: double whenot alarm;

let

L FBY arm pxa dafmi k =0 fby k + 1,
WHEN :>-> >x alarm = (k > 50);

1
o.o.T xe = euler(gps whenot alarm,
gps proma B xv whenot alarm);
WHEN [T culer H*® x = merge alarm (px when alarm) xe;
xv>J_ - px = 0. fby x;

tel
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SCADE-LIKE STATE MACHINES AND RESET PRIMITIVE
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[cPPO5]
SCADE-LIKE STATE MACHINES AND RESET PRIMITIVE

Can be compiled into Lustre
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SCADE-LIKE STATE MACHINES AND RESET PRIMITIVE

Can be compiled into Lustre

Reset:
- Reset the state of a node, ie. reinitialize the fbys
- Useful primitive, not only for state machines

- How?
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A SIMPLER EXAMPLE

node nat(i: int) returns (n: int)
let

n=1 fby (n + 1);
tel
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A SIMPLER EXAMPLE

node nat(i: int) returns (n: int)

let

n=1 fby (n + 1);
tel
r F
i 0
nat(i) 0
(restart nat everyr)(i) O
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A SIMPLER EXAMPLE

node nat(i: int) returns (n: int)
let

n=1ifby (n+ 1);
tel
r FF
i 0 5
nat(i) 0 1
(restart nateveryr)(i) 0 1
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A SIMPLER EXAMPLE

node nat(i: int) returns (n: int)

let
n=1ifby (n+ 1);

tel

r FF T

i 0 5 10

nat(i) o 1 2

(restart nateveryr)(i) 0 1 10
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A SIMPLER EXAMPLE

node nat(i: int) returns (n: int)

let
n=1i fby (n + 1);

tel

r F F T F

i 0O 5 10 15

nat(i) o 1 2 3

(restart nateveryr)(i) 0 1 10 11
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A SIMPLER EXAMPLE

node nat(i: int) returns (n: int)

let
n=1i fby (n + 1);

tel

r FF T F F

i 0 5 10 15 20

nat(i) 01 2 3 4

(restart nateveryr)(i) 0 1 10 11 12
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A SIMPLER EXAMPLE

node nat(i: int) returns (n: int)

let

n=1 fby (n + 1);
tel
r FF T F F T
i 0O 5 10 15 20 25
nat(i) 0O 1 2 3 4 5
(restart nateveryr)(i) 0 1 10 11 12 25
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A SIMPLER EXAMPLE

node nat(i: int) returns (n: int)

let
n=1ifby (n+ 1);

tel

r FF T F F T F

i 0 5 10 15 20 25 30

nat(i) 0 1 2 3 4 5 6

(restart nateveryr)(i) 0 1 10 11 12 25 26
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A SIMPLER EXAMPLE
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n=1ifby (n+ 1);
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[Cas94; CP97; HPOO]
A RECURSIVE INTUITION

node whilenot(r: bool) returns (c: bool)
let

c = true — if r then false else (pre c);
tel

node reset_nat(i: int, r: bool) returns (y: int)
var c: bool;

let
¢ = whilenot(r);
y = merge c¢ (nat(i when c))
(reset_nat((i, r) whenot c));
tel

rFF T FFTF

c T T F FF FF
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INFINITELY UNROLLING THE RECURSION

i 0 5 10 15 20 25 30

(restart nateveryr)(i) 0 1 10 11 12 25 26
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INFINITELY UNROLLING THE RECURSION

r FF T F F T F

count r 0 0 1 1 1 2 2
i O 5 10 15 20 25 30

(restart nateveryr)(i) 0 1 10 11 12 25 26
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INFINITELY UNROLLING THE RECURSION

r FF T F F T F
count r 0 O 1 1 1 2 2
i 0O 5 10 15 20 25 30
mask] | 0 5

(restart nateveryr)(i) 0 1 10 11 12 25 26
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INFINITELY UNROLLING THE RECURSION

r FF T F F T F
countr 0 O 1 1 1 2 2
i 0O 5 10 15 20 25 30
mask? i 0 5
nat(lnaskgi) 0 1

10 11 12 25 26

(@)
=

(restart nat every r)(i)

6/22



INFINITELY UNROLLING THE RECURSION

r FF T F F T F
count r oo 1 1 1 2 2
i 0 5 10 15 20 25 30
mask? i 0 5

nat( mask? i) 0 1

mask, i 10 15 20

10 11 12 25 26

(e}
=

(restart nat every r)(i)
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INFINITELY UNROLLING THE RECURSION

r F F T F F T F
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i 0 5 10 15 20 25 30
mask? i 0 5

nat( mask? i) 0 1

mask i 10 15 20
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INFINITELY UNROLLING THE RECURSION

r FF T F F T F
countr oo 1 1 1 2 2
i 0 5 10 15 20 25 30
mask? i 0 5

nat( mask? i) 0 1

mask i 10 15 20

nat( mask; i) 10 11 12
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INFINITELY UNROLLING THE RECURSION

r F F T F F T F
countr 0 O 1 1 1 2 2
i 0 5 10 15 20 25 30
mask? i 0 5

nat( mask? i) 0 1

mask i 10 15 20

nat( mask; i) 10 11 12

mask? i 25 30
nat( mask? i) 25 26

10 11 12 25 26

(e}
=

(restart nat every r)(i)
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INFINITELY UNROLLING THE RECURSION

r FF T F F T F
count r oo 1 1 1 2 2
i 0 5 10 15 20 25 30
mask? i 0 5

nat( mask? i) 0 1

mask i 10 15 20

nat( mask; i) 10 11 12

mask? i 25 30

nat( mask? i) 25 26

(e}
=

(restart nat every r)(i) 10 11 12 25 26
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FORMAL SEMANTICS

Node application

Feqn X = f(e)
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Node application
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Feqn X = f(e)
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FORMAL SEMANTICS

Node application

Fexpe s Fnode f(es) | xs
Feqn X = f(e)
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FORMAL SEMANTICS

Node application

Fexpe I s Frode fles) Uxs Harx | xs
Fegn X = f(e)

Modular reset

Fary 4 rs
|_e><p e ‘U/ es l_\/arX »U/ XS

Feqn X = (restart fevery y)(e)
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FORMAL SEMANTICS

Node application

Fexpe I s Frode fles) Uxs Harx | xs
Fegn X = f(e)

Modular reset

Hary U rs r = bools-of rs
|_e><p e ‘U/ es l_\/arX »U/ XS

Feqn X = (restart fevery y)(e)
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FORMAL SEMANTICS

Node application

Fexpe I s Frode fles) Uxs Harx | xs
Fegn X = f(e)

Modular reset

Hary { rs r=bools-of rs
Fexp@ |} €S rhresetf(es) 4 xs  Harx | xs

Feqn X = (restart fevery y)(e)
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FORMAL SEMANTICS

Node application

Fexpe I s Frode fles) Uxs Harx | xs
Fegn X = f(e)

Modular reset

Hary { rs r=bools-of rs
Fexp@ |} €S rhresetf(es) 4 xs  Harx | xs

Feqn X = (restart fevery y)(e)

I'treset f(xs) | ys
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FORMAL SEMANTICS

Node application

Fexpe I s Frode fles) Uxs Harx | xs
Fegn X = f(e)

Modular reset

Hary { rs r=bools-of rs
Fexp@ |} €S rhresetf(es) 4 xs  Harx | xs

Feqn X = (restart fevery y)(e)

Use of an universally quantified relation as a constraint:
Vk,qudefbnaskfxs)~Urnaskfys
reset f(xs) 4 ys

7122



[Bou+17]

VELUS: A VERIFIED LUSTRE COMPILER

scheduling
D dataﬂqw parsing UiannciEies elaboration i-translation
D transition system ——— Lustre NLustre Stc
[0 imperative
s-translation
. fusion \ arguments
Implemented in Coq and (some) OCaml optimization [ initialization
Otzb
generation
4
L
Clight
 —
: compilation
£ |
gl ¥
g
O Assembly
 —)
: printing
1
\/
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[JPL12]

VELUS: A VERIFIED LUSTRE COMPILER

[0 dataflow scheduling

o parsing UiannciEies elaboration i-translation
[J transition system —» NLustre Stc
[0 imperative

s-translation
fusion arguments

- validated parsing (menhir --coq) optimization

[‘ initialization
Otzb

generation

Y
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Clight
 —
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1
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VELUS: A VERIFIED LUSTRE COMPILER
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VELUS: A VERIFIED LUSTRE COMPILER
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VELUS: A VERIFIED LUSTRE COMPILER
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VELUS: A VERIFIED LUSTRE COMPILER
[ datafl scheduling
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VELUS: A VERIFIED LUSTRE COMPILER
[ datafl scheduling
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o [BLO9]
VELUS: A VERIFIED LUSTRE COMPILER
[ datafl scheduling
ata _QW parsing UiannciEies elaboration i-translation
D transition system —— Lustre NLustre Stc
[0 imperative
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- validated parsing (menhir --coq) s iitalzation
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- [Ler09]
VELUS: A VERIFIED LUSTRE COMPILER
hedul
D dataﬂo_w parsing UiannciEies elaboration i-translation Sedune
D transition system —— Lustre NLustre Stc
[0 imperative

s-translation
- validated parsing (menhir --coq) optfﬁﬂsifamﬁm mialzation
- elaboration to get clock and type information OZ]:)
- i-translation to Stc code generation
- scheduling of Stc code _C“:m
- s-translation to Obc code :
- fusion optimization of conditionals . vl
- initialization of variable arguments S| [ assembly
- Generation of Clight code I
- Rely on CompCert for compilation , o
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WHY STC?

Two issues:
SYNTACTIC GRANULARITY

reset: schedulable separate construct

SEMANTIC GRANULARITY

transient states



FIRST ISSUE: NAIVE COMPILATION

NLustre Obc

X, a = (restart ins every r)(x0, u); if ck_r {

if r { ins(i).reset() }
58

X, a := ins(i).step(x0, u)
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FIRST ISSUE: NAIVE COMPILATION

NLustre Obc

X, a = (restart ins every r)(x0, u); if ck_r {
if r { ins(i).reset() }
};

X, a := ins(i).step(x0, u)

Problem with fusion optimization:

x, ax = (restart ins every r)(xe, u); if ck_r {
y, ay = (restart ins every r)(y@, v); if r { ins(i).reset() }
X, ax := ins(i).step(x0, u);
if ck_r {
if r { ins(j).reset() }
i
y, ay := ins(j).step(y0, v)

10/22



FIRST ISSUE: NAIVE COMPILATION

NLustre Obc

X, a = (restart ins every r)(x0, u); if ck_r {
if r { ins(i).reset() }
};

X, a := ins(i).step(x0, u)

Problem with fusion optimization:

x, ax = (restart ins every r)(x0, u); if ck_r {

y, ay = (restart ins every r)(yo, v); if-r {.
ins(i).reset();

ins(j).reset()

}
i
X, ax := ins(i).step(x0, u);
y, ay := ins(j).step(y0, v)
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FIRST ISSUE: NAIVE COMPILATION

NLustre Obc

X, a = (restart ins every r)(x0, u); if ck_r {
if r { ins(i).reset() }

58

X, a := ins(i).step(x0, u)

Problem with fusion optimization:

x, ax = (restart ins every r)(x0, u); if.Ck—r {
y, ay = (restart ins every r)(y0, v); if r{
ins(i).reset();
ins(j).reset()
}
i
X, ax := ins(i).step(x0, u);
y, ay := ins(j).step(y0, v)

— Schedule node applications and resets separately
10/22



SECOND ISSUE: PROOF OF CORRECTNESS

NLustre

Ve x v
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NLustre

Ve x v
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SECOND ISSUE: PROOF OF CORRECTNESS

What about the reset?

- Similar semantics in the memory model
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- The “easy” proof can be done
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SECOND ISSUE: PROOF OF CORRECTNESS

What about the reset?

- Similar semantics in the memory model
- The “easy” proof can be done
- The “hard” one failed

1/22



STC: SYNCHRONOUS TRANSITION CODE

Propose a new intermediate language

- Declarative, like NLustre
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STC: SYNCHRONOUS TRANSITION CODE

Propose a new intermediate language

- Declarative, like NLustre
- Reset as a separate construct
- Explicit state, as in the memory model of NLustre

- Transient states

scheduling fusion optimization

i-translation s-translation
NLustre > Stc > Obc

j —

arguments initialization
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NLUSTRE

scheduling fusion optimization

anslation s-translation
\Lustre > St > Obc

arguments initialization
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NLUSTRE

system euler {

node euler(x0, u: double) init 1 = true, px = 0.;

returns (x: double);
var i: bool, px: double;
let
i = true fby false; {
x = if 1 then x0 else px;
px = 0.0 fby (x + 0.1 * u);
tel }

}

transition(x0, u: double)
returns (x: double)

next i = false;

x = if 1 then x0 else px;
next px = x + 0.1 * u;

13/22
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NLUSTRE

system euler {

node euler(x0, u: double) init 1 = true, EEy

returns (x: double);
var i: bool, px: double;
let
i = true fby false; {
x = if 1 then x0 else px;
px = 0.0 fby (x + 0.1 * u);
tel }

}

transition(x0, u: double)
returns (x: double)
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NLUSTRE

STC

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var k: int, px: double,

xe: double whenot alarm;
let
k =0 fby k + 1; {
alarm = (k > 50);
xe = euler(gps whenot alarm,
xv whenot alarm);
x = merge alarm (px when alarm) xe;
px = 0. fby x;
tel
}

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)

returns (x: double, alarm: bool)
var xe: double whenot alarm;

next k = k + 1;

alarm = (k > 50);

xe = euler<xe,0>(gps whenot alarm,
Xxv whenot alarm);

x = merge alarm (px when alarm) xe;

next px = Xx;

13/22



NLUSTRE

STC

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var k: int, px: double,

xe: double whenot alarm;
let
k =0 fby k + 1;
alarm = (k > 50);

xe = euler(gps whenot alarm,

Xxv whenot alarm);

X:

px = 0.
tel

fby x;

system ins {
init k = 0, px = 0.;
sub xe: euler;

transition(gps, xv: double)

{

merge alarm (px when alarm) xe;

returns (x: double, alarm: bool)
var xe: double whenot alarm;

next k = k + 1;

alarm = (k > 50);

xe = euler<xe,0>(gps whenot alarm,
Xv whenot alarm);

x = merge alarm (px when alarm) xe;

next px = Xx;
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NLUSTRE

system driver {
sub x: ins, y: ins;

node driver(x0, y0, u, v: double, transition(x0, y®, u, v: double,
r: bool) r: bool)
returns (x, y: double) returns (x, y: double)
var ax, ay: bool; var ax, ay: bool;
let {
X, ax = (restart ins every r)(x0, u); x, ax = ins<x,1>(x0, u);
y, ay = (restart ins every r)(y0, v); reset ins<x> every (. on r);
tel y, ay = ins<y,1>(y0, v);
reset ins<y> every (. on r);
}
}
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system driver {
sub x: ins, y: ins;

node driver(x0, y0, u, v: double, transition(x0, y®, u, v: double,
r: bool) r: bool)
returns (x, y: double) returns (x, y: double)
var ax, ay: bool; var ax, ay: bool;
let {
X, ax = (restart ins every r)(x0, u); x, ax = ins<x,1>(x0, u);
y, ay = (restart ins every r)(y0, v); reset ins<x> every (. on r);
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SCHEDULING

cheduling fusion optimization

i-translation s-translation
> >

NLustre > Stc > Obc

arguments initialization
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SCHEDULING

system driver { system driver {
sub x: ins, y: ins; sub x: ins, y: ins;
transition(x0, y0, u, v: double, transition(x0, y0, u, v: double,
r: bool) r: bool)
returns (x, y: double) returns (x, y: double)
var ax, ay: bool; var ax, ay: bool;
{ {
X, ax = ins<x,1>(x0, u); reset ins<x> every (. on r);
reset ins<x> every (. on r); reset ins<y> every (. on r);
y, ay = ins<y,1>(y0, v); X, ax = ins<x,1>(x0, u);
reset ins<y> every (. on r); y, ay = ins<y,1>(y0, v);
} }
} }
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scheduling fusion optimization
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class euler {
state i: bool, px: double;
system euler {
init i = true, px = 0.; step(x0, u: double)
returns (x: double)

transition(x0, u: double) {
returns (x: double) if state(i) { x := x0 }
{ else { x := state(px) };
x = if i then x0 else px; state(i) := false;
next i = false; state(px) := x + 0.1 * u
next px = x + 0.1 * u; }
}
} reset() { state(i) := true;
state(px) := 0. }
}
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class ins {
state k: int, px: double;

. instance xe: euler;
system ins {

init k = 0, px = 0.;

sub xe: euler; step(gps, xv: double)

returns (x: double, alarm: bool)
var xe: double

{
alarm := state(k) > 50;

transition(gps, xv: double)
returns (x: double, alarm: bool)
var xe: double whenot alarm;

{ state(k) := state(k) + 1;

_ . if alarm { }

:li:mk_-(t % i?)' else { xe := euler(xe).step(gps, xv) };
- ! if alarm { x := state(px) }
xe = euler<xe,0>(gps whenot alarm, Ao 4 3 8o 16 B
xv whenot alarm); - x).j- N !
x = merge alarm (px when alarm) xe; } [P 8
next px = x;
b t reset() { state(k) := 0;

state(px) := 0.;
euler(xe).reset() }
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class driver {

. instance x: ins, y: ins;
system driver {

Sl 25 Sy I8 e step(x0, y0, u, v: double,

r: bool)
returns (x, y: double)
var ax, ay: bool

transition(x0, y0, u, v: double,
r: bool)
returns (x, y: double)

var ax, ay: bool; if r { ins(x).reset() };

{ . )
. if r ins .reset R
reset ins<x> every (. on r); “ ax{-= iﬁzzx) steégxé' "y
reset ins<y> every (. on r); ! A :: ins( ).ste ( 0' v)'
X, ax = ins<x,1>(x0, u); } y, ay : yJ. PLYE,
y, ay = ins<y,1>(ye, v);
} } reset() { ins(x).reset();

ins(y).reset() }
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if alarm { } Sl 4
else { xe := euler(xe).step(gps, xv) }; o .
if alarm { x := state(px) } ze.i—xiuler(xe).step(gps, xv)i
else { x := xe }; }; a
. ;

state(px)l:= x state(px) := x

: }

) o z:z:zéki):fioé . reset() { state(k) := 0;

px) = 8.3 state(px) := 0.;
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class driver {
class driver { instance x: ins, y: ins;
instance x: ins, y: ins;
step(x0, y0, u, v: double,

step(x0, y0, u, v: double, r: bool)
r: bool) returns (x, y: double)
returns (x, y: double) var ax, ay: bool
var ax, ay: bool {
{ if r {
if r { ins(x).reset() }; ins(x).reset();
if r { ins(y).reset() }; ins(y).reset()
X, ax := ins(x).step(x0, u); Ihg
y, ay := ins(y).step(y0, v) X, ax := ins(x).step(x0, u);
} y, ay := ins(y).step(y0, v)
}
reset() { ins(x).reset();
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STC FORMAL SEMANTICS: INTUITION

system f { Transition system
sub i: g;
transition (x: int, r: bool) - Three states S, | and S’
returns (y: int) o ]
{ - Transition constraints

reset g<i> every (. on r);
y = g<i,1>(x);
}
}
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sub i: g;
transition (x: int, r: bool) - Three states S, I and S’
returns (y: int) o .
{ - Transition constraints
y = 8<i,1>(x); ) et
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STC FORMAL SEMANTICS: SIMPLIFIED RULES

Basic transition constraint

R,b+ e | R(x)
P,R,b,S,I,S'Fx=e

18/22



STC FORMAL SEMANTICS: SIMPLIFIED RULES

Basic transition constraint

R,b+ e | R(x)
P,R,b,S,I,S'Fx=e

Next transition constraint

RibFel w R(x)=<«S(x) S(x)=v
P,R,b,S,I.S'Fnextx=e¢e

18/22



STC FORMAL SEMANTICS: SIMPLIFIED RULES

Basic transition constraint

R,b+ e | R(x)
P,R,b,S,I,S'Fx=e

Next transition constraint

RibFel w R(x)=<«S(x) S(x)=v
P,R,b,S,I.S'Fnextx=e¢e

RbFel<» R(X)=<> S(x)=5(x)
P,R,b,S,I,S'-next x=e

18/22



STC FORMAL SEMANTICS: SIMPLIFIED RULES

Default transition
R,bkelv PII],ST]Ff(v) 1L R(X)
if (k=0) then I[i] & SJi]
P,R,b,S, 1,5 x = f<i,k>(e)

18/22



STC FORMAL SEMANTICS: SIMPLIFIED RULES

Default transition
R,bkelv PII],ST]Ff(v) 1L R(X)
if (k=0) then I[i] & SJi]
P,R,b,S, 1,5 x = f<i,k>(e)

Reset transition

R,bt ck | true initial-state P f I[i]
P,R,b,S,1,S' - reset f<i> every ck

18/22



STC FORMAL SEMANTICS: SIMPLIFIED RULES

Default transition
R,bkelv PII],ST]Ff(v) 1L R(X)
if (k=0) then I[i] & SJi]
P,R,b,S, 1,5 x = f<i,k>(e)

Reset transition

R,bt ck | true initial-state P f I[i]
P,R,b,S,1,S' - reset f<i> every ck

R,bt ck | false I[i] & S[i]
P,R,b,S,I,S" - reset f<i> every ck

18/22



STC FORMAL SEMANTICS: SIMPLIFIED RULES

System

system(P,f) =s R(s.in) =xs R(s.out) =ys
Vtc € s.tcs, P, R, base-of xs,S,/,S' I tc
P,S,S"F f(xs) |l ys

18/22



STC FORMAL SEMANTICS: SIMPLIFIED RULES

System
system(P,f) =s R(s.in) =xs R(s.out) =ys
Vtc € s.tcs, P, R, base-of xs,S,/,S' I tc
P,S,S"F f(xs) |l ys
Loop

P.S,S'F f(xsn) Ll ys, P,S'Ff(xs) o ys

P,Sk f(xs) O ys
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FROM NLUSTRE TO STC

Theorem (i-translation correctness) .
Given a program G, a name f, streams of lists of values xs and

ys, and a memory stream M such that G,M + f(xs) { ys, then

initial-state (i-tr G) f My and i-tr G, My F f(xs) g)ys
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FROM STC TO OBC

Theorem (s-translation correctness) .
Given a program P, a name f, streams of lists of values xs and

0
ys, a state S such that initial-state P f S and P,S + f(xs) Q ys,

then there exists a memory tree me & S such that:
0

s-trP,{@} - freset () I me and strP,me - f.step (xs) Qys
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ULTIMATE THEOREM

Theorem (Vélus correctness) .
Given a list of declarations D, a name f, lists of streams of

values xs and ys, an NLustre program G and an assembly
program P such that compile D f = OK (G, P) and

G f(xs) |} <ys, then there exists an infinite trace of events T
such that

P lasuy Reacts(T) and bisim-10°fxsys T
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G f(xs) |} <ys, then there exists an infinite trace of events T

such that
P Jasu Reacts(T) and  bisim-10°fxsys T
c i-tr sch s-tr fuse init-args gen cl-to-asm .
>
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CONCLUSION

Summary

- A verified compiler for normalized Lustre with reset
- A single additional semantic rule for the reset

- An intermediate transition system language: Stc
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Future Work

+ Normalization
- Extend Stc

- State machines
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