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Low-level languages and high-level specifications

@ Engineers write high-level specifications of the system

@ Programmers write programs that can be compiled and run

@ Does the program really implement the spec?

@ Reduce the gap by programming in a language closer to the spec
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Hierarchical State Machines
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Hierarchical State Machines

pause|lF F F ... F F ... T F F
time |0 0 50 ... 750 O ... 150 350 ... 500
step | TF F ... T F... F F T
ena (TTT ... T T... T . T . T
* Feeaing Holaing Feeaing
4 A 4

ena = true step = false;
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Synchronous Dataflow
[e]e]e] Jo]

Hierarchical State Machines

var time : int;
let
reset
time = count_up(50)
every (false fby step);

automaton initially Feeding

state Feeding do
ena = true;
automaton initially Starting

state Starting do
step = true fby false
unless time >= 750 then Moving

state Moving do
step = true fby false
unless time >= 500 then Moving

end;
unless pause then Holding

end
tel

_pause (pause : returns (ena, step :

pause|lF F F ... F F ... T F F
time |0 0 50 ... 750 O ... 150 350 ... 500
step | TF F ... T F... F F . T
ena |[TTT ... T T. T . T . T

Feeaing Holaing Feeaing

state Holding do
step = false;
automaton initially Waiting

state Waiting do
ena = true
unless time >= 500 then Modulating

state Modulating do
ena = pwm(true)

end;

unless
| not pause and time >= 750 then Feeding
| not pause continue Feeding
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Synchronous Dataflow

[e]e]ee] }

Switch blocks

mA = not (last mB);
mB = last mA;

last mA = true;
last mB = false;
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Synchronous Dataflow
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Switch blocks

node drive_sequence(step : bool)
returns (mA, mB : bool) pause

let ¢ mA
switch step SLep ;IlB
| true do
mA = not (last mB); g g
mB = last mA;
| false do (mA, mB) = (last mA, last mB)

end;
last mA = true;

ena
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tel

step F TTFFTFTFTF
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tel
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Switch blocks

node drive_sequence(step : bool)

returns (mA, mB : bool)
let
switch step
| true do
mA = not (last mB);
mB = last mA;

| false do (mA, mB) = (last mA, last mB)

end;
last mA = true;
last mB = false;

ena

pause
step

mA

mB

B

tel

step F T T F F T F T F T F
last mA | T T T F

last mB F/F T/!lz_ T
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node drive_sequence(step : bool)
returns (mA, mB : bool) pause ena

let ¢ mA
switch step SLep &B
| true do
mA = not (last mB); g g
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end;
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The Vélus Compiler
[ leJe]e]

Compiling Lustre to C

[

Blazy, Dargaye, and Leroy (2006): Formal Veri-
fication of a C Compiler Front-End

>

VELWD

source program
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exe
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The Vélus Compiler
[ leJe]e]

Compiling Lustre to C

node count_up(inc : int)
returns (o : int)
let

o = (0 fby o) + inc;

tel

VELWD

source program program
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The Vélus Compiler

[ leJe]e]
Compiling Lustre to C
node count_up(inc : int) struct count_up {
returns (o : int) int norm$1;
let };
o = (0 fby o) + inc;
tel

VELWD

source program program
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The Vélus Compiler
[ leJe]e]

Compiling Lustre to C

node count_up(inc : int) struct count_up {
returns (o : int) int norm$1;
let };
o = (0 fby o) + inc; void fun$reset$count_up(struct count_up *self) {
tel (*self) .norm$1 = 0;
}

VELWD

source program program
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The Vélus Compiler
[ leJe]e]

Compiling Lustre to C

node count_up(inc : int) struct count_up {
returns (o : int) int norm$1;
let };
o = (0 fby o) + inc; void fun$reset$count_up(struct count_up *self) {
tel (*self) .norm$1 = 0;
}

int fun$step$count_up(struct count_up *self, int inc) {
register int o;
o = (*self).norm$1 + inc;
(*self) .norm$1 = o;

return o;

}

VELWD

source program program
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[e]e]e] )

The Coq Interactive Theorem Prover

1 Inductive N := 1 goal (ID 29)
210:N
3]S:N>N. E, . N
4
5 [Fixpoint nmo= = IHn :Vom:N,
) 6| match n with plus nm = plus m n
7 0Osm -m:
l J Cog Development Team (2020): The Coq proof N I Snas (plus nm m:N
f assistant reference manual 9| end.
10 plus (S n) m = plus m (S n)
A 0
11 Fact : Vo,
12 plus n 0 = n.
13 Proof.
A f . I . I 14 induction nj simpl.
15 = reflexivity.
1 unctiona programming language o e
17 Qed.
‘ - 1
18
e ‘Extraction’ to OCaml programs Do o0
20 plus n (Sm) =S (plus n m).
21 Proof.
22 induction nj intros; simpl.
23 - reflexivity.
24 = now rewrite IHn.
25 Qed.
27 Lemma $Voam,
28 plus nm = plus m n.
29 Proof.

~ now rewrite plus_n_0.
22 - rewrite plus_n_S; simpl.
33 now rewrite IHn.
34 Qed.

31 -
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Coq Development Team (2020): The Coq proof
assistant reference manual

@ A functional programming language
@ ‘Extraction’ to OCaml programs
@ A specification language

@ Tactic-based interactive proof

1 Inductive N :=
210:N

31S:N>N

4

5 Fixpoint nm:=

6 match n with

7 |o0sm

& |sn>s (plusnm

9 end.
10

11 Fact T Vo,

12 plus n 0 = n.
13 Proof.
14 dnduction n; simpl.
15 - reflexivity.

16 - now rewrite IHn.

17 Qed.

18

19 Fact :V¥oam,

20 plus n (Sm) =S (plus n m).
21 Proof.

22 dnduction n; intros; simpl.
23 - reflexivity.

24 = now rewrite IHn.

25 Qed.

27 Lemma :Voam,
28 plus nm = plus m n.
29 Proof.

30 [Tnduction n; dntros.

31 |- now rewrite plus_n_0.
32 |- rewrite plus_n_S; simpl.
33 now rewrite IHn.

34 Qed-

1 goal (ID 29)

=n:N
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Relational Semantics
[o] lelele]e]

Dataflow relational semantics

G(f) =node f(xy,...,xp) returns (y1,...,ym) blk
Vi, H(x;) = xss; V), H(y;) = yss; G, H, (base-of (xs1,..., xsp)) F blk

G F f(xss) | yss

inc|5 4 1 3 2 8 3
o |5 9 10 13 15 23 26
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Dataflow relational semantics

, G(f) = node f(x
Vi H(x) = xssi ). H(y-;;"’x”) returns (yi,...,ym) blk
j) = YSS;j G, H, (base-of (xs1,....xs5,)) - blk

G I f(xss) |} yss
VI H(XS,') = VS§;

G, H, bs I es l} [VS,-]i
G’H,bsl_X_S: es

Equations
f the clock is true, the xi;M»hmd expression is evaluated
and its value is associated with the variable on. the left-hand
side.
olck) = tt, ot exp K o, olsg) =k

Ta=(ck)exp — 14 (k) axp’
1 the clock s not true, the lefi-hand yariable is not evalu-
ated. .

ofck) # ofid) =1 n C

Tar (o erp & 1a=(cKIexp 5 4 ]_ 3 2 8
These rules define o to be the solution of o fixpoint €qua- 3
tion, Moreover, this solution must ‘be unique (otherwise the (o)

program contains a deadlocks this problem will be detailed ‘ 5 9 1 0 1 3 1 5 2 3 2 6

in section 4.1)-

{Caspi, Pilaud, Halbwachs, and Plaice (1987): LUSTRE: A 1

declarative language for programming synchronous systems
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Relational Semantics
[e]e] lele]e]

Dataflow relational semantics — in Coq

Inductive sem_exp:

[.]

with sem_equation:

Seq: . .

v ) = vs; 7
Forall2 (sem_exp G H bs) es ss — 71, Hxsi) = vsi G, H,bst es | [vsi]
Forall2 (sem_var H) xs (concat ss) — G,H,bsF xs = es

sem_equation G H bs (xs, es)

[..]

with sem_node:

Snode:

find_node f G = Some n —

Forall2 (fun x = sem_var H (Var x)) (List.map fst n.(n_in)) ss —
Forall2 (fun x = sem_var H (Var x)) (List.map fst n.(n_out)) os —
let bs := clocks_of ss in

sem_block H bs n.(n_block) — G(f) = node f(xq,

sem_node f ss os 4 Xn) TOLUTDS (11, ym) blk

Vi, H(x;) = xss; Vi, H(y;) = yss; G, H, (base-of (xs1,..., xsp,)) = blk
G F f(xss) | yss
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Dataflow relational semantics — in Coq

Inductive sem_exp:

[.]

with sem_equation:

|G, H,bs es [vs,-]"l

Seq: .

| Seq Vi, H(xs;) = vsj
oTa Sem_eXp G H bsS) 65 55
ora Sem_var H) Xs (concat ss) —

sem_equation G H bs (xs, es)

[..]

with sem_node:

| Snode:
find_node f G = Some n —
Forall2 (fun x = sem_var H (Var x)) (List.map fst n.(n_in)) ss —
Forall2 (fun x = sem_var H (Var x)) (List.map fst n.(n_out)) os —
let bs := clocks_of ss in
sem_block H bs n.(n_block) —
sem_node f ss os.

G(f) = node f(xi,..

Vi, H(x;) = xss; V), H(y;) = yss;

., Xp) returns (yq,...

G7 H7

G,H,bst xs = es

»¥m) blk

(base-of (xs1 xsp)) b blk

G F f(xss) | yss
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Relational Semantics
[e]e]e] le]e]

fby operator semantics

inc ‘<> o 5 o o 4 1 3 2 o 8 3
0 fby o oo o0
o= (0 fby o) + inc | & « b

node count_up(inc : int)

returns (o : int) fby (¢» - xs) (> - ys) «» - fby xs ys

let by (<vi> - xs) (<va> - ys) = «vp> - fbyl vy xs ys
o = (0 fby o) + inc;

tel

Basile Pesin

Verified Compilation of a Synchronous Dataflow Language with State Machines



Relational Semantics
[e]e]e] le]e]

fby operator semantics

inc ‘<> o b o o 4 1 3 2 o 8 3

0 fby o o o 0 o o 5 9 10 13 o 15 23
o= fby o) +inc | & o 5 o o 9 10 13 15 « 23 26

node count_up(inc : int)

returns (o : int) fby (¢ - xs) (> - ys) = -fby xs ys

let by (<vi> - xs) (<va> - ys) = «vp> - fbyl vy xs ys
o = (0 fby o) + inc; fbyl vy (¢ - xs) (¢ - ys) = o -fbyl vy xs ys

tel

byl vy (<vi> - xs) (¢<va> - ys) = vy - fbyl vy xs ys
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[e]e]e] le]e]

fby operator semantics

inc ‘<> o b o o 4 1 3 2 o 8 3

0 fby o o o 0 o o 5 9 10 13 o 15 23
o= fby o) +inc | & o 5 o o 9 10 13 15 « 23 26

node count_up(inc : int)

returns (o : int) fby (¢ - xs) (> - ys) = -fby xs ys

let by (<vi> - xs) (<va> - ys) = «vp> - fbyl vy xs ys
o = (0 fby o) + inc; fbyl vy (¢ - xs) (¢ - ys) = o -fbyl vy xs ys

tel

byl vy (<vi> - xs) (¢<va> - ys) = vy - fbyl vy xs ys

G,H, bst esy | [xs;]’ G,H, bstesy | [ys;]
G,H, bs - esq fby esy || [vs;]’

Vi, fby xs; ys; = vs;
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Relational Semantics
0000e0

Stream semantics of switch blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)
let
switch step
| true do
mA = not (last mB);
mB = last mA;
| false do (mA, mB) = (last mA, last mB)
end;
last mA = true;
last mB = false;
tel

step
last mA
last mB
mA
mB
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Relational Semantics
0000e0

Stream semantics of switch blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)

let . when® (- xs) (¢ -cs) = -when€ xscs
itch st
e Snep when® (v - x )(<C> s) =<v>-when® xs cs
(

| true do
mA = not (last mB); when® (¢<v> - xs) (<C'> - ¢s) = > - when© xs cs
mB = last mA;

| false do (mA, mB) = (last mA, last mB)

end;

last mA = true; G,H,bst el [cs] Vi, G,when® (H, bs) cs + blks;

last mB = false;

tel G,H,bsF switche[C;do b/ks,-]i end

step
last mA
last mB
mA
mB
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Relational Semantics
0000e0

Stream semantics of switch blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)

let . when® (- xs) (¢ -cs) = -when€ xscs
ngfm Zzep when® (<v> - xs) (<C> - ¢s) = <v> - when® xs cs
mA = not (last mB); when® (¢<v> - xs) (<C'> - ¢s) = > - when© xs cs
mB = last mA;
| false do (mA, mB) = (last mA, last mB)
end;
last mA = true; G,H,bst el [cs] Vi, G,when® (H, bs) cs - blks;
last mB = false;
tel G, H, bs - switche|C;do blks;|' end
step T T T T T T T
last mA T T F F T T F
last mB F T T F F T T
mA T F F T T F F
mB T T F F T T F
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Relational Semantics
0000e0

Stream semantics of switch blocks

node drive_sequence(step :

returns (mA, mB : bool)
let
switch step
| true do
mA = not (last mB);
mB = last mA;

bool)

when® (o - xs) (0 - cs) = (> - when® xs cs

<
when® (<v> - xs) (<C> - ¢s) = <v> - when® xs cs
when® (<vs - xs) («C'> - ¢s) = > - when® xs cs

| false do [(mA, mB)

= (Jast mA, last mB)]

end;
last mA = true;
last mB = false;

G,H,bst el [cs] Vi, G,when® (H, bs) cs = blks;
C; do blks;|" end

tel G,H,bstF switche|
step F F F F F F F F
last mA | T F F F T T F F
last mB | F T T F F T T T
mA T F F F T T F F
mB F T T F F T T T
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Relational Semantics
0000e0

Stream semantics of switch blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)

let hen® s cs
switch step W ( e )( . )

<
| true do when® (<v> - xs) (<C> - cs)
mA = not (last mB); whenc (<V> )((C/ )
mB = last mA;
| false do (mA, mB) = (last mA, last mB)

» - when€ xs cs
«v> - when® xs cs

» - when€ xs cs

end;
last mA = true; G,H,bst el [cs] Vi, G,when (H, bs)cst blks;
last mB = false; -

tel G, H, bs - switche|C;do blks;|' end

step FTTFFTFTFTFTFEFT

lastmA|T T T F F F F F T T T TFFF

lastmB|F F T T T T F F F F T T T T T

mA T T F F F F F T TTTF F F F

mB F T T T T F F F F T T T T T F
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Relational Semantics
O0000e

Stream semantics of reset blocks and state machines

maskf, (F - rs) (sv - xs) = (if k' = k then sv else <») - maskf, rs xs
mask, (T - rs) (sv - xs) = (if K + 1 = k then sv else ©») - maskflﬂ rs xs

Bourke, Brun, and Pouzet (2020): Mechanized Semantics and Verified
Compilation for a Dataflow Synchronous Language with Reset

G,H,bst el [ys] bools-of ys = rs
vk, G, maskX rs (H, bs) F blks
G, H, bs - reset blks every e

@ reset block — mask operator
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Relational Semantics
O0000e

Stream semantics of reset blocks and state machines

masky, (F - rs) (sv - xs) = (if k' = k then sv else <) - mask}, rs xs
mask, (T - rs) (sv - xs) = (if K + 1 = k then sv else ©») - maskflﬂ rs xs

Bourke, Brun, and Pouzet (2020): Mechanized Semantics and Verified
Compilation for a Dataflow Synchronous Language with Reset

p49

G,H,bst el [ys] bools-of ys = rs
vk, G, maskX rs (H, bs) F blks
G, H, bs - reset blks every e

@ reset block — mask operator

@ state machines — select operator
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Relational Semantics

O0000e

Stream semantics of reset blocks and state machines

maskf, (F - rs) (sv - xs) = (if k' = k then sv else <») - maskf, rs xs
mask, (T - rs) (sv - xs) = (if K + 1 = k then sv else ©») - maskflﬂ rs xs

Bourke, Brun, and Pouzet (2020): Mechanized Semantics and Verified
Compilation for a Dataflow Synchronous Language with Reset

p49

G,H,bst el [ys] bools-of ys = rs
vk, G, maskX rs (H, bs) F blks
G, H, bs - reset blks every e

@ reset block — mask operator

@ state machines — select operator
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Dependency Analysis
[ le]e}

Proving semantic meta-properties

Prove properties of the semantic model:

@ Determinism of the semantics:
if GFHf(xs)ys; and GF f(xs)l ys, then ys;=ys,
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Dependency Analysis
[ le]e}

Proving semantic meta-properties

Prove properties of the semantic model:
@ Determinism of the semantics:
if GFHf(xs)ys; and GF f(xs)l ys, then ys;=ys,

@ Clock-system correctness:
if THe:ck and G,H,bstk el vs then H, bst ck | (clock-of vs)
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Dependency Analysis
[ le]e}

Proving semantic meta-properties

Prove properties of the semantic model:
@ Determinism of the semantics:
if GFHf(xs)ys; and GF f(xs)l ys, then ys;=ys,

@ Clock-system correctness:
if THe:ck and G,H,bstk el vs then H, bst ck | (clock-of vs)

Proof by induction on the syntax, inversion of the semantics:
° ...
e variable: inverting G, H, bs - x || [vs] tells us H(x) = vs. What now ?
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Dependency Analysis
(o] le}

Dependency Analysis

Consider a program with the following definitions:
@ x = x; admits all value

@ x = x + 1; admits no value
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Dependency Analysis
(o] le}

Dependency Analysis

Consider a program with the following definitions:
@ x = x; admits all value
@ x = x + 1; admits no value

Not possible to prove any property of the stream of x.
We can only reason on program without dependency cycle.

Verified Compilation of a Synchronous Dataflow Language with State Machines

Basile Pesin


http://www-verimag.imag.fr/~halbwach/lustre-ieee.html
http://www-verimag.imag.fr/~halbwach/lustre-ieee.html
http://dx.doi.org/10.1007/3-540-45309-1_16
http://dx.doi.org/10.1007/3-540-45309-1_16

Dependency Analysis
(o] le}

Dependency Analysis

Consider a program with the following definitions:
@ x = x; admits all value
@ x = x + 1; admits no value

Not possible to prove any property of the stream of x.
We can only reason on program without dependency cycle.

H . H Halbwachs, Caspi, Raymond, and Pilaud (1991): The
SOIUtlon' dependency anaIySIS Lynchronous dataflow programming language LUSTRE
Cuoq and Pouzet (2001): Modular Causality in a } )

@ node-by-node graph analysis (no type system [Synchmnous Stream Language
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Dependency Analysis
(o] le}

Dependency Analysis

Consider a program with the following definitions:
@ x = x; admits all value
@ x = x + 1; admits no value

Not possible to prove any property of the stream of x.
We can only reason on program without dependency cycle.

Halbwachs, Caspi, Raymond, and Pilaud (1991): The ]

SOIUtlon: dependency anaIySIS Lynchronous dataflow programming language LUSTRE
Cuoq and Pouzet (2001): Modular Causality in a } )

° nOde_by_nOde graph analySIS (no type syStem [Synchronous Stream Language
@ extended to handle control blocks (using labels)
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Dependency Analysis
(o] le}

Dependency Analysis

Consider a program with the following definitions:
@ x = x; admits all value
@ x = x + 1; admits no value

Not possible to prove any property of the stream of x.
We can only reason on program without dependency cycle.

H . H Halbwachs, Caspi, Raymond, and Pilaud (1991): The
SOIUtlon' dependency anaIySIS Lynchroilous datpaflovvyprogramming Ianuguage LUSTRE ]

@ node-by-node graph analysis (no type system [ e Pt (0P Moduler Covsalitvin= 1)

@ extended to handle control blocks (using labels)
o verified graph analysis algorithm: produces a witness of acyclicity
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Dependency Analysis
(o] le}

Dependency Analysis

Consider a program with the following definitions:
@ x = x; admits all value
@ x = x + 1; admits no value

Not possible to prove any property of the stream of x.
We can only reason on program without dependency cycle.

H . H Halbwachs, Caspi, Raymond, and Pilaud (1991): The
SOIUtlon' dependency anaIySIS Lynchronous dataflow programming language LUSTRE ]

@ node-by-node graph analysis (no type system [ e Pt (0P Moduler Covsalitvin= 1)
@ extended to handle control blocks (using labels)
o verified graph analysis algorithm: produces a witness of acyclicity

@ Used to prove properties of the semantics (clock-system correctness, determinism)
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Dependency Analysis
[efe] ]

Instrumented Semantic Model

parsing Lustre dependency

analysis

dataflow
optimizations

Untyped o~ ~ ~ ~ ~ >
Lustre elaboration | definition state switch local normalization

s | completion machines blocks scopes

)
| semantics }‘*

) semantics |

generation

| NLustre
transcription I

compilation by CompCert
Assembly | ==== == c s mc e e e e mmaa
|:B\azy‘ Dargaye, and Leroy (2006): Formal Veri- }
1

fication of a C Compiler Front-End
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Dependency Analysis
[efe] ]

Instrumented Semantic Model

dataflow
. optimizations
parsing Lustre dependency P
analysis
Untyped :
o — —>- > —> > —> —»| NLustre
Lustre elaboration | definition .  state switch local normalization transcription L_
| completion “machines blocks scopes

clocked
semantics

! semantics | s-translation

compilation by CompCert generation (
Assembly [ === == = = s c ccm e e e m e e m - i Obc
|:B\azy‘ Dargaye, and Leroy (2006)
1

fication of a C Compiler Front-End

semantics . -
imperative

optimizations
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Verified Compilation
000000000000

Compilation of State Machines and Switch Blocks

dataflow
. optimizations
parsing Lustre dependency P
analysis
Untyped ;
o — —>- = — > —> —»| NLustre
Lustre elaboration | definition +  state switch local normalization transcription L_
| completion machines blocks scopes

. .
. .

)f . b ( clocked (
semantics | )

! semantics | s-translation

compilation by CompCert generation (
Assembly [ === == = = s c ccm e e e m e e m - i Obc
|:B\azy‘ Dargaye, and Leroy (2006)
1

fication of a C Compiler Front-End

semantics . -
imperative

optimizations
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Verified Compilation
0e0000000000

Compilation of State Machines

_pause(pause : returns (ena, step
var time : int;
let
reset

time = count_up(50)
every (false fby step);

automaton initially Feeding

state Feeding do
ena = true;
automaton initially Starting

state Holding do
step = false;
automaton initially Waiting

state Starting do
step = true fby false
unless time >= 750 then Moving

state Waiting do
ena = true
unless time >= 500 then Modulating

state Moving do
step = true fby false
unless time >= 500 then Moving

state Modulating do
ena = pwm(true)
end;
unless

| not pause and time >= 750 then Feeding
| not pause continue Feeding

end;
unless pause then Holding
end

tel
Basile Pesin
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Verified Compilation
0e0000000000

Compilation of State Machines

automaton initially Starting

state Starting do
step = true fby false
unless time >= 750 then Moving

state Moving do
step = true fby false
unless time >= 500 then Moving

end;
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Verified Compilation
0e0000000000

Compilation of State Machines

automaton initially Starting

state Starting do
step = true fby false
unless time >= 750 then Moving

state Moving do
step = true fby false
unless time >= 500 then Moving

end
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Verified Compilation
0e0000000000

Compilation of State Machines

automaton initially Starting

state Starting do
step = true fby false
unless time >= 750 then Moving

state Moving do
step = true fby false
unless time >= 500 then Moving

end

2005): A Conservative Extension ]

(Colac,o- Pagano, and Pouzet ( te Machines

of Synchronous Data-flow with Sta
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Verified Compilation
0e0000000000

Compilation of State Machines

automaton initially Starting

var pst, pres, st, res; let

state Starting do (pﬁt, pres) = (Starting, false) fby (st, res);
_ switch pst
step = true fby false | Starting do
unless time >= 750 then Moving reset
(st, res) =

state Moving do
step = true fby false

if time >= 750
then (Moving, true)

unless time >= 500 then Moving else (Starting, false)
every pres
end | Moving do ...
nd Pouzet (2005): A Conslervative Extension ] enc.i;
[Colac,o. PaganoySata»ﬂow with State Machines switch st
of Synchronous | Starting do

reset
step = true fby false
every res
| Moving do
end
tel
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Verified Compilation
0e0000000000

Compilation of State Machines

automaton initially Starting

var pst, pres, st, res; let

state Startine do [(pst, pres) = (Starting, false) fby (st, res)]
_ g switch pst
step = true fby false | Starting do
unless time >= 750 then Moving reset
(st, res) =

state Moving do
step = true fby false

if time >= 750
then (Moving, true)

unless time >= 500 then Moving else (Starting, false)
every pres
end | Moving do ...
nd Pouzet (2005): A Conslervative Extension ] enc.i;
[Colac,o. PaganoySata»ﬂow with State Machines switch st
of Synchronous | Starting do

reset
step = true fby false
every res
| Moving do
end
tel
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Verified Compilation
0e0000000000

Compilation of State Machines

automaton initially Starting

var pst, pres, st, res; let

state Starting do (pst, pres) = (Starting, false) fby (st, res);

switch pst
step = true fby false

| Starting do
unless then Moving reset
(st, res) =
if time >= 750
then (Moving, true)

state Moving do
step = true fby false

unless time >= 500 then Moving else (Starting, false)
every pres
end | Moving do ...
nd Pouzet (2005): A Conslervative Extension ] enc.i;
[Colac,o. PaganoySata»ﬂow with State Machines switch st
of Synchronous | Starting do

reset
step = true fby false
every res
| Moving do
end
tel
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Compilation of State Machines

automaton initially Starting

state Starting do
step = true fby false
unless time >= 750 then Moving

state Moving do
step = true fby false
unless time >= 500 then Moving

end

olaco, Pagano, an ouzet nser xtension
C P d P (2005). A Conservative E
of Synchronous Data-flow with State Machines
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Verified Compilation
0e0000000000

var pst, pres, st, res; let
(pst, pres) = (Starting, false) fby (st, res);
switch pst
| Starting do
reset

6%, ¥es) -
if time >= 750
then (Moving, true)
else (Starting, false)
every pres
| Moving do ...
end;
switch
| Starting do
reset

step = true fby false

every
| Moving do ...
end

tel

guage with State Machines
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Verified Compilation
0e0000000000

Compilation of State Machines

automaton initially Starting

var pst, pres, st, res; let

state Starting do (pst, pres) = (Starting, false) fby (st, res);

switch pst
step = true fby falsq | Startli)ng do
unless time >= 750 then Moving reset
(st, res) =
state Moving do if time >= 750
step = true fby false then (Moving, true)
unless time >= 500 then Moving else (Starting, false)
every pres
end | Moving do
) nservative Extension ] end;
Colago, Pagano'Snfai?:vie\jvi(tiogi;{eAh/faochi“es switch st
{of Synchronous D@ | Starting do
reset
[ step = true fby false]
every res
| Moving do
end
tel
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Verified Compilation
0e0000000000

Compilation of State Machines

automaton initially Starting

var pst, pres, st, res; let

state Startine do [(pst, pres) = (Starting, false) fby (st, res)]
_ g switch pst
step = true fby false | Starting do
unless time >= 750 then Moving reset
(st, res) =

state Moving do
step = true fby false

if time >= 750
then (Moving, true)

unless time >= 500 then Moving else (Starting, false)
every pres
end | Moving do ...
nd Pouzet (2005): A Conslervative Extension ] enc.i;
[Colac,o. PaganoySata»ﬂow with State Machines switch st
of Synchronous | Starting do

reset
step = true fby false
every res
| Moving do
end
tel
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Verified Compilation
00e000000000

Generating Fresh Identifiers during Compilation

—__—_______________—~va:ﬂpst, pres, st, resl let
pst, pres) = (Starting, false) fby (st, res);

generating new identifiers? (
switch pst
| Starting do
reset
(st, res) =
if time >= 750
then (Moving, true)
else (Starting, false)
every pres
| Moving do ...
end;
switch st
| Starting do
reset
step = true fby false
every res
| Moving do ...
end
tel

ied Compilation of a Synchronous Dataflow Language with State Machines
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Verified Compilation
00e000000000

Generating Fresh Identifiers during Compilation

—__—_______________—~va:ﬂpst, pres, st, resl let
(pst, pres) = (Starting, false) fby (st, res);

generating new identifiers?
switch pst
| Starting do
In OCaml: reset
let fresh = (sff’ :;: >= 750
let cnt = ref O in then (Moving, true)
fun O -> else (Starting, false)
cnt := !cnt + 1; !cnt every pres
| Moving do ...
end;
switch st
| Starting do
reset
step = true fby false
every res
| Moving do ...
end

tel
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Verified Compilation
00e000000000

Generating Fresh Identifiers during Compilation

—__—_______________—~va:ﬂpst, pres, st, resl let
(pst, pres) = (Starting, false) fby (st, res);

generating new identifiers?
switch pst
| Starting do
In OCaml: reset
(st, res) =
let fresh = . if time >= 750
let cnt = ref 0 in then (Moving, true)
fun O -> else (Starting, false)
cnt := 'cnt + 1; !cnt every pres
| Moving do ...
end;
switch st
But Coq is a pure functional language! | Starting do
reset
step = true fby false
every res
| Moving do ...
end

tel
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Verified Compilation
00e000000000

Generating Fresh Identifiers during Compilation

—__—_______________—~va:ﬂpst, pres, st, resl let
(pst, pres) = (Starting, false) fby (st, res);

generating new identifiers?
switch pst
| Starting do
In OCaml: reset
(st, res) =
let fresh = . if time >= 750
let cnt = ref 0 in then (Moving, true)
fun O -> else (Starting, false)
cnt := 'cnt + 1; !cnt every pres
| Moving do ...
end;
switch st
But Coq is a pure functional language! | Star:ing do
rese
e Monadic approach: Fresh step = true fby false
every res
| Moving do ...
end

tel
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Verified Compilation
00e000000000

Generating Fresh Identifiers during Compilation

/—!ﬂrﬁlpst, pres, st, resl let
pst, pres) = (Starting, false) fby (st, res);

generating new identifiers? (
switch pst
| Starting do
In OCaml: reset
_ (st, res) =
let fresh = . if time >= 750
let cnt = ref O in then (Moving, true)
fun O -> else (Starting, false)
cnt := !cnt + 1; !cnt every pres
| Moving do ...
end;
switch st
But Coq is a pure functional language! ' Star:ing do
rese
e Monadic approach: Fresh step = true fby false
) every res
@ Access OCaml code: gensym | Moving do ...
end
tel

Verified Compilation of a Synchronous Dataflow Language with State Machines
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Verified Compilation
000800000000

Compilation of State Machines — Coq Implementation

Fixpoint auto_block (blk: block) : Fresh block :=

mat,h W1 itk

Verified Compilation of a Synchronous Dataflow

var pst, pres, st, res; let
(pst, pres) = (Starting, false) fby (st, res);

switch pst
| Starting do
reset
(st, res) =
if time >= 750
then (Moving, true)
else (Starting, false)
every pres
| Moving do
end;
switch st
| Starting do
reset
step = true fby false
every res
| Moving do
end
tel

guage with State Machines
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Verified Compilation
000800000000

Compilation of State Machines — Coq Implementation

Fixpoint auto_block (blk: block) : Fresh block :=
match blk with

Verified Compilation of a Synchronous Dataflow

var pst, pres, st, res; let
(pst, pres) = (Starting, false) fby (st, res);

switch pst
| Starting do
reset
(st, res) =
if time >= 750
then (Moving, true)
else (Starting, false)
every pres
| Moving do
end;
switch st
| Starting do
reset
step = true fby false
every res
| Moving do
end
tel

guage with State Machines
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Verified Compilation
000800000000

Compilation of State Machines — Coq Implementation

Fixpoint auto_block (blk: block) : Fresh block := var |pst, pres, st, res] let
match blk with (pst, pres) = (Starting, false) fby (st, res);
| v switch pst
| Bauto Strong ck (_, oth) states = | Starting do
pst fresh_ident]] do pres <— fresh_ident; reset
do'st resh_ident;"o res <— fresh_ident; (st, res) =

if time >= 750
then (Moving, true)
else (Starting, false)
every pres
| Moving do ...
end;
switch st
| Starting do
reset
step = true fby false
every res
| Moving do ...
end Common monadic notation:

tel
© do x < el; e2 ~ let x := el in e2
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Verified Compilation
000800000000

Compilation of State Machines — Coq Implementation

Fixpoint auto_block (blk: block) : Fresh block := var pst, pres, st, res; let
match blk with [(pst, pres) = (Starting, false) fby (st, res); |
| - switch pst
| Bauto Strong ck (_, oth) states = | Starting do
do pst < fresh_ident; do pres <— fresh_ident; reset
do st <~ fresh_ident; do res <— fresh_ident; (st, res) =
1ethta(t[ez1;_= res] if time >= 750
4 [IE)fby I[)Eenum oth; Eenum false] then (Mov1ns, true)
[Evar st; Evar res]]) in else (Starting, false)
. . e s [N every pres
| Moving do
end;
switch st
| Starting do
reset
step = true fby false
every res
| Moving do
end
tel

guage with State Machines

Verified Compilation of a Synchronous Dataflow

Basile Pesin



Verified Compilation
000800000000

Compilation of State Machines — Coq Implementation

Fixpoint auto_block (blk: block) : Fresh block :=
match blk with
([
| Bauto Strong ck (_, oth) states =
do pst <— fresh_ident; do pres <— fresh_ident
do st < fresh_ident; do res <~ fresh_ident
let stateq :=
Beq ([pst; pres],
[Efby [Eenum oth; Eenum false]
[Evar st; Evar res]]) in
let branches := map (fun '((e, _), (unl, _)) =
let transeq := Beq ([st; res], ) in
(e, [Breset [transeq] (Evar pr%
let swl := Bswitch (Evar pst) branches in

var pst, pres, st, res; let
(pst, pres) = (Starting, false) fby (st, res);
switch pst
| Starting do
reset
(st, res) =
if time >= 750
then (Moving, true)
else (Starting, false)
every pres
| Moving do
end ;
switch st
| Starting do
reset

step = true fby false
every res
| Moving do
end
tel
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Verified Compilation
000800000000

Compilation of State Machines — Coq Implementation

Fixpoint auto_block (blk: block) : Fresh block :=
match blk with
([
| Bauto Strong ck (_, oth) states =
do pst <— fresh_ident; do pres <— fresh_ident
do st < fresh_ident; do res <~ fresh_ident
let stateq :=
Beq ([pst; pres],
[Efby [Eenum oth; Eenum false]
[Evar st; Evar res]]) in
let branches := map (fun '((e, _), (unl, _)) =
let transeq := Beq ([st; res], trans_exp unl e) in
(e, [Breset [transeq] (Evar pres)])) states in
let swl := Bswitch (Evar pst) branches in
do branches < mmap (fun '((e, _), (=, (blks, _))) =

do blks' «+ ;
ret (e, ([Brese s (Evar Tes)]))) states;

let sw2 := Bswitch (Evar st) branches in

var pst, pres, st, res; let
(pst, pres) = (Starting, false) fby (st, res);
switch pst
| Starting do
reset
(st, res) =
if time >= 750
then (Moving, true)
else (Starting, false)
every pres
| Moving do
end;
switch st
| Starting do
reset
step = true fby false
every res
| Moving do
end
tel
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Verified Compilation
000800000000

Compilation of State Machines — Coq Implementation

Fixpoint auto_block (blk: block) : Fresh block :=
match blk with
([
| Bauto Strong ck (_, oth) states =
do pst <— fresh_ident; do pres <— fresh_ident
do st < fresh_ident; do res <~ fresh_ident
let stateq :=
Beq ([pst; pres],
[Efby [Eenum oth; Eenum false]
[Evar st; Evar res]]) in
let branches := map (fun '((e, _), (unl, _)) =
let transeq := Beq ([st; res], trans_exp unl e) in
(e, [Breset [transeq] (Evar pres)])) states in
let swl := Bswitch (Evar pst) branches in
do branches < mmap (fun '((e, _), (=, (blks, _))) =
do blks' + mmap auto_block blks
ret (e, ([Breset blks' (Evar res)]))) states;
let sw2 := Bswitch (Evar st) branches in
ret (Blocal [pst; pres; st; res] [stateq; swl; sw2])

[var pst, pres, st, res; let

(pst, pres) = (Starting, false) fby (st, res);
switch pst
| Starting do
reset
(st, res) =
if time >= 750
then (Moving, true)
else (Starting, false)
every pres
| Moving do
end;
switch st
| Starting do
reset
step = true fby false
every res
| Moving do
end
tel]
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Verified Compilation
0000e0000000

Compilation of State Machines — Proof Intuition

Lemma (State machines correctness)

: if G HF bk then G,HI |blk|
¥ -
definition completion" _(—‘b/k>

state machines‘

switch blocks —

| D

local scopes |

normalization ]

Basile Pesin
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Verified Compilation
0000e0000000

Compilation of State Machines — Proof Intuition

Lemma (State machines correctness)

. if G,HF blk then G,HFt |blk|

A
3 o
definition completlon" .--C\b/k>
| ~—"
state machines" Works well:
l.

_ . @ local transformation and
switch blocksy | “*e,——~

/ lekj> reasoning
local scopes} ~ @ correspondence between
select, mask and when

normalization ]
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Verified Compilation
0000e0000000

Compilation of State Machines — Proof Intuition

A

definition completion |
state machines‘
switch blocks

local scopes |

normalization ]

Basile Pesin

Lemma (State machines correctness)

if G,HF blk then G,HFt |blk|

,-«At
| o)

Works well: Works less well:
@ local transformation and e static invariants (typing,
Q;;j reasoning clock-typing, ...)
—

@ correspondence between o fresh identifiers
select, mask and when
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Verified Compilation
[e]e]ele]e] lelelelele]e)

Compilation of State Machines — Coq Proof

Lemma : ¥V blk Ity Fck Hi bs blk' tys st st',
(V x, IsVar Ity x > AtomOrGensym elab_prefs x) -
(V x, IsVar Fck x » IsVar lty x) H
(¥ . Tolant Tekas Tatast Ty 23 » Lemma (State machines correctness)

NoDupLocals (List.map fst lty) blk >
GoodLocals elab_prefs blk >
wt_block Gy Ity blk > .
g if G,Ht blk then G,HF |blk|
dom_ub Hi Tty » ’ )
sc_vars fck Hi bs »
sem_block_ck Gy Hi bs blk »
auto_block blk st = (blk', tys, st')
sem_block_ck Gy Hi bs blk'.
Proof.

induction blk using block_indy;

age with State Machines
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[e]e]ele]e] lelelelele]e)

Compilation of State Machines — Coq Proof

Lemma : ¥V blk Ity Fck Hi bs blk' tys st st',
(V x, IsVar Ity x > AtomOrGensym elab_prefs x) -
(V x, IsVar Fck x » IsVar lty x) H
(¥ . Tolant Tekas Tatast Ty 23 » Lemma (State machines correctness)

NoDupLocals (List.map fst lty) blk >
GoodLocals elab_prefs blk >
wt_block Gy Ity blk > .
g if G,Ht blk then G,HF |blk|
dom_ub Hi Tty » ’ )
sc vars [ck Hi bs »
sem_block_ck Gy Hi bs blk »
auto_block blk st = (blk', tys, st')
sem_block_ck Gy Hi bs blk'.
Proof.

induction blk using block_indy;

age with State Machines
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Verified Compilation
[e]e]ele]e] lelelelele]e)

Compilation of State Machines — Coq Proof

Lemma : V¥ blk Ity Fck Hi bs blk' tys st st',
(V x, IsVar Ity x > AtomOrGensym elab_prefs x) -
(V x, IsVar Fck x » IsVar lty x) H
(¥ . Tolant Tekas Tatast Ty 23 » Lemma (State machines correctness)

NoDupLocals (List.map fst lty) blk >
GoodLocals elab_prefs blk >
wt_block Gy Ity blk > .

ot if G,Ht blk then G,HF |blk|
Jom_ub 1Y Tty 5 ’ )

sc_vars fck Hi bs »

sem_block_ck Gy Hi bs blk »

auto_block blk st = (blk', tys, st')

sem_block_ck Gy Hi bs blk'.

Proof.

induction blk using block_indy;

age with State Machines
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Verified Compilation
[e]e]ele]e] lelelelele]e)

Compilation of State Machines — Coq Proof

Lemma : ¥V blk Ity Fck Hi bs blk' tys st st',
(V x, IsVar Ity x > AtomOrGensym elab_prefs x) -
(V x, IsVar Fck x » IsVar lty x) H
(¥ . Tolant Tekas Tatast Ty 23 » Lemma (State machines correctness)

NoDupLocals (List.map fst lty) blk >
GoodLocals elab_prefs blk >
wt_block Gy Ity blk > .
if G,Ht blk then G,HF |blk|
dom_ub Hi lty » ’ )
rs Tck Hi bs »
Sem_block_ck G A7 bs blk »
auto_block blk st = (blk', tys, st')
sem_block_ck Gy Hi bs blk'.
Proof.

induction blk using block_indy;

age with State Machines
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Verified Compilation
[e]e]ele]e] lelelelele]e)

Compilation of State Machines — Coq Proof

mma : V blk Mty Fck Hi bs blk' tys st st',

(¥ x, IsVar Tty x » AtomOrGensym elab_prefs x)

(¥ x, IsVar Fck x » IsVar Mty x) > L S h

(v », Tatast Tk x » Totast Tty 20 > emma (State machines correctness
NoDupLocals (List.map fst lty) blk >

GoodLocals elab_prefs blk >

wt_block Gy Ity blk > .

e if G,HF blk then G,HF |blk|
dom_ub Hi Tty » ’ )
sc_vars fck Hi bs »

sem_block_ck Gy Hi bs blk »

auto_block blk st = (blk', tys, st')

sem_block_ck Gy Hi bs blk'.

Proof.
induction blk using block_indy;

age with State Machines
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Verified Compilation
000000e00000

Compilation of Switch Blocks

switch st resS = res when (st=Starting);
| Starting do resM = res when (st=Moving);
reset step = merge st (Starting => stepS) (Moving => stepM);
step = true fby false reset
every res stepS = true when (st=Starting) fby false when (st=Starting)
| Holding do ... every resS;
end

(2005): A Conservative Extension ]
h State Machines

and Pouzet
Data-flow wit

Colaco, Pagano,
[of Synchronous

Basile Pesi
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Verified Compilation
000000e00000

Compilation of Switch Blocks

switch st |resS = res when (st=Starting);|
| Starting do resM = res when (st=Moving);
reset step = merge st (Starting => stepS) (Moving => stepM);
step = true fby false reset
every stepS = true when (st=Starting) fby false when (st=Starting)
| Holding do ... every

end

2005): A Conservative Extension ]
h State Machines

d Pouzet (
Colaco, Pagano, an [
[of Synchronous Data-flow wit

@ sampling explicited by when
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Verified Compilation
000000e00000

Compilation of Switch Blocks

switch st resS = res when (st=Starting);
| Starting do resM = res when (st=Moving);
reset

step = merge st (Starting => stepS) (Moving => stepM);l
true fby false reset
every res
| Holding do
end

stepS = true when (st=Starting) fby false when (st=Starting)
every resS;

2005): A Conservative Extension ]
h State Machines

d Pouzet (
Colaco, Pagano, an [
[of Synchronous Data-flow wit

@ sampling explicited by when
@ choice explicited by merge
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Verified Compilation
000000e00000

Compilation of Switch Blocks

switch st
| Starting do
reset
seop -
every res
| Holding do
end

d Pouzet (
Colaco, Pagano, an [
[of Synchronous Data-flow wit

Basile Pesin

resS = res when (st=Starting);

resM = res when (st=Moving);

step = merge st (Starting => stepS) (Moving => stepM);
reset

stepS =|true when (st=Starting) fby false when (st=Starting4
every resS;

2005): A Conservative Extension ]
h State Machines

@ sampling explicited by when
@ choice explicited by merge

@ constants are also sampled

ed Compilation of a Synchronous Dataflow Language with State Machines


http://dx.doi.org/10.1145/1086228.1086261
http://dx.doi.org/10.1145/1086228.1086261

Verified Compilation
000000080000

Compilation of Switch Blocks — Proof Intuition

Lemma (Switch correctness)

. if G,HiFblk and H; T, H, then G,H |_b/kJ

A

o,ck

definition completion"

state machines‘ ’
switch blocks |

local scopes |

normalization ]
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Verified Compilation
000000080000

Compilation of Switch Blocks — Proof Intuition

Lemma (Switch correctness)

. if G,HiFblk and H; T, H, then G,H |_b/kJ

A

o,ck

definition completion"

state machines Works less well:
A

@ reasoning is not local:
renaming propagates to
sub-blocks

@ static invariants, in
particular clock-typing

switch blocks |

local scopes |

normalization ]
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Verified Compilation
000000080000

Compilation of Switch Blocks — Proof Intuition

Lemma (Switch correctness)

. if G,HiFblk and H; T, H, then G,H |_b/kJ

A

o,ck

definition completion"

state machines Works well: Works less well:
Y

_ @ correspondence between @ reasoning is not local:
switch blocks"

_ switch and when/merge: renaming propagates to
local scopes! implicit to explicit sub-blocks
sampling @ static invariants, in

normalization‘

@ less cases to handle particular clock-typing
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Verified Compilation
00000000e000

Compilation to Imperative Code

dataflow

parsing Lustre dependency

analysis

optimizations

> >

Untyped 5 ~F . .
> —>-@ > - >
Lustre elaboration | definition -  state switch

5 .
| completion “machines blocks

> —> ——>| NLustre
local normalization transcription I

scopes .

. .
. .

’{ semantics \( ,/ clocked

/\/-\’X' i-translation
—y

) semantics
\

A\
scheduling E Stc

r

) semantics | s-translation

4
generation

compilation by CompCert
Assembly [ === == = = s c ccm e e e m e e m -
|:B\azy‘ Dargaye, and Leroy (2006)
1

fication of a C Compiler Front-End
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“‘r_Obc
..-"" ' I

imperative
optimizations

semantics
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Verified Compilation
000000000800

Compiling Last Variables

switch step |
| true do —» Untyped [ Lustre W [NLustre
Lustre L J L

mA = not (last mB);
mB = last mA;
| false do (mA, mB) = (last mA, last mB)
end;
last mA true;
last mB = false;
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Verified Compilation
000000000800

Compiling Last Variables

switch step | v | v
| true do N Ui [ Lustre W [NLustre
Lustre L J L

mA = not (last mB);
mB = last mA;
| false do (mA, mB) = (last mA, last mB)
end;
last mA = true;
last mB = false;

Stc

l Obc

switch step Clicht
| true do E
v

mA = not last$mB;
mB = last$mA;
| false do (mA, mB) = (last$mA, last$mB) Assembly
end;
last$mA = true fby mA;
last$mB = false fby mB;
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Verified Compilation
000000000800

Compiling Last Variables

switch step | ' | '
| true do N Ui [ Lustre W [NLustre
Lustre L J L

mA = not (last mB);
mB = last mA;

| false do (mA, mB) = (last mA, last mB) Ste
end;
last mA = true; .
switch step {
last mB = false;
| true => Obc
1 mA := not state(last$mB);
mB := state(last$mA)
switch step | false => .
Clight
| true do mA := state(last$mA);
mA = not last$mB; -==--=------------ > mB := state(last$mB)
mB = last$mi; }; 4
| false do (mA, mB) = (last$mA, last$mB) state(last$mA) := mA;
end; state(last$mB) := mB
last$mA = true fby mA; v

last$mB = false fby mB;
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Verified Compilation
000000000800

Compiling Last Variables

switch step | ' | '
| true do N Ui [ Lustre W [NLustre
Lustre L J L

mA = not (last mB);
mB = last mA;

| false do (mA, mB) = (last mA, last mB) Ste
end;
last mA = true; .
switch step {
last mB = false;
| true => Obc
1 mA := not state(last$mB);
mB := state(last$mA)
switch step | false => .
Clight
| true do mA := state(last$mA);
mA = not last$mB; -==--=------------ > mB := state(last$mB)
mB = last$mi; }; 4
| false do (mA, mB) = (last$mA, last$mB) state(last$mA) := mA;
end; state(last$mB) := mB
last$mA = true fby mA; v

last$mB = false fby mB;
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Verified Compilation
000000000800

Compiling Last Variables

switch step | ' | v
| true do — Lt ( Lustre w lNLustre
Lustre L J (

mA = not (last mB);

mB = last mA;
| false do (mA, mB) = (last mA, last mB)
end;
last mA
last mB

true; .
’ switch step {

NE
false;
| true => E[Ebc
:= state(mA);

1

: tmp :=

! state(mA) := not state(mB);
'
1
1

state (mB) tmp

false =>
"""""""""""""" > state(mA) := state(mA);

state(mB) := state(mB) T
:
v

£

state(last$mA);
state(last$mB)

&
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Verified Compilation
000000000800

Compiling Last Variables

switch step | ' | '
| true do — Lt ( Lustre W [NLustre
Lustre L J L
mA = not (last mB);
mB = last mA;
| false do (mA, mB) = (last mA, last mB)

end;
last mA = true; .

switch step {
last mB false;

T | true =>

: tmp := state(mA);

! state(mA) := not state(mB);
1

1

1

1

state(mB) := tmp

Clight
| false => skip
--------------------------- | },
mA := state(last$mA);
mB := state(last$mB) Hesai sty

BREE
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Conclusion
@00

Main Correctness Theorem

| v I ¥

NLustre

cs
g <
E
Q.
-
c
w
2
2
o

Theorem behavior_asm:
V D G Gp P main ins outs,
elab_declarations D = OK (exist _ G Gp) —
compile D main = 0K P —
sem_node G main (pStr ins) (pStr outs) —
wt_ins G main ins —
wc_ins G main ins —
3 T, program_behaves (Asm.semantics P) (Reacts T)
A bisim_IO0 G main ins outs T.

Clight

Assembly

BREE
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Conclusion
@00

Main Correctness Theorem

| v I v
— Lo ( Lustre W NLustre
Lustre L J

Theorem behavior_ asm: / if typing/elaboration succeeds. . .

V D G Gp P main ins outs,

elab_declarations D = OK (exist _ G Gp) —
compile D main = 0K P —
sem_node G main (pStr ins) (pStr outs) —

wt_ins G main ins —

wc_ins G main ins —

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

A bisim_IO0 G main ins outs T.

and compilation succeeds. ..

Clight

Assembly

BREE
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Conclusion
@00

Main Correctness Theorem

| v I v
— Lo ( Lustre W [ NLustre
Lustre L J L

Theorem behavior_ asm: / if typing/elaboration succeeds. . .

V D G Gp P main ins outs,
elab_declarations D = OK (exist _ G Gp) —
compile D main = OK P — and there exists a
sem_node G main (pStr ins) (pStr outs) — — dataflow semantics. . .
wt_ins G main ins —
wc_ins G main ins —
3 T, program_behaves (Asm.semantics P) (Reacts T)
A bisim_IO0 G main ins outs T.

and compilation succeeds. ..

and input streams are well-typed and well-clocked. . .

Clight

Assembly

BREE
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Conclusion
@00

Main Correctness Theorem

| v I v
— Lo ( Lustre W [ NLustre
Lustre L J L

Theorem behavior_ asm: / if typing/elaboration succeeds. . .

V D G Gp P main ins outs,
elab_declarations D = OK (exist _ G Gp) —
compile D main = OK P — and there exists a
sem_node G main (pStr ins) (pStr outs) — — dataflow semantics. . .
wt_ins G main ins —
wc_ins G main ins —
3 T, program_behaves (Asm.semantics P) (Reacts T)
A bisim_IO0 G main ins outs T.

and compilation succeeds. ..

and input streams are well-typed and well-clocked. . .

Clight

then the generated assembly

oo Assembly
produces an infinite trace

BREE

and the trace corresponds to the dataflow model.
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Conclusion
(o] le}

Conclusion

Our contributions:

@ a Coqg-based semantics for the control blocks of Scade 6
e switch blocks
o reset blocks
e state machines
e last variables

@ a verified dependency analysis used to prove meta-properties of the model

@ a verified implementation of an efficient compilation scheme for these blocks
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Conclusion

Our contributions:
@ a Coqg-based semantics for the control blocks of Scade 6
e switch blocks
o reset blocks
e state machines
e last variables
@ a verified dependency analysis used to prove meta-properties of the model
@ a verified implementation of an efficient compilation scheme for these blocks
Future work:
@ proof automation?
@ missing Scade 6 features:
e inlining and modular dependency analysis
e pre operator and initialization analysis
e arrays
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Full Semantics
@0000

Semantics — switch blocks

when® (&> - xs) (¢ - cs) = ¢ - when® xs cs
when® (<v» - xs) (<C> - cs) = <v> - when® xs cs
when® (<v» - xs) (<C'> - ¢s) = > - when® xs cs

(when® H cs)(x) = when© (H(x)) cs

G,H,bst e [cs] Vi, G,when® (H, bs) cs &= blks;

G,H, bs - switche|C;do blks;| end
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Full Semantics
(o] Jelele]

Semantics — reset blocks

masky, (F - rs) (sv - xs) = (if k' = k then sv else <) - mask}, rs xs
mask, (T - rs) (sv - xs) = (if K + 1 = k then sv else ©») - mask’,iurl rs xs

G,H,bst es | xss G,H,bst el [ys]
G,H,bst e | [ys] bools-of ys = rs bools-of ys = rs
Vk, G+ f(maskX rs xss) || (mask® rs yss) Vk, G,mask rs (H, bs) I blks
G,H, bs - (reset f everye)(es) || yss G, H, bs | reset blks every e
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Full Semantics
[e]e] Tele]

Semantics — Hierarchical State Machines

H,bs - ck | bs' G, H, bs' | autinits || stsy fby stsq sts; = sts
Vi, vk, G, (selectOC"’k sts (H, bs)), C; K, autscope; |} (selectg"’k sts sts)

G, H, bs - automaton initially autinits? [state C; autscope;]’ end

Vx, x € dom(H') <= x € locs
Vxe, (lastx =€) € locs = G,H+ H' bsk lastx=e
G,H+ H', bs - blks G,H + H',bs, C; k5, trans | sts

G, H, bs, C; &, var locs do blksuntil trans | sts

H,bst ck || bs'  fby (const bs’ (C,F)) sts; = sts
Vi, Vk, G, (selectg"’k sts (H, bs)), C; by, trans; || (selectg"’k sts sts)
Vi, Vk, G, (selectS"* sts) (H, bs)) I blks;
G,H, bs - automaton initially Cck [state C;do blks;unless trans,-]i end
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Full Semantics
[e]e]e] o]

Semantics — Transitions

G,H,bst+ e | [ys] bools-of ys = bs’
G, H, bs & autinits || sts
sts' = first-of$ bs' sts sts = const bs (C,F)
G,H, bs ks C if e; autinits |} sts’ G, H, bs ks otherwise C || sts

first-of C (T - bs) (st - sts) = <C, r» - first-of € bs sts -
first-of € (F - bs) (st - sts) = st - first-of C bs sts sts = const bs (C;, F)

G,H,bs, Ci b5 € || sts

G,H, bst e | [ys] bools-of ys = bs’ G,H,bst e | [ys] bools-of ys = bs’
G,H, bs, C; b5, trans | sts G,H, bs, C; b5, trans |} sts
sts’ = first-of S bs' sts sts’ = first-of ¢ bs’ sts
G,H, bs, C; b5, if econtinue C trans |} sts’ G,H, bs, C; b5, if ethen C trans |} sts’
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Full Semantics
0000e

Semantics — local blocks and last variables

Basile Pesin

H(lastx) = vs
G, H, bs t- last x | [vs]

Vx, x € dom(H') <= x € locs
Vxe, (lastx =e) € locs = G,H+ H' bsk lastx=e
G,H + H', bs I blks

G, H, bs - var locs 1et blks tel

G,H,bst e | [vs] H(x) = vs; H(last x) = fby vsy vs;

G,H,bsh lastx=c¢e

HQ(X) if x € H>
Hi(x) otherwise.

(Hy + Ha)(x) = {
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Dependency Analysis
[ leJele]

Dependency analysis of dataflow equations

node f(x : int) returns (y, z : int)
var half : bool;

let
true fby (not half);

half =
(y, z) = if half then (0, x) else (1, y);

tel
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Dependency Analysis
[ leJele]

Dependency analysis of dataflow equations

node f(x : int) returns (y, z : int) @

var half : bool;

let
half = true fby (not half);

(y, z) = if half then (0, x) else (1, y);
tel " — ‘
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Dependency Analysis
[ leJele]

Dependency analysis of dataflow equations

node f(x : int) returns (y, z : int) @

var half : bool;

let

half = true fby (not half);

= if half then (0, x) else (1, y);

(y, 2)
rel w : j ‘
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Dependency Analysis
[ leJele]

Dependency analysis of dataflow equations

node f(x : int) returns (y, z : int) @

var half : bo

let
half = true fby (not half);

(y, z) = if half then (0, x) else (1, y);
tel ‘
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Dependency Analysis
[e] Tele]

Dependency analysis of control blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)

let
switch step
| true do

mA = not (last mB);

mB = last mA;
| false do (mA, mB) = (last mA, last mB)

end;
last mA = true;

last mB = false;
- ‘IIII’ ‘IIII’
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Dependency Analysis
[e] Tele]

Dependency analysis of control blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)

let
switch step
| true do

mA = not (last mB);
mB = last mA;
| false do (mA, mB) = (last mA, last mB)
end;
last mA™) = true;
last mB™(") = false;

-
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Dependency Analysis
[e] Tele]

Dependency analysis of control blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)

let
switch step
| true do

mA™(®) = not (last mB);

mB™3() = Jast mA;
| false do (mA™), mB™8(D) = (last mA, last mB)
end;

last mA™) = true;

last mB™(") = false;
b
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Dependency Analysis
[e] Tele]

Dependency analysis of control blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)

let
switch step
| true do

mA"’A(f) = not (last mB);

mB™EM = 1ast mA;
| false do (mA™), mB™8(D) = (last mA, last mB)
end;

last mA™) = true;

last mB™(") = false;
b ‘IIII’ ‘IIII)
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Dependency Analysis
[e] Tele]

Dependency analysis of control blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)

let
switch step
| true do

mA™(®) = not (last mB);

mB™EM = 1ast mA;
| false do (mA™), mB™B(N) = (last mA, last mB)
end;

last mA™) = true;

last mB™(") = false;
b
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Dependency Analysis
[e] Tele]

Dependency analysis of control blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)

let
switch step
P @) ® @
mA™® = not (last mB); ‘

mB™5(®) = last mA;
| false do (mA™), mB™B(N) = (last mA, last mB) @

end; @ @
last mA™) = true;

last mB™(") = false;
tel
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Dependency Analysis
[e] Tele]

Dependency analysis of control blocks

node drive_sequence(step : bool)
returns (mA, mB : bool)
let

switch step

| true do
mA"’A(f) = not (last mB);

mB™5(®) = last mA;
| false do (mA™), mB™B(N) = (last mA, last mB) @

end;
last mA™) = true;

last mB™(") = false;
- 0 e
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Dependency Analysis
[e]e] o]

Dependency graph analysis

AcyGraph V E AcyGraph V E x,y €V y #EX
AcyGraph 0 () AcyGraph (VU {x}) E AcyGraph V (EU {x—y})

@ Simple graph analysis, based on DFS
@ Produces a witness that the graph is acyclic (AcyGraph) that we will reason on

@ More difficult to show termination in Coq
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Dependency Analysis
[e]e] o]

Dependency graph analysis

AcyGraph V E AcyGraph V E x,y €V y #EX
AcyGraph 0 () AcyGraph (VU {x}) E AcyGraph V (EU {x—y})

Definition visited (p : set) (v : set) : Prop :
Mz, x€ep—= ~(kxev)
A 3 a, AcyGraph v a
ANV x, x € v—> 3 zs, graph(x) = Some zs
AN (Vy, y €2zs — has_arc a y x)).

Program Fixpoint dfs’
(s:{pl Vx, x €p — x € graph }) (x : ident)
(v : { v | visited s v }) {measure (lgraph| - [s|)}

: option { v’ | visited s v’ & x € vZ Av C v’ } :=
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Dependency Analysis
[e]e] o]

Dependency graph analysis

AcyGraph V E AcyGraph V E x,y €V y #EX
AcyGraph 0 () AcyGraph (VU {x}) E AcyGraph V (EU {x—y})

Definition visited (p : set) (v : set) : Prop :
Mz, x€ep—= ~(kxev)
A 3 a, AcyGraph v a
ANV x, x € v—> 3 zs, graph(x) = Some zs
AN (Vy, y €2zs — has_arc a y x)).

Program Fixpoint dfs’
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Verified Compilation of a Synchronous Dataflow Language with State Machines

Basile Pesin



Dependency Analysis
[e]e] o]

Dependency graph analysis

AcyGraph V E AcyGraph V E x,y €V y #EX
AcyGraph 0 () AcyGraph (VU {x}) E AcyGraph V (EU {x—y})

Definition visited (p : set) (v : set) : Prop :
Mz, x€ep—= ~(kxev)
A 3 a, AcyGraph v a
ANV x, x € v—> 3 zs, graph(x) = Some zs
AN (Vy, y €2zs — has_arc a y x)).

Program Fixpoint dfs’
(s : {p| fVx, x €p = x € graph|}) (x : ident)
(v : { v | |visited s v [}) [{measure (lgraph| - [s[)}
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Dependency Analysis
[e]e] o]

Dependency graph analysis

AcyGraph V E AcyGraph V E x,y €V y #EX
AcyGraph 0 () AcyGraph (VU {x}) E AcyGraph V (EU {x—y})

Definition visited (p : set) (v : set) : Prop :
Mz, x€ep—= ~(kxev)
A 3 a, AcyGraph v a
AV x, x € v = d zs, graph(x) = Some zs
AN (Vy, y €2zs — has_arc a y x)

Program Fixpoint dfs’
(s : {p| fVx, x €p = x € graph|}) (x : ident)
(v : { v | |visited s v [}) [{measure (lgraph| - [s[)}
: option { v’ [|visited s v’ & x € v’ A v C v’ [} :=
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Dependency Analysis
[e]e]e] ]

Proving with dependencies

TopoOrder (AcyGraph V E) [
xeV —In x / (Vy, y—=Ex = Inyl)

TopoOrder (AcyGraph V E) [] TopoOrder (AcyGraph V E) (x:: 1)
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Dependency Analysis
[e]e]e] ]

Proving with dependencies

TopoOrder (AcyGraph V E) [
xeV —In x / (Vy, y—=Ex = Inyl)

TopoOrder (AcyGraph V E) (x:: 1)

TopoOrder (AcyGraph V E) []

node drive_sequence(step : bool)

returns (mA, mB : bool)
let
switch step

| true do
mA™®) = not (last mB);

mB™B1) = 1ast mA;

| false do (@A™ ), mB™(D) = (last mA, last mB)

end;

last mA™) = true;

last mB™() = false;
tel
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Dependency Analysis
[e]e]e] ]

Proving with dependencies
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node drive_sequence(step : bool)
returns (mA, mB : bool)
let
switch step
| true do
mA™®) = not (last mB);
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Dependency Analysis
[e]e]e] ]

Proving with dependencies

TopoOrder (AcyGraph V E) [
xeV —In x / (Vy, y—=Ex = Inyl)

TopoOrder (AcyGraph V E) (x:: 1)

TopoOrder (AcyGraph V E) []

node drive_sequence(step : bool)

returns (mA, mB : bool)

let
switch step

| true do ‘

mA™®) = not (last mB);

mB™B1) = 1ast mA; @ @ @
| false do (@A™ ), mB™(D) = (last mA, last mB)

end;

last mA™) = true;

last mB™() = false;
tel
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Dependency Analysis
[e]e]e] ]

Proving with dependencies

TopoOrder (AcyGraph V E) [
xeV —In x / (Vy, y—=Ex = Inyl)

TopoOrder (AcyGraph V E) (x:: 1)

TopoOrder (AcyGraph V E) []

node drive_sequence(step : bool)

returns (mA, mB : bool)

let
switch step

| true do
mA™®) = not (last mB);
mB™B1) = 1ast mA;

| false do (@A™ ), mB™(D) = (last mA, last mB)

)

end;
last mA™) = true;
last mB™() = false;

tel
@ } ’
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Dependency Analysis
[e]e]e] ]

Proving with dependencies

TopoOrder (AcyGraph V E) [
xeV —In x / (Vy, y—=Ex = Inyl)

TopoOrder (AcyGraph V E) (x:: 1)

TopoOrder (AcyGraph V E) []

node drive_sequence(step : bool)
returns (mA, mB : bool)
let
switch step
| true do _—7
mA™®) = not (last mB);
mB™B1) = 1ast mA; @
| false do (mA™),
end;
last mA™) = true;
last mB™() = false; 0

tel
@ } ’ i @
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Dependency Analysis
[e]e]e] ]

Proving with dependencies

TopoOrder (AcyGraph V E) [
xeV —In x / (Vy, y—=Ex = Inyl)

TopoOrder (AcyGraph V E) (x:: 1)

TopoOrder (AcyGraph V E) []

node drive_sequence(step : bool)

returns (mA, mB : bool)

let
switch step

| true do
mA™®) = not (last mB); @ @ @

mB™B1) = 1ast mA;
| false do (@A™ ), mB™(D) = (last mA, last mB)

end;
last mA™) = true;
= false;

last mB™E()

tel
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Dependency Analysis
[e]e]e] ]

Proving with dependencies

TopoOrder (AcyGraph V E) [
xeV —In x / (Vy, y—=Ex = Inyl)

TopoOrder (AcyGraph V E) (x:: 1)

TopoOrder (AcyGraph V E) []

node drive_sequence(step : bool)

returns (mA, mB : bool)
let
switch step

| true do
mA™®) = not (last mB);

mB™B1) = 1ast mA;

| false do (@A™ ), mB™(D) = (last mA, last mB)

end;
last mA™) = true;
last mB™() = false;

tel
7>77777> " )
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Performances

Performances
[ ]

stepper _motor
chrono
cruisecontrol
heater

buttons
stopwatch

WCET estimated by OTAWA 2 |

Vélus
930
505

1405

2415

1015

1305

Hept+CompCert
1185 (+27 %)

970 (+92%)
1745 (+24 %)
3125 (+29 %)
1430 (+40%)
1970 (+50 %)

Hept+gcc
610 (—34%
570 (+12%
960 (—31%
730 (—69%
625 (—38%
1290 (—1%

— = — — — —

Ballabriga, Cassé, Rochange, and Sainrat (2010): OTAWA:
An Open Toolbox for Adaptive WCET Analysis

Hept+gcci
535 (—42%)
570 (+12%)
895 (—36%)
515 (=78%)
625 (—38%)
1290 (—1%)

@ Vélus generally better than Heptagon, but worse than Heptagon+GCC

} for an armv7
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Performances
[ ]

Performances

Vélus Hept+CompCert  Hept+gcc Hept+gcci

stepper _motor 930 || 1185 (+27%) | 610 (—34%) | 535 (—42%)
chrono 505 970 (+92%) | 570 (+12%) | 570 (+12%)
cruisecontrol 1405 || 1745 (+24%) | 960 (—31%) | 895 (—36%)
heater 2415 || 3125 (+29%) | 730 (=69%) | 515 (-78%)
buttons 1015 || 1430 (+40%) | 625 (—38%) | 625 (—38%)
stopwatch 1305 || 1970 (+50%) | 1290 (=1%) | 1290 (—1%)

H Ballabriga, Cassé, Rochange, and Sainrat (2010): OTAWA:
WCET eStImated by OTAWA 2 [An Open Toolbox for Adaptive WCET Analysis } for an armV7

@ Vélus generally better than Heptagon, but worse than Heptagon+GCC
@ Inlining of CompCert not fine tuned to small functions generated by Vélus

@ Some possible improvements
o Better compilation of last to reduce useless updates (done in unpublished version)
e Memory optimization: state variables in mutually exclusive states can be be reused
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