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e Control requires complex sequential logic

e [ntertwining of discrete events and timing

e Move motor by energising coils

paper sensor _
® Sometimes the motor must be held steady

stepper motor _
e Current is stuttered to reduce heat

e After stuttering the step period may change



module PrintSteps:

input Hold; output Step, MotorENA : boolean ;

signhal LongStep in
loop
emit Step;
present LongStep
then % delay 2.4ms
else % delay 1.660ms

end present ;

present Hold then
trap Stalling in
loop

emit MotorENA(false );
% delay 0.05ms
present Hold else exit
emit MotorENA((true );
% delay 0.3ms
present Hold else exit

end loop

% delay 0.733ms
sustain LongStep
end trap
end present
end loop

end signal

Stalling end;

Stalling end

module STEPPER:

input Step;
output
MotorCoill := true : boolean ;
MotorCoil2 := true : boolean ;
loop

await Step;

emit MotorCoill (false );

await Step;

emit MotorCoil2 (false );

await Step;

emit MotorCoill (true);
await Step
emit MotorCoil2 (true)

end loop

end module



How should the delays be expressed?

e Pause statements?

e Timing inputs? (multiform time)

e External timers? (J[CDO96, JPO95, MS92, BCG+97])
e External intervals? (CRP, [BRS93])

e Non-deterministic pause? (TAXYS, [BCP+01, STYO03))

e Quantitative watchdogs? (Argos, [JMO93])



input Hold; output Step, MotorENA :

signal LongStep in
loop
emit Step;
present LongStep
then await 48 tick
else await 32 tick

end present ;

present Hold then
trap Stalling in
loop
emit MotorENA(false );
pause;
present Hold else exit
emit MotorENA(true );
await 6 tick;
present Hold else exit
end loop
[
await 15 tick;
sustain LongStep
end trap
end present
end loop

end signal

Stalling

Stalling

boolean ;

% 2.4ms
% 1.660ms

% 0.05ms

end ;

% 0.3ms

end

% 0.733ms

Hold Hold Hold
Step Step Step Step Step Step Hold Hold Hold Step Step Step Step
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MotorENA§ %1667ms% | ” ” ” ZR

0.05ms : O.3ms

MotorCoill

> 0.733ms

MOKNCO”ZE

Attempt 1: fix period at 0.05ms
e implies sample-driven implementation
e forced to resolve spec. and impl.
® some delays are now approximate
e not an ideal specification; not portable

e meaning in terms of physical time?



Hold Hold Hold
Step Step Step Step Step Step Hold Hold Hold Step Step Step Step

bttt T T T U AR

input Hold; output Step, MotorENA : boolean ;

loop : : : : :
emit Step; MOtOI’ENAE ‘ : ” ” ” —
: 1667ms : 2.4ms
present LongStep . : : . :
then await 240 TNS % 2.4ms MotorCoill. ; Q-O5m5 }V0-3m5
else await 166 TNS % 1.660ms — —
: : : : : : > 0.733ms : : : :
end present ; ; ‘ : : ; ‘ = = = : : ; —
MotorCoil2 -
present Hold then
trap Stalling in
loop
emit MotorENA(false ); ]
await 5 TNS; % 0.05ms Attempt 2: TNS signal every 10ns
present Hold else exit Stalling end;
emit MotorENA(true ); e [ntroduce suggestive signal names (adhoc)
await 30 TNS; % 0.3ms
present Hold else exit Stalling end o Better but nOt |deal
end loop
e e Mandates a minimum execution rate
await 73 TNS; % 0.730ms

sustain LongStep

end trap e Approximates delays (cannot delay trade)
end present

end loop e Granularity effects. ..

end signal



loop

emit MotorENA(false );

await 5 HMS;
emit MotorENA(true );
await 30 HVS

end loop

or

loop

emit MotorENA(false );

await 5 HMS;
emit MotorENA((true );
await 3 TMS

end loop

Assume HMS every 0.01ms, TMS every 0.10ms.

Signal counts are relative to system startup

not statement initialization.

Even given relation TMS =HMS,
exchanging 30 HMS for 3 TMS changes the delay.
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await 5 HMS; | emit MotorENA(true); await 30 HMS; emit MotorENA(false);
await 5 HMS; | emit MotorENA(true); await 3 TMS; emit MotorENA(false);
TMS TMS TMS T™MS

HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS HMS
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loop
emit MotorENA(false );
await 5 HVS; Assume HMS every 0.01ms, TMS every 0.10ms.
emit MotorENA(true );
await 30 HMS

end loop Signal counts are relative to system startup
or not statement initialization.
loop Even given relation TMS =HMS,

emit MotorENA(false );

await 5 HVS; exchanging 30 HMS for 3 TMS changes the delay.
emit MotorENA((true );
await 3 TMS

end loop



input Hold; output Step, MotorENA : boolean ; Hold ~Hold Hold
Step Step Step Step Step Step Hold Hold Hold Step Step Step Step

bttt T T T U AR

loop

emit Step; MOtOI’ENA% : : ” ” ” <—>
: 1667ms : 2.4ms
present LongStep . . . .
then emit START.T1(2400); await T1 % 2.4ms MotorCoill. ; Q-O5m5 }V0-3m5 , |
else emit START.T1(1667); await T1 % 1.667ms — < 0.733ms —
end present ; : . ':: - o
MotorCoil2
present Hold then
trap Stalling in
loop
emit MotorENA(false ); ] _ _
emit START.T1(50); await T1; % 0.05ms Attempt 3. One-shot timers with ns resolution
present Hold else exit Stalling end;
emit MotorENA(true ); e Natural for embedded engineers
emit START.T1(300); await T1; % 0.3ms
present Hold else exit Stalling end o Flner granU|ar|t|eS pOSS|b|e
end loop
| e Shift from meaning to mechanism
emit START.T1(733); await T1; % 0.733ms

sustain LongStep

e Harder to analyze and manipulate
end trap
end present

end loop e Does not interact well with suspension...

end signal
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™S TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS

Preerrerrrerrerererrererertetetd

emit O;

suspend
await 20 TMS;
emit OS

emit START.TMSTIMERO01(20);
await TMSTIMERO1;
emit OT

when P

Timers are incompatible with suspension
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O PPPPPPPPPPP oT oS

™S TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS TMS

Preerrerrrerrerererrererertetetd

. emit O;
emit O;

suspend

await 20 TMS;

suspend

await 20 TMS;

emit OS emit OS

. HMSTIMEROL(20):
emit START.TMSTIMERO1(20): exec (20)

await TMSTIMEROL emit OT

emit OT when P

when P [BRS93, Ber93]

Timers are incompatible with suspension



input Hold; output Step, MotorENA : boolean ;

signal LongStep in
loop
emit Step;
present LongStep
then delay 2.4ms
else delay 1.667ms

end present ;

present Hold then
trap Stalling in
loop
emit MotorENA(false );
delay 0.05ms
present Hold else exit Stalling
emit MotorENA(true );
delay 0.3ms;
present Hold else exit Stalling
end loop
[
delay 0.733ms;
sustain LongStep
end trap
end present
end loop

end signal

% 2.4ms
% 1.667ms

% 0.05ms

end ;

% 0.3ms

end

% 0.733ms

Hold Hold Hold
Step Step Step Step Step Step Hold Hold Hold Step Step Step Step

trrrrem

MotorENA% %1667ms% | ” ” ” ZR

0.05ms : O.3ms

MotorCoill

> 0.733ms

I\/IotorCoiIZz

The Solution: real-time delay statement

e Simple idea: Why not state delays directly

in real-time?

e \erify & simulate in terms of model/spec.

(not lots of clicking, more like in Uppaal)

e Postpone implementation choices. ..

11



TAXYS [STY03]

Application Software logical time

correctness
I

implementation

Y

Real-time System |-—, realtime

|
timing analysis

% clocks are specified in ms/100
loop

emit MotorENA(false );

npause {% X==5, X:=0 %}

emit MotorENA(true );

npause {% X==30, X:=0 %}

end loop

“Whenever event a occurs, event b will follow at most after x time units” This is a

nonfunctional property, because the time units are measured in real-time.

Time Is both a resource and a behavioural dimension.



COFFE(_J'[I’]ESS

Multiform time Is not always appropriate

Application Software

physical time: ¢

make trade-offs

Y

logical time

_ discrete controller —

implementation

Real-time System

— = real time

timing analysis
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Esterel+delay

guides platform _
choice -~ ~
Z Ry

Esterel+delay Platform Desc.

new
tools

A4

Esterel

standard
tools

Implementation

Esterel + delay statement
Program guides choice of platform
Describe platform abstractly

Convert Esterel+delay program
and platform description

Into an Esterel program. ..

...and compile with standard tools

14



Esterel+delay: examples

loop loop
emit motorENA(false ); emit motorENA(false );
delay 0.05ms; Sample'driven pause;
emit motorENA(true ); period=0.05ms emit motorENA(true );
delay 0.3ms; await 6 tick;

end loop end loop

loop loop
emit motorENA(false ); emit motorENA(false );
delay 0.05ms; Signal'”St await 5 HMS;
emit motorENA(true ); HMS=0.01ms emit motorENA(true );
delay 0.3ms; await 30 HMS;

end loop end loop

loop

loop emit motorENA(false );
emit motorENA(false ); emit TIMERNS1(50);
delay 0.05ms; event-driven (timers) await TIMERNSL;
emit motorENA(true ); TIMERNS:[(2,512,000lms,4)] emit motorENA(true );
delay 0.3ms; emit TIMERNS1(300);

end loop await TIMERNSL1;

end loop
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Implementation: sample-driven T €Q
ifd=n-T, d
emm [=max | |—],1 (1)
T+ (delay gpprox d) = await n tick, T
otherwise, U = g (2)
-

T+ (delayynder d) = await [ tick, and

and, whend - T > 1,

T+ (delayag d) = if abs(diff + d;) <= abs(diff — dy)
then diff = diff + d;;
await [ tick
else diff = diff — dy;
await u tick
end if,



Implementation: counting events

e Just choose s with smallest 75

(s,7s)

e Or, try to account for discrepancy between relative and absolute delays. ..

delay 3;
emit OI;
loop
emit O2;
delay 2;
emit O3;
delay 5
end loop

Figure 6.8: Phase relationships in an Esterel+delay program

e ...and then, for each delay, choose the best s

e Not really sure:
— how to do this in general

— whether it's useful or not
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Implementation: timers (7¢,0,u,m)

Definition 6.4.6
A delay term is formed from constants in Q=9, and the two binary operators ; and ||. =

Definition 6.4.7

The delay abstraction function D maps an Esterel+delay program, where delay expres-
sions have been evaluated, to a delay term:

D(nothing) =0
D(emit s) =0 e Form abstraction from program:
D(pause) =0
D(delay d) = d — simultaneous delays (||)
D (present s then p else g end) = D’ (p,q,;)
D(suspend p when s end) = D(p) — sequential delays (,)
D(p ; a) =D (p,a,;)
D(loop p end) = D(p) e Take set of timers (74, [, u, n)
D(p Il 9) =D (p,q,l)
D(trap t in p end) = D(p) e problem: allocate timers to delays
D(exitt) =0
D(signal s in p end) = D(p) e Manual or (semi-)automatic?
where:
D(q) if D(p) =0
D'(p,q,®) =1D(p) if D(q) =0

D(p)®D(q) otherwise.



Semantics, fuzziness, ...deadends?

+ platform

Esterel prog.

Esterel+delay
specification

+ platform Esterel prog.

I[dwod

2y
I[dwod

Y

Y

Need some notion of implementation with ‘fuzziness’ [BS08]

Not just a transformation to timed automata for the sake of it. ..

... but something that improves the engineering aspects

Not clear how to proceed beyond shallow syntactic transformations
Need to mix instantaneousness with duration

Can it be done without losing the essence of Esterel?

19
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