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Lecture 22: Clocks in Synchronous Languages

Computation for Embedded

Synchronous Languages

o Esterel

o Lustre

o SCADE (visual editor for Lustre)
o Signal

o Statecharts (some variants)

o Ptolemy Il SR domain

The model of computation is called synchronous

reactive (SR). It has strong formal properties (many

key questions are decidable).
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The Synchronous Abstraction

o “Model time” is discrete: Countable ticks of a clock.
o WRT model time, computation does not take time.

o All actors execute “simultaneously” and
“‘instantaneously” (WRT to model time).

o There is an obviously appealing mapping onto real
time, where the real time between the ticks of the
clock is constant. Good for specifying periodic real-
time tasks.
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Simple Execution Policy

At each tick, start with all signals “unknown.” Evaluate
non-strict actors and source actors. Then keep evaluating
any actors that can be evaluated until all signals become
known or until no further progress can be made.

Note that signals will resolve to a value or to “absent” if
there are no causality loops.
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Fixed Point Semantics

SR Director

type T
p
*\value ind=Tu {1l,¢e}

At each tick of the clock

o Start with signal value L (unknown)
o Evaluate f(1)

o Evaluate f( f(1))

o Stop when a fixed point is reached

A fixed point is always reached in a finite number of
steps (one, in this case).
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Synchronous/Reactive Actors
Key SR Actors

Pre When Current
initialValue current
272 > T » valve I
L)
Pre: When the input is When: When the bottom Current: The output equals
present, the output is input is present and the most recent present
the previous present true, the output equals input value.
input value. the input. Otherwise,
the output is absent.
NonStrictDelay Default EnabledComposite
xon 5O
. s
NonStrictDelay: The Default: The output equals EnabledComposite: Composite
output is equal to the left input, if it is actor whose internal clock
the input in the previous present, and the bottom ticks only when the bottom
clock tick. input otherwise. input is present and true.

Use of some of these can be quite subtle.
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SEIDE:0, This model illustrates the use of SR primitive actors

DeS i g n i n S R . - to make a CountDown actor. This (composite) actor outputs
" a true on the ready port when it is ready to count. In
the same tick of the clock, the Sequence actor provides it
Exa m p I e with a starting number. It then counts down to zero on
each subsequent tick of the clock, emitting true on ready
when it again reaches zero.

EnabledCompasite  CountDown DisplayCount

lﬂ.(}uar...g:ﬁ|g| ¥4 Guar... |- D.@ ¥4 Guar...| - D

Fils  Heln File  Help Fie  Heln The three displays show (left to right):
! 1 true - Requested numbers to count down fram.
° e — - The count down for these numbers.
R W Lrue - The enable signal for the EnabledComposite actor.
2 4 false
absent il false _
— 3 :aise In this example, the CountDown
sent alse . . « 5
o o composite issues a “ready
Sent 3 true . .
. fatee signal to the EnabledComposite,
1 false H H
5 eaiee which then issues a number.
2 't .
5 e The CountDown composite
- fatoe counts down from that number
I to 0, then issues another ready.
ahsent true
ahsent true
abzent true
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. ) SEBiechn This model illustrates the use of SR primitive actors
DeSI n I n S R . - to make a CountDown actor. This {composite) actor outputs
g . a true on the ready port when it is ready to count. In
the same tick of the clock, the Sequence actor provides it
EXa m p I e with a starting number. It then counts down to zero on
each subsequent tick of the clock, emitting true on ready
when it again reaches zero.
EnabledComposite  CountDown DisplayCount
EI}D sad,
DisplayEnable
¢ =
The three displays show (left to right):
Within this composite, a tick of the - Requested numbers to count down from.
(e Bl e L () ) Gl - The count down for these numbers.
is provided on the enable input port - The enable signal for the EnabledComposite actor.
in the enclosing model. Thus, this
Sequence MonStrictDelay  output subsystermn has a clock that is a subclock .
of that of the enclosing model. The Enab|edC0mpOSIte
Note that because DisplayCountRequests haS a CIOCk that t|CkS
of the subclock in
his composie, only when the enable
this NonStrictDelay Note that this display fires only when the enabled in i r ntana tr
behaves like Pre. port receives a true token. This is because only then pUt S prese t and true.
If it were put at is there a tick of the clock. It ISSUes the Sequence
the top level, it
would not. 1, 5, 3, 2, followed by

absent henceforth.
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SR Director

Design in SR:
Example

EnabledCompasite  CountDown DisplayCount
oun

This madel illustrates the use of SR primitive actors

to make a CountDown actor. This (composite) actor outputs
a true on the ready port when it is ready to count. In

the same tick of the clock, the Sequence actor provides it
with a starting number. It then counts down to zero on

each subsequent tick of the clock, emitting true on ready
when it again reaches zero.

DisplayEnable

The three displays show (left to right):

Sequence

NonStictDelay — output

Note that because
of the subclock in
this composite,
this NonStrictDelay
behaves like Pre.
If it were put at

the top level, it
would not.

DisplayCountRequests

is there a tick of the clock.

Within this composite, a tick of the

clock only occurs when a true value

is provided on the enable input port

in the enclosing model. Thus, this
subsystem has a clock that is a subclock
of that of the enclosing model.

Note that this display fires only when the enabled
port receives a true token. This is because only then

- Requested numbers to count down from.
- The count down for these numbers.
- The enable signal for the EnabledComposite actor.

If the NonStrictDelay
had been put at the
top level, would its
behavior have been
the same?
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SR Director

Design in SR:
Example

EnabledCompasite  CountDown

This model illustrates the use of SR primitive actors

to make a CountDown actor. This {composite) actor outputs
a true on the ready port when it is ready to count. In

the same tick of the clock, the Sequence actor provides it
with a starting number. It then counts down to zero on

each subsequent tick of the clock, emitting true on ready
when it again reaches zero.

DisplayCount

o

Restart the count
whenever the start
input is not absent.

Default

start NonStrictDelay

Sequence2

Default2

ready  |e three displays show (left to right):

equested numbers to count down from,
lhe count down for these numbers.

Output true

L

When

when the count lhe enable signal for the EnabledComposite actor.
is<=0.
e | The CountDown
3L el composite restarts
the count. the count each time

count

the start input is

Comparator2

Prevent outputs if the
count drops below zero
(which can happen if no
new start input is provided).

present.
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Subtleties: Pre vs. NonStrictDelay

— Pre: True one-sample delay. The

initialValue|

Pre: When the input is
present, the output is
the previous present

S behavior is not affected by insertion of an
arbitrary number of ticks with “absent”
inputs between present inputs.

input value.
NonSticDlay NonStrictDelay: One-tick delay (vs. one-
For sample). The output in each tick equals

NonStrictDelay: The
output is equal to

the input in the previous
clock tick.

the input in the previous tick (whether
absent or not).
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lllustration of this Subtlety
SR Director
llustration of the difference between
NonStrictDelay and Pre.
Sequence Sequence?2 SequenceFlatier
NoSIricIDelay @E@@

In this example, the original
signal is present only if every
third tick of the clock. The
output of the NonStrictDelay
is delayed by one click,
whereas the output the Pre
actor is delayed by one
(present) sample.

R R - e - =
T T T T T T T T

SequencePlotter

pre
| delay =
ariginal

20

Lee 22: 12




Consequences: Pre vs. NonStrictDelay

- Pre: This actor is strict. It must know
Mo whether the input is present before it can
Pre: When the input is determine the output. Hence, it cannot
present the outputs | he ysed to break feedback loops.

the previous present

input value.

N NonStrictDelay: This actor is nonstrict. It

G . .

Fow need not know whether the input is
NonStrictDelay: The present nor what its value is before it can

tput i |t H .
e menas | d€termine the output. Hence, it can be
clock tick. used to break feedback loops.
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SR Director

This model illustrates the use of SR primitive actors

U Se of - to make a CountDown actor. This {composite) actor outputs
a true on the ready port when it is ready to count. In

the same tick of the clock, the Sequence actor provides it

N 0 n Stri CtDe I ay with a starting number. It then counts down to zero on

each subsequent tick of the clock, emitting true on ready

in Feed back when it again reaches zero.

EnabledCompasite  CountDown

o

DisplayCount

DisplayEnable

=

Default2

Sequence2 ready  |e three displays show (left to right):

equested numbers to count down from,

Output true lhe count down for these numbers.

when the count lhe enable signal for the EnabledComposite actor.
is<=0.

Restart the count

whenever the start

input is not absent.
Default

NorSuletieley O The Default actor and
o & the feedback loop
ensure the
' NonStrictDelay input is
never absent. Thus, it
e behaves like Pre in this
count draps below gefo mOdel.

o
new start input is provided).

start
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SR Director

EnabledComposite  CountDown

oun
sarl
read

This model illustrates the use of SR primitive actors

Th CI k 1 - to make a CountDown actor. This (composite) actor outputs
e OC IS a a true on the ready port when it is ready to count. In

the same tick of the clock, the Sequence actor provides it

P ro pe rty Of th e with a starting number. It then counts down to zero on

each subsequent tick of the clock, emitting true on ready

when it again reaches zero.
MOdel DisplayCount

]

DisplayEnable

SRDirector

,e,n,ﬁ!?le Within this composite, a tick of the

clock only accurs when a true value

is provided on the enable input port

in the enclosing model. Thus, this
Sequence MNonStictDelay  output subsystem has a clock that is a subclock
of that of the enclosing model.

Note that because
of the subclock in
this composite,

DisplayCountRequests

this NonStrictDelay Note that this display fires only when the enabled
behaves like Pre. port receives a true token. This is because only then
If it were put at is there a tick of the clock.

the top level, it

would not.

E

The three displays show (left to right):

- Requested numbers to count down from.
- The count down for these numbers.
- The enable signal for the EnabledComposite actor.

To get a different clock,
use opaque hierarchy.
This is (roughly) the
style of Esterel (with
multiclock extensions).
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Hierarchical Clock Domains

Opaque hierarchy can do:

o Conditioning an internal tick on an external signal

Like a conditional

If the internal component is an instance of the external,

then this amounts to recursion

o Multiple internal ticks per external tick

Like a do-while

o lIterated internal ticks over a data structure (use
IterateOverArray higher-order actor)

Like a for
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Alternative Semantics:
The Clock is a Property of the Signal

In Lustre and Signal, a clock is a property of a signal, and
Pre and NonStrictDelay could (in theory) behave
identically. They would only “tick” when the clock of the
input signal ticked.

However, this model has problems with decidability.
Clocks cannot always be inferred.
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Clock Calculus

o Let I'be a well founded totally ordered set of tags.

o Lets:T— Vu {¢&} be asignal of type ¥, where ¢
means “absent.”

o Lete:T— {-1,0,1} be a clock associated with s
where

s)=e=c()=0

s(t) = true = c(t) =1

s(t) = false = c(f) = -1
If Vis not boolean, then when s(¢) is present, ¢(¢) has
value or 1 or —1 (we will make no distinction).
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Operations on Clocks

Arithmetic on clocks is in GF-3 (a Galois field with 3
elements), as follows:

O+x=x 0-x=0
1+1=-1 I -x=x
-1+-1=1 —-l-x=-x
-1+1=0
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Clock Relations: Simple Synchrony

Most actors require that the clocks on all signals be the
same. For example:

Sl AddSubtract

— LS e, Q@)= =20

This means that either all are present, or all are absent.
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Clock Relations: When Operator

Assuming that s, is a boolean-valued signal (which it
must be), the clocks on signals interacting through the
when operator are related as follows:

When

LR Vel () =606 -6 0)
18,
This means:

If s, is absent, then s, is absent.

If s, is false, then s, is absent.

If s, is true, then s, is the same as s,.
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Consistency Checking
Consider the following model:
L Aidsuii‘v’t eT, c (t)=c;(t)=ci(1)
LWhen JD — S4 ’ ! N :
_'I/_ S3 2
VteT, c;(t)=c()(—c,(t)—c5(1))

These two together imply that:
VteT, c;@)(1+c (1) =—c,(t)c](t)
where we have used the fact that:

(—6, ()= (1) = (e, () =5 (1)
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Interpretation of Consistency Result

Consistency check implies that:
VteT, ci(t)(1+c (1) =—c,(t)c (1)

S 1 AddSubtract
~ o+

T o—
When JD S4
| S

| 3

This means:
s, is absent if and only if s, is absent.

if 5, is present, then s, is true.
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Logic Operators Affect Clocks

The output of the When actor has a clock that depends
on the Boolean control signal. Clocks of Boolean-valued

signals reflect the signal value as follows:
VteT,

Sl_ﬁ_sz 02(1)2_01(0
N 5, a0=(@OeOF (GO + e +D -
) 55 6(0=(c(Oc, ) (¢,(t) =D, () -1)+1)

S
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Token Routing Also Affects Clocks

Switch and Select affect the clocks as follows:

VteT,
S c;(1)=c;()(c, (D)1= c5(1) — ¢, ()1 +¢5(1)))
P s —(@O+ e =0
s, (& () -Dey (=X (0)

s =00+ D)
¢, ()=, ()1 —c, (1)), (2)
() =c ()
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Example 1 Using Switch and Select

BooleanSwitch S3 BTooIeanSelect

e
e ——
?S_FF Se

4
NOT

What can you infer about the clock of s ?

c(1)=0
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Example 2 Using Switch and Select

BooleanSelect

Sy ‘ A I )

What can you infer about the clocks?

¢,(1)=0 and
either ¢;(#1)=0 or 1+¢;(r)=0

This means that s, is absent and s, is either absent or

false.
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What About Delays?
Clock relations across the delays
Po___ become dependent on the tags. E.g., if
Sta,, B8, T is the natural numbers, then we get a

Pre: When the input is
present, the output is
the previous present
input value.

NonStrictDelay

S1foR Sy

NonStrictDelay: The
output is equal to

the input in the previous
clock tick.

nonlinear dynamical system:
cl(t)=c;(t) and
¢(0) = initial state
ct+1)=1~-c(t)c(t)+c, ()
¢, (1) = ¢ (1)c(?)

This makes clock analysis very difficult,
in general.
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Default Operator

Default: The output equals the left input, if it is present,
and the bottom input otherwise:

Default

B3R Vel a=a@+e00-¢0)
fs:

This means the clock of s, is equal to the clock of s, , if it
is present, and to the clock of s, otherwise.
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SIGNAL Clock System

In the SIGNAL language, the clock system is richer:
o Let T be a partially ordered set of tags.

o Asignals: T—> Vu { &} of type Vs a partial function
defined on a totally ordered subset of T, where again ¢
means “absent.”
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Default Operator in SIGNAL is Nondeterministic

In SIGNAL semantics, the following model has many

behaviors:

Sequence

Default

Display

%{1‘2.3} %

Sequence2

@

The two generated sequences have independent clocks
(defined over incomparable values of ¢ € T'), and the
output sequence is any interleaving that preserves the

ordering.
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Guarded Count in SIGNAL

Instead of
generating a
‘ready” signal, in
SIGNAL, the count
hitting zero can be
synchronized with
the input being
present.

start

Default

initialValue|
0

The clock calculus determines
when this ticks, hence it is
non-strict and can break the

¥

count

Pre

AddSubtract
e

feedback loop.

Comparator2

oy E

en

3T o
Decrement
the count.

Synchronize
Synchro

Synchronize the count
dropping to zero with
the input signal.
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Conclusion and Open Issues

o When clocks are a property of the model, the result is structured
synchronous models, where differences between clocks are

explicit and no consistency checks are necessary.

o When clocks are a property of a signal, the result is similar to
Boolean Dataflow (BDF). It is arguable that clock operators like

“when,” “default,
unstructured gotos. Clock consistency checking becomes
undecidable.

ticks, models easily become nondeterministic.

switch,” and “select” become analogous to

When further extended as in SIGNAL to partially ordered clock
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