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® Set of periodic tasks communicating
through variables:

» read data from sensors via a bus,
» compute via sequences of tasks, and

» write to actuators via the bus.
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Context

® Set of periodic tasks communicating
through variables:

» read data from sensors via a bus,
» compute via sequences of tasks, and

» write to actuators via the bus.

® | ustre:
synchronous-reactive dataflow language

for “model-based design”

Halbwachs, Caspi, Raymond, and Pilaud (1991): The
synchronous dataflow programming language LUSTRE

® Scade:

modernized, industrial version

Colago, Pagano, and Pouzet (2017): Scade 6: A Formal
Language for Embedded Critical Software Development
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® Set of periodic tasks communicating

through variables: Airbus project “All-in-Lustre”

» read data from sensors via a bus, e Original system: ~ 5000 Lustre nodes

» compute via sequences of tasks, and + separate constraints on order

» write to actuators via the bus. . . .
® Desired system: a single Lustre program with

features for periods and end-to-end latencies.

® Lustre: . ® Nodes at 10ms, 20ms, 40ms, and 120ms.
synchronous-reactive dataflow language
for “model-based design” e /mplementation: sequential code, period = 5ms

Halbwachs, Caspi, Raymond, and Pilaud (1991): The
synchronous dataflow programming language LUSTRE

® Scade:

modernized, industrial version

Colago, Pagano, and Pouzet (2017): Scade 6: A Formal
Language for Embedded Critical Software Development
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® Set of periodic tasks communicating
through variables: Airbus project “All-in-Lustre”

» read data from sensors via a bus, e Original system: ~ 5000 Lustre nodes

» compute via sequences of tasks, and + separate constraints on order

» write to actuators via the bus.

Desired system: a single Lustre program with
features for periods and end-to-end latencies.

® | ustre:
synchronous-reactive dataflow language

for “model-based design”

Halbwachs, Caspi, Raymond, and Pilaud (1991): The
synchronous dataflow programming language LUSTRE

Nodes at 10ms, 20ms, 40ms, and 120ms.

Implementation: sequential code, period = 5ms

Workload already chopped up into small pieces.
e Scade:

modernized, industrial version

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

Each node loops in < 5ms.
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Overview: compilation using Integer Linear Programming (ILP)
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Overview: compilation using Integer Linear Programming (ILP)

Forget, Boniol, Lesens, and Pagetti (2010):

° lee Prelude A Real-Time Architecture Design Language
for Multi-Rate Embedded Control Systems

But, no WCET, no deadlines, no real-time tasks
® Rates expressed as 1/n of the base clock
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.ail > .C
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® \ertex = node
e Arc from producer to consumer

® |ndependent of source language
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Overview: compilation using Integer Linear Programming (ILP)

. Forget, Boniol, Lesens, and Pagetti (2010):
[ ] |_|ke Prelude A Real-Time Architecture Design Language
for Multi-Rate Embedded Control Systems

But, no WCET, no deadlines, no real-time tasks ® One or more step functions

® Rates expressed as 1/n of the base clock * Called cyclically at the base rate

presseail
.ail > .C
cplex
flowgraph —— .1p ------- > .xml
e \ertex = node ® Data dependencies
® Arc from producer to consumer ® Load balancing
® Independent of source language ® End-to-end latency
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The ROSACE Case Study
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(0]

resource ops int

node alt_hold (h_c, h_f float) returns (vz_c float) requires (ops = 201);
const H200 rate 1/ 2 (* base clock = 400Hz *)
const H100 rate = 1 / 4
const H50 rate = 1 / 8
const H10 rate 1/ 40
node assemblagel( h_c float H10 last = 0.; (* altitude command *)
va_c float H10 last = 0.) (¥ airspeed command *)
returns (d_th_c float H50 last = 1.6402; (¥ throttle command *)
d_e_c float H50 last = 0.0186) (¥ elevator deflection command
var h_f float H100; (#* altitude *)
vz_c float H50; (*# vertical speed command *)

let

h_f = h_filter( h when (? % 2) );

vz_c = alt_hold( current(h_c, (? % 5)), h_f when (7 % 2) );

resource balance ops;
latency assemblage exists <= 2
(dynamics, h_filter, alt_hold,
tel

vz_control,

elevator);

*)

elevator
deflection

command

throttle
command

~ I
200 Hz 100 Hz

50 Hz
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Compilation: Model = Scheduling = Generated Code

h_f = h_filter(h when (7 % 2));

vz_c = alt_hold(current(h_c, (? % 5)),
h_f when (? % 2));

h ¢

*~—> v_z ¢
. & alt_hold

-
50Hz = /s

A
100 Hz = Y/a

4/11



Compilation: Model = Scheduling = Generated Code

h_f = h_filter(h when (7 % 2));

vz_c = alt_hold(current(h_c, (? % 5)),
h_f when (? % 2));

h ¢
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Compilation: Model = Scheduling = Generated Code

static int c¢_30 = O0;

h_f = h_filter(h when (7 % 2));
vz_c = alt_hold(current(h_c, (? % 5)), void step0()
h_f when (7 % 2)); {
- if (c_30 % 2 == 0) {
;—> I h |d v_z c if (C_30 % 4 == 2) {
ol h_filter " h_filter (); /] we
. ,
- —
100Hz = */a S0tte = } else {
p:h_filter=0o 1 2y 3 o 1 2jr 3 }

switch (c_30) {

case 2: va_control(); break;

p:alt _hold= ¢ 1 5 3 4 5 o 7 case 6: alt_hold(); /) k*x
n vz_control ();

break;

[e]
|
w
o
]

(c_30 + 1) % 8;
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Compilation: Model = Scheduling = Generated Code

static int c¢_30 = O0;

h_f = h_filter(h when (7 % 2));
vz_c = alt_hold(current(h_c, (? % 5)), void step0()
h_f when (7 % 2)); {
- if (c_30 % 2 == 0) {
;—> I h |d v_z c if (C_30 % 4 == 2) {
ool h_filter —tf 1O h_filter (); /) wr
,
- —
100Hz = */a S0tte = } else {
p:h_filter=0o 1 2y 3 o 1 2jr 3 }

switch (c_30) {

case 2: va_control(); break;

p:alt _hold= ¢ 1 5 3 4 5 o 7 case 6: alt_hold(); /) k*x
n vz_control ();

break;

® Source: dataflow semantics
® Target: C code implicitly writing and reading c.30 = (c_30 + 1) 7% 8;
static variables a/11
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h ¢
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-
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N
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® Source: dataflow semantics
® Target: C code implicitly writing and reading
static variables

void stepO ()

{

if (c_30 % 2 == 0) {
if (c_30 % 4 == 2) {
h_filter (); /) k¥
}
} else {

f (concomitance)
}
switch (c_30) {

case 2: va_g¢ontrol(); break;

case 6: alt_hold(); [/ kEH
vz_control ();
break;

c_30 = (c_30 + 1) % 8;
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Compilation: Model = Scheduling = Generated Code

static int c¢_30 = O0;

h_f =

_ h_filter(h when (7 % 2));
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h ¢

h hof
o——»| h_filter =

N
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p:h_filter=0o 1 2y 3 ig

alt_hold F—=

-
50Hz = /s

1 2j7 3
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® Source: dataflow semantics

® Target: C code implicitly writing and reading

static variables

void step0 ()

{

if (c_30 % 2 == 0) {
if (c_30 % 4 == 2) {
h_filter (); /) kEx
}
} else {
}
swiieh (c_30) {
case va_control (); break;
case alt_hold (); [/ kEH
vz_control ();
break;

c_30 = (c_30 + 1) % 8;
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® Source: dataflow semantics
® Target: C code implicitly writing and reading
static variables

void stepO ()

{

switch (c_30) {
case 2: va_control(); break;

case &g alt_hold(); /) k¥
vz_control ();
break;
}
if (c_30 % 2 == 0) {
if (c_30 % 4 == 2)
h_filter (); /) Exx
}
} else {

c_30 = (c_30 + 1) % 8;
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Compilation: Model = Scheduling = Generated Code

static int c¢_30 = O0;

h_f = h_filter(h when (7 % 2));
vz_c = alt_hold(current(h_c, (? % 5)),

h_f when (7 % 2));

h ¢

*~—> v .z c
h 7 alt_hold

-
50Hz = /s

N
100Hz = Ya

p:h_filter=0o 1 2y 3 o] 1 2jr 3

N
7

p:alt_hold= o 1. 2 3 a4 5 &y 7

® Source: dataflow semantics
® Target: C code implicitly writing and reading
static variables

void step0 ()

{

switch (c_30) {
case 2: va_control(); break;

case 6: alt_hold(); /) kEx
vz_Tontrol ();
break;
} b (concomitance)
if (c_30 % == 0) {
if (c_30 % 4 == 2) {
h_filter (); /) kEx
}
} else {
c_30 = (c_30 + 1) % 8;
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Direct Communications

r = f(w) r = f(last w)
1
W—> { [—>r wW—) S p—>  ——>r
Unit Delay
e D{: Direct Write-before-read e Di: Direct Read-before-write
(forward concomitance) (backward concomitance)
® Dependency constraint: p:w < p:r ® Dependency constraint: p:r < p:w
® 0 < pir—pw < period ® 0 < p:r—p:w + period < period
0 1y 2 0 1y 2 0 1Y 2 0 1Y 2
0 I1 2 0 Il 2 0 1 2 0 1 2
T ™™y e 7 -y fmmmmm - "y f------
X 0 1 X 0 1 2 3 X 2 3 X
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Rate Transitions

r = f(w when (1 % 3)) r = f(current(w, (1 % 3)))
(i % n): take value i of every n (i % n): i initial values, then repeat n times
(? % n): take any of every n values

ZoH 1/z
w— >——>  ——>r w— >——> { ——r
[m [m
Fast-to-Slow Slow-to-Fast
Transition Transition
e /¢ Fast-to-slow ® %, | *x,p: Slow-to-fast
(forward concomitance) (forward or backward concomitance)
0 143 243
—_——
0 1Jr 2 0 Jr___z___?n'r iy 2 o0 1 2y 3 o 5 6 7 8y
0 1 2 3 4 5 6 7 8 0 1 2 0 11 2 0 1 2
v Y e | v
branch 0 branch 1 branch 2
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Valid programs are defined by clock typing

® No phase offsets in clock types, unlike

e - Yn e - 1/n
/ / » Prelude: rate(100, 0)
el @ 62 - ]./n |:Forget, Boniol, Lesens, and Pagetti (2010): }

A Real-Time Architecture Design Language
for Multi-Rate Embedded Control Systems

» Lucy-n: (010), 00(00100)
X 1/,7 Cohen, Duranton, Eisenbeis, Pagetti, Plateau, and
B Pouzet (2006): N-Synchronous Kahn networks: a re-
laxed model of synchrony for real-time systems

last x = 1/n
» 1-Synchronous: [0, 2]
looss, Pouzet, Cohen, Potop-Butucaru, Souyris, Bre-
geon, and Baufreton (2020): 1-Synchronous Pro-
|:gramming of Large Scale, Multi-Periodic Real-Time :|
X o ]-/m Applications with Functional Degrees of Freedom
x when (-%n) = 1/mn » Simulink: [Ts, Tol
e Dataflow semantics: independent of phase offsets
X o 1/mn .
e Generated code: phase offsets implement data
current(x, (+%n)) :: I/m dependencies.
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Flowgraphs and Latency chains

e Generate flowgraph from program,
elevator h_filter — /2\c \Vf annotations:
DW\ az_filter — /7> /2f vz control » rate transitions
dynam|cs —> q_ f||ter T » concomitance (order within cycle)
2f f 2
D‘?’/ ¥» vz_filter k: _ o
: [2¢ _ trol  © Identify and eliminate cycles
engine va_filter /2f va_contro
ot ot e Transform path into an ILP constraint
to constrain the schedule
1/> (200 Hz) 1/4 (100 Hz) /g (50 Hz)
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Flowgraphs and Latency chains

e Generate flowgraph from program,
elevator h_filter — bt \V‘Df annotations:

D \ az_filter — /7> /2f vz control » rate transitions
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fof
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End-to-End Latency

Task A
Task B
Task C E

a: first > first
b: first > last
c: last > first
d: last > last

Feiertag, Richter, Nordlander, and Jonsson (2008): A Compo-
sitional Framework for End-to-End Path Delay Calculation of
Automotive Systems under Different Path Semantics

first-to-first = reaction time = forward
last-to-last = data age = backward

at least one backward path = exists

Lots of other related work

We ignore execution time and jitter
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Constraining End-to-end Latency

p:d= o 1y ‘o 1jr 0 Jv ‘o Jv
p:h= o 1 2y 3 0 1 2y 3
pia= o 1 2 3 4 5 6 7
piv= o 1 2 3 4 5 6y 7
pe= 0 1: 1 (] 1: 0 1
Y Y Y Y
T=4 =6 =8 y=2

(View online at https://www.tbrk.org/dataflow/showlatency)
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Conclusion

® Programming language for composing tasks
» Particularity: tasks must terminate in one cycle

» Semantics, static analysis (clock types), compilation

o
) GOTO
® Use an ILP solver for scheduling menti.com
» Load balancing ENTER THE CODE
» End-to-end latency %?667727
M

® Prototype compiler in OCaml
with ILP scheduling and basic code generation

e Tested on Airbus example with 5000 nodes
(compiles in approx. 45 minutes).
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