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Block-Diagram Languages for Embedded Systems

waematca
<

o Widely used in safety-critical applications:

Aerospace, Defense, Rail Transportation, Heavy Equipment, Energy, Nuclear. ..
@ Scade 6: Qualified compiler for Lustre + Control Structures
@ Our work: Verified compilation in an Interactive Theorem Prover (Coq)
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An system example: stepper motor for a small printer
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Verified Compilation of Synchronous Dataflow with State Machines
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Hierarchical State Machines — Example

false -> time >= 750

true

step

true -> false

step

true -> false

time >= 500 “~——/

pause

o/\
N~

not pause
and time >= 750

DA

not pause

Bourke, Pesin,

Pouzet

-
step = false; *
ena = true
)
&
Va
A
[ ena = pwm(true)

.
-11,78




Hierarchical State Machines — Example

pause|lF F F ... F F ... T . F F
time |0 0 50 ... 750 0 ... 150 ... 350 ... 500
step |T F F . T F... F F T
ena [ TTT ... T T... T . T . T
* Feeaing Holéing Feeaing
( ) ( 1\
ena = true pause step = false;

) } L }
el
~
s step = true -> false ] [ ena = true ]
]
5 \_/"
) )
) ; not péuse 5
Q step = true -> false A and time >= 750 ena = pwm(true) o
. 2 (@ o
“ o H ot
»
not pause
(. J
(. J

Bourke, Pesin, Pouzet Verified Compilation of Synchronous Dataflow with State Machines



Hierarchical State Machines — Example

bool)

node feed_pause(pause : bool) 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 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

Bourke, Pesin, Pouzet

pause|lF F F ... F F ... T . F
time |0 0 50 ... 750 0 ... 150 350 ... 500

step |T F F T F... F F

ena [ TTT ... T T... T . T
Feeaing Hol&ing 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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The Vélus Compiler

parsing

source-to-source
rewriting

Untyped
Lustre

dataflow

dataflow
optimizations

- ustre —
elaboration transcription

\

compilation by CompCert - generation
Assembly |[€ - = = = = = = = = - - s m—m e — - - Clight [«
[Leroy ( 2009): Formal verification of a realistic compiler ]

: printing

A\

branching
optimizations
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The Vélus Compiler

dataflow
parsing Lustre dependency optimizations
analysis
b > =0 R >e >e >e- > > NLustre
Lustre |elaboration | definition shared state switch local normalization transcriptior‘]
completion variables machines blocks scopes
dataflow i-translation
A 4

imperative s-stranslation
\
compilation by CompCert - generation [
Assembly |[€ - = = = = = = = = - - s m—m e — - - Clight [« Obc
[Leroy ( 2009): Formal verification of a realistic compiler ]

[

1 printing branching
\ optimizations
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The Vélus Compiler

dataflow
parsing Lustre dependency optimizations
analysis
I C — r———— ¢ ——— > — > NLustre
Lustre elaboration | definition shared state switch local normalization |transcriptio
completion variables machines blocks scopes
dataflow i-translation
A
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imperative s-stranslation
v
compilation by CompCert generation [
Assembly |[€ - = = = = = = = = - - s m—m e — - - Clight [« Obc
[Leroy ( 2009): Formal verification of a realistic compiler ]

L

| printing branching
\ optimizations
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Compilation of state machines

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

bool) returns (ena, 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

Bourke, Pesin, Pouzet

: bool)

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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Compilation of state machines

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;
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Compilation of state machines

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
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Compilation of state machines

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

tive
T 2005): A Conserva l
Pagano, and Pouzet (EMSOF\N'\th State Machines

[Colago’on of Synchronous Data-flow

Extensi
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Compilation of state machines

automaton initially Startin,
v & (pst, pres) = (Starting, false) fby (st, res);

state Starting do switch pst
step = true -> false | Starting do
unless false -> time >= 750 then Moving reset
(st, res) =
state Moving do if false -> time >= 750
then (Moving, true)

step = true -> false

unless time >= 500 then Moving else (Starting, false)

every pres

end -
| Moving do
. ervative .
Pagano, and Pouzet (EI\/\SOFT_ ZhOgilteA[\/(l:::hsines } en(fl,
[Colagol nagf Syynchronous Data-flow wit switch st
Extensio .
| Starting do
reset

step = true -> false

every res
| Moving do
end
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Compilation of state machines

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

automaton initially Starting
state Starting do switch pst
step = true -> false | Starting do
unless false -> time >= 750 then Moving reset
(st, res) =
state Moving do if false -> time >= 750
then (Moving, true)

step = true -> false

unless time >= 500 then Moving else (Starting, false)

every pres

end -
| Moving do
. ervative .
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[Colagol nagf Syynchronous Data-flow wit switch st
Extensio .
| Starting do
reset

step = true -> false

every res
| Moving do
end
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Compilation of state machines

automaton initially Startin,
v & (pst, pres) = (Starting, false) fby (st, res);

state Starting do switch pst
step = true -> false | Starting do
unless|false -> time >= 750|then Moving reset
(st, res) =
state Moving do if false -> time >= 750
step = true -> false then (Moving, true)
else (Starting, false)

unless time >= 500 then Moving
every pres

end -
| Moving do
. ervative .
Pagano, and Pouzet (EI\/\SOFT_ ZhOgilteA[\/(l:::hsines } en(fl,
[Colagol nagf Syynchronous Data-flow wit switch st
Extensio .
| Starting do
reset

step = true -> false

every res
| Moving do
end
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Compilation of state machines

automaton initially Startin,
v & (pst, pres) = (Starting, false) fby (st, res);

state Starting do switch pst
step = true -> false | Starting do
unless false -> time >= 750 then Moving reset
( res) =
state Moving do if false -> time >= 750

step = true -> false
unless time >= 500 then Moving

then (Moving, true)
else (Starting, false)

end evel.‘y pres
| Moving do
. tive d:
FT 2005): A Conserva } end;
d Pouzet (EMSOFT Machines .
[Colacol F;ag?nsoyynirl:\ronous Data-flow with State Mac switch
Extensiof

| Starting do
reset
step = true -> false
every res
| Moving do
end
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Compilation of state machines

automaton initially Startin,
v & (pst, pres) = (Starting, false) fby (st, res);

state Starting do switch pst
step = true -> false | Starting do
unless false -> time >= 750 then Moving reset
(st, res) =
state Moving do if false -> time >= 750
then (Moving, true)

step = true -> false

unless time >= 500 then Moving else (Starting, false)

every pres

end -
| Moving do
. ervative .
Pagano, and Pouzet (EI\/\SOFT_ ZhOgilteA[\/(l:::hsines } en(fl,
[Colagol nagf Syynchronous Data-flow wit switch st
Extensio .
| Starting do
reset

[step = true -> false

every res
| Moving do
end
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Compilation of state machines

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

automaton initially Starting
state Starting do switch pst
step = true -> false | Starting do
unless false -> time >= 750 then Moving reset
(st, res) =
state Moving do if false -> time >= 750
then (Moving, true)

step = true -> false

unless time >= 500 then Moving else (Starting, false)

every pres

end -
| Moving do
. ervative .
Pagano, and Pouzet (EI\/\SOFT_ ZhOgilteA[\/(l:::hsines } en(fl,
[Colagol nagf Syynchronous Data-flow wit switch st
Extensio .
| Starting do
reset

step = true -> false

every res
| Moving do
end
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Compilation of switch blocks

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

2005): A Conservative }

T A
Pagano, and Pouzet (EMSOF h State Machines

[Colago, n of Synchronous Data-flow wit (] Samp|lng eXpllClted by when

Extensio
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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) ;|
true -> false reset
every res stepS = true when (st=Starting) -> false when (st=Starting)
| Holding do ... every resS;
end

2005): A Conservative }

T A
Pagano, and Pouzet (EMSOF h State Machines

[Colago, n of Synchronous Data-flow wit (] Samp|lng eXpllClted by when

Extensio

@ choice explicited by merge
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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);
every res stepS =|true when (st=Starting) -> false when (st=Starting)|
| Holding do ... every resS;
end

2005): A Conservative }

T A
Pagano, and Pouzet (EMSOF h State Machines

n of Synchronous Data-flow wit

@ sampling explicited by when

Colago,
Extensiol

@ choice explicited by merge

@ constants are also sampled
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Compilation of switch blocks

| Starting do
step = true -> false

| Holding do

2005): A Conservative }
Colaco, Pagano, and Po 000! Coneen

Extension of Synchrono!

Bourke, Pesin, Pouzet

resS = res when (st=Starting);
resM = res when (st=Moving);
step = merge st (Starting => stepS) (Moving => stepM);
reset
stepS = true when (st=Starting) -> false when (st=Starting)
every resS;

@ sampling explicited by when
@ choice explicited by merge
@ constants are also sampled

@ only reset blocks remain

d Compilation of Synchronous Dataflow with State Machines
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Main Correctness Theorem

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_IO G main ins outs T.

Clight

Assembly

TREE

Bourke, Pesin, Pouzet Verified Compilation of Synchronous Dataflow with State Machines



Main Correctness Theorem

__ | Untyped —> N
Lustre

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_IO G main ins outs T.

and compilation succeeds. ..

Clight

Assembly

TREE
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Main Correctness Theorem

__ | Untyped —> N
Lustre

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_IO G main ins outs T.

|

and compilation succeeds. ..

o114
i

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

Clight

Assembly

K]
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Main Correctness Theorem

__ | Untyped —> N
Lustre

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_IO G main ins outs T.

|

and compilation succeeds. ..

o114
i

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

Clight

then the generated assembly

oo Assembly
produces an infinite trace

K]

and the trace corresponds to the dataflow model.
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Dataflow relational semantics

G(f) =node f(xy,...,x,) returns (y1,...,y¥m) blk
Vi, H(x;) = xss; Vj, H(y;) = yss; G,HF blk

G F f(xss) | yss

sem_node
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Dataflow relational semantics

G(f) =node f(x,...,x,) returns (y1,...,y¥m) blk
Vi, H(x;) = xss; Vj, H(y;) = yss; G,HF blk
sem_node
G F f(xss) | yss
pause|F F F . F F T F F
time [0 O 50 . 750 0 150 350 500
step |T F F T F F F T

Bourke, Pesin, Pouzet
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Dataflow relational semantics

G(f) =node f(x,...,x,) returns (y1,...,y¥m) blk
Vi, H(x;) = xss; Vj, H(y;) = yss; G,HF blk

sem_node
G F f(xss) | yss
pause | F F F F F T F F
time |0 0 50 750 0 150 350 500
step |T F F T F F F T

Vi, H(xs;) = vss; G,HF es | vss
G,HF xs = es

sem_equation
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Dataflow relational semantics

G(f) =node f(x,...,x,) returns (y1,...,y¥m) blk
Vi, H(x;) = xss; Vj, H(y;) = yss; G,HF blk

sem_node
G F f(xss) | yss
pause | F F F F F T F F
time |0 0 50 750 0 150 350 500
step |T F F T F F F T

Vi, H(xs;) = vss; G,HF es | vss
G,HF xs = es

sem_equation

G,HF el [vs]
Vi, G, (when® vs H) - blks;
G,Ht switch e [C; do blks;]" end

sem_switch
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Dataflow relational semantics

G(f) =node f(x,...,x,) returns (y1,...,y¥m) blk
Vi, H(x;) = xss; Vj, H(y;) = yss; G,HF blk
G F f(xss) | yss

sem_node

pause | F F F F F T F F
time [0 0 50 750 0 150 350 500
step |T F F T F F F T

Vi, H(xs;) = vss; G,HF es | vss
G,HF xs = es

sem_equation

G,HF el [vs] @ when for switch blocks
Vi, G, (when® vs H) - blks;

G,Ht switch e [C; do blks;]" end

@ mask for reset blocks

sem_switch
@ select for state machines

Bourke, Pesin, Pouzet Verified Compilation of Synchronous Dataflow with State Machines



Compilation correctness — state machines

Lemma (State machines correctness)

Y if G,HF blk then G,HF |blk|

definition completion"

shared variables‘

<

blk
state machines"
Lblkj

switch blocks‘

local scopes }

normalization‘
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Compilation correctness — state machines

Lemma (State machines correctness)

Y if G,HF blk then G,HF |blk|

definition completion"

shared variables‘

<

blk
state machines Works well:
e @ local transformation and
switch blocksy .
reasoning
el sz @ correspondence between

o select, mask and when
normallzatlon‘

Bourke, Pesin, Pouzet Verified Compilation of Synchronous Dataflow with State Machines



Compilation correctness — state machines

Lemma (State machines correctness)

¥ if G,HF blk then G,HE Lb/kJ
definition completion"
shared variables"
blk
state machines, Works well: Works less well:
e block | bik] @ local transformation and e static invariants (typing,
t : .
switeh oSy reasoning clock-typing, ...)
local scopes¢ @ correspondence between o fresh identifiers
L select, mask and when
normallzatlon"
1
\{
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Compilation correctness — switch blocks

Lemma (Switch correctness)

v if G,Hitblk and HyC, Hy then G,Hat |blk|

definition completion"
shared variables

state machines,
blk
switch blocks"
[b/kj
local scopes }

o,ck

normalization‘
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Compilation correctness — switch blocks

Lemma (Switch correctness)

Y if G,Hitblk and HyC, Hy then G,Hat |blk|

definition completion"

shared variables‘

state machines | Works less well:
blk @ reasoning is not local:
switch blocks" .
|blk], renaming propagates to
o,cl
local scopes } sub-blocks

@ static invariants, in
particular clock-typing
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Compilation correctness — switch blocks

Lemma (Switch correctness)

Y if G,Hitblk and HyC, Hy then G,Hat |blk|

definition completion"

shared variables‘

state machines | Works well: Works less well:
blk @ correspondence between @ reasoning is not local:
switch blocks" . d . .
|blk], switch and when/merge: renaming propagates to
local scopes | implicit to explicit sampling sub-blocks
@ less cases to handle @ static invariants, in

normalization‘

particular clock-typing
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The Vélus Compiler

dataflow
parsing Lustre dependency optimizations
analysis
I C — r———— ¢ ——— > — > NLustre
Lustre elaboration | definition shared state switch local normalization |transcriptio
completion variables machines blocks scopes
dataflow i-translation
A

)
a
>
o
o
=N
=
(5]
(]
o
l;J

imperative s-stranslation
v
compilation by CompCert generation [
Assembly |[€ - = = = = = = = = - - s m—m e — - - Clight [« Obc
[Leroy ( 2009): Formal verification of a realistic compiler ]

L

| printing branching
\ optimizations
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Generation of imperative code

resS = res when (st=Starting);
reset
stepS = (true when (st=Starting)) fby (false when (st=Starting))
every resS;
ena = true; i

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

@ [2008): Clock-directed modular code generation

Biernacki, Colago, Hamon, and Pouzet (LCTES
for synchronous data-flow languages

515
A7)

Clight

X
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Generation of imperative code

|resS = res when (st=Starting)4
reset
stepS = (true when (st=Starting)) fby (false when (st=Starting))
every resS;
ena = true;
step = merge st (Starting => stepS) (Moving => stepM);

switch(st) { @ [2008): Clock-directed modular code generation
. for synchronous data-flow languages
case Starting: Each lled . q
. o
if (resS) st.stepS = true; ac 'contro e e>.<preSS|on/reset produces
} a switch instruction

|SWitCh(St) { case Starting: resS = res; }l Biernacki, Colago, Hamon, and Pouzet (LCTES:|

ena = true;
switch(st) {
case Starting:
step = st.stepS;
break;
case Moving:

}
switch(st) { case Starting: st.stepS = false; }
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Generation of imperative code

resS = res when (st=Starting);
reset
stepS = (true when (st=Starting)) fby (false when (st=Starting))
every resS;
ena = true;
step = merge st (Starting => stepS) (Moving => stepM);

switch(st) { case Starting: resS = res; } Biernacki, Colago, Hamon, and Pouzet (LCTES
switch(st) 1 @ [2008): Clock-directed modular code generation
for synchronous data-flow languages

case Starting: Each lled i d
if (resS) st.stepS = true; ® Sach controlled expression/resst produces

1 a switch instruction

ena = true;
switch(st) {
case Starting:
step = st.stepS;
break;
case Moving:
}
|switch(st) { case Starting: st.stepS = false; }l

oo
o]
@
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Generation of imperative code

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

1
ena = true; .

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

SWltCh(St) { case Startlng: resS = res; } Biernacki, Colago, Hamon, and Pouzet (LCTES
SWitCh(St) { o 2008): Clock-directed modular code generation
for synchronous data-flow languages
case Starting: h lled . q CEtC
if (resS) st.stepS = true; @ Eac contro e e>.<preSS|on/reset produces
} a switch instruction

switch(st) { CEEE]
case Starting:
step = st.stepS;

break; Clight
case Moving: ...
}

switch(st) { case Starting: st.stepS = false; }
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Generation of imperative code

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

ena = true; .

[step = merge st (Starting => stepS) (Moving => stepM) | ¢
NLustre

switch(st) { case Starting: resS = res; } Biernacki, Colago, Hamon, and Pouzet (LCTES
SWitCh(St) { o 2008): Clock-directed modular code generation
. for synchronous data-flow languages
case Starting: Each lled . d CEtC
. o
if (ress) st. stepS = true; ach controlle eXpreSSlOn/reSet proauces

} a switch instruction

ena = true;
switch(st) { CEEE]
case Starting:
step = st.stepS;
break; Clight
case Moving: ...

>
switch(st) { case Starting: st.stepS = false; }
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Generation of imperative code

resS = res when (st=Starting);
reset
stepS = (true when (st=Starting)) fby (false when (st=Starting))
every resS;
ena = true;
step = merge st (Starting => stepS) (Moving => stepM);

SWitCh(St) { Biernacki, Colago, Hamon, and Pouzet (LCTES
case Starting: @ [2008): Clock-directed modular code generation
for synchronous data-flow languages

resS = res; Each lled . q
if (resS) st.stepS = true; @ Each controlled expression /reset produces

} a switch instruction

ena = true;
switch(st) {
case Starting:
step = st.stepS;
st.stepS = false;
break;
case Moving:

}
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Generation

switch(st) {

case Starting:

if (resS)

resS = res; Each lled . q Ste
st.stepS = true; A @ Each controlled expression /reset produces (:

}

ena = true;
switch(st) {

case Starting:
step = st.stepS;

st.stepS
break;

case Moving:

}

of imperative code

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

ena = true; .

step = merge st (Starting => stepS) (Moving => stepM); :
NLustre
«

Biernacki, Colago, Hamon, and Pouzet (LCTES
@ [2008): Clock-directed modular code generation
for synchronous data-flow languages

a switch instruction

— o]

= false; Clight
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Generation of imperative code

ena = true; Biernacki, Colago, Hamon, and Pouzet (LCTES
. o 2008): Clock-directed modular code generation
SWltCh(St) { for synchronous data-flow languages
case Starting: .
_ . @ Each controlled expression /reset produces Ste
resS = res; . X :
if (resS) st.stepS = true; a switch instruction
step = st.stepS; @ Quality of fusion depends on the
st.stepS = false; scheduling CEbC
break;

}

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

ena = true; .

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

case Moving:

Clight

<--
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Generation of imperative code

resS = res when (st=Starting);

reset

stepS =

(true when (st=Starting)) fby (false when (st=Starting))

every resS;
ena = true;
step = merge st (Starting => stepS) (Moving => stepM);

ena = true;
switch(st) {

}

case Starting:
resS = res;
if (resS) st.stepS
step = st.stepS;
st.stepS = false;
break;

case Moving:

Biernacki, Colago, Hamon, and Pouzet (LCTES
@ [2008): Clock-directed modular code generation
for synchronous data-flow languages

@ Each controlled expression /reset produces

= true; a switch Instruction

@ Quality of fusion depends on the
scheduling

@ Extensions of Stc: reset on state
variables, multiple reset conditions

o]
o]
@

<--
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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 (LNCS 2010):
WCET eStImated by OTAWA 2 [OTAWA: An Open Toolbox for Adaptive WCET Analysis :| for an armV7

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

@ Inlining of CompCert not fine tuned to small functions generated by Vélus
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Performances

Vélus
stepper _motor 930
chrono 505
cruisecontrol 1405
heater 2415
buttons 1015
stopwatch 1305

WCET estimated by OTAWA 2 |

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%)

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

1290 (—1%)

Ballabriga, Cassé, Rochange, and Sainrat (LNCS 2010):
OTAWA: 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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Conclusion

Our contributions:
@ a Cog-based semantics for the control blocks of Scade 6

e switch blocks
o reset blocks
e state machines

@ a verified implementation of an efficient compilation scheme for these blocks
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Semantics — switch blocks

when® (¢ - xs) (o - cs) = ¢ - when® xs cs
when® (<v> - xs) (<C> - cs) = «v> - when® xs cs
when® (¢<v> - xs) (<C'> - cs) = > - 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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Semantics — reset blocks

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

Bourke, Pesin, Pouzet Verified Compilation of Synchronous Dataflow with State Machines



Semantics — Hierarchical State Machines

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

G, H, bs I 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, (selectoc"’k sts (H, bs)), C; b, trans; || (selectoc"’k sts stsy )
Vi, Vk, G, (selectoc"’k stsy (H, bs)) &= blks;
G,H, bs - automaton initially Cck [state Cjdo blks;unless trans,-]i end
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Semantics — Transitions

G,H,bst e [ys]
bools-of ys = bs’ G, H, bs k5 autinits || sts
sts’ = first-of & bs’ sts sts = const bs (C,F)
G,H, bs k5 Cif e; autinits |} sts’ G, H, bs I; otherwise C |} sts

first-of € (T - bs) (st - sts) = <C, r> - first-of ¢ bs sts

first-of ¢ (F - bs) (st - sts) = st - first-of ¢ bs sts sts = const bs (C;, F)

G,H, bs, Ci k5, € sts

G,H,bst e | [ys] bools-of ys = bs’ G,H,bst e | [ys] bools-of ys = bs’
G,H, bs, C; 55 trans |} sts G,H, bs, C; b5 trans |} sts
sts’ = first-of & bs’ sts sts’ = first-of ¢ bs’ sts
G,H, bs, C; &5, if e continue C trans | sts’ G,H, bs, C; b5, if ethen C trans |} sts’
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Semantics — local blocks and last variables

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

Vx, x € dom(H') <= x € locs
Vxe, (lastx =¢€) € locs = G,H+ H' bshk lastx=e G,H + H', bs - blks

G, H, bs - var locs Let blks tel

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

H2(X) if x € H>
Hi(x) otherwise.

(Hy -+ ) = {

Bourke, Pesin, Pouzet Verified Compilation of Synchronous Dataflow with State Machines



	Appendix

