Applicative invariants for Lustre
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node lastn(const n: int; pred: bool)
returns (out: bool)

let
count = if pred then (@ —> pre count) + 1 else 0;
out = count >= n;

tel



node lastn(const n: int; pred: bool)
returns (out: bool)

let
count = if pred then (@ —> pre count) + 1 else 0;
out = count >= n;

tel

function delta_valid(inputl: int, input2: int)
returns (ok: bool)
let
ok = abs(inputl - input2) <= DELTA_MAX
tel



node signal_valid(input: int)
returns (ok: bool)
(k@contract
guarantee
not lastn(10, delta_valid(input, @ —> pre input)) =>
not ok:



node signal_valid(input: int)
returns (ok: bool)
(k@contract

guarantee

not lastn(10, delta_valid(input, @ —> pre input)) =>
not ok:

* )

type SAMPLE
const SAMPLE_ZERO

{ adc: int;
{ adc = 0:

N

node main(sample: SAMPLE)

returns (engaged: bool; ...)

(k@contract

guarantee

not lastn(10, delta_valid(sample.adc, (SAMPLE_ZERO —-> pre sample).adc)) =>
not engaged;

%)

let

engaged = signal_valid(sample.adc);

tel






assume
signal_valid.guarantee[input := sample.adc, ok := engaged]:
not lastn(10, delta_valid(sample.adc, @ —> pre sample.adc)) =>
not engaged;

engaged = signal_valid(sample.adc);



assume
signal_valid.guarantee[input := sample.adc, ok := engaged]:
not lastn(10, delta_valid(sample.adc, @ —> pre sample.adc)) =>
not engaged;

engaged = signal_valid(sample.adc);

SAMPLE_ZERO = { adc = 0; ... };



assume
signal_valid.guarantee[input := sample.adc, ok := engaged]:
not lastn(10, delta_valid(sample.adc, @ —> pre sample.adc)) =>
not engaged;

engaged = signal_valid(sample.adc);

SAMPLE_ZERO = { adc = 0; ... };

show maln.guarantee:
not lastn(10, delta_valid(sample.adc, (SAMPLE_ZERO —-> pre sample).adc)) =>
not engaged;



assume
signal_valid.guarantee[input := sample.adc, ok := engaged]:
not lastn(10, delta_valid(sample.adc, @ —> pre sample.adc)) =>
not engaged;

engaged = signal_valid(sample.adc);

SAMPLE_ZERO = { adc = 0; ... };

show maln.guarantee:
not lastn(10, delta_valid(sample.adc, (SAMPLE_ZERO —-> pre sample).adc)) =>
not engaged;

rewrite prim_distributes _arrow: forall stream e e', pure function f.
f (e —>¢e') = (fe)—>(fe'")



assume
signal_valid.guarantee[input := sample.adc, ok := engaged]:
not lastn(10, delta_valid(sample.adc, @ —> pre sample.adc)) =>
not engaged;

engaged = signal_valid(sample.adc);

SAMPLE_ZERO = { adc = 0; ... };

show maln.guarantee:
not lastn(10, delta_valid(sample.adc,
not engaged;

rewrite prim_distributes _arrow: forall stream e e', pure function f.
f (e —>¢e') = (fe)—>(fe'")



assume
signal_valid.guarantee[input := sample.adc, ok := engaged]:
not lastn(10, delta_valid(sample.adc, @ —> pre sample.adc)) =>
not engaged;

engaged = signal_valid(sample.adc);

SAMPLE_ZERO = { adc = 0; ... };

show maln.guarantee:
not lastn(10, delta_valid(sample.adc, SAMPLE_ZERO.adc —> (pre sample).adc)) =>
not engaged;

rewrite prim_distributes pre: forall stream e, pure function f.
f (pre e) = pre (f e)



assume
signal_valid.guarantee[input := sample.adc, ok := engaged]:
not lastn(10, delta_valid(sample.adc, @ —> pre sample.adc)) =>
not engaged;

engaged = signal_valid(sample.adc);

SAMPLE_ZERO = { adc = 0; ... };

show maln.guarantee:
not lastn(1@0, delta_valid(sample.adc, SAMPLE_ZERO.adc —>
not engaged;

rewrite prim_distributes pre: forall stream e, pure function f.
f (pre e) = pre (f e)



assume
signal_valid.guarantee[input := sample.adc, ok := engaged]:
not lastn(10, delta_valid(sample.adc, @ —> pre sample.adc)) =>
not engaged;

engaged = signal_valid(sample.adc);

SAMPLE_ZERO = { adc ;

1
—

show maln.guarantee:
not lastn(10, delta_valid(sample.adc, © —> pre sample.adc)) =>
not engaged;

unfold SAMPLE_ZERO, constant propagation, etc
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node delta valid sample(sample: SAMPLE)
returns (delta_main: bool, delta_signal: bool)
let
delta_mailn
delta_signal
tel

delta_valid(sample.adc, (SAMPLE_ZERO -> pre sample).adc);
delta_valid(sample.adc, @ —> pre sample.adc);



node delta valid _sample(sample: SAMPLE)
returns (delta_main: bool, delta_signal: bool)
let
delta_mailn
delta_signal
tel

delta_valid(sample.adc, (SAMPLE_ZERO —> pre sample).adc);
delta_valid(sample.adc, @ —> pre sample.adc);

_—=>

Lts delta_valid _sample:
type state = { init: bool;
delay_main: SAMPLE:
delay_signal: int; };

init(s: state): bool =
S.1nl1t == true:

step(s: state, sample: SAMPLE): (state % bool % bool) =

let
delay_mailn = 1f s.init then SAMPLE_ZERO else s.delay_main
delta_main = delta_valid(sample.adc, delay_main.adc)

if s.1nit then @ else s.delay_signal

delay_signal
delta_valid(sample.adc, delay _signal)

delta_signal

1n

({ init false;
delay_main sample;
delay _signal sample.adc 1},

delta_main, delta_signal)



node delta valid _sample(sample: SAMPLE)
returns (delta_main: bool, delta_signal: bool)
let
delta_mailn
delta_signal
tel

delta_valid(sample.adc, .adc) ;
delta_valid(sample.adc, @ —> pre sample.adc);

_—=>

Lts delta_valid _sample:
type state = { init: bool;

delay _signal: int; };

init(s: state): bool =
S.1nl1t == true:

step(s: state, sample: SAMPLE): (state % bool % bool) =
let

delay_main

delta_mailn

delta_valid(sample.adc, delay_main.adc)

if s.1nit then @ else s.delay_signal

delay_signal
delta_valid(sample.adc, delay _signal)

delta_signal

1in
({ init = false;
delay signal = sample.adc },
delta_main, delta_signal)



node delta_valid last2(delta_ok: bool)
returns (last_main: bool, last _signal: bool)
let
last _mailn
last_signal

lastn(10, delta ok);
lastn(10, delta_ok);

tel



node delta_valid last2(delta_ok: bool)
returns (last_main: bool, last _signal: bool)
let
last _mailn
last_signal

lastn(10, delta ok);
lastn(10, delta_ok);

tel
=_=>

lts delta_valid last2:
type state = { last_main: lastn.state;
last_signal: lastn.state; };

init(s: state): bool =
lastn.init(s. last _main) and lastn.init(s.last _signal);

step(s: state, delta_ok: bool): (state x bool x bool) =
let
(state_last main', last _main)
(state_last_signal', last_signal)
1n
({ init
last_mailn
last_signal

lastn.step(s.last_main, 10, delta_ok)
lastn.step(s.last_signal, 10, delta_ok)

false;
state _last main';
state_last signal' }, last_main, last_signal)



node delta_valid last2(delta_ok: bool)
returns (last_main: bool, last _signal: bool)
let
last _mailn
last_signal

lastn(10, delta ok);
lastn(10, delta_ok);

tel
=_=>

lts delta_valid last2:
type state = { last_main: lastn.state;
last_signal: lastn.state; };

init(s: state): bool =
lastn.init(s. last _main) and lastn.init(s.last _signal);

step(s: state, delta_ok: bool): (state x bool x bool) =
let
(state_last main', last _main)
(state_last_signal', last_signal)
1n
({ init
last_mailn
last_signal

lastn.step(s.last_main, 10, delta_ok)
lastn.step(s.last_signal, 10, delta_ok)

false;
state _last main';
state_last signal' }, last_main, last_signal)



node delta_valid last2(delta_ok: bool)
returns (last_main: bool, last _signal: bool)
let
last_main lastn(10, delta_ok);
last_signal = lastn(10, delta_ok);
——%PROPERTY 7?77 = 777,
tel

=_=>

lts delta_valid last2:
type state = { last_main: lastn.state;
last_signal: lastn.state; };

init(s: state): bool =
lastn.init(s. last _main) and lastn.init(s.last _signal);

step(s: state, delta_ok: bool): (state x bool x bool) =
let
(state_last main', last _main)
(state_last_signal', last_signal)
1n
({ init
last_mailn
last_signal

lastn.step(s.last_main, 10, delta_ok)
lastn.step(s.last_signal, 10, delta_ok)

false;
state _last main';
state_last signal' }, last_main, last_signal)
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What we can prove

trivial

properties




What we can prove - proposed class

trivial

properties




laea:

* convert noae to equivalence grapn, instantiating any: SUBNOAES

° apply the applicatlve rewrites
* extract theequalitiestwe learn as invariants

Ghestnut-packea chickadee



node signal _valid(input: int)
(x@contract guarantee not last.out => not ok; x)

0] : bool;
pre_input = pre 1nput;
del_1input = @ —> pre_input;

subnode last lastn(10, delta_valid(input, del_input))
node main(sample: SAMPLE)
(x@contract guarantee not last.out => not engaged; x)
samp le_adc samp le.adc;
pre_sample pre sample;
del_sample SAMPLE_ZERO —> pre_sample;
del_sample_adc del _sample.adc;
subnode valid signal_valid(sample_adc);
subnode last lastn(10, delta_valid(sample _adc, del _sample_adc))
engaged valid.ok;




—— subnode valid = signal_valid(sample.adc)
—— qguarantee not valid. last.out => not valid.ok;
valid.pre_input pre sample_adc;
valid.del 1input @ —> valid.pre_input;
valid. last.out lastn(10, delta_valid(sample_adc, valid.del _input));

—— node main(sample)

—— qguarantee not last.out => not engaged;
samp le_adc samp le.adc;
pre_sample pre sample;

SAMPLE_ZERO —> pre_sample;
del_sample.adc;

del_sample
del_sample_adc

lastn(10, delta_valid(sample adc, del_sample_adc));
valid.ok;

last.out
engaged



—— subnode valid = signal_valid(sample.adc)
—— qguarantee not valid. last.out => not valid.ok;
valid.pre_input pre sample_adc;
valid.del 1input @ —> valid.pre_input;
valid. last.out lastn(10, delta_valid(sample_adc, valid.del _input));

—— node main(sample)

—— qguarantee not last.out => not engaged;
samp le_adc samp le.adc;
pre_sample pre sample;

SAMPLE_ZERO —> pre_sample;
del_sample.adc;

del_sample
del_sample_adc

lastn(10, delta_valid(sample adc, del_sample_adc));
valid.ok;

last.out
engaged

rewrite prim_distributes _arrow: forall stream e e', pure function f.
f (e >e') =(fe)—> (fe')



—— subnode valid = signal_valid(sample.adc)
—— qguarantee not valid. last.out => not valid.ok;
valid.pre_input pre sample_adc;
valid.del 1input @ —> valid.pre_input;
valid. last.out lastn(10, delta_valid(sample_adc, valid.del _input));

—— node main(sample)

—— qguarantee not last.out => not engaged;
samp le_adc samp le.adc;
pre_sample pre sample;

del_sample SAMPLE_ZERO —> pre_sample;
del_sample_adc del_sample.adc;
del_sample_adc :

lastn(10, delta_valid(sample adc, del_sample_adc));
valid.ok;

last.out
engaged

rewrite prim_distributes _arrow: forall stream e e', pure function f.
f (e >e') =(fe)—> (fe')

with f := _.adc, e := SAMPLE_ZERO, e' := pre sample:
(SAMPLE_ZERO —> pre sample).adc =



—— subnode valid = signal_valid(sample.adc)
—— qguarantee not valid. last.out => not valid.ok;
valid.pre_input pre sample_adc;
valid.del 1input @ —> valid.pre_input;
valid. last.out lastn(10, delta_valid(sample_adc, valid.del _input));

—— node main(sample)

—— qguarantee not last.out => not engaged;
samp le_adc samp le.adc;
pre_sample pre sample;

SAMPLE_ZERO —> pre_sample;
del_sample.adc;
SAMPLE_ZERO.adc —> pre_sample.adc;

del_sample
del_sample_adc
del_sample_adc

lastn(10, delta_valid(sample adc, del_sample_adc));
valid.ok;

last.out
engaged

rewrite prim_distributes pre: forall stream e, pure function f.
f (pre e) = pre (f e)



—— subnode valid = signal_valid(sample.adc)
—— qguarantee not valid. last.out => not valid.ok;
valid.pre_input pre sample_adc;
valid.del 1input @ —> valid.pre_input;
valid. last.out lastn(10, delta_valid(sample_adc, valid.del _input));

—— node main(sample)

—— qguarantee not last.out => not engaged;
samp le_adc samp le.adc;
pre_sample pre sample;
pre_sample_adc
pre_sample_adc
del_sample
del_sample_adc
del_sample_adc

(pre sample).adc;

SAMPLE_ZERO —> pre_sample;
del_sample.adc;

SAMPLE_ZERO.adc —> pre_sample_adc;

lastn(10, delta_valid(sample adc, del_sample_adc));
valid.ok;

last.out
engaged

rewrite prim_distributes pre: forall stream e, pure function f.
f (pre e) = pre (f e)

with f := _.adc, e := sample
(pre sample).adc =



—— subnode valid = signal_valid(sample.adc)
—— qguarantee not valid. last.out => not valid.ok;

val
val

L1d.pre_input
.1d.del_1input

val

—— node main(sample)

L1d. last.out

pre_sample_adc;
del _sample_adc;

—— guarantee not last.out => not engaged;
samp le_adc

pre_sampl
le _adc

pre_samp
pre_samp

del
del
de’

__samp
__samp
__samp

de’

_samp

last.out
engaged

&

le_adc
le

le_adc
le adc

le _adc

samp le.adc;

pre sample;

pre sample_adc;

(pre sample).adc;

SAMPLE_ZERO —> pre_sample;
del_sample.adc;

SAMPLE_ZERO.adc —> pre_sample_adc;
O —> pre_sample_adc;

valid.ok;



node lastn(const n: int; pred: bool)

pre_count = pre count,

arr_count = @ —> pre_count;

count = if pred then arr_count + 1 else 0;
out = count >= n;



—— subnode last = 1astn(10 del_sample_adc)
last.pre_count = pre last.count;
last.arr_count @ —> last.pre_count;

last.count 1T del _sample_adc
then last.arr _count + 1
else 0;

last.out = last.count >= 10;

lastn(10, del _sample_adc)

pre valid. last.count;

O —> valid. last.pre_count;

1f del_sample_adc

then valid. last.arr_count + 1
else 0;

valid. last.count >= 10;

—— subnode valid. last
valid. last.pre_count
valid. last.arr_count
valid. last.count

valid. last.out



pre last.count;

O —> last.pre_count;

1f del_sample_adc

then last.arr _count + 1
else 0,

last.pre_count
last.arr_count
last.count

==(rewrite recursive binding)=>

last.count = fix (Acount.
1T del_sample_adc
then (@ —> pre count) + 1
else 0);



—— subnode last
last.pre_count

last.arr_count

last.count

last.out

= lastn(10, delta_valid(...))

valid. last.pre_count
pre last.count;
valid. last.arr_count
@ —> last.pre_count;
valid. last.count
1f del_sample_adc
then last.arr_count + 1
else 0;
1f del_sample_adc
then valid. last.arr_count + 1
else 0;
fix (Acount.
1T del_sample_adc
then (0 —> pre count) + 1
else 0);
valid. last.out
last.count >= 10;



—— subnode last = lastn(10, delta_valid(...))

pre last.count;
valid. last.arr_count
@ —> last.pre_count;
valid. last.count
1f del_sample_adc
then last.arr_count + 1
else 0;
1f del_sample_adc
then valid. last.arr_count + 1
else 0;
fix (Acount.
1T del_sample_adc
then (0 —> pre count) + 1
else 0);
valid. last.out
last.count >= 10;

last.arr_count

last.count

last.out

lnvariant:
true —>



Relationship to k-induction




Equivalences sometimes stronger

node SoFar(pred: bool)
returns (out: bool)
let

out = pred and (true —> pre out);
tel
assume
:>P
show
=>P

e k-induction alone cannot find the invariant that



K-induction sometimes stronger

node countmod4()
returns (mod4: int)

let
mod4d = 0 —> 1f pre mod4 = 3 then 0 else pre mod4 + 1,
——%PROPERTY

tel

* bound not tight enough to be 1-inductive, but 3-induction can get it



Modularity

e equivalences can extract invariants from subnodes separately

» could skip equality-saturation on nodes that are too big and still benefit from
subnode analyses

* k-induction is monolithic: k parameter controls unfolding for whole system



Future work

e current implementation in experime‘htal Scala EDSL for Lustre
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» worth implementing in Kind2?
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