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CRITICALITY

Systems that must not fail
- Flight control systems
- Automated train systems

- Power plant monitoring software

State of the art: industrial certification of the development process, sometimes
using formal methods, eg. SCADE

Scientific question: can we mechanize the formal definitions and produce an
end-to-end correctness proof?
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Klein et al. 2009

MECHANIZED FORMALIZATION Kumar, Myreen, Norrish, and Owens 2014
Leroy 2009

Interactive Theorem Provers, or Proof Assistants ‘)

- Software tools to assist statement of theorems, and

development and checking of their proofs )
- Mizar, Isabelle, HOL, ,ACL2, PVS, Agda, ...

-

Existing mechanized formalizations
sel4: a verified micro-kernel in Isabelle
CakeML: a verified compiler for a functional language in HOL

Formal mechanization in Coq of the C language and of the correctness proof of
its compilation to Assembly code.
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Model-Based Design Interactive Theorem
Languages - Provers
Scade 6, Lustre Coq
Challenges

1. Mechanize the semantics

2. Prove the compilation algorithms correct

Focus: modular reset



EXAMPLE

-
< H |

0.1

x0

FBY —l%>x

node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

X0 0.00 1.55 3.62 5.46
u 15.00 20.00 17.00 12.00
X+01xu 1.50  3.50 5.20 6.70
X 0.00 1.50 3.50 5.20



EXAMPLE

-
< H |

0.1

x0

FBY —l%>x

node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

X0 0.00 1.55 3.62 5.46
u 15.00 20.00 17.00 12.00
X+01xu 1.50  3.50 5.20 6.70
X 0.00 1.50 3.50 5.20



EXAMPLE

-
< H |

0.1

x0

FBY —l%>x

node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

X0 0.00 1.55 3.62 5.46
u 15.00 20.00 17.00 12.00
X+01xu 1.50  3.50 5.20 6.70
X 0.00 1.50 3.50 5.20



EXAMPLE

L FBY | k node ins(gps, xv: double)
1 I ®>alarm returns (x: double, alarm: bool)
3 |—T 1J 50 var pxa, xe: double; k: int;
let

L FBY WaLa\rgN 50 alarm L> k =0 fby (l( + 1);
X

g alarm = (k >= 50);
o.oJ xe = euler((gps, xv) when not alarm);
xXe

gps pxa = (0. fby x) when alarm;

alarm x0
WHEN [ u euler X = merge alarm pxa Xe;

XV >_|_ - tel
gps 0.00 1.55 3.62 546 --- 86.52 88.40 90.91
XV 15.00 20.00 17.00 12.00 --- 18.00 23.00 20.00
R 0 1 2 3 49 50 51
alarm F F F F F T T
xe 0.00 1.50 3.50 520 ... 77.35
pxa e 77.35  77.35

X 0.00 150 350 520 --- 7735 7735 7735 ... ;



EXAMPLE

L FBY | k node ins(gps, xv: double)
1 I ®>alarm returns (x: double, alarm: bool)
3 |—T 1J 50 var pxa, xe: double; k: int;
let

L FBY WaLa\rgN 50 alarm L> k =0 fby (l( + 1);
X

g alarm = (k >= 50);
o.oJ xe = euler((gps, xv) when not alarm);
xXe

gps pxa = (0. fby x) when alarm;

alarm x0
WHEN [ u euler X = merge alarm pxa Xe;

XV >_|_ - tel
gps 0.00 1.55 3.62 546 --- 86.52 88.40 90.91
XV 15.00 20.00 17.00 12.00 --- 18.00 23.00 20.00
R 0 1 2 3 49 50 51
alarm F F F F F T T
xe 0.00 1.50 3.50 520 ... 77.35
pxa e 77.35  77.35

X 0.00 150 350 520 --- 7735 7735 7735 ... ;



EXAMPLE

L FBY | k node ins(gps, xv: double)
1 I ®>alarm returns (x: double, alarm: bool)
3 |—T 1J 50 var pxa, xe: double; k: int;
let

L FBY WaLa\rgN 50 alarm L> k =0 fby (l( + 1);
X

g alarm = (k >= 50);
o.oJ xe = euler((gps, xv) when not alarm);
xXe

gps pxa = (0. fby x) when alarm;

alarm x0
WHEN [ u euler X = merge alarm pxa Xe;

XV >_|_ - tel
gps 0.00 1.55 3.62 546 --- 86.52 88.40 90.91
XV 15.00 20.00 17.00 12.00 --- 18.00 23.00 20.00
R 0 1 2 3 49 50 51
alarm F F F F F T T
xe 0.00 1.50 3.50 520 ... 77.35
pxa e 77.35  77.35

X 0.00 150 350 520 --- 7735 7735 7735 ... ;



EXAMPLE

L FBY | k node ins(gps, xv: double)
1 I ®>alarm returns (x: double, alarm: bool)
3 |—T 1J 50 var pxa, xe: double; k: int;
let

L FBY WaLa\rgN 50 alarm L> k =0 fby (l( + 1);
X

g alarm = (k >= 50);
o.oJ xe = euler((gps, xv) when not alarm);
xXe

gps pxa = (0. fby x) when alarm;

alarm x0
WHEN [ u euler X = merge alarm pxa Xe;

XV >_|_ - tel
gps 0.00 1.55 3.62 546 --- 86.52 88.40 90.91
XV 15.00 20.00 17.00 12.00 --- 18.00 23.00 20.00
R 0 1 2 3 49 50 51
alarm F F F F F T T
xe 0.00 1.50 3.50 520 ... 77.35
pxa e 77.35  77.35

X 0.00 150 350 520 --- 7735 7735 7735 ... ;



EXAMPLE

[

FBY |

node ins(gps, xv: double)

+ . .
1 + ®>alarm returns (x: double, alarr!'l. bool)
0 |—T . 50 var pxa, xe: double; k: int;
let
L FBY W&E‘EN oxa ajarmL X = merge alarm pxa xe;
1 :>_, S k =0 fby (k + 1);
il pxa = (0. fby x) when alarm;
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node nav(gps: double, xv: double, s: bool)
returns (x: double, alarm: bool)
var r: bool, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)
((gps, xv) whenot c));
true fby (merge c (not s when c)
(s whenot c));
false fby (s and c);
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EXAMPLE

node nav(gps: double, xv: double, s: bool)
returns (x: double, alarm: bool)
var r: bool, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)
((gps, xv) whenot c));
true fby (merge c (not s when c)
(s whenot c));
false fby (s and c);

(@]
n

—
n

>>L ins
:>_F tel

' / We need a way to
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node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var pxa, xe: double; k: int;
let
k =0 fby (k + 1);
alarm = (k >= 50);
xe = euler((gps, xv) when not alarm);
pxa = (0. fby x) when alarm;
x = merge alarm pxa xe;
tel

node nav(gps: double, xv: double, s: bool)
returns (x: double, alarm: bool)
var r: bool, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)
((gps, xv) whenot c));
c = true fby (merge c (not s when c)
(s whenot ¢));
r = false fby (s and c); 8
tel
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returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var pxa, xe: double; k: int;
let
k =0 fby (k + 1);
alarm = (k >= 50);
xe = euler((gps, xv) when not alarm);
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tel

node nav(gps: double, xv: double, s: bool)
returns (x: double, alarm: bool)
var r: bool, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)

((gps, xv) whenot c));

¢ = true fby (merge ¢ (not s when c)
(s whenot ¢));
r = false fby (s and c);
tel

C

struct euter {
bool i;
double px;

b

struct ins
int
double px
struct euter xe;

b

strut funinstates {
e

b

struct nav {
bool ¢;
bool x

b

struct funsnavistep |
doutle x;

bool atar;

double fungeulerdstep(struct eler sself,
ousle x0, double 1) {
register dowsle x;
if (self>D) {

s a0
Fetse {
X = self-opx

selfoi - false
SeLf->px = x + 0.100000000000000085 +

vold funseutersreset(struct euler sself) {
elf>i « true;
self-px = 0

void unkinststntstruct ins ssel,

© funsinssste sout,
Goubte gpe, doubte 3 {
register dousle steptx;

if (out->atamm) { out>x = self->pe; }

steptx + funseuler$step(6(self->xe), gps, x);
ept;

xe - st
outoox = xe;

b
self-px = out->x;
, 5

weld fudtnsdrest(atruct ios <3010 {

selfo>
lun!au\evsyesu(h(ss” e

vt funfnavistap(struct mav szl
R s,

douste xv, baol 5) {

struct funginsgstep outsinsrsstep;

register bool c;

register double inse;

register bool alr,

£ (seUf->r) ( funsins$reset(s(self->insr)); }
Selfor « 5 6 selfoc;

i Garso ¢

outo + gps;
ot >a\am < rase;
}e
Funsinstatep(s(sels>insr, soutsinsrssien, gos
S = outSinsrsstep.x;
utSinsrsstep. atarn;

out-satare - alr;
3
self-oc = em;

+

Void funsnavsreset(struct nav eself) {

1o = false;
Funsinsgreset (s(self->inse);

struct nav selfs;

bool volatile alarss;

int main(void) {
sruct fongraviato autbsens
register double
register double xv;
register bool 5;

Funsnavsreset(aselis);
while (true) {
g5 - volatile_losd(sgpss);
v = volatile_Toad(sx$);
5 = volatile_load(as$);
Funsnavsstep(sselfs, soutsstep, gps, xv, $);

volatite_store(sxs, 03
Velotite store(satares, sutSstep-atarn);

L i
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Faset
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SeLf->px = x + 0.100000000000000085 +

void fungeutertreset(struct euler sself) {
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self-px = 0

void untinststtstruct ins ssel,
© funsinssste sout,
Goubte gpe, doubte 3 {
register dousle steptx;

if (out->atamm) { out>x = self->pe; }
se
xe - st
outoox = xe;

b

self-px = out->x;

, 5

ot funnatress(ateuc s an1f) {

selfo>
m;m.ms,.mmsm >xe))i

i fungnavtstenCtruct v wsel
e,

douste xv, baol 5) {

struct funginsgstep outsinsrsstep;
register bool c;

register double inse;

register bool alr,

£ (seLf->r) { funsins$reset(s(self->insr)); }

Selfor « 5 6 selfoc;
i Garso ¢

outox + gps;
ot >a\am = fatse;
}e

Funsinstatep(s(sets-insr, sousinsrsten, gps, )i

steptx + funseuler$step(6(self->xe), gps, x);
ept;

o frtraviresetruct vaw -selr)

e W) anslated code

struct nav selfs;

ool volatile atarss;

int main(void) {
sruct fongraviato autbsens
register double
register double xv;
register bool 5;

Funsnavsreset(aselis);
while (true) {
g5 - volatile_losd(sgpss);
v = volatile_Toad(sx$);
5 = volatile_load(as$);
funsnavsstep(sselfs, soutsstep, gps, v,

volatite_store(sxs,
T AR A vy
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node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 % u);
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tel

node nav(gps: double, xv: double, s: bool)
returns (x: double, alarm: bool)
var r: bool, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)
((gps, xv) whenot c));
¢ = true fby (merge ¢ (not s when c)
(s whenot ¢));
r = false fby (s and c);
tel

C

struct euter {
bool i;
double px;

b

struct ins
int
double px
struct euter xe;

b

strut funinstates {
e

b

struct nav {
bool ¢;
bool x

b
struct funsnavistep |
doutle x;

bool atar;

double fungeulerdstep(struct eler sself,
ousle x0, double 1) {
register dowte x;
i aton ¢

Faset
X = selfpx;

selfoi - fal

Se1F-px = x + 0. 1000000000060950

void funfeutertreset(struct euler sself) {
elf>i « true;
self-px = 0

void unkinststntstruct ins ssel,
© funsinssste sout,
Goubte gpe, doubte 3 {
register dousle steptx;

if (out->atamm) { out>x = self->pe; }
steptx + funseuler$step(6(self->xe), gps, x);
xe = stepbr;
outoox = xe;

b

self-spx = out-ax;

'

v funfnavistap(struct nav sse
R s,

douste xv, baol 5) {
struct funginsgstep outsinsrsstep;
register bool c;
register double inse;
register bool alr,
£ (seLf->r) { funsins$reset(s(self->insr)); }
Selfor « 5 6 selfoc;
i Garso ¢

outo + gps;
ot >a\am < rase;
}e
Funsinstatep(s(sets-insr, sousinsristes, gps, 1);

main

1o = false;
Funsinsgreset (s(self->inse);

struct nav selfs;

ool volatile atarss;

int main(void) {
sruct fongraviato autbsens
register double
register double xv;
register bool 5;

Funsnavsreset(aselis);
while (true) {
g5 - volatile_losd(sgpss);
v = volatile_Toad(sx$);
5 = volatile_load(as$);
Funsnavsstep(sselfs, soutsstep, gps, xv, $);

volatite_store(sxs, 0
Velotite store(satares, sutSstep-atarn);

weld fudtnsdrest(atruct ios <3010 {

selfo>
lunlau\evsyesu(h(ss” e

loop



node euler(x0, u: double)
returns (x: double);
let
x = x0 fby (x + 0.1 * u);
tel

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var pxa, xe: double; k: int;
let
k =0 fby (k + 1);
alarm = (k >= 50);
xe = euler((gps, xv) when not alarm);
pxa = (0. fby x) when alarm;
x = merge alarm pxa xe;
tel

node nav(gps: double, xv: double, s: bool)
returns (x: double, alarm: bool)
var r: bool, c: bool;
let
(x, alarm) = merge c
(gps when c, false)
((restart ins every r)
((gps, xv) whenot c));
c = true fby (merge c (not s when c)
(s whenot ¢));
r = false fby (s and c);
tel
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CORRECTNESS?

compilation

Lustre Assembly
semantics semantics

“sameness”

Remark: we actually want the reverse direction, called refinement, that is, the
observable behaviors of C are also observable behaviors of S.



NORMALIZED LUSTRE MECHANIZATION



PRESENTATION OF NLUSTRE

4 types of top-level equations

X =ce simple equation
x=cfbye fby equation
x = f(e) node instantiation
x = (restart feveryr)(e) node instantiation with modular reset
Semantics
Streams as functions N +— value: Streams as coinductive types:
o 1 2
I 11 VogeVieVye:---
Vo Vi Wy

lifted instantaneous semantics coinductive description of the semantics 1o



SEMANTICS

Instantaneous Semantics

REeq L <> REey | <vy» Ri-eq1 L <> Rbey | >
Rl—XiR(X) R}—€1+€2\L([[+]](V1,V2)> Rt-e14+ey | «<»
Lifted Semantics
Vi, H,‘(X):S,' VI, Hilkels; VI, Hil-e ls; VI, H,‘(X) :fby(C,S),'
HFx=e HFx=cfbye

Vi, Hite Lxs; Hf(xs) llys Vi, Hi(x) =ys;
HtEx = f(e)
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A SIMPLER EXAMPLE: INTUITIVE SEMANTICS OF THE MODULAR RESET

node nat(i: int) r >—|
returns (n: int) I_ FBY —L>"

let 1 . _
n=1 fby (n + 1); i T ! > nat _> n
tel

++

12
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returns (n: int)
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A SIMPLER EXAMPLE: INTUITIVE SEMANTICS OF THE MODULAR RESET

node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
=i fby (n + 1); i T '>_ pat >n

n = i

++

tel
r F [F T
i 0 5 10
nat(i) 0o 1 2
(restart nateveryr)(i) 0 1 10
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node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
n=1i fby (n + 1); i 3y > nat >”

++

tel

T F F T

r F
5 10 15 20 25

F
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nat(i) 0
(restart nat everyr)(i) O

2 3 4 5
1 10 11 12 25

[EY
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node nat(i: int) I_ — L> r>

returns (n: int)
1

let 1 i
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tel

T F F T F

r F
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F
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A SIMPLER EXAMPLE: INTUITIVE SEMANTICS OF THE MODULAR RESET  Hamon and Pouzet 2000

++
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Can be implemented in a higher-order recursive language
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mask? i 0 5
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Node instantiation
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HEx = f(e)
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FORMAL SEMANTICS

Node instantiation
Vi, Hite | xs;i Ef(xs) |l ys Vi, Hi(x) =ys;

HEx = f(e)

Modular reset

Vi, Hi(y) =rs; r = bools-of rs
Vi, HiFe | xs; Vk, Pf(maskﬁ’xs) || masklys Vi, Hi(x) = ys;

HEx = (restart fevery y)(e)

Universally quantified relation: unbounded number of constraints
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COMPILING THE MODULAR RESET:
FROM NLUSTRE TO STC




A PROBLEM WITH THE COMPILATION FROM NLUSTRE TO OBC

node driver(x0, y0, u, v: double, r: bool) class driver {

returns (x, y: double) instance x: ins, y: ins;
var ax, ay: bool;
let reset() { ins(x).reset();
X, ax = (restart ins every r)(x0, u); ins(y).reset() }
y, ay = (restart ins every r)(y0, v);
tel step(x0, y0, u, v: double, r: bool)

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

if r { ins(x).reset() };
X, ax := ins(x).step(x0, u);
if r { ins(y).reset() };
y, ay := ins(y).step(y0, v)
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node driver(x0, y0, u, v: double, r: bool) class driver {
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let reset() { ins(x).reset();
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A PROBLEM WITH THE COMPILATION FROM NLUSTRE TO OBC

node driver(x0, y0, u, v: double, r: bool) class driver {

returns (x, y: double) instance x: ins, y: ins;
var ax, ay: bool;
let reset() { ins(x).reset();
X, ax = (restart ins every r)(x0, u); ins(y).reset() }
y, ay = (restart ins every r)(y0, v);
tel step(x0, y0, u, v: double, r: bool)

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

{
if r { ins(x).reset() };
. . . X, ax := ins(x).step(x0, u);
scheduling and introducing state if r { ins(y).reset() };
VS y, ay := ins(y).step(y0, v)
}

Introducing state then scheduling



STC: SYNCHRONOUS TRANSITION CODE

Propose a new intermediate language

- Invariant semantics under permutation
- Separate reset construct

- Explicit state variables and instances
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STC: SYNCHRONOUS TRANSITION CODE

Propose a new intermediate language

- Invariant semantics under permutation
- Separate reset construct

- Explicit state variables and instances

scheduling fusion optimization

i-translation
= ===p NLustre Stc Obc

s-translation

generation

clight f---»

15



NLUSTRE

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var k: int, px: double,
xe: double when not alarm;
let
k =0 fby k + 1;
alarm = (k >= 50);
xe = euler(gps when not alarm,
xv when not alarm);
x = merge alarm (px when alarm) xe;
px = 0. fby Xx;
tel

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

transition(gps, xv: double)

{

returns (x: double, alarm: bool)
var xe: double when not alarm;

next k = k + 1;

alarm = (k >= 50);

xe = euler<xe>(gps when not alarm,
Xxv when not alarm);

x = merge alarm (px when alarm) xe;

next px = X;



NLUSTRE

node ins(gps, xv: double)
returns (x: double, alarm: bool)
var k: int, px: double,
xe: double when not alarm;
let
k =0 fby k + 1;
alarm = (k >= 50);
xe = euler(gps when not alarm,
xv when not alarm);
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COMPILATION OF THE RESET EXAMPLE

scheduling fusion optimization

- i-translation s-translation | | generation —_—
= = = % NLustre f—————>| Stc > Obc > lgti--->

node driver(x0, y0, u, v: double, r: bool) system driver {

returns (x, y: double) sub x: ins, y: ins;
var ax, ay: bool;
let transition(x0, y0, u, v: double, r: bool)
X, ax = (restart ins every r)(x0, u); returns (x, y: double)
y, ay = (restart ins every r)(y0, v); var ax, ay: bool;
tel {

X, ax = ins<x>(x0, u);
reset ins<x> every (. on r);
y, ay = ins<y>(y0, v);
reset ins<y> every (. on r);

only introducing state }
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COMPILATION OF THE RESET EXAMPLE

scheduling fusion optimization

- i-translation s-translation ] generation Clisht
coo v.—»NLustre Stc > Obc e s T

node driver(x0, y0, u, v: double, r: bool) system driver {

returns (x, y: double) sub x: ins, y: ins;
var ax, ay: bool;
let transition(x0, y0, u, v: double, r: bool)
X, ax = (restart ins every r)(x0, u); returns (x, y: double)
y, ay = (restart ins every r)(y0, v); var ax, ay: bool;
tel {

reset ins<x> every (. on r);
reset ins<y> every (. on r);
X, ax = ins<x>(x0, u);
y, ay = ins<y>(y0, v);

only scheduling }
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PRODUCING IMPERATIVE CODE:
FROM STC TO OBC




STC

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

transition(gps, xv: double)
returns (x: double, alarm: bool)
var xe: double when not alarm;

{
alarm = (k >= 50);
next k = k + 1;
xe = euler<xe>(gps when not alarm,

xv when not alarm);

x = merge alarm (px when alarm) xe;
next px = Xx;

0]:{e

class ins {

state k: int, px: double;
instance xe: euler;

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

step(gps, xv: double)
returns (x: double, alarm: bool)
var xe: double

{
alarm := state(k) >= 50;
state(k) := state(k) + 1;
if alarm { }
else { xe := euler(xe).step(gps, xv) };
if alarm { x := state(px) }
else { x := xe };
state(px) := x P
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COMPILATION OF THE RESET EXAMPLE

scheduling fusion optimization
i-translation s-translation (% generation { . I
- -> Stc | Obc » Clight ==+
system driver { class driver {
sub x: ins, y: ins; instance x: ins, y: ins;
transition(x0, y0, u, v: double, r: bool) reset() { ins(x).reset();
returns (x, y: double) ins(y).reset() }
var ax, ay: bool;
{ step(x0, y0, u, v: double, r: bool)
reset ins<x> every (. on r); returns (x, y: double)
reset ins<y> every (. on r); var ax, ay: bool
X, ax = ins<x>(x0, u); {
y, ay = ins<y>(y0, v); if r { ins(x).reset() };
} if r { ins(y).reset() };
} X, ax := ins(x).step(x0, u);
y, ay := ins(y).step(y0, v)
} 2
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y, ay := ins(y).step(y0, v)
} 22
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SEMANTIC RULES

Expressions

me,vel-e; |l vi me,vete, || v,

me,vetx | ve(x) me,vet-state(x) {l me(x) me,vet-e; + e, I [+](v1,v2)
Statements
me,vel-e |l v me,vel-e |l v
me,vetx:=e |l (me,ve{x — v}) me,vel-state(x) :=e | (me{x — v},ve)

me,vets, |l (mey,vey) .
mey,ver sy b (mey, vey) me,vet-e [l v me[i]-c.f(v) |} mej

me,vet-s; ; s; Il (mey, ve;) me,vet-x:=c(i).f(e) |l (me{i— me}},ve{x — w})

23
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SEMANTIC RULES

Loop

YSn i
met-c.f(xsp) Ul me’ me'cf(xs) Qys

n

met-c.f(xs) Qys
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CORRECTNESS

fusion optimization

s-translation
-=-=-=» Stc > Obc [==--»

initial-statef S
n
SEf(xs) Qys
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GENERATING CLIGHT CODE




THE CLIGHT LANGUAGE

Mechanization in Coq of the syntax, the semantics and the compilation
algorithms of the C language.

Clight

- CompCert intermediate language
- very similar to C

- low-level operations (addresses, structures,...)

25



0]:]e

CLIGHT

class ins {
state k: int, px: double;
instance xe: euler;

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

step(gps, xv: double)
returns (x: double, alarm: bool)
var xe: double

{
alarm := state(k) >= 50;
state(k) := state(k) + 1;
if alarm { x := state(px) }

else {
xe := euler(xe).step(gps, xv);
X 1= xe };

state(px) := x

struct ins {
int k;
double px;
struct euler xe;

58

void fun$ins$reset(struct ins =*self) {
self->k = 0;
self->px = 0;
fun$euler$reset(&(self->xe));
return;

}

26
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}
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0]:]e

CLIGHT

class ins {
state k: int, px: double;
instance xe: euler;

reset() { state(k) := 0;

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

step(gps, xv: double)

{

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

alarm := state(k) >= 50;
state(k) := state(k) + 1;
if alarm { x := state(px) }
else {
xe := euler(xe).step(gps, xv);
X 1= xe };
state(px) := x

struct fun$ins$step {
double x;
bool alarm;
fbs
void fun$ins$step(struct ins =*self,
struct fun$ins$step =out,
double gps, double xv) {
register double step$x;
register double xe;
out->alarm = self->k >= 50;
self->k = self->k + 1;
if (out->alarm) { out->x = self->px; }
else {
step$x = fun$euler$step(&(self->xe), gps, xv);
xe = step$x;
out->x = xe;
}
self->px = out->x;
return; 26
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class ins {
state k: int, px: double;
instance xe: euler;

reset() { state(k) := 0;
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else {
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xe = step$x;
out->x = xe;
}
self->px = out->x;
return; 26



int main(void) {

struct nav { struct fun$nav$step out$step;
bool c; register double gps;
bool r; register double xv;
struct ins insr; register bool s;

e

fun$nav$reset(sself$);
struct fun$nav$step {

double x; while (true) {
bool alarm; gps = volatile_load(&gps$);
b xv = volatile_load(&xv$);

s = volatile_load(&s$);
struct nav self$;

double volatile gps$; fun$nav$step(&self$, Sout$step, gps, xv, s);
double volatile xv$;

bool volatile s$; volatile_store(&x$, out$step.x);

double volatile x$; volatile_store(&alarm$, out$step.alarm);
bool volatile alarm$; }
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CLIGHT SEMANTIC MODEL

- contiguous blocks memory model
- variables and registers
- semantic state (E, L, M)

E variable environment: maps identifiers to locations
L register environment: maps identifiers to values
M memory: maps locations to bytes
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CORRECTNESS: CORRESPONDENCE BETWEEN OBC AND CLIGHT

Consequences of CompCert's memory model

- aliasing
- alignment
- permissions

- type sizes

Manipulation of structures and pointers
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CORRECTNESS: CORRESPONDENCE BETWEEN OBC AND CLIGHT

Consequences of CompCert's memory model

- aliasing
- alignment
- permissions

- type sizes

Manipulation of structures and pointers
Solution: use Separation Logic assertions
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Reynolds 2002
SEPARATION LOGIC

An extension of Hoare logic to reason about programs that manipulate pointers
and structures.
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Reynolds 2002
SEPARATION LOGIC

An extension of Hoare logic to reason about programs that manipulate pointers
and structures.

The predicate M = P = O asserts that M can be partitioned into two distinct areas
on which P and Q hold respectively.
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Reynolds 2002
SEPARATION LOGIC

An extension of Hoare logic to reason about programs that manipulate pointers
and structures.

The predicate M = P = O asserts that M can be partitioned into two distinct areas
on which P and Q hold respectively.

CompCert already uses a small Separation Logic library for one of its passes.
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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 {asm Reacts(T) and bisim-10® f xs ys T
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CONCLUSION

Summary ‘:‘

- A verified compiler from Lustre to Assembly Vn Lu)

- A single additional semantic rule for the reset eSS F

- An intermediate transition system language: Stc github.com/INRIA/velus
Future Work Perspectives and discussion

- Normalization - 42000 loc and only 3% of functional code

- State machines - Extensibility

- Refinement - Maintenance

- Optimizations - Axioms
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