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Formalizing Lustre in Coq

° Lustre: A SynChronOUS dataﬂOW Ianguage [Halbwachs, Caspi, Raymond, and Pilaud (1991): The synchronous }

dataflow programming language LUSTRE

® Scade 3: certified industrial implementation of Lustre v6
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Formalizing Lustre in Coq

. Halbwachs, Caspi, Raymond, and Pilaud (1991): The synchronous
e Lustre: A synchronous dataflow language [dataﬂow ey lansiage LUSTRE }

® Scade 3: certified industrial implementation of Lustre v6
e Verifying a Lustre compiler in a proof assistant

» [Boulmé and Hamon (2001): Certifying Synchrony for Free ]
Shallow embedding of the semantics of Lucid-Synchrone in Coq
> [Auger (2013): Compilation certifi¢e de SCADE/LUSTRE ]

Translation validation of the frontend of a Lustre compiler

N Shi, Gan, Shang, Wang, Dong, and Yew (2017): A Formally Verified Sequen-
tializer for Lustre-Like Concurrent Synchronous Data-Flow Programs

Verified Compiler for Lustre (with arrays) with a more imperative semantics
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Translation validation of the frontend of a Lustre compiler

N Shi, Gan, Shang, Wang, Dong, and Yew (2017): A Formally Verified Sequen-
tializer for Lustre-Like Concurrent Synchronous Data-Flow Programs

Verified Compiler for Lustre (with arrays) with a more imperative semantics

[} [Bourke, Brun, Dagand, Leroy, Pouzet, and Rieg (2017): A Formally Verified Compiler for Lustre ]

Vélus: a formally verified compiler for Lustre with a dataflow semantics
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Extending Vélus with Control Structures

® My thesis: extend Vélus with Scade 6/Lucid Synchrone control structures

Colago, Pagano, and Pouzet (2017): Scade 6: A Formal Language
for Embedded Critical Software Development

» Hierarchical State Machines
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® My thesis: extend Vélus with Scade 6/Lucid Synchrone control structures

Colago, Pagano, and Pouzet (2017): Scade 6: A Formal Language
for Embedded Critical Software Development

» Hierarchical State Machines
» switch blocks

» reset blocks

» nested local scopes

» shared variables (last)
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Extending Vélus with Control Structures

® My thesis: extend Vélus with Scade 6/Lucid Synchrone control structures

Colago, Pagano, and Pouzet (2017): Scade 6: A Formal Language
for Embedded Critical Software Development

» Hierarchical State Machines
» switch blocks

» reset blocks

» nested local scopes

» shared variables (last)

® These constructions are already well-defined

Colago, Pagano, and Pouzet (2005): A Conservative Extension Colaco, Hamon, and Pouzet (2006): Mixing Signals and Modes
of Synchronous Data-flow with State Machines 1 |in Synchronous Data-flow Systems
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Extending Vélus with Control Structures

® My thesis: extend Vélus with Scade 6/Lucid Synchrone control structures

Colago, Pagano, and Pouzet (2017): Scade 6: A Formal Language
for Embedded Critical Software Development

» Hierarchical State Machines
» switch blocks

» reset blocks

» nested local scopes

» shared variables (last)

® These constructions are already well-defined

Colago, Pagano, and Pouzet (2005): A Conservative Extension Colaco, Hamon, and Pouzet (2006): Mixing Signals and Modes
of Synchronous Data-flow with State Machines 1 |in Synchronous Data-flow Systems

® Challenges:

» Integrate their semantics in Vélus
» Prove the correctness of their compilation with every last detail
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The Vélus Compiler

dataflow
. optimizations
parsing Lustre dependency P
analysis
Untyped > >o >o >e >e > > NLustre
Lustre elaboration definition state switch local normalization transcription
completion machines blocks scopes
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: printing
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Main Correctness Theor

Lustre

Theorem behavior_asm:
V D G Gp P main ins outs,
elab_declarations D = OK (exist _ G Gp) —
compile D main = 0K P —
Sem.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_IO G main ins outs T.
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Main Correctness Theor

S Sy
o _ O
Theorem behavior_asm: if typing/elaboration succeeds. . .
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SIX0

... that corresponds to the dataflow model.
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The Vélus Core Dataflow Language
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The Vélus Dataflow Core

count_up .
inc ‘ 5 4 1 3 2 8 3

o |5 9 10 13 15 23 26

inc

L +

fby
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The Vélus Dataflow Core

count_up .
|nc‘ 5 4 1 3 2 8 3

o |5 9 10 13 15 23 26

inc

L +

fby

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

o = (0 fby o) + inc;
tel
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Dataflow Semantics of Vélus

inc‘54 1 3 2 8 3
o |5 9 10 13 15 23 26

H(x) = vs
G,H,bst x | [vs]
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Equations
If the clock is true, the right-hand expression is evaluated
and its value is associated with the variable on the left-hand
side.
ofck) = tt, oFexp K oxp, olsd) =k

Ta= (0 oxp  1a= (W e’
1f the clock s not true, the |eft-hand variable is not evalu-
ated.

ofck) # ) ofid) =1

Tas(cyexp & Ld=(cK)exp
These rules define o to be the solution of & fixpoint equa-
tion. Moreover, this solution must be uniaue (otherwise the
program contains a deadlocks this problem will be detailed
in section 4.1)-

K(Zaspi, Pilaud, Halbwachs, and Plaice (1987): LUSTRE: A

declarative language for pro

H(x) = vs

G)Habsl_XU[Vs]
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gramming synchronous systems

Dataflow Semantics of Vélus

]

inc ‘

Vi’ H(Xi) = VS

13 15 23 26

G,H,bst es | [Vsi]i

G H,bst- ] = es
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. G(f) = node f(x
Vi€ l..n, H(xj) = xs; Vi e 1...;1,, H(y:) = ysi

Dataflow Semantics of Vélus

inc|5 4 1 3 2

8 3
o |5 9 10 13

15 23 26

]

Vi, H(x;) = vs; G,H, bst es | [vsi]
G,H, bs+ [x,-]i = es

..., Xp) returns (y1, ..., ym) blk
G, H, (base-of (xs,

G f(xs1,
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Dataflow Semantics of Vélus — in Coq

Inductive sem_exp:
| Svar: sem_var Hx vs —

sem_exp G H bs (Evar x ann) [vs]
]

with sem_equation:
| Seq: Forall2 (sem_exp G H bs) es ss —
Forall2 (sem_var H) xs (concat ss) —
sem_equation G H bs (xs, es)
(-]
with sem_node: ident — list (Stream svalue) — list (Stream svalue) — Prop :=
| 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.
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Lustre 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 | ©O < 5
fby (> - xs) (> - ys) = o - -fbyxsys
fby (<vi> - xs) (<va> - ys) = «vp>-fbyl voxsys
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Lustre fby operator semantics

inc ‘ oo 5 o o 4 1 3 2 o 8 3
0 fby o oo 0 o o 5 9 10 13 o 15 23
o=( fby o) +inc | &> o 5 o o 9 10 13 15 « 23 26

fby (¢» - xs) (<> - ys)

fby (<v1> - xs) (<va> - ys)
fbyl vo (¢ - xs) (> - ys)
byl vo (¢<vi> - xs) (<va> - ys)
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Lustre fby operator semantics

inc ‘ oo 5 o o 4 1 3 2 o 8 3
0 fby o oo 0 o o 5 9 10 13 o 15 23
o=( fby o) +inc | &> o 5 o o 9 10 13 15 « 23 26

fby (¢» - xs) (<> - ys)

fby (<v1> - xs) (<va> - ys)
fbyl vo (¢ - xs) (> - ys)
byl vo (¢<vi> - xs) (<va> - ys)

- fby xs ys

<vy> - byl vo xs ys
<> - fbyl vg xs ys
<vp> - fbyl vy xs ys

G,H, bst esy | [xsi]’ G,H,bst es | [ysi]’

G, H, bs - esy fby es; | [vs,-]i

Vi, tby xs; ys; = vs;
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Control Blocks and their Stream Semantics
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An embedded system example : stepper motor for a small printer

® 4 windings , energized by enable and controlled by mA and mB

® can be paused: the motor needs to stop turning

when starting/restarting, needs to speed up first

when paused, less energy should be sent to the windings : PWM

B~ --b--d---l——»-
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Switch — Stream Semantics

mA
mB

true fby not mB;
false fby mA;
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Switch — Stream Semantics

node drive_sequence(step : bool)
returns (mA, mB : bool)
let
switch step
| true do
mA = true fby not mB;
mB = false fby mA;
| false do (mA, mB) = (false, false)
end;
tel
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Switch — Stream Semantics

node drive_sequence(step : bool)

returns (mA, mB : bool) mA|T T F F T T F
let mB|F T T F F T T
switch step
| true do c c
mA = true fby not mB; when™ (0 - xs) (¢ - ¢s) = ¢ -when" xscs
mB = false fby mA; when® (<v> - xs) (<C>-¢cs) = «v»-when® xscs
| false do (mA, mB) = (false, false) c ’ _ c
when™ («<v> - xs) («C'> - ¢cs) = < -when™ xs cs
end;
tel
G,H,bst el [cs] Vi, G,when® (H, bs) cs F blks;
G, H, bs - switch e[C; do blks;]’ end
step | T T T T T T T
mA T T F F T T F
mB F T T F F T T
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Switch — Stream Semantics

node drive_sequence(step : bool)

returns (mA, mB : bool) mA| T T F F T T F
let mB|F T T F F T T
switch step
| true do c c
mA = true fby not mB; when™ (0 - xs) (¢ - ¢s) = ¢ -when" xscs
mB = false fby mA; when® (<v> - xs) (<C>-¢cs) = «v»-when® xscs
| false do (mA, mB) = (false, false) C ’ o C
when™ («<v> - xs) («C'> - ¢cs) = < -when™ xs cs
end;
tel

G,H,bst el [cs] Vi, G,when® (H, bs) cs F blks;
G, H, bs - switch e[C; do blks;]’ end

step | F F F F F F F F
mA | F F F F F F F F
mB | F F F F F F F F
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Switch — Stream Semantics

node drive_sequence(step : bool)

returns (mA, mB : bool) mA|T T F F T T F
let mB|F T T F F T T
switch step
| true do c c
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step ‘ F T T FF TFTFTFTFFT
mA|F T T F F F F F F T F T F F F
mB|F F T F F TF F F F F T F F T
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Switch and Shared variables

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

| false do (mA, mB) = (false, false) B*’*’: ! ,,477,:-
end; B—--m,
tel [ T R
sep|F T T FF TFTFTFTFTFT
mA|F T T F F F F F FTFTFFF
mB|F F TFFTFFFFFTFFT
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Switch and Shared variables

node drive_sequence(step : bool)

returns (mA, mB : bool) mA| T T F F
Lt mB|F T T F
switch step
| true do

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

step

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

F

T

last mB

mB F
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Switch and Shared variables

node drive_sequence(step : bool)

returns (mA, mB : bool) mA| T T F F
Lt mB|F T T F
switch step
| true do

mA = not (last mB);
mB = last mA;
| false do (mA, mB) = (last mA, last mB) Bt -- .
end; B- --m
last mA = true;
last mB = false;

tel

step F T T F F T F T F T F T F F T
lastmA | T T T

last mB F/F T

mA T T F

mB F T T
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Switch and Shared variables

node drive_sequence(step : bool)

returns (mA, mB : bool) mA| T T F F
Lt mB|F T T F
switch step
| true do

mA = not (last mB);
mB = last mA;
| false do (mA, mB) = (last mA, last mB) Bt -- .
end; B- --m
last mA = true;
last mB = false;

tel

step F T TFFTFTFTFTFFT
lastmA [T T T F F

lastmB |F/F T/T T

mA T T F F F

mB F T TTT
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Switch and Shared variables

node drive_sequence(step : bool)

returns (mA, mB : bool) mA| T T F F
Lt mB|F T T F
switch step
| true do

mA = not (last mB);
mB = last mA;
| false do (mA, mB) = (last mA, last mB) BT --

end; B—---[TTTTTT[;;E;;;Ij
last mA = true; ' | ! i |
last mB = false;

tel

step F T T F F T F T F T F T F F T
lastmA | T 0 T F F F F F T T T T F F F
lastmB | F/F T/T T/T F F F F T T T T T
mA T TFFFFFTTTTTFFFF
mB F T T T T F F F F T T T T T F
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Shared variables — Semantic rules

® The semantics of last x depends on the global stream of x, not its sampled view

® Solution: add the stream of last x in the history [Pouzet (2021): ZRun |

H(lastx) = vs G,H,bst e | [vs] H(x) = vs; H(1last x) = fby vsp vs;
G,H,bst last x | [vs] G,H,bs lastx = e

step FTTFFTFTFTFTFFT

lastmA|T T T F F F F F T T T T FF F
lastmB|F F T T T T F F F F T T T T T

mA T T FFFFFTTTTFFFTF

mB F T T T T F F F F T T T T T F
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Local Scopes - Semantic rules

node f(x : int) returns (z : bool)
var y : int;
let
var t int;
let t = x fby (t + 1);
y =1
tel;
var t int;
let t =y + 1;
z =1t 0;
tel
tel
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Local Scopes - Semantic rules

node f(x : int) returns (z : bool)
var y : int;
let
var t : int;
let t = x fby (t + 1);
y =t
tel;
var t : int; Vx, x € dom(H') <= x € locs G,H + H', bs - blks
let t =y + 1; G, H, bs I var locs 1et blks tel
z =1t 0;
tel
tel Hx(x) i xe H,
(Fi + Hp)(x) = { ngx; otherwise.
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Reset — Stream Semantics

node feed_pause()
returns (step : bool)
var time : int;
let
reset
time = count_up(50)
every (false fby step);
step = time > 125;
tel

Basile Pesin (Inria - PARKAS) State Machines in Velus September 13, 2023 18 /45


http://dx.doi.org/10.1145/351268.351300
http://dx.doi.org/10.1145/351268.351300

Reset — Stream Semantics

masky, (F-rs) (sv-xs) = (if k' = kthen sv else ©») - maskf, rs xs
mask, (T-rs) (sv-xs) = (ifk'+1=kthensvelse)- maskﬁurl rs xs

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

time || ts
step
false fby step | rs

0
. mask’ rs ts

step = time > 125; 1
mask™ rs ts

tel 5
mask” rs ts
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Reset — Stream Semantics

mask, (F - rs) (sv - xs)
mask, (T - rs) (sv - xs)

node feed_pause()

returns (step : bool)
var time : int;
let

reset

time = count_up(50)
every (false fby step);
step = time > 125;
tel

Basile Pesin (Inria - PARKAS)

= (if K = k then sv else ©») - mask}, rs xs

= (ifk'+1= kthensvelse »)- maskﬁurl rs xs

time |} ts 50 100 150
step F F T
false fby step{rs F F F
mask? rs ts 50 100 150
mask! rs ts

mask? rs ts

State Machines in Velus
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Reset — Stream Semantics

masky, (F-rs) (sv-xs) = (if k' = kthen sv else ©») - maskf, rs xs
mask, (T-rs) (sv-xs) = (ifk'+1=kthensvelse)- maskﬁurl rs xs

node feed_pause()
returns (step : bool)
var time : int;

let time ‘U( ts 50 100 150
reset step F F T F F T
time = count_up(50) false fby step{rs F F F T F F
every (false fby step); maskl 15 ts
tep = ti > 125;
ieP lme mask! rs ts 50 100 150
te m k2
ask” rs ts
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Reset — Stream Semantics

masky, (F-rs) (sv-xs) = (if k' = kthen sv else ©») - maskf, rs xs
mask, (T-rs) (sv-xs) = (ifk'+1=kthensvelse)- maskﬁurl rs xs

node feed_pause()
returns (step : bool)
var time : int;

let

time || ts 50
reset step F F T F F T F
time = count_up(50) false fby stepirs F_F F T F F T
every (false fby step); maskl 15 ts
step = time > 125; KL
el mask rs ts
mask® rs ts 50
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Reset — Stream Semantics

masky, (F-rs) (sv-xs) = (if k' = kthen sv else ©») - maskf, rs xs
mask, (T-rs) (sv-xs) = (ifk'+1=kthensvelse)- maskﬁurl rs xs

node feed_pause()
returns (step : bool)
var time : int;

let time | ts 50 100 150 50 100 150 50
reset step F F T F F T F
time = count_up(50) T e e s F F F T F F T
:Z:;yz(iiizej?g;tep) ’ mask® rs ts 50 100 150 <« OO
ol ’ mask? rs ts OO ¢ 50 100 150 o
mask2rsts (@2 <> (@ (@] (@2 < 50
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State Machines

node pwm(d : bool) returns (ena : bool)

Tet e Allow for the specification of sequential, modal
automaton initially Off behaviors
state 0ff do
ena = false; ® Weak (until) or strong (unless) transitions
unless count_up(15) > 50 then On we do not mix the two
state On do
ena = true; ® Entry by reset (then) or by history (continue)
unless count_up(15) > 50 then Off
end ® May be nested
tel
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Hierarchical State Machines — Example

node feed_pause(pause
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 -> false;

unless false -> time >= 750 then Moving

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

end;
unless pause then Holding

end
tel

Basile Pesin (Inria - PARKAS)

bool) returns (ena, step

: bool)

State Machines in Velus

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

tember 13, 2023
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Hierarchical State Machines — Stream semantics

Colago, Pagano, and Pouzet (2005): A Conservative Ex-
tension of Synchronous Data-flow with State Machines

automaton = switch + reset; translation semantics 7 [
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Hierarchical State Machines — Stream semantics

Colago, Pagano, and Pouzet (2005): A Conservative Ex-
tension of Synchronous Data-flow with State Machines

automaton = switch + reset; translation semantics 7 [

select,f,’k sts xs = mask}, (when® m(sts) mi(sts)) (when© xs m(sts))
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Hierarchical State Machines — Stream semantics

Colago, Pagano, and Pouzet (2005): A Conservative Ex-
tension of Synchronous Data-flow with State Machines

automaton = switch + reset; translation semantics 7 [

select,f,’k sts xs = mask}, (when® m(sts) mi(sts)) (when© xs m(sts))

Case-by-base coinductive definition:

select ,f (> - sts) (O - xs) = o selectf,’k Sts xs

seIectC (<C,F>-sts) («<v>-xs) = (ifk' = kthen «v>else ©») - seIect,((‘-,’k sts xs
selectk, («C,T> - sts) (<v> - xs) = (ifk'+1=kthen «v>else ) - select,f,’i1 sts xs
selectk, (<C',b>-sts) (<v> - xs) = O select,f,’k sts xs
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Compilation

Basile Pesin (Inria - PARKAS) State Machines in Velus

tember 13, 2023 22 /45



Compilation to imperative code : Obc

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

o = (0 fby o) + inc;
tel

Basile Pesin (Inria - PARKAS)

class count_up {
state norm2$1 : int;

method reset() {
state(norm2$1) := 0

}

method step(inc : int) returns (o : int) {
o := state(norm2$1) + inc;
state(norm2$1) := o

}

}
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Compilation to imperative code — Front-end

parsing Untyped elaboration transcription

dataflow
optimizations

Lustre Lustre

dataflow
transition systems

imperative

printing

CompCert

Basile Pesin (Inria - PARKAS)

scheduling I:Etc

NLustre

i-translation

s-translation

Obc

imperative
optimizations

State Machines in Velus
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Compilation to imperative code — Front-end

dataflow
optimizations

® Source-to-source compilation following

. i [==== L Colago, Pagano, and Pouzet (2005): A Conservative Extension of
parsing | Untyped | _elaboration Lustre 1L transcription NLustre [Synchronous Data-flow with State Machines
Lustre [ S— 1 .. )
v AN ¢ Challenge : efficient (and simple)
~
\ ~ i-translation . . .
darallon " pE compilation functions
\ S
\ sl ° H
transition systems \ scheduling I:Etc S Some ada ptatlons necessary
\\ ~..
\ S~
. ‘ s-translation Se
imperative S o
\ SS
\ S
e —
printing compilation generation ~So
\ ] RN
CompCert \ imperative SS N
“ optimizations ~o
Lustre sl
elaboration blocks normalization
completion state local transcription
machines blocks
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Hierarchical State Machines — Compilation

Lustre switch
elaboration blocks normalization
completion state local transcription
machines blocks
node feed_pause(pause : bool) node feed_pause (pause : bool)

returns (ena, step : bool) returns (ena, step : bool)
var time : int; var time : int32;
let let ...
var auto$2, auto$3 : auto$1l; auto$4, auto$5 : bool;
let

(auto$2, auto$4) = (Feed, false) fby (auto$3, auto$s);

switch auto$2

| Feed do

reset
(auto$3, auto$s5) =
if pause then (Pause, true) else (Feed, false)

automaton initially Feed
state Feed do

ena = true;
unless pause then Pause

state Pause do
step = false;
unless (not pause) and time >= 750 then Feed  €Very auto$4

| (not pause) continue Feed | Pause do
end end;
tel switch auto$3
| Feed do reset ena = true; ... every auto$b
| Pause do
end
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Hierarchical State Machines — Compilation

Lustre

switch

elaboration blocks normalization

completion state local transcription
machines blocks

Lemma (Correctness invariant for the compilation of state machines)

if G,H,bst blk then G,H,bst |blk]|

The proof is simple for two reasons
® semantic correspondence between select, mask and when (translation-like semantics)

® reasoning is local (introduction of local blocks)
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Switch — Compilation

Lustre switch
elaboration blocks normalization
completion state local transcription
machines blocks
node drive_sequence(step : bool) node drive_sequence (step : bool) returns (mA, mB : bool)
returns (mA, mB : bool) let
let var swi$mA$2 : bool when true(step); ...;
switch step let
| true do [mA = merge step (true => swi$mA$4) (false => swi$mA$9); |
[mA = not (last mB); mB = merge step (true => swi$mB$5) (false => swi$mB$10);
mB = last mA; lh\b{swi$m}\$4 = not swi$mB$3; |
| false do[(mA, mB) = (last mA, last mB) swi$mB$5 = swi$mA$2;
end; swi$mA$2 = last mA when true(step);
last mA = true; swi$mB$3 = last mB when true(step);
last mB = false; (swi$mA$9, swi$mB$10) = (swi$mA$7, swi$mB$8); |
tel swi$mA$7 = last mA when false(step);
swi$mB$8 = last mA when false(step);
tel
last mA = true;
last mB = false;

tel

Basile Pesin (Inria - PARKAS)

State Machines in Velus
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Switch — Compilation

Lustre

switch

elaboration blocks normalization

completion state local transcription
machines blocks

Lemma (Correctness invariant for the compilation of switch blocks)
if G,Hi,bst blk and Hy,bs'-ck| bs and Hi T, H, then G, H, bs't |blk|

o,ck

The proof is more involved
® renaming/resampling of sub-expressions (parameters o and ck)

® same semantic operators for switch and when simplify the “core” of the proof
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Shared variables — Simple Compilation

Lustre switch

elaboration blocks normalization

completion state local transcription
machines blocks

Colago, Pagano, and Pouzet (2005): A Conservative Ex-
tension of Synchronous Data-flow with State Machines

® Simple approach (taken by [ } Heptagon)
¢ Eliminate last early, transforms into by equations

® Same semantic operator : proof of correctness easy
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Shared variables — Simple Compilation

Lustre switch
elaboration blocks normalization

state local transcription

completion
machines blocks

node drive_sequence (step : bool)

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

returns (mA, mB : bool)
let var last$mA, last$mB : bool)
switch step let
| true do switch step
mA = not (last mB); | true do
mB = last mA; mA = not last$mB;
| false do (mA, mB) = (last mA, last mB) mB = last$mA;
end; | false do (mA, mB) = (last$mA, last$mB)
last mA = true; end;
last mB = false; last$mA = true fby mA;
tel last$mB = false fby mB;
tel
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Shared variables — Limitations

Lustre switch
blocks

elaboration

normalization

state local
machines blocks

completion

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

Basile Pesin (Inria - PARKAS) State Machines in Velus
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Shared variables — Limitations

Lustre switch
elaboration blocks normalization
completion state local transcription
machines blocks
class drive_sequence {
state last$mB : bool;
state last$mA : bool;
node drive_sequence(step : bool) method step(step : bool) returns (mA, mB : bool) {
returns (mA, mB : bool) switch step {
let | true => mB := state(last$mA);
switch step mA := not state(last$mB)
| true do | false => mB := state(last$mB);
mA = not (last mB); mA := state(last$mA)
mB = last mA; };
| false do (mA, mB) = (last mA, last mB) state(last$mB) := mB;
end; state(last$mA) := mA
last mA = true; }
last mB = false; method reset() {
tel state(last$mB) := false;
state(last$ml) := true
}
State Machines in Velus September 13, 2023 28 /45
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Shared variables — Limitations

Lustre switch
elaboration blocks normalization
completion state local transcription
machines blocks
class drive_sequence {
state last$mB : bool;
state last$mA : bool;
node drive_sequence(step : bool) method step(step : bool) returns (mA, mB : bool) {
returns (mA, mB : bool) switch step {
let | true => tmp := state(last$mA);
switch step state(last$ml) := not state(last$mB)
| true do state(last$mB) := tmp
mA = not (last mB); | false => skip
mB = last mA; };
| false do (mA, mB) = (last mA, last mB) mB := state(last$mB)
end; mA := state(last$mA)
last mA = true; }
last mB = false; method reset() {
tel state(last$mB) := false;
state(last$ml) := true

}
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Shared variables — More involved compilation

Lustre switch
blocks normalization

state local transcription
machines blocks

elaboration

completion

e Keep last until Obc
» In Lustre: no syntax/semantics change, but more work in all compilation correctness proof
» In NLustre: restricted compared to Lustre (no last on outputs, initialized by constants,

defined by simple expressions)
» In Stc: two type of states/updates: last (updates during the cycle) and next (updates at

the end of the cycle)
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Shared variables — More involved compilation

Lustre

switch
blocks normalization

elaboration

completion state local transcription
machines blocks

e Keep last until Obc
» In Lustre: no syntax/semantics change, but more work in all compilation correctness proof
» In NLustre: restricted compared to Lustre (no last on outputs, initialized by constants,
defined by simple expressions)
» In Stc: two type of states/updates: last (updates during the cycle) and next (updates at
the end of the cycle)

® This makes last a primary construction in the compiler
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Shared variables — More involved compilation

Lustre switch
blocks normalization

elaboration

completion state local

transcription
machines blocks

e Keep last until Obc
» In Lustre: no syntax/semantics change, but more work in all compilation correctness proof
» In NLustre: restricted compared to Lustre (no last on outputs, initialized by constants,

defined by simple expressions)
» In Stc: two type of states/updates: last (updates during the cycle) and next (updates at

the end of the cycle)
® This makes last a primary construction in the compiler

® Add an optimizing pass to remove state(x) := state(x) instructions in Obc
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Reset — Compilation

Lustre switch

blocks normalization

elaboration

completion state local transcription
machines blocks

® Cannot be done directly in Lustre
® Flatten reset blocks, keep them until Obc

® Separate reset constraints to improve scheduling
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Reset — Compilation

Lustre

switch
elaboration blocks normalization
completion state local transcription
machines blocks
node feed_pause() node feed_pause()
returns (step : bool) returns (step : bool)

var time : int;
let
reset
reset
step$68 =
(true when ...) fby (false when ...)
every auto$10$79
every auto$5$22;
reset
reset
ena$128 = pwm(true when ...)
every auto$15$127
every auto$5$30;

tel

Basile Pesin (Inria - PARKAS)
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var time : int;
let
step$68 =
reset
((true when ...) fby (false when ...))
every (auto$10$79, auto$5$22);

ena$128 =
(reset pwm every (auto$15$127, auto$5$30))
(true when ...);
tel
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NLustre — Stc

Stc : intermediate language designed to facilitate scheduling

node feed_pause()
returns (step : bool)
var time : int;
let
step$68 =
reset
((true when ...) fby (false when ...))
every (auto$10$79, auto$5$22);

ena$128 =
(reset pwm every (auto$15$127, auto$5$30))
(true when ...);
tel

Basile Pesin (Inria - PARKAS)

State Machines in Velus

system feed_pause {
init step$68 = true;
sub <ena$128> : pum;
transition(pause : bool)
var ...;
reset step$68 = true
every Feed(auto$3) on auto$10$79;
reset step$68 = true
every Feed(auto$3) on SpeedUp(auto$8) on auto$5$22;
next step$68 =
false when Feed(auto$3) when SpeedUp(auto$8);

bool) returns (ena, step :

reset pwm<ena$128>

every Pause(auto$3) on auto$10$79;
reset pwm<ena$128>

every Pause(auto$3) on PWM(auto$13) on auto$5$22;
ena$128 = pwm<ena$128>(true when ...);

}
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Stc — Obc

system feed_pause { class feed_pause {
init step$68 = true; state step$68 : int;
sub <ena$128> : pwm; instance ena$128 : pwm;
method step(pause : bool)
transition(pause : bool) returns (ena, step : bool) returns (ena, step : bool)
var ...; var ---3; {
reset step$68 = true switch auto$3 {
every Feed(auto$3) on auto$10$79; | Feed =>
reset step$68 = true switch auto$10$79 {
every Feed(auto$3) on SpeedUp(auto$8) on auto$5$22; | true => step$68 = false
next step$68 = | false => skip
false when Feed(auto$3) when SpeedUp(auto$8); };

e switch auto$8 {
reset pwm<ena$128>

every Pause(auto$3) on auto$10$79; ¥
reset pwm<ena$128> step$68 = false;
every Pause(auto$3) on PWM(auto$13) on auto$5$22; | Pause => ---
ena$128 = pwm<ena$128>(true when ...); }
- }
} method reset() {

step$68 = true;
pwm<ena$128>.reset();
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Dependency Analysis
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Proving semantic properties

We want to prove properties of the semantic model, for any well-formed program
® Determinism of the semantics:
if GFf(xs){ys; and GF f(xs)l ys, then ys;=ys,
® (Clock-Type preservation:
if THe:ck and G,H,bstel vs then H, bst ck (abstract-clock vs)

The proof would usually proceed by induction on the syntax, and inversion of the semantic
hypothesis. What are the base cases ?

® constant: inversing G, H, bs I ¢ |} [vs] tells us vs is a constant stream

e variable: inversing G, H, bs - x |} [vs] tells us H(x) = vs. What now 7
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Dependency Analysis

Consider a program with the following definitions:
® x = x; could take any value

® x = x + 1; doesn't have any value
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Dependency Analysis

Consider a program with the following definitions:

® x = x; could take any value

® x = x + 1; doesn't have any value
In both of these cases, not possible to prove any interesting property of the stream associated
with x. We can only reason on program without dependency cycle.
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Dependency Analysis

Consider a program with the following definitions:
® x = x; could take any value
® x = x + 1; doesn't have any value

In both of these cases, not possible to prove any interesting property of the stream associated
with x. We can only reason on program without dependency cycle.

In NLustre, program without cycle = schedulable. In Lustre, we implement a dedicated
dependency analysis, a la [d“:t'::;;h;;f;;,P,iﬁ:gf;;‘;;ﬂ;giﬁ‘?;ﬁé1991>: The synchronous } extended to handle
control structures.

e Treatment of activation structures using labels
® |mproved graph analysis algorithm

e Used to prove more properties of the semantics (clock system correctness, determinism)
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Dependency Analysis of the Dataflow Language

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

let
half

= true fby (not half);
(y, 2)

= if half then (0, x) else (1, y);
tel
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Dependency Analysis of the Dataflow Language

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 N @ g
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Dependency Analysis of the Dataflow Language

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

let
true fby (not half);

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

(y,
el W

State Machines in Velus
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Dependency Analysis of the Dataflow Language

node f(x : int) returns (y, z : int)
var half : boo
let
half = true fby (not half);
(y, 2z) = if half then (0, x) else (1, y);
tel
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Dependencies in Local Scopes

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

let
var t : int;
let t = x fby (t + 1);

y =t (:>—»

tel;
var t : int;
let t =y +1;
z =1t > 0;
tel
tel
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Dependencies in Local Scopes

: bool)

node f(x : int) returns (z :
var y : int;
let
var t : int;
= x fby (t + 1);

let t

tel
September 13, 2023 37/45
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Dependencies in Local Scopes

node f(x(x1) : int) returns (z(zl1) : bool)
var y(y1l) : int;
let

var t(t1) : int; e 0
let t = x fby (t + 1);

©
tel;

var t(t2) : int;
let t =y +1;
z =1t > 0;
tel
tel

i
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Dependencies in branches

node f(b : bool) returns (x, y : bool)

let {'g'

switch b

| true do
x = 0 fby (x - 1);

®
| false do

y =0 fby (y + 1);
X =y * 2;

end "HI’
tel
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Dependencies in branches

node f(b : bool) returns (x, y : bool)
let
switch b
| true do
x =0 fby (x - 1);
| false do
y =0 fby (y + 1);

end

A

tel
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Dependencies in branches

X1
node f(b : bool) returns (x, y : bool) <>\

let
switch b
| true do
1 =0 foy (! - 1); (=
yl =1 x 2; Y
| false do i
2 =0 fby (372 + 1);
Xx2 — yy2 x 2,
end \@
tel

Y2

Basile Pesin (Inria - PARKAS) State Machines in Velus September 13, 2023 38 /45



Dependencies and shared variables

var last x = O;

Iastx‘O 1 2 3
let x = last x + 1; X ‘1234
tel
var last x = x + 1; % ‘0 0
let x = 0; lastx |1 1 1 1
tel
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Dependencies and shared variables

var last x2 = 0; last x ‘ 0O 1 2 3
x1 _ x2 .
leil',x = last x™° + 1; X 1 2 3 4
te
var last x? = x*1 + 1; X ‘ 0 0
x1 _
1611:X 0; Iastx‘l 1 1 1
- (2)
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Dependency graph analysis

AcyGraph V E AcyGraph V E x,y eV y SEX
AcyGraph () AcyGraph (VU {x}) E AcyGraph V (E U {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 graph analysis

AcyGraph V E AcyGraph V E x,y eV y SEX
AcyGraph () AcyGraph (VU {x}) E AcyGraph V (E U {x — y})

Definition visited (p : set) (v : set) : Prop :=
Vzx,xep— ~(xEW))
A 3 a, AcyGraph v a
ANV x, x € v— 3 zs, graph(x) = Some zs
AN (Vy, y € zs = has_arc a y x)).

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

: option { v’ | visited s v’ &x € vV A v C v’} = ...
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Dependency graph analysis

AcyGraph V E AcyGraph V E x,y eV y SEX
AcyGraph () AcyGraph (VU {x}) E AcyGraph V (E U {x — y})

Definition visited (p : set) (v : set) : Prop :=
Wx,xep— ~(xew)
A |ﬂ a, AcyGraph v a|
ANV x, x € v - 3 zs, graph(x) = Some zs
A (Vy, y€zs — has arc a y x)

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

: option { v’ ||visited sV &x e v Av C v |} = ...
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Proving with dependencies

TopoOrder (AcyGraph V E) |
xeV =ln x | My, y—=gx = Inyl)

TopoOrder (AcyGraph V E) [] TopoOrder (AcyGraph V E) (x:: /)
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Proving with dependencies

TopoOrder (AcyGraph V E) |
xeV =ln x | My, y—=gx = Inyl)

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

TopoOrder (AcyGraph V E) []

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

let
switch step
| true do
mA™®) = not (last mB);
mB"E() = last mA;
| false do (mA™), mB™8(D) = (last mA, last mB)
end;
last mA™O) = true;
last mB™() = false;
tel
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Proving with dependencies

TopoOrder (AcyGraph V E) |
xeV =ln x | My, y—=gx = Inyl)

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

TopoOrder (AcyGraph V E) []

node drive_sequence(step : bool)

returns (mA, mB : bool)

let @
switch step

| true do _—7

mA™®) = not (last mB);

CCICIE
| false do (mA™), mB™8(D) = (last mA, last mB)

end;
last mA™O) = true; @
@ motorB

last mB"8() = false;
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Proving with dependencies

TopoOrder (AcyGraph V E) |
xeV =ln x | My, y—=gx = Inyl)

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

TopoOrder (AcyGraph V E) []

node drive_sequence(step : bool)

returns (mA, mB : bool)

let @
switch step

I trueAdo -
mA™®) = not (last mB);
mB"E() = last mA;

| false do (mA™), mB™8(D) = (last mA, last mB)

end;
last mAmA(I) = true;
mB(I @ motorB
last mB = false;
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Proving with dependencies

TopoOrder (AcyGraph V E) |
xeV =ln x | My, y—=gx = Inyl)

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

TopoOrder (AcyGraph V E) []
node drive_sequence(step : bool)
returns (mA, mB : bool)

let
switch step

| true do
mAmA(t) = not (last mB);
mB™B(®) = 1ast mA;

| false do (mA™), mB™8(D) = (last mA, last mB)

end;
last mAmAU) = true;

o ) (s
last mB = false;
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Proving with dependencies
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xeV =ln x | My, y—=gx = Inyl)

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

TopoOrder (AcyGraph V E) []
node drive_sequence(step : bool)
returns (mA, mB : bool)

let
switch step

| true do
mAmA(t) = not (last mB) 5
mBmB(t) .

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

end;
last mAmAU) = true;

o o ca
last mB = false;
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Proving with dependencies

TopoOrder (AcyGraph V E) |
xeV =ln x | My, y—=gx = Inyl)

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

TopoOrder (AcyGraph V E) []

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

let
switch step
| true do
mA™®) = not (last mB);
mB"E() = last mA;
| false do (mA™), mB™8(D) = (last mA, last mB)
end;
last mA™O) = true;
last mB™() = false;
R R DO
September 13, 2023 41 /45

Basile Pesin (Inria - PARKAS) State Machines in Velus



Conclusion

Basile Pesin (Inria - PARKAS) State Machines in Velus tember 13, 2023 42 /45




Conclusion

Current version of Vélus:
® A relational semantics for the Vélus language with control structures

» Hierarchical State Machines

» switch blocks

» reset blocks

» nested local scopes

» shared variables (1ast) with implicit completion

® An end-to-end verified compiler
® A generic approach to prove complex properties of the semantics of well-formed programs
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What we would like to improve and add to Vélus:
e Shorter proofs : automate or simplify definitions ?

® Other semantic models (see the work of Paul Jeanmaire)

» Executable
» Prove program properties

Causality as a type system

Arrays ?
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Local Scopes and Shared Variables — Semantic rules

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

Vx, x € dom(H') <= x € locs G,H+ H', bs - blks
G, H, bs - var locs 1et blks tel
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Local Scopes and Shared Variables — Semantic rules

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

Vx, x € dom(H') <= x € locs G,H+ H', bs - blks
G, H, bs - var locs 1et blks tel

G,H,bst e | [vsp] H(x) = vs H(1ast x) = fby vsp vs;
G,H,bst lastx=¢

H2(X) if x € H>
Hi(x) otherwise.

(i -+ ) = {
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Switch — Semantic rules

when® (& - xs) (¢ - cs) = o -when€ xscs
when® (<v> - xs) (<C> - cs) = «v»-when© xscs
when® (<v> - xs) (<C'> -cs) = o -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 I- switch e [C; do blks;]' end
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Reset — Semantics rules

mask, (F - rs) (sv - xs) (if k' = k then sv else ») - maskf, rs xs
mask, (T-rs) (sv-xs) = (ifk'+1=kthensvelse ) - maskfurl rs xs

G,H,bst es | xss
G,H,bst el [ys] bools-of ys = rs
Vk, G+ f(mask® rs xss) || (mask® rs yss)
G,H, bs - (reset f everye)(es) |} yss

G,H,bst e [ys] bools-of ys = rs
Vk, G, mask® rs (H, bs) I blks
G, H, bs |- reset blks every e
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Hierarchical State Machines — Semantic rules

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

G, H, bs I automaton initially autinits’® [state C; autscope;]’ end

Vx, x € dom(H') <= x € locs G,H+ H', bs - blks G,H+ H', bs, C; - trans || sts
G, H, bs, C; \- var locs do blks until trans |} sts

H,bst ck || bs'  fby (const bs’ (C,F)) sts; = sts
Vi, Vk, G, (selectg"’k sts (H, bs)), G & trans; || (selectg"’k sts stsy)
Vi, Vk, G, (selectg"’k sts; (H, bs)) = blks;
G,H, bs | automaton initially Cck [state Cjdo blks;unless trans,-]i end
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Hierarchical State Machines — Transitions

G,H,bst e [ys]
bools-of ys = bs’ G, H, bs I autinits || sts

sts’ = first-of & bs’ sts sts = const bs (C,F)
G,H, bs - Cif e; autinits |} sts’ G, H, bs - otherwise C | sts
first-of ¢ (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¢€ sts
G,H,bst e | [ys] bools-of ys = bs’ G,H,bst e | [ys] bools-of ys = bs’
G,H, bs, C; \- trans || sts G,H, bs, C; \- trans || sts
sts’ = first-of & bs' sts sts’ = first-of ¢ bs’ sts
G,H, bs, C; - if e continue C trans | sts’ G,H, bs, C; - if ethen C trans || sts’
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