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Birth and Goals

 Invented Iin the early 1980’s by mixed Computer Science /
Control Theory French groups (Esterel in Sophia-Antipolis,
Lustre / SCADE in Grenoble, Signal in Rennes),

« Goal : simplify real-time programming and make it much
more rigorous and verifiable by mathematical semantics

¢ 1990’s : process control, avionics, telecom, robotics,
HW circuits, etc. — Iindustrial

« 2001: Esterel Technologies, Esterel v7 for HW circuits,
SCADE bought from Telelogic

« 2007: SCADE 6 = Lustre + Esterel for critical systems
230+ customers in 27 countries, now part of ANSYS
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Esterel and Lustre

 Esterel : 1983, Ecole des Mines Sophia-Antipolis
— dedicated to control-intensive real-time systems
— rapidly used in telecom (Bell Labs), avionics (Dassault),...
— several generations of mathematical semantics and
academic and industrial compilers to HW and SW,
all compatible with each other

 Lustre : 1985, IMAG Grenoble (Caspi-Halbwachs)
— dedicated to data-flow based real-time systems
— SCADE = graphical Lustre
— rapidly used in nuclear (Merlin-Gerin), then avionics
(Airbus as a replacement of own SAO language)
— very simple mathematical semantics, quite simple code
generation

G. Berry, Modelica Prague 17/05/2017 3



Rafale = Esterel, Airbus = SCADE

Solution 1 :M

Solution 2 : unifying the langages
— Esterel v7, SCADE 6
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SCADE 5 in the Airbus A380

Antl Ice

Control Unit — Flight Control system
— Flight Warning system
— Electrical Load Management system
— Anti Icing system
— Braking and Steering system
— Cockpit Display system
— Part of ATSU (Board / Ground
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Temporal Event Hierarchies

Second — Hour — Morning

Meter — Lap
Step
HeartBeat — HeartAttack
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The Esterel Runner

trap HeartAttack in
ever}m\e@mmmN odule call |
abort lconcurre Cy sequen exception

loop
abort run Slowly when 100 Meter ;
abort
every Step
run Jump || run Bréathe || CheckHeart
end every \
when 15 Second ; exit HeartAttack
run FullSpeed
each Lap
when 4 Lap by it
end every N

handle HeartAttack do
run RushToHospital '

end trap
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Code of <CheckHeart>

loop
awalt 3 Second;
exit HeartAttack
each HeartBeat

Each HeartBeat cancels a delay 3 Second
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Lustre = Synchronous Data Flow

Event counter:
Event = false true false true true false false false true true ...
Count= 0 1 1 2 3 3 3 3 4 5

(Count(0)=0
Count(t—1)+1, if Event(t) =true
Count(t-1), otherwise

]
vt >0, Count(t) = {

Count =0 — (if Event N ‘
then pre(Count)+1 - \_
else pre(Count))

&
Coaunt

Fay

Le .9

Lustre SCADE
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Lustre = Hierarchical Functional Language

node Counter (Event, Reset : bool) returns Count : int ;
let
Count(=)if (true — Reset) then 0
else if Event then pre(Count)+1
else pre(Count))
tel

Minute = Counter (Second, pre(Minute) = 59) ;
Hour = Counter (Minute, pre(Hour) = 23) ;
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Clocks and the Clock Calculus

C true false true false false true
X x1 X2 X3 x4 X9 X6
X when C x1 X3 X6
pre(X when C) nil x1 X3
current(X when C) x1 x1 X3 X3 X3 X6
Operations on undersampled flows

C true false true false false true
X x1 X2 X3 X4 X5 y6
Y yl y2 y3 y4 Y5 y6
Z =Xwhen C x1 X3 X6
T=Y whenC yl y3 y6
Z+T x1+yl X3 +y3 X6 + Y6 I

Clock calculus : <L



Concurrency: the Compositionality Principle

PIIQ
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Concurrency: the Compositionality Principle

t 3

P 3
PlIQ

V=t+1+t
"=t=1at

= l~=1+4+1
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Exactly 3 solutions
(in Physics and Informatics)

1. t arbitrary
2.1 =0

3. t predictable — vibration

— asynchrony

— synchrony

synchrony = C

asynchrony = non-determinism

predictable = o

eterminism
uasi-determinism
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Synchrony vs. Vibration: Thick Instants

Synchrony
Musicians and spectators neglect the speed of sound

Vibration
Acousticians deal with sound propagation

G. Berry, Modelica Prague 17/05/2017 15



Synchrony vs. Vibration: Thick Instants

If the room Is small enough
vibration implements synchrony for spectators

However, if the orchestra is big enough
musicians need light + conductor to synchronize
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Combinational Circuits: Thick Instants
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Combinational Circuits: Thick Instants

:
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X D )
-

S = X XOr y Xor z
c=(xandy)or(yandz)or (zand x)

X, Y,Z=S,C No time = Zero time

waiting for critical delay < solving the equations
circuit = parallel vibration machine
solving parallel synchronous equations
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Logical Time vs. Physical Time

I R A i
| > Logical time
Lo J
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\V4

cycle OK < no overlap
(clocks and events maybe irregular)
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Cycle-Based Software Synchrony

Cyclic execution: static scheduling + 4-stroke engine

read inputs
walit compute reaction
generate outputs

Synchronous = Zero-delay = within the same cycle
parallel propagation of control
parallel propagation of signals

Concurrency resolved at compile-time
= determinism, no I0/computation interference
— timing predictability (Absint)
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| The Esterel Runner
trap HeartAttack in

every Morning do < zero delay

abort <
loop "‘// administration
abort run Slowly w = determinism

abort
every Step do
run Jump || run Bréathe || CheckHeart

end every
when 15 Second ; exit HeartAttack
run Fullspeed
each Lap
when _4 Lap e
end every N

handle HeartAttack do
run RushToHospital
end trap
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Mathematical Semantics

* All synchronous languages have fully formal and fully
understandable mathematical semantics

 The mathematical semantics are fully respected by
the academic and industrial compilers and by the
Interfaces to formal verification systems

* [t becomes possible to build formally verified

compilers (with Coq)
— Esterel : L. Rieg, G. Berry
— Lustre : T. Bourke, L. Rieg et. al.
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Mathematical Semantics

* Esterel
— rewriting-based constructive semantics (Plotkin’s SOS rules)
— translation to Boolean circuits, interpreted by constructive
logic to handle combinational cycles when they occur
— optimized HW generation and SW generation (either from
the circuit or by direct techniques : S. Edwards, D. Potop)

 Esterel v7
— Esterel + fancy datapath + multiclock, same semantics
— generated circuits: better performance than human designs !

e Lustre
— Fixpoint equations on infinite flows (= is equality)
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Esterel Circuits = Proof Networks

VL
%

Tr_,f
abortwhen R
: T
LDL} TD Npgn
{DC’_ await A
oo = - —-\L
} Pan i L)
|7 await B
loop
abort -
{{await Al|| await B };
emit O;
halt
when R
end loop

¢

suppressed
by optimization
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Other Synchronous Languages

 Signal (Le Guernic, Benveniste): relational Lustre
»SyncCharts (C. André): graphical Esterel

e Reactive C (Boussinot), ReactiveML (L. Mandel):
Esterel in C and OCam|

« SCADE 6 : SCADE + SyncCharts (Esterel Tech.)

* HipHop (C. Vidal, M. Serrano , GB) : Esterel In
JavaScript for Web orchestration

« ?7?: optimized signal processing

e Zelus (M. Pouzet, T. Bourke): synchrony in modelers

* Ptolemy Il synchronous domains (E. Lee)

»SC (R. van Hanxleden) : Esterel in C + nice extensions



Traditional Graphical Syntax

Fess1 Fles = ¥ * Factonelef:1]

{ RETOURMER Res )
e,

flow diagrams

and many other diagrams,
cf. UML / SysML

block-diagrams
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Hierarchical State Machines

bt -in -dy | ( MAIN =)
~ ri!m bt-rmiclh — I i
dispiays A é ABO \
—)
& R/
m - doy
[. ). g g
Lnot Ims.mpwmcm] ﬁ Cintenani) /O
Statecharts, D. Harel SyncCharts, C. André
maximize expressivity based on Esterel, maximize rigor
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Estrerel v7

for HW : SyncCharts +

Esterel

opb_iface

|f @uart_lite_core @-\'|

X receiver ernors
frame_emor, overun_error,

# receiver hifo status
ri_Fifo_full, rx_hfo_empty,

# sender fifo ztatus
tx_Fifo_full, tx_hfo_empty,

# access to the fifos

ri_Fifo_data : unsigned<2==C_DATA_BITS> imt 0,
rx_Fifo_read.

tx_Fifo_data - unsigned<2=*C_DATA_BITS>.
rst_rx_fifo, rst_tx_Fifo,

* status register
statreg[8], read_statreq,

# control regizter
enable_intr : value boolean init false

\

-~

m“\

status reqgister

avvait immediate frame_error; sustain statreg[S]
I

awvvalt immediate overun_error, sustain statreg[s)
I

sustain |

statreg[3] = t=_fifo_full,

statreg[2] = tx_fifo_empty,

statreg[1] = rx_fifo_full,

statreg[0] = not rx_fifo_empty

read_statreg/

interrupts

sustain Interrupt == not rx_fifo_smpty

[not tx_fifo_empty)/

tx_fifo_empty/Interrupt

# {?enable_intr = false}/

{?enable_intr = true}/

OPB_RNW/UART _xferAck

wait for OPB req 4@

2>

W /UART _xferhck

-

read R

it
case [ Paddr = R¥_FIFO_ADR ) do
emit rx_fifo_read,
zustain UART_DBus_r = u2bind?rx_fifo_data)

caze [ faddr = STATUS_REG_ADR ) do
emit resd_statred;
emit UART_DBus_r = statreq

default do nothing

i)

write

. et rat rx fifo = OPB DBus 11

if
case [ Paddr = TH_FIFO_ADR ) do
emit tx_fifo_datal hin2ulOPB_DBus_t1 )

case [ Yaddr = CTRL_REG_ADR ) do
iff OPB_DBus _r[4])
then emit enable_intritrue)
elze emit enakble_intr(Talze)
end if;




SCADE 6 = Scade 5 + SyncCharts

SCADE 6 : parallelism is associative-commutative
Stateflow : fake parallelism for easier translation to C
execution order defined by — | reading order ® ®

semantics may totally change if one box is moved
other choices not better...
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Control
Software Design

 fmmeeeeseseecsecscceccecsscescsscescesaan € FlightMode> -~
h \
B G MANUAL Y

spee) > (o Speeogey > spmestgn | Model Checks Formal y
: Verification SCADE Suite
(altitude) -> ( last "AltitudeTarget) |—4 > AltitudeTarget

KCG

i AutoRior 7 T () not AutoPilot i

P \1 4 \/5 @ C & Ada

- Object Code &
E MCFspesd >_- UnitConvert _D SpeedTarget E J

e g Debug & Plant Model Co- [ A::;:irs ] Compiler
i Simulation  simulation (incl. FMI) Verification

[ Calibration l

DO-178B & C
IEC 61508
EN 50128
ISO 26262

Certification Kits

Time & Stack HIL/SIL/PIL
Optimization Integration

PROTOTYPE

2 DESIGN VERIFY GENERATE
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Balls On Wall — Current Modelers OK

1 - init dl

T1 = U1
To : init ds shocks = actions
T = U2 (- N

v1 @ init v|every [x; up zo = last(vs)]
vy : init Olevery [z up 2 = last(vi), x2 up ds = —last(va)]
v1 = Uy = O\ J
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Ball Stuck on Wall — Current Modeler

4

(718 v 7.
.

+Lir

do = d3

dl

for some
execution modes

( [ [ ]
r1 : Init dy

.lel —= U1
o . init d2
{ Tg = Vg

vy @ igo every [x1 up x2 = last(vs)]
vy Anit 0 every [z up x2 = last(vy), T2 up dsz = Ngst(vz)]
) p— fl).2 p— O

G. Berry, Modelica Prague 17/05/2017 33



Non-Standard Constructive Analysis

~

‘/dl upd2:>01:0, Vo =V
) —>:U2upd3
= V9 = —V
— L1 Uup T2

= v = —0v, V9 =0
\_ ’ J

[ € Infinitesimal

Practical approach : Zelus by M. Pouzet and T. Bourke:
use type checking to split continuous and O-delay actions
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Conclusion

« Mature technology with many applications
» Successful transfer from Academia to Industry

 Much simpler than other programming techniques
for its application domain

e Based on compromize-free mathematical semantics

* Research continues
— Zelus (ENS Paris) for modelers
— Sc (Kiel) for elegant and sound inclusion into C

* But Esterel now deep frozen at Synopsys...

Thank You!
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