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Lustre': example

node rect(d: int) returns (y: int)

i + i y var ¢ int;
Epy E Lot Py t;
i ' y = py * d;

Z-l ' py = 0 fby y;
0 | tel

1Caspi et al. (1987): “LUSTRE: A declarative language for programming

synchronous systems”
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Lustre: example

4_ , node rect(d: int) returns (y: int)

: Yy :

' ' var py: int;
: py E let

: 1 : y = Py + d;
Sz,

py = 0 fby y;
tel

Py

W O W o
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Lustre: example

node rect(d: int) returns (y: int)

:py + j Yy var py: int;
: : let
' y = py + d;

Z-l(_0 ! tefy = 0 fby y;
t 0 1
d 3 1
py 0 3
y 3 4
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Lustre: example

node rect(d: int) returns (y: int)

:py + j Yy var py: int;
: E let
' ! y = py * d;

Z'l 0 : tefy =0 fby y;
t 0 1 2
d 3 1 5
py 0 3 4
y 3 4 9
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Lustre: example

node rect(d: int) returns (y:

var py: int;

: T,
Z' (_0 te:[[’)’ = vy
t 0 1 2 4
d 3 1 5 2
py 0 3 4 9
y 3 4 9 11

int)
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Lustre: example

node rect(d: int) returns (y:

var py: int;

1 L,
Z' (_0 te:[[’)’ = vy
t 0 1 2 4
d 3 1 5 2
py 0 3 4 9
y 3 4 9 11

int)
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Lustre: example

node rect(d: int) returns (y:
var py: int;

let
y = py * d;
Py = 0 fby y;

tel

node integrator(a: int) returns (v, x:

let
v = rect(a);
x = rect(v);
tel

int)

int)
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Lustre: example

node rect(d: int) returns (y: int)
var py: int;

let
y = py * d;
py = 0 fby y;
tel

node integrator(a: int) returns (v, x: int)
let

v = rect(a);

x = rect(v);
tel

node excess(max, a: int)
returns (e: bool; x: int)
var v: int;

let
(v, x) = integrator(a);
e = max < v;

tel

2/21



Context

Critical aspect

e specification norms (DO-178B), industrial certification
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Context

Critical aspect
e specification norms (DO-178B), industrial certification

o formal verification, mechanized proofs, proof assistant (eg. Coq')

'The Coq Development Team (2016): The Coq proof assistant reference manual
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Context

Critical aspect
e specification norms (DO-178B), industrial certification

e formal verification, mechanized proofs, proof assistant (eg. Coq)

Goal

Develop a formally verified code generator J
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Vélus: a verified compiler
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Vélus: a verified compiler
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Vélus: a verified compiler

elaboration
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Not yet implemented: normalization

Scheduling of dataflow equations
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“Blazy, Dargaye, and Leroy (2006): “Formal verification of a C compiler
front-end”

4/21



Obc

syntax

generation

Y

Clight

syntax

Obc

semantics

correctness

Clight
semantics

5/21



Obc

syntax

generation

Y

Clight

syntax

Obc

semantics

correctness

Clight
semantics

5/21



Lustre

node rect(d: int) returns (y:

var py: int;

let
y = py * d;
py = 0 fby y;
tel

int)

Obc

class rect {

¥

memory py: int;
reset () { state(py) := 0

step(d: int) returns (y:
y := state(py) + d;
state(py) :=y

}

}

int) {
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Lustre

node rect(d: int) returns (y: int)
var py: int;

let
y = py * d;
Py = 0 fby y;

tel

node integrator(a: int) returns (v, x: int)
let

v = rect(a);

x = rect(v);
tel

Obc

class rect {

}

memory py:

int;

reset () { state(py) := 0

step(d:

}

int) returns (y:
y := state(py) + d;
state(py) :=y

class integrator {

}

instance v, x:

rect;

reset () {

step(a:

}

rect (v).reset () ;
rect(x).reset ()

int) returns (v,
v := rect(v).step(a);
x := rect(x).step(v)

}
int) {
x: int) {
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Lustre

node rect(d: int) returns (y:
var py: int;

let
y = py * d;
py = 0 fby y;
tel

node integrator(a: int) returns (v,

let
v = rect(a);
x = rect(v);
tel

node excess(max, a: int)
returns (e: bool; x: int)
var v: int;

let
(v, x) = integrator(a);
e = max < v;

tel

int)

Obc

class rect {

memory py: int;

reset () { state(py) := 0 }

step(d: int) returns (y:
y := state(py) + d;
state(py) :=y

¥

class integrator {
instance v, x: rect;
reset () {

rect (v).reset();
rect (x).reset ()

step(a: int) returns (v,
v := rect(v).step(a);
rect (x).step(v)

class excess {

instance vx: integrator;

reset () { integrator(vx).reset() }

step(max, a: int)

X:

int) {

returns (e: bool, x: int)

var v: int

max < Vv

:= integrator (vx).step(a);

int) {

6/21



Obc

syntax

generation

Y

Clight
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correctness
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State and memory model

A .
venv = ident — val

A | memories :ident — val
menv = < )
instances : ident — menv
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State and memory model

A
venv =

A
menv =

ident — val

memories

instances

: ident — val

. ident — menv

menv

insta nces VX

/N

instances(v instances(x)

memories(py) memories(py)
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Some semantics rules

Expressions

me, ve Fexp X I ve(x)

me, ve ey state(x) || me.memories(x)
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Some semantics rules

Expressions

me, ve Fexp X I ve(x)

me, ve ey state(x) || me.memories(x)

Statements

me, ve e e} v

p, me, ve Fo x := e || me, ve{x — v}

me, ve Fexp € ) v

p, me, ve b state(x) := e || update_mem(me, x, v), ve

9/21



Obc

syntax

generation

Y

Clight

syntax

Obc
semantics

correctness

Clight
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Clight

e CompCert's frontend language
e very similar to C

e low-level operation (addresses, offsets, structures,...)

11/21



Generation function

e Obc class — Clight structure
e Obc method — void-returning Clight function

e state: pointer self
e multiple outputs: pointer out

12/21



Obc Clight

class rect { struct rect {
memory Ppy : int; int py;
[...1 .

13/21



Obc

class rect {
memory py : int;

}

class integrator {
instance v, X: rect;

[...1

Clight

struct rect {

H

int py;

struct integrator {

};

struct rect v;
struct rect x;

13/21



Obc

class rect {
memory Ppy : int;
[...1

}

class integrator {

instance v, x: rect;

[...1
}

class excess {

instance vx: integrator;

[...1

Clight

struct rect {
int py;

H

struct integrator {
struct rect v;
struct rect x;

};

struct excess {

struct integrator vx;

13/21



Obc

class rect {
memory py : int;

}

class integrator {
instance v, x: rect;
[...1

}

class excess {
instance vx: integrator;

[...1

step(max, a: int)
returns (e: bool, x: int)
var v: int

v, x := integrator(vx).step(a);
e := v > max

Clight

struct rect {
int py;

struct integrator {
struct rect v;
struct rect x;

};

struct excess {
struct integrator vx;

};

struct excess_step {
_Bool e;
int x;

¥

void excess_step(struct excess x*xself,

struct excess_step *out,

int max, int a)

struct integrator_step vx_step;
register int v;

integrator_step (&(*self).vx, &vx_step,

v = vx_step.v;
(¥out) .x = vx_step.x;
(*out).e = v > max;

a);

13/21



Obc Clight

€XCcess
class rect { struct rect {
memor : int; int H .
R ’ . Py integrator vx
H
}
rect v
class integrator { struct integrator {
instance v, x: rect; struct rect v;
[...1 struct rect x;
}.
' ’ rect x
class excess { struct excess {
instance vx: integrator; struct integrator vx;
[...1 };
step(max, a: int) struct excess_step {
returns (e: bool, x: int) _Bool e;
var v: int int x;
{ ¥
v, x := integrator (vx).step(a); void excess_step(struct excess xself,
e = v > max struct excess_step *out,
} int max, int a)
} {

struct integrator_step vx_step;
register int v;
integrator_step (&(*self).vx, &vx_step, a);

v = vx_step.v;
(xout) .x = vx_step.x;
(*out).e = v > max;

13/21



Obc

syntax

generation

Y

Clight
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Obc
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correctness

Clight
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Clight semantics

e block memory model
e 2 types of variables: local and temporaries
e semantics: state (e, le, m)

e local variables environment: ident — block x int
le temporaries environment: ident — val
m memory: block x int — byte

15/21



Obc

syntax

generation

Y

Clight

syntax

Obc

semantics

correctness

Clight
semantics
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Semantics preservation

Obc: mey,ver F s | mey, ver

match _states

Cllght e1, ler, my
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Semantics preservation

Obc: mey, ve; F s | mey,ve

match_states match _states

Clight: er, ler,m Fciight Islg U er, ez, mo

17/21



Separation logic

Consequences of CompCert's memory model:
e aliasing (overlapping)
e alignment
e permissions (ownership)

e sizes
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Separation logic

Consequences of CompCert's memory model:

aliasing (overlapping)

alignment
e permissions (ownership)

e sizes

Use a separation logic formalism

Solution J

18/21



State correspondence on the example

menv

instances(vx)

/N

instances(v)  instances(x)

memories(py) memories(py)

€excess

integrator vx

rect v

int py

rect x

int py
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State correspondence on the example b

menv €T T T 3| excess
integrator vx
instances(vx) rect v
/ \ int py
instances(v instances(x) o
int py
memories(py) memories(py)

staterep excess menv bs ofs
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State correspondence on the example b

ofs
menv €Xcess 5
CemmmmmTT T b| integrator vx
"
instances(vx) rect v
/ \ int py
instances(v instances(x) o
int py
memories(py) memories(py)

staterep integrator menv.instances(vx) bs (ofs + 8.)
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State correspondence on the example

menv

instances(vx) ____------

/\

instances(v instances(x)

memories(py) memories(py)

-1l rect v

€XCess

integrator vx

int py

rect x

int py

staterep rect menv.instances(vx).instances(v) bs (ofs + &% + 5,%)
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State correspondence on the example

menv

instances(vx)

/\

instances(v instances(x)

memories(py) memories(py)

,,,,,,,,,,,,,,,,,,

7| rect x

€XCess

integrator vx

rect v

int py

int py

ofs

124
5 VX

§ux
X

staterep rect menv.instances(vx).instances(v) bs (ofs + d\% + 6,7%)

* staterep rect menv.instances(vx

).instances(x) bs (ofs + dy% + 6.%)
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State correspondence on the example bs

ofs

menv excess oux

integrator vx 5y

instances(vx) rect v S5y
/ \ __ -1 int py
instances(v)  instances(x) - - i et x
g 1 int py

memories(py) memories(py)

contains int32s bs (ofs + d,% + 0, + 857)
[ menv.instances(vx).instances(v).memories(py)]

* staterep rect menv.instances(vx).instances(x) bs (ofs + d,% + 5,)
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State correspondence on the example

menv

instances(vx)

/N

instances(v)  instances(x)

memories(py) memories(py)

- = 7

€xcess

integrator vx

rect v

int py

rect x

int py

contains int32s bs (ofs + 8,5 + 60 + 857)

[ menv.instances(vx).instances(v).memories(py)]

* contains int32s bs (ofs + &y + 80 + 85)

[ menv.instances(vx).instances(x).memories(py)]

ofs

X
6 VX

14l

py
o5
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Invariant preservation

proof structure : simultaneous inductions (function calls, function bodies)

/\ A
BN /N
FANBWANA

=e skip f(o,0,e) ; =e  Sskip

/\

X = 0.X y =o0.y
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Invariant preservation

proof structure : simultaneous inductions (function calls, function bodies)

/\ A
BN /N
ANDANA

=e Sklp‘ C f(o,0,e) ; x=e Ssklp
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/\ A
BN /N
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= e Sklp f(o,0,e) ; =e  Sskip
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Invariant preservation

proof structure : simultaneous inductions (function calls, function bodies)

/\ /\
/ \_sp@c_'a_"_zed_ invarians / \

x,y = C.fo(e T

/N /\ /\

=e skip f(o,0,e) ; =e  Sskip

/\

X = 0.X y =o0.y
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Invariant preservation

proof structure : simultaneous inductions (function calls, function bodies)

/N VAN
AANA

x:=e skip f(o,0,e) ; x=e Sskip

/\

X = 0.X y =o0.y

20/21



Summary

Obc  Clight

e size:
e translation: 400 loc
e separation: 2100 loc
e correctness: 4700 loc

e translation from tree-shaped memory towards contiguous blocks model
e memory models correspondence: separation logic

e verified Lustre compilation

21/21



Final lemma

parsing

(normalized) elaboration

v

Unannotated
Lustre

elaboration

dataflow

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

imperative

behavior _asm:

Lustre

normalization

elab_declarations D = OK G —

wt_io G main ins outs —

sem__node G main ins outs —

compile D main= OK P —

scheduling

fusion optimization

‘ Obc

3T, program _behaves (Asm.semantics P) (Reacts T)

/A bisim_io G main ins outs T

SN-Lustre

generation
Y

Clight

: compilation

Y

Assembly

printing

<- - -
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Future work

e optimizations
e PhD: semantics, automata, reset

e enrich Obc (target for other source languages 7)

2/9



Other work

synchronous languages, Lustre [Cas+87; Augl3; Ben+03; Bie+08;
Aug+14; Bou+16]

verified compilation: CompCert [BDLO06; Ler09a; Ler09b]
e automatic proof of a compiler [CG15]
denotational semantics [Chl07; BKV09; BH09]
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Obc: Abstract Syntax

e:= expression S:
| x (local variable)
| state(x) (state variable)
| ¢ (constant)
| oe (unary operator)
| e @ e (binary operator)
cls ==
| class k {
memory x%
instance i . .
f(xY) returns (x¥) [var x¥] { s }
}

X=e
state(x) := e

if ethen selse s
X == k(i).f(e)
s s

skip

statement
(update)
(state update)
(conditional)
(method call)
(composition)
(do nothing)
declaration
(class)
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Separation

predicate

logic in CompCert

pred : memory — P
foot : block — int — P
massert = < invar : Ymm’, pred m —

unchanged on foot m m’ —

pred m’

notation: mkE P £ P.pred m
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Separation logic in CompCert

predicate
pred : memory — P
foot : block — int — P

A .
massert = < invar: Ymm', pred m —

unchanged on foot m m’ —

pred m’
notation: mkE P £ P.pred m
conjonction

pred=Am. (mEP)A\N(mE Q)
PxQ=2 A disjoint P.foot Q.foot
foot = A bofs. P.foot bofs \V Q.foot b ofs

pure formula mE pure (P)*x Q &< PAmE Q
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States correspondence

Obc: (meyve), fecep
Clight : (e, le, m)

match states £
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States correspondence

Obc: (me,ve), f ecep
Clight : (e, le, m)

match states =
pure (le(self) = (bs, ofs))
x pure (le(out) = (bo, 0))

« pure (ge(f_c) = coout)

self pointer
out pointer

output structure
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States correspondence

Obc: (meyve), f ecep
Clight : (e, le, m)

match states =

pure (le(self) = (bs, ofs))

x pure (le(out) = (bo, 0))

 pure (ge(f_c) = copu)

* pure (wt_env ve (all_vars of f))
(

* pure (wt_mem me p c)

the Obc state is
well-typed wrt. the
context
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Clight : (e, le, m)
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* pure (wt_env ve (all_vars of f))
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memory me =
structure pointed by self
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States correspondence

Obc: (me,ve), f ecep
Clight : (e, le, m)

match states =
pure (le(self) = (bs, ofs))
x pure (le(out) = (bo, 0))
* pure (ge(f_c) = coout)
* pure (wt_env ve (all_vars of f))
* pure (wt_mem me p c)
* staterep p ¢ me by ofs
* blockrep ve coout bo

x varsrep f ve le

parameters and local
variables &~ temporaries
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States correspondence

Obc

: (me,ve), fecep

Clight : (e, le, m)

match states =

pure (le(self) = (bs, ofs))

x pure (le(out) = (bo, 0))

* pure (ge(f_c) = coout)

« pure (wt__env ve (all _vars_of f))
* pure (wt_mem me p c)

* staterep p ¢ me bs ofs

x blockrep ve coour bo

+ varsrep f ve le subcalls output

* subrep range e structures allocation
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