Abstract Semantics
of Synchronous Languages:
The Example ETerer

Manfred Broy

Institut fur Informatik
Technische Universitat Minchen
D-80290 Miunchen, Germany

Abstract

We give an abstractdenotational semantic model for the synchronous
programming language ESTEREL, which is used for the description and
implementation of reactive process control systaMsbasethis semanticon a
functional model of behaviour.We describethe input and output histories of
ESTEREL programsby streamscarrying sets of signals. We representthe
behaviourof an ESTEREL componentmathematicallyby a stream processing
function. The main difficulty in giving a semanticio ESTEREL consistsin the
idea of instantaneouseactionsof ESTEREL programsto input signals.In our
semanticswe overcomethis problem by modelling the causality betweenthe
events in every time interval by an individdiipoint construction.The semantic
model fixes the meaning ofSEEREL

D This work was partially sponsored by the Sonderforschungsbereich 342 "Werkzeuge und Methoden fiir die Nutzung
paralleler Rechnerarchitekturen."
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1. Introduction

Synchronouganguages andescriptionformalismshave beerproposed forthe developmentof
processcontrol systems ashey are usedand neededin reactiveembeddedsystems.There are
severalproposals of suclsynchronouslanguagesbasedon the idea of perfect synchrony. A
prominentrepresentatives the languageESTEREL (see[Berry, Gonthier88], [Berry, Gonthier
92]). Another proposal for the description of reactive systems are statecharts (se8{HaBsdth
for synchronous languages and for statecharts there is a controversiabamextentconfusing
discussion about their semantics.

Synchronouslanguagesare intended for the developmentof real time process control
applicationsasthey canbe found in embeddedystems.Such processontrol systemsare event
driven. Eventsarerepresentedby signalsthat are emittedwithin the environmentfor instanceby
sensors or by other parts thie processcontrol systemandthat are processedy the system.The
system generatessignals in responsethat are either internal signals to control the internal
information processingactivities or external signalsissuedto the environmentfor instanceto
control the actuators. These signals are processed under real time requirements.

To simplify the reasoningabouttime in synchronoudanguageshe basicidea is that we may
abstractrom the individual timing and collecta possibly large numberof input signals, internal
signals, and output signals that occur in one time intemapoint in time. We dealwith this idea
of perfect synchrony by looking at the programming languag&TEREL ESTEREL is an interesting
languagefor programmingprocesscontrol systemsin real time applications.It is specifically
designedfor programmingreactive systemscovering real time control automata.ESTEREL is
deterministic and itslesignersarguethatits featuresare mostadequatdor typical processcontrol
applications.

Certainly, the conceptionalseparationof nondeterminism,reactivity and concurrencyis a
favourable step. One might expect that the semantic theory of a deterministic leagtagesuch
as ESTEREL shouldbecomemuchsimplerthanthat of a nondeterministicone like, for instance,
CSP or its practical spin-off OCCAM. However, ESTEREL has also quite involved semantic
concepts. It has an informal description of its semantics tipatzigling. Typical phrasesare found
theresuch as'instantaneous reaction” or an "action that does not take time". Such phrasesre
obviously used to illustrate the level of abstraction that&hguageESTEREL offers, but they may
makeit unnecessarilgifficult to explain,understandand acceptthe ideasand the semanticsof
ESTEREL
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We formalise the meaningof ESTEREL by a denotationalsemanticsin the following. The
definition of thesesemanticswe seenot just an intellectual exercise.We believe that ESTEREL
offers an acceptableonceptuaprogrammingmodel only if it turns out that it has a sufficiently
simple denotationalsemanticmodel that we can use also as a basis forthe property-oriented
specificationof ESTEREL programsandfor their verification. Basedon the idea of streams,we
define a fairly simple denotationalmodel for a slightly simplified version of ESTEREL in the
following. In section 2 we introduce the fundamental semantic model, motivateite,and give
the denotationaldefinition. In section3 we deal with recursion,feedback,and the existenceof
fixpoints.

2. Semantic Definition

In this sectionwe definea very abstractdenotational semanticof ESTEREL We do not treatthe
full language BTEREL but only asmall, but sufficiently interestingkernelwhich is closeto what
is calledpure ESTEREL.We do not include variablesand assignmentato this languagekernel.
However, we claim that thesesimply can be treatedin our semanticmodel by adding the
denotationalconcept of states andof environments.The introduction of environmentsmay
complicate however,the fixpoint treatmentin the next section.Therefore,we prefer the simple
sublanguage to be able to concentrate the more fundamental aspects we are mainly interested in.

2.1 The ldea of Perfect Synchrony

The computationalmodel of ESTEREL may most easily be explainedby a model for digital
hardwaresuch aghe synchronousstreamprocessingmodel of an interactivecomponenthat is
pulsedriven (see[Fuchs94]). In this modelwe usea very fine grained,discretetime scale. In
everyinterval of time on every channelat mostone signal can be observed.All componentsare
time guarded in the sense that the output as a reactiopuios delayedat leastonetime tick with
respect to the input event. THeadsto a very simple and direct notion of causalitybetweeninput
andoutputevents.This modelis muchtoo detailed,however,for a simple understandingf the
behaviourof a complexreactivesystem.Therefore,we go over to the more abstracsynchrony
model where some of the time differences between input and output are abstracted away.
To explain the behaviour of arsEERELcomponent and the abstraction due to the idea of perfect

synchrony we distinguish betweemecroscopic and amacroscopic view. In the microscopicview
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we assume such a fine discrete time scale thaawdistinguishthe differencein the timing of all
the signals that are in a causal relationshimtherwords, if anevente; is causalfor an eventes
then the occurrence time of is8 strictly less than the occurrence time of e

In the macroscopic view we useraich coarsertime granularity.A setof eventsis collectedat
eachof the discretetime points. This way certain eventsthat are in a causalrelationshipand
thereforeoccurin the microscopicview at different time points may be mappedto the sametime
point in the macroscopic view. With respect to the timahthe microscopicand macroscopidevel
we speak about threicro and themacro pulse of the reactive system.

At the micro pulse level as well as on the macro pulse level we model the beluadeactive
component in ETERELDy a streanprocessingunction. The componenteceivesa streamof sets
of signals as input and issues a stream of sets of signals as output. The i-th entry in the input strear
(or output stream respectively) is a possibly empty set of signals that represents thecsigivalds
(or issued respectively) #tei-th time point in the micro level. At the micro level, we doassume
neither instantaneous reaction to inpat that an actiondoesnot taketime. At the micro level we
assume that our time granularity is fine enough to observe a reaction to input at time pointi only at a
later point in time. Thus, at threicro level, every actiontakestime and reactioncomeswith some
delay. We reflect the causality that governs the interaction of the componentby the prefix
monotonicity of its behaviour function. This function isnappingbetweenstreamsof signalsthat
model the communication between a component and its environment.

Following this model, an input streamconsistsat the macro level of a streamthat carries
sequences of sets of signals. Each sequence in the stream representsftisgsaisin the order
in which they have beertommunicatedvithin oneinterval of the macropulse. This way we can
representhe macropulseon the input and outputstreams.This modelis usedin [Gabreauet al.
93]. It is also useful for the general modelling of switching circuits (see [Fuchs 94]).

In the sequel,we work out a more abstracsemanticmodel for ESTEREL by replacing the
sequences of sets of signals occurringin the macrolevel view more abstractlyby sets of signals.
We obtain these streams from the streaorssideredat the macrolevel by taking the union of the
sets in the sequences of signals at the micro |&e.way weobtaina more abstracinacrolevel
view from the mentioned macro level view of [Gabreau et al. 93] by an appropriate abstFamtion.
suchan abstractionwe map subsequencebat representhe sequence®f the sets ofmessages
between the clock signals of theacrolevel into setsat the macrolevel. We do this by taking the
union over the sets in the sequence.
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Fig. 1 Concrete Level of Micro and Macro Steps and Abstract Level of Macro Steps

Fig. 1 illustratesthe concretelevel of micro stepsand the abstractlevel where micro stepsare
abstracted away.

By this more abstractiew at the macrolevel, aninput streamconsists ofa streamof sets of
signals. Each set represents all the signals communicated in one macrcss&psio be the clue
of ESTEREL that suchan abstractions possible(at leastfor the programswith a propercausality
flow) andthatwe cangive a compositionaldenotationasemanticsn termsof this more abstract
model.

Let us give a mathematical description of what we just explafF@dsimplicity we assumethat
eachsequencef sets ofsignalsin a macrostepis of the samelength say ¢ 1 N. We could do
without a constant length of the sequences of micro steps that form astegadvat this makesthe
mathematical explanations in the remainder of the section a little éstsibe micro level we work
with a stream of sets @ signals where for simplicity we assume that every meagcte containsc
micro cycles. We assume that c is chosen sufficiently large to ethstierery computationwithin
a macro cycle comes to a halt. Given a stream

eg&e&e&e&...&e & ...

at the micro cycle level, we canmapthis streamonto the following streamon the more abstract
mactro level:
c*1-1 c*2-1 c*( k1) -1
(Ij__lei)&( ﬁei)&...&( ei)&...
i=0 i=c*1 i=c*k
Only throughout thexecutionof eachof the macrocycles,it turns out whethera signalbecomes

present or definitely remains absent and whether an execution comes taatadliestate)before
the time reaches the end of the macro step.
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2.2 The Semantic Model

We work with the set of signals M in our semantic model defined as follows:
M=EO({t, §

HereE is a predefinedsetof signals.The specific signal T indicatesterminationand % indicates
pausing.The differencebetweenpausingand terminationis essentialPausingmeansto stop the
activity in a macro step. Termination means that in all the future macro steps there willilteero
activity. Some of the signals in E are trap signals. Tiodérwill be explainediater. M denoteshe
set of all ETEREL signals.

In the translation above we assume that every substigéork = 0, 1,...) atthe micro level
that represent a macro step where

Xk = Sk & Scrk+1 & Scrk+2 & Sz & o & Serk1)-1

ends with the pause sigriaicontainedin somesetSc+k+i. This indicatesthat the computationhas
stabilised and halts. Then all successive sets of sigpgls @ith j > i occurringin the streamx
till the end of the macrocycle are empty. Otherwisethe end of this cycle is not defined and the
macro stream is partial and ends abnormally with macrostep. This is indicatedby the absence
of the pause signal 1 in the set of events of the macro step.
In our domain, thus we have three classes of streams of sets of signals at the macroscopic level:

» infinite streams of setsf signalsall of which containthe signal pauset, that indicatesthat in
the respective time interval of the macrocycle the computation stabilised,

» finite streams with well-definedndingthat consistof a sequencef sets ofsignals,whereall
sets contain the pause signal 1 ex¢ketast onewhich containsthe terminationsignal t, that
indicates that the computation in the last time interval terminated,

» finite streamsof sets ofsignals,whereall setscontainthe pausesignal £ exceptthe last one
which contains neither the signal  nor the signal T, which indicates tinatlast time interval
the computation did neither stabilise nor terminate.

The last mentionedstreamsare called partial, since they representtcomputationghat did not end
properly. Therefore, for them the signal information is considered as to be incomplete.

We define the set of communication histori€soier thesetof signalsk as follows (by (M)
we denote the power set over the set M and Byl denote the set of streamger the setM, for
a short introduction of streams see appendix):
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EV={x 00 M)® #x>00
OjON:O<j<#D FOxjO-(tOx.))) 0O
(#x <00 [0 =(F 0O x.#x))}

Recallthatan ESTEREL history is a nonemptystreamof sets ofsignalsthat is either infinite and
every set contains a pause signal or it is finite and & setscontainthe pausesignal besidests
last one. A finite strearthereforeendswith a setthat doesnot containa pausesignal. The empty
stream is excluded.

The meaning of angFERELcomponent (at the macro level) is represented by a function

f: EY o EU

that maps streams carrying sets of signals onto streams carryiod siefsals.Every seton these
streams represents all signals communicated in a complete macro step.

Since the meaning offEEREL constructs will be defined with the helpraicursion,we haveto
turn the set

EU

into a domain to bableto solvefixpoint equationsA domainis a partial orderedsetwith a least
element where every directed set has a least upper bound. Therefore, we ayg@d@iatepartial
order that expresses the options to form a fixpoint at the micro level (represeitelisipn order
for sets ofsignals)as well at the macro level (representedy the prefix order on streams).
Combiningboth orderings,we usethe partial order A specifiedfor streamsx, y 0 EY by the
following equation:

XAsy =  x=yl
OjONO}Y:j <#x0 (xjOyjO((tOxjOf0xj) 0 x.j=y.))

Informally speaking, a stream x is an approximation of a stream vy ifsr@imsareidentical or if
x is of the finite length j (and is at leastof lengthj) andall setsin x coincidewith the respective
sets in y besides the last one that is at least a subset of thet jrthihe streamy, providedthis set
does not contain the signals f or t. Otherwise, also these sets bairecide.Sinceboth + and T
indicatethat the computationin the respectivamacrostephas terminatedand thereforethe set of
signals cannot grow anymore.

The ordering & is obtainedfrom the classicalprefix orderingon streamsby the abstraction
described above if we assurtiat we take the union over a numberof successivesets ofstreams
that end in each macro cycle with one of the signals ¥ of ie least element inf&with respecto

D In fact, the ordering reflects the time flow which requires that the computation in a time interval has to come to a
halt (or terminate) before we proceed to the next interval.
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the ordering 4&is the stream «@Note that the empty streamis not a memberof EU, sinceevery
stream is infinite or it has to end with a set that does not contain .
Given streams

X=X1 & X2 & ... & Xn & Xp+1 & Xp+2 ...

Yy=v1&Yy2&..&Yyn&yn+1

and the corresponding abstractions

x':ﬁ Xj & ﬁxi&...
i=1

i=1+c
y':_ﬁ yi&_ﬁ Vi & ... & ﬁ Yi
i=1 i=1l+c i=1+k*c

where we assume that k< n < (k+1)xc we cancomposehe orderingson x andy onx' and
y'. Obviously, we have y' &' provided that the streams y and x are in the pfilerandin all
macro cycles (besides the last) all substreams end with T or with .

The relation A5 is a partial order. A proof is rather straightforward.This order takes into
account both the time flow betweére pulseperiods(at the macrolevel) andthe accumulatiorof
signals within one pulse (at the micro level).

2.3 Semantic Equations

We give a denotationalmeaningto ESTEREL programsby associatingwith every statementa
function that maps streams of sets of signals on streams of sets of signals

[ _]: «command>— (EZ - ED)
We extend the well-known operations on sets such as Uhiorstreams, ande write
O* EOx ED _, EC

to denote the operation thgelds for two streamsof setsthe streamof setsthat we obtainby the
union of the elements of the stream. Doing so we take caine specialroles of the signalst and
T in the sets. The stream X y is defined by the following equations (feimplicity we define (0*
also for the empty stream; let €] (E), x, yO EY):

o*x=x0O*o =X
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(s&x)0*(t&y)= if t0Os then (s\{t}Ot) &y
elif 10Ot then (t\{t}Os)&x
elif $0s0Of0t then (sOt)&(xO*y)

else «(sOt)\{tp
fi

This definition shows that we joitwo streamsof eventsby joining their signalsg, but halting or
termination needs halting terminationof both of them.As alreadyexplained,we work with the
following specific signals in ETEREL

T indicates termination,
¥ indicates pausing.

The difference between pausing and termination is as follows. The $igmitatesthat the pause
commandhas been reachedwithin a macro step. The computationcomesto a pauseand is
continued only in the next macro step. Terminat®imdicatedby the signal t. This signalshows
that the system has come to a complete stop will not be reactivated in future time intervals.

We define the semanticsof the individual statementsof ESTEREL inductively on the term
structure by the following semantic definitions:

(0) Semantics of the dummy statementhi ng; it immediately terminates:
[ nothing ].x= {tp
(1) Semantics of the pausing statement; it pauses and terminates in the next macro step:
[ pause ].x= {Fh {th
(2) Semantics of the sequencing of statements:
[Cy 5 Clx=seq(C]x,[C], %)
where
seq(y, f, X) = o if y = © and otherwise
seq(y, f, x) =if T O ft.y then y 0" f(x) else ft.y & seq(rt.y, f, rt.x)fi
(3) Semantics of the parallel statement:
[Ci Il G 1x=[C1xO [Cylx
(4) Semantics of the infinite loop:
[loop C end].x=fixA g:seq(C].x, g, X)

This is only the semantic transliteration of the equation
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[l oop C end] =[C, loop C end]

(5) Semanticsof the signal emission: the signal S is emitted and the program terminates
immediately:

[enit S].x= T, Sp
(6) Semantics of the test for signal presence:

[ present Sthen G else G end].x=1if SO ft.x then [ Cy ].x else [ Cy ].xfi
(7) Semantics of the exit from a trap

[exit T]x=dT, th
(8) Semantics of the trap definition

[trap T in C end].x= trapper[C].x, T)

where

trapper(y, T) = o if y = » and otherwise

trapper(y, T) =if T O ft.y then {t} O (ft.y \{T})> else ft.y & trapper(rt.y, T)i
(9) Semantics of the suspend

[ suspend C when S].x=if T 0O ft.g.x then g.x

else «ft.g.x>"sus(@x, rt.x) fi

where

g=[cl],
and for all functions f and all streams z and y we specify the operatfollows:

fay = A z: rt.f.(<ft.y>"z),

sus(f, z) = o if z = o and otherwise

sus(f,z) = if SO ft.z  then {fp sus(f, rt.z)

else «ft.f.z>"sus(fiz, rt.z)
fi

It may be moreappropriateto make a more explicit distinction betweentrap signals and other
signals, but for our purposes it is sufficient to treat them in this universal way.
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2.4 Execution of an &ERELProgram

An ESTEREL programcan run in parallel with another ESTEREL programusedto model the
environment.The programis executedin a feedbackloop with its environment.This feedback
makes sure that the signals emitted by the program are also available for it.

We executean ESTEREL programfor an input streamx that comesfrom the environmentas
follows. Let

f: EN - EU

be the behaviourof an ESTEREL program. The executionof the programrepresentedy f with
input streanx providedby the environmentis representedby the streamy wherey is definedby
the recursive equation

y="f(x0"y)
Of course, we may also model the environment itself by a function
g - EY

and define the behaviourthe programin co-operationwith the environmentby the recursive
eguation

y=fay)O"y)

In any case, we have to solve a fixpoint equation for the stream y. Since y consists of a sequence o
sets and the equation related only these sets we essentially have to solve a fixpoint equation for a s¢
of signalsin everytime interval of a macrostep. The length of the streamy is determinedby the
fact whetherone of thesesetsthat arethe result of the interactionwithin a macro step doesnot
contain the pause signal f. In this case, the stream y endlsededstfixpoint is finite. However,
a fixpoint only existsif thereexistfixpoints for all the setsin the streamy correspondingo the
macro steps.

Our semantiovorks with only one feedbackloop due to the fact that we do not include the
constructfor hiding signals.If we include hiding thenwe needlocal feedbackloops for feeding
back hidden signals.

As a special case we can run @8TEREL program represented by the functical$oin isolation
to simulate a closed system. To do this we use the stream

x={#}
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of pausesignalsas input from the environmentwhich representshe macro pulse as input and
observe the output

y=f(xO"y)

Since we have for the stream x defined as abdveyx=y for all streams y this is equivalent to the
eguation

y = fy.
This way we can treat system models where the system is modelled sysREEprogramQ and
the environmentis modelledby an ESTEREL programR. Then we model the behaviourby the

ESTEREL program
E|IR

which we run in a feedback loop leading to an event stream x where
x =[E ||R].X

If the program runs in a loop andr@acrocycle containsa pausesignalthena new macrocycle is
startedaccordingto our domainof streamssincestreamamustnot endwith a set of signalsthat
contains a pause signal 1.

For completingthe semanticdefinition of our kernel of ESTEREL, we just needto fix the
meaning to the fixpoint operator. This is done in the next section.

2.5 Causal Loops and Fixpoints

The semantic definitions make use of the well-known fixpoint operator applibd fianctionsthat
are associated as denotations WIHTEREL programs.This is a classicaltechniquein denotational
semantics. However, as pointed out by Berry, notstHREL programs shova properbehaviour
(are freeof causal loops). Translatedinto our setting,this meansthat such programsare not
necessarily monotonic with respect to our ordering.

ESTEREL programs with causal loops do ri@vea monotonic(w.r.t. &) behaviourfunction,
in general. Consider the following example of a program P with a causal loop:

present Sthen nothingelse emit Send.

We say that this program contains a causal loop, since the signal S lwenolie used asn input
for the condition put on the otherhandit is producedas output. Accordingto our semanticsye
obtain the meaning of this program by the funcfigjwhere[P].x is given by the expression
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if SO ft.x then {1} else {t, S} fi

This function is not monotonicin our ordering, sinceif we increasethe setft.x (by addingthe
signal S) the resultis decreasedt doesnot have a fixpoint. The assumptionof solution of the
fixpoint equation leads to a contradiction.

If we analyseour semanticequationswe find three types of definitions in the semantic
equations:

» the result stream is independent of the input,
* the i-th output set depends on the i-th input set,
» the output stream is obtained by a fixpoint.

This shows that fixpoints amwaysformedover the sets ofsignalsin one macrotime intervaf.
Therefore,we can concentratdn our treatmentof the fixpoint on the sets ofsignals generated
within one time interval. So we only have to study fixpoints for set-valuedfunctions that
correspond to the stabilisation of aBTEREL program in a macro cycle.

In the case of ETEREL programs that do not have causal loops, a fixpmntoe constructedas
follows. If (in every slice of the macro level) there are no cycles in the causality of a function

f: EN - EV
this means that for the fixpoint x = f.x in each macro cycle we can find a partial ordeyiaglled

causality ordering) on the set of signalsM such that for each pair of signalss; and s, the
proposition

S AAS

expresseghat the presenceor absenceof the signals; in the output does not dependon the
presence oabsencef the signals, in the inpuf . Sincethe setof signalsis finite we canfind a
number k and define setspM.. , M for the causality ordering such tHat

M; O Mi+q
ssOMOsO0Mit WM 0 51 A S
M= {Mi:0<i<k

The setsM; reflect the causalityfor the signals. All signalsin Mg are independenof all other
signals.All signalsin M;.1\M; areindependenbf all the signalsexceptthosein the set M;. We
define the iterated computation of a slice at the macro cycle as follows

D This independence of the computations in the macro cycles would change if we introduced states that allow us to
transport results from one macro cycle into the next one.

2 Note that the causality ordering on the signal set may be selected differently in each cycle.

% Note the relationship of these setg il the sequences in the micro cycle view.
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Xo=0@
Xir1 = f(Xi) n M

So the iteration follows the causality. We obtain a chawf Xets of signalsvith X; [0 X;+1. Note
thatfor signalss;, s, accordingto the propercausalityflow of the functionf with respectto the
causality ordering fBwe assume for all sets(XM:

s A0 (st 0f(X) = (s1 0 f(X\{s2}))

If s; A s then s is not causafor s;. Thereforethe occurrenceof the signals; in the setf(X) is
independent of the question whether the sigha 8 member of f(X) or not. By thessumptiorof
a proper causality flow on the symbols we obtain the following theorem.

Theorem: Let all definitions be as above. Then

x=011x
iON

IS the least (with respect to inclusion ordering) fixpoint of f.
Proof: We have to prove that
(1) Xis a fixpoint: X = 1(X)
(2) Xisthe leastfixpoint: Y =1f(Y)O XOVY
(1) We obtain the following derivation:
f(O Xj) =
O (f(O Xi) n Mj) =
O (f(Xi) n Mj) =
U Xis1 =
0 X;
This derivation proves thatX = O X; is a fixpoint.
(2) Assume Y is a fixpoint of f. We prove
X;iOY
for all i by induction on i.
For i =0 we have X=@. So trivially % O Y.

Assume now the induction hypothesisXY. We obtain
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Xi+1
= (X)) n M;
= f(Xi n Mj) n M;
OfY n M) n M;
=1f(Y) n M;
=Y n M
Since %+1 [0 M; we obtain X1 O Y. \%

This shows that if there is a proper causality orderigdofEhe signalsn every macrocycle there
exist a least fixpoint that is uniquely determined.

From the papers onSEERELIt is not made very clear whiitmeansto havea propercausality.
We supply such a hopefully intuitively acceptable foraedinition. Our semanticdefinition works
for all ESTEREL programs that do not contatausalloops. We just haveto computea fixpoint by
an iteration that is obtained by iterations for each macro cycle. According to the theorenthiagbove
fixpoint is unique.

3. Conclusions

We have demonstrated howdwe a ratherabstractdenotationasemanticio ESTEREL by stream
processingunctions. We canusethis semanticnodelto write ESTEREL specificationsalongthe
lines of the specification and design methatEs (see[Broy 91], [FOCUS 92]) FOCUS provides
a development method including specification, refinement and verification techfogdesctional
specificationof systems.To carry over this methodto ESTEREL on the basis ofthe introduced
semantic model may be treated in a future paper.

The representatiof the semanticoof ESTEREL programsby streamprocessingfunction also
allows us to use &§EREL programsside by side with othersystemcomponentsiescribedoy the
Focus methodology and also to refiredos specifications into ETEREL programs. This supports
interoperability.
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Appendix: Streams

In the following we supposethat interactive systemscommunicateasynchronouslythrough
channelsWe usestreamgo denotehistoriesof communication®n channelsGiven a setM of
messages a stream oWwdris a finite or infinite sequencef elementfrom M. By M* we denote
the finite sequences over M."Nhcludes the empty sequence which is denoted by <.

By M> we denotehe infinite sequencesver the setM. M® canbe understoodo be represented
by the total mappings from the natural numbé¢iato M. We denote the set of streams oversibie
M by M@, Formally we have

M® =, M* 0 M=,
We introduce a number of functions on streams that are useful in system descriptions.

A classicaloperationon streamds the concatenation of two streamswhich we denoteby ™. The
concatenations a function that takestwo streams(say s andt) and producesa streamas result
starting with s and continuing with t. Formally the concatenation has the following functionality:

S MO x Me o, MO,

If s is infinite, then concatenating s with t yields s again:
sOM=[0O st=s.

Concatenation is associative and has the empty stream <« as its neutral element:
r'(s™t) = (rs)t, o’'s=s =50,

For mO M we denote by <mthe one elementstream.For keepingour notation simpleve extend
concatenation also to elements frédn(treatingthem like one elementsequencesandto tuplesof
streams (by concatenating the streams elementwise).

We write for mO M, sO M® also m & s for <m>”s.

On the setM® of streamswe definea prefix ordering . We write s At for streamss andt to
express that s isp@efix of t. Formally we have for streams s and t:
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s£&t iff OrOM®w:sr=t.

The prefix ordering defines a partial ordering on the $etdfistreamslf s At, thenwe alsosay
that s is armpproximation of t. The set of streams ordered by Aampletein the sensethat every
directed set $1 MW of streams haslaast upper bound denoted by lub S. A nonempty subsebfS
a partially ordered set is calleldtected, if

Ox,ydS:OzOS:xEzUy £z

By least uppeboundsof directedsets offinite streamsve may describeinfinite streamsInfinite
streamsare also of interestas (and can also be describedby) fixpoints of prefix monotonic
functions. The streamsassociatedvith feedbackoopsin interactive systemscorrespondo such
fixpoints.

A stream processing function is a function
f: M@ , M®

that isprefix monotonic andcontinuous. The function f is called prefimonotonic, if for all streams
s and t we have

s/AtO fs £ ft.

For better readability we often write ftire function applicationf.x insteadof f(x). The functionf
is calledcontinuous, if for all directed sets 8§ M® of streams we have

lub {f.s: sO0S}=flub S .

If a function is continuous, then its results for infinite input can be already predicted frasuits
on all finite approximations of the input.

By [0 we denotethe pseudoelementwhich representghe result of diverging computationsWe
write MU for M [0 {(0}. Herewe assumehat ] is not an elementof M. On MU we definealsoa
simple partial ordering by:

xAEy iff x=yOx=0

We use the following functions on streams
ft: M@ o MH,|
re Mo - Mo,

They are defined as follows: the function ft selects the first elemergtodam,if the streamis not
empty. The function rt deletesthe first elementof a stream,if the streamis not empty. The
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propertiesof the functionscanbe expressedy the following equationghat can also be used as
defining axioms for them (let M M, s M®):

ft.o =0, rt.o = o, ft(m”s) = m, rt((m’s) = s.

All the introducedconceptsand functionssuch aghe prefix orderingandthe concatenatiorcarry
overto tuplesof streamsandfunctionson streamsandtuplesof streamsby understandinghem
pointwise.

We denote the function space of (n,m)-ary prefix continuous stream processing functions by:
(MO - (M@)T].

The operation$t andrt are prefix monotonicand continuous whereasconcatenationn asdefined
above is prefix monotonic and continuous only in its second argument.

The conceptof sequencess essentialfor modelling the stepwiseproceedingof computations.
When modelling a system componentégtatemachineor a transitionsystemwe obtainfinite or
infinite computations in the form of sequences of states.
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