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Compilation modulaire d'un langage synchrone

Résumé : Dans ce rapport, nous étudions le développement de syst&itigges. Les méthodes
formelles se sont avérées un moyen efficace pour augmefitdildaé de tels systémes, en particulier
ceux qui requiérent une certaine sécurité de fonctionnerilanmoins, le développement d’outils
automatiques de spécification et de vérification est lintitéssautre par la taille des modéles formels
des systémes ou par des problemes d’'indécidabilité. Datrail, nous définissons un langage
réactif synchronelE) dédié a la spécification de systémes critiques. Ce faisanis bénéficions

d’un cadre formel sur lequel nous nous appuyons pour conggifsarement et valider les applications.
Plus précisement, nous définissons deux sémantiques poaitar@age: ungémantique comportementale
qui associe a un programme I'ensemble de ses comportentahtigesainsi toute ambiguité dans
l'interpretation des programmes. Nous définissons ausssémantique équationneltbrigeant la
compilation de programmes vers différentes cibles (codedg vhdl, synthétiseurs fpga, observateurs),
permettant ainsi de traiter des applications logiciellematérielles et aussi de les valider. Notre
approche est pertinente vis a vis des deux principales es@gede réelles applications critiques:

la compilation modulaire permet de traiter des applicatioonséquentes et I'approche formelle
permet la validation. On peut constater que le domaine demtges synchrones manque encore
de méthodes pour compiler les programmes de fagon efficacw@tlaire. Bien sur, certaines
approches optimisentles codes produits d'un facteur itapgmais aucune d’entre elles n’envisagent
une compilation modulaire.

Mots-clés : langage synchrone, compilation modulaire , sémantiqugooi@mentale sémantique
constructive equationnelle, modularité, compilationssép.
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1 Introduction

We address the design of safety-critical control-domitiatgstems. By design we mean all the
work that must be done from the initial specification of a egsto the embedding of the validated
software into its target site. The way control-dominatestamns work iseactivein the sense of D.
Harel and A. Pnueli definition[11]: they react to externahstli at a speed defined and controlled
by the system’s environment. The evolution of a reactivéesyds a sequence of reactions raised
by the environment. A control-dominated application caentbe naturally decomposed into a set
of communicating reactive sub-systems each dealing wittesgpecific part of the global behavior,
combined together to achieve the global goal.

It is now stated that general purpose programming languaigesot suited to design reactive sys-
tems: they are clearly inefficient to deal with the inheresrhplexity of such systems. From now
on, the right manner to proceed is to design languages dedita reactive systems. To this aim,
synchronous languagesich as Esterél[3] and SyncChaiis [1], dedicated to spewi@nt-driven
applications; Lustre and Signal[9], data flow language$ stgled to describe signal processing ap-
plications like, have been designed. They are model-basepibges to allow formal verification of
the system behavior and they agree on three main features:

1. Concurrency they support functional concurrency and they rely on noiat that express
concurrency in a user-friendly manneg adopts an imperative Esterel-like style to express
parallelism. However, the semantic of concurrency is timestor all synchronous languages
and simultaneity of events is primitive.

2. Simplicity the language formal models are simple (usually mealy nmashor netlists) and
thus formal reasoning is made tractable. In particularsémantic for parallel composition is
clean.

3. Synchronythey support a very simple execution model. First, memeigitialized and then,
for each input event set, outputs are computed and then nyeismapdated. Moreover, all
mentioned actions are assumed to take finite memory and time.

Synchronous languages rely on tegnchronous hypothesighich assumes a discrete logic time

scale, made of instants corresponding to reactions of theesy All the events concerned by a

reaction are simultaneous: input events as well as triggettput events. As a consequence, a
reaction is instantaneous (we consider that a reactiors takkéime), there are no concurrent partial
reactions, and determinism is thus ensured.

There are numerous advantages to the synchronous appfidecmain one is that temporal seman-

tic is simplified, thanks to the afore mentioned logical tifiis leads to clear temporal constructs
and easier time reasoning. Another key advantage is thetiedwf state-space explosion, thanks
again to discrete logical time: systems evolve in a sequehdiscrete steps, and nothing occurs be-
tween two successive steps. A first consequence is thatgmodebugging, testing, and validating

is easier. In particular, formal verification of synchrosquograms is possible with techniques like

model checking. Another consequence is that synchronogsiége compilers are able to generate
automatically embeddable code, with performances thabeaneasured precisely.

RR n° 6424



6 Gaffé & Ressouche & Roy

Although synchronous languages have begun to face theesgalt@sion problem, there is still a need
for further research on their efficient and modular comjatat The initial compilers translated the
program into an extended finite state machine. The drawbfttksoapproach is the potential state
explosion problem. Polynomial compilation was first ackiby a translation to equation systems
that symbolically encode the automata. This approach isesstully used for hardware synthesis
and is the core of commercial tools [15] but the generatetiveoé may be very slow. Then several
approaches translate the program into event gréeiphs [16)rmuerent data flow graphsl[i7,113] to
generate efficient C code. All these methods have been usgatitoize the compilation times as
well as the size and the execution of the generated code.

However none of these approaches consider a modular cdiopilaSome attempts allow a dis-
tributed compilation of programs[iLE, 7] but no compilatimechanism relies on a modular seman-
tic of programs. Of course there is a fundamental contradidh relying on a formal semantic
to compile reactive systems because a perfect semanticdwouibine three important properties:
responsivenessnodularityand causality Responsiveness means that we can deal with a logical
time and we can consider that output events occur in the saantion as the input events causing
them. It is one of the foundations of the synchronous hymisheCausality means that for each
event generated in a reaction, there is a causal chain ofsealing to this generation; no causality
loop may occur. A semantic is modular when “environment tmponent” and “componentto com-
ponent” communication are treated symmetrically. In jgattr, the semantic of the composition of
two reactive systems can be deduced from the respectivensierobeach sub-part. Another aspect
of modularity is the coherent view each subsystem has of islgating on. When an event is present,
it is broadcasted all around the system and is immediatealijedole for every part which listens to it.
Unfortunately, there exists a theorem (“the RMC barrieotkeen”) [12] that states that these three
properties cannot hold together in a semantic. Synchrosenmsntic are responsive and modular.
But causality remains a problem in these semantic and modailapilation must be completed by
a global causality checking.

In this paper we introduce a reactive synchronous languegelefine its behavioral semantic that
gives a meaning to programs and an equational semanticiagjdirst, a modular compilation and,
second, a separate verification of properties. Similarlptteer synchronous semantic, we must
check that programs have no potential causality loop. Asadly mentioned, causality can only be
checked globally since a bad causality may be created whéorpeng the parallel composition of
two causal sub programs. We compile programs into equation systems and the program is causal
if its compilation is cycle free. The major contribution airoapproach relies on the introduction of
a new sorting algorithm that allows us to start from alreaoiypiled and checked subprograms to
compile and check the overall program without sorting agdlithe equations.

2 LE Language
LE language belongs to the family of reactive synchronousuaggs. It is a discrete control domi-
nated language. We first describe its syntax (the overathgrar is detailed in appendX® A).

The LE language unit areamed modulesThe language’s operators and constructions are chosen
to fit the description of reactive applications as a set ofcoorent communicating sub-systems.

INRIA



LE Synchronous Language 7

Communication takes place between modules or between alewalits environment. Sub-system
communicates viavents

Themodule interfaceleclares the set afiput eventst reacts to and the set oltput eventg emits.
For instance, the following piece of code shows the dedleraiart of aControlmodule used in the
example in sectiof] 6.

nodul e Control:
I nput: forward, backward, upward, downward, StartCycle;
Qut put : MoveFor, MoveBack, MyveDown, SuckUp, EndCycle ;

2.1 LE Statements

The module bodyis expressed using a set ofntrol operators They are the cornerstone of the

language because they operate over event’s status. Somsgaypeerminate instantaneously, some
other takes at least one instant. We mainly distinguish timdsof operators: usual programming

language operators and operators devoted to deal withalatiyice.

2.1.1 Non Temporal Statements
LE language offers two basic instructions:

» Thenothing instructiordoes "nothing" and terminates instantaneously.

» Theevent emission instructigemit speejisets to present the status of the emitted signal.
Moreover, some operators help us to built composite instms:

» Thepresent-then-else instructiqpresent S { P1} else { P2}s a usual conditional statement
except that boolean combinations of signals status areassednditions.

* In the sequence instructiofP; > P,) the first sub-instruction?; is executed. Then, if
P, terminates instantaneously, the sequence executes iratalydis second instructioR,
and stops whenevdr, stops. If P; stops, the sequence stops. The sequence terminates at
the same instant as its second sub-instrucleerminates. If the two sub-instructions are
instantaneous, the sequence terminates instantaneously.

» Theparallel instructior( P, || P2) begins the execution of its two sub-instructions at theesam
instant. It terminates when both sub-instructions tertein@/hen the two sub-instructions are
instantaneous, the parallel is instantaneous. Noticdhlaiarallel instruction agrees with the
synchronous hypothesis and allows the simultaneity ofj&igignals causing; or Ps.

A strong or weak preemption instructi@ver a signalS can surround an instructiof as in:
abort P when S. While the signal status evaluates to “absent”, instrucfiocontinues its
execution. The instant the event evaluates to “preserd”irtstruction is forced to terminate.
When the instruction is preempted, tlveak preemption let the instruction ends its current
execution while thet r ong one does not. If the instruction terminates normally wittimeen
preempted, the preemption instruction also terminategl@grogram execution continues.

RR n° 6424
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* A Loop instruction(loop {P}) surrounds an instructiof?. InstructionP is automatically
restarted the same instant it terminates. The body of a laopat be instantaneous since it
will start again the execution of its body within the sameans.

* Local signals instructior{local S {P}) is used to encapsulate communication channels be-
tween two sub systems. The scopesas$ restricted taP. As a consequence, each local signal
tested within the body of the local instruction must be esdifrom the body.

» A module call instructioiRun) is used to run an external module inside another module. Re-
cursive calls of module are not allowed. Running a modulesahat terminate instantaneously.
In the declarative part of the module, you can specify thégpathere the already compiled
code of the called modules are:

Run: "./TEST/control/" : Tenporisation;
Run: "./TEST/control/" : Nornal Cycl e;

2.1.2 Temporal Statements

There are two temporal operatorsiip .

» Thepause instructiostops for exactly one reaction.

» Thewaiting instruction(wait S waits the presence of a signal. The first time the execution o
the program reachesvaai t instruction, the execution stops (whatever the signausts).
At the beginning of the following instant, if the signal statis tested “present” the instruction
terminates and the program continues its execution, ofkeritstays stopped.

2.1.3 Automata Specification

Because it remains difficult to design an automaton-likealver using the previously mentioned
operators, our language offers antomaton descriptioas a native construction. An automata is a
set of states and labeled transitions between states. $anséibns are initial and start the automata
run while terminal states indicate that the automaton cdatfmn is over. The label of transitions
have two fields: a trigger which is a boolean combination gfial status and an output which is the
list of signals emitted when the transition is taken (i.e whee trigger part is true).E automata are
Mealy machines and they have a set of input signals to defamsition triggers and a set of output
signals that can be emitted when a transition is raised.eln the body of a module is either an
instruction or an automaton. It is not allowed to build newstinctions by combining instructions
and automata. For instance, the only way to put in parallelsaomaton and the emission of a signal
is to call the module the body of which is the automata throaiglm operation. Practically, we offer
a syntactic means to describe an automaton (see apfdehdixaidietailed syntax). Moreover, our
graphical tool GALAXY ) helps users edit automata and generate theode.

INRIA



LE Synchronous Language 9

3 LE Behavioral Semantic

LE behavioral semantic is useful to give a meaning to each prgmnd thus to define its behavior
without ambiguity. To define the behavioral semantia.bf we first introduce a logical context to
represent events, then we define tiegprocess calculus in order to describe the behavioral séenant
rules.

3.1 Mathematical Context

Similarly to others synchronous reactive languageshandlesbroadcasted signalas communi-
cating means. A program reacts to input events by produaiygud events. Areventis a signal
carrying some information related to issatus The set of signal status (¢ = {1,0,1,T}) tis
intented to record the status of a signal at a given instagett.Slbe a signalS® denotes its instant
current status. More precisely! means thas is presentS? means thaf is absentS+ means that

S is neither present nor absent and finadly corresponds to an event whose status cannot be in-
duced because it has two incompatible status in two diftexam parts of the program. For instance,

if S is both absent and present, then it turns out to hawtatus and thus an error occurs. Indeed.
the set is a complete lattice with the order:

-

/ N

¢ 1 1

AN /!
1

Composition Laws for &

We define 3 internal composition lawsgn B, [0 and- (to extend the usual operations defined for
classical boolean set B), as follows:
The B law is a binary operation whose result is the upper boundsafperands:

(B L[0T [L]
T[T 1

| | |

1

0 T
T T
L 1

0 0
T T
0 L

Particularly:
el H1=1;
c 1HO=0H1=T,;

lwe also denote true and false valuest dfoolean algebra by and0 by misuse of language. Nevertheless, when some
ambiguity could occur, we will denote theig, O.

RR n° 6424
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» T is an absorbing element;

The [ law is a binary operation whose result is the lower boundobterands:

(O t[Oo]T[L]
1 I]1

[ R N
| | | -

0 00
T 0T
L I

Particularly:
e THT=T;
e1HO0=001=1;
» | is an absorbing element;

Finally, the— law is an inverse law ii:

o= &
[+ ~|=| 2

The set with these 3 operations verifies the axiom®aofblean Algebracommutative and associa-
tive axioms forEHand -1, distributive axioms both forl over Hand for over [-1, neutral elements
for H and [ and complementarity.

Commutativity: r HBy=y Bax rHy=y 0z (1)
Associativity: (x By) Be =2 B (yHz2) (zBy) D=2ty D 2) (2)
Distributivity: z 0 (yH2) =By Bz | 2By O 2)=(Hy) O (xzBz) (3)
Neutral elements: rBlL=2z r 0 T=x (4)
Complementarity: crB-x=T rHd-z=1 (5)

Axioms (1) and (4) are obvious looking at the previous tates define thé and [J laws. Axioms
(2) and (4) are also obviously true but their proofs necatgsito compute the appropriate tables.
Finally, axiom (5) results from the following table:

|x|| r H-x | z -2z |
1 1HO=T 100=_1
0 0H1=T O1=1
T THL=T|T0OH1L=_1
1| LBT=T|LHOT=1

INRIA



LE Synchronous Language 11

As a consequencé,is a Boolean algebraand the following theorems are valid:

Identity law: r HBx==x rHx=x
Redundancy law x By =z x O (zBy) ==

Morgan law: —(zBy)=-z0-y |~ (@BDy)=-azBH-y
Neutral element: xrBT=T zH01l=1

In such a settinggor, nor, nand, <, = are defined:

T xory = z 0 -yHBHy -2
x nory = —x oy
rnandy = —xH-y
ey = (heloy By
T=Y = - By

Hence, we can apply these classical results concerningeBoallgebras to solve equation systems
whose variables belong to For instance, the equational semantic detailed in se@iozlies on
boolean algebra properties to compute signal status asobf status equations.

Moreover, sincé is a lattice, thel and [ operations are monotonic: lef y andz be elements of
<y =>@@Bz<yHzande<y) =z <y d z).

Condition Law

We introduce aonditionlaw (<) in £ to drive a signal status with a boolean condition:

ExB — &
(x,c) +— z<c

This law is defined by the following table:

o

o=l o (s
=== =IO O O On
Ao =l H|A

This condition law allows us to change the status of an everdraing to a boolean condition. It
will be useful to define bothe behavioral and equational semantic since the status ddlsigepend
of the termination of the instructions that compose a maduiitively, a signal keeps its status if
the condition is true, otherwise its status is set to

RR n° 6424



12 Gaffé & Ressouche & Roy

Relation between¢ and B>

£ is bijective to Bx B. We define the following encoding:

signal status| encoding
1 11
0 10
T 01
L 00

Hence, a signal status is encoded by 2 boolean variabledirtieoolean variable of the status of a
signal (§) is called its definition §4. ), while the second one is called its valu ;). According to
the encoding law, whefi;.; = 0 the signalS has eitheiT or L value for status and it is not defined
as present or absent. On the opposite, whgn = 1, the signal is either present or absent. It is
why we choose to denote the first boolean projection of a sgjatus bySg. ¢.

B is the classical boolean set with 3 operatansl (denoted .)or (denoted +) andot (denotedz, for
booleanz). According to the previous encoding fnto B x B and after algebraic simplification,
we have the following equalities related 8, [1and— operators. LefX andY be 2 elements of:

(X BY)aer = Xaes-Yaer-Yoar + Yaer Xaef-Xoal + (Xdes-Yaer)-(Xovar @ Yoar)
(X EE Y)val = Xval + }/val

(X B Y)aer = Xaef-Yaer-Yoar + Yaer - Xaes - Xvat + (Xaef-Yaer) (Xvat ® Yoar)
(X D Y)val = Xval-Yual

(= X)des = Xgef

(j X)val = X’Ual

(X 2 | C)def = Xdef.c

(X 2 | C)val = Xml.c

whered is theexclusive ooperator of classical boolean set. The proof of the lastldgigdetailed

in appendixD.

On the opposite side, we can expand each boolean elemera 8ttdus member, O correspond to
0, and 1 to 1. More precisely laet be an element of B ang(x) its corresponding status, then

§(ar)def =1 andg(:c)ml = 2.

Notion of Environment

An environments a finite set of events. Environments are useful to recoedctirrent status of
signals in a reaction. Thus a signal has a unique status imaroement: if S* ands? belongs to
the same environment, then= y.

We extend the operation defineddrio environments. LeE andE’ be 2 environments:

INRIA



LE Synchronous Language 13

EBE = {S*35*e€E,SYeFE z=z8y}
EOE = {S*38*cE,SYekFE z=2 1y}
-F = {5§77]35* € E}
E4c = {S<ac|SeE}

We define a relation£) on environments as follows:
E = E'iff v§* € E,35Y € E'|S* < §Y

ThusE < E’ means thaF isincluded inE’ and that each element éfis less than an element &
according to the lattice order ¢f As a consequence, therelation is a total order on environments
and B and [ operations are monotonic accordingto

Finally, we will denoteE T, the environment where all events havestatus.

3.2 LE Behavioral Semantic

In order to describe the behavioral semantic Bf, we first introduce a process algebra associated
with the language. Then we can define the semantic with a geiaiting rules that determines a
program execution. The semantic formalize a reaction obgnamP according to an event input

/

set. P ? P’ has the usual meaningZ and E’ are respectively input and output environments;

programP reacts toF, reaches a new state represented®yand the output environment i5’.
To compute such a reaction we rely on the behavioral semahftie . This semantic supports a

rule-based specification to describe the behavior of eaehatqr ofLE process algebra associated

E' ' TERM
_

with LE language. A rule has the form: p’ wherep andp’ are elements ofE process

algebra.E is an environment that specifies the status of the signalamekcin the scope af, £’

is the output environment arildERM is a boolean flag true whemterminates. This notion of
termination differs from the one used in Esterel languageassive behavioral semantic. It means
from the current reaction, is able to terminate and this information will be sustainadlthe real
termination occurs.

Let P be aLE program ang its corresponding process algebra term. Given an inputteetfy, a
reaction is computed as follows:

E',TERM
_

E/
P +— P iff
FE E

LE Process Calculus (PLE)

ThePLE process algebra associated language is defined as follows:
* not hi ng;
e halt;

e Is (emits);

RR n° 6424
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e vait s;

e iwait s (waitimmediates);

« s ?p: ¢ (presens {p} else {¢});

* p

q;

*pP>q,

1.

p Ts (abort {p} whens);
p* (loop {p});

p\s (locals {p});
A(M,T,Cond, My, O, X). AutomataA is a structure made of 6 components:

a finite set ofacro state§M). Each macro stat®/ may be is itself composed of a sub
termp (denotedM [p));

. afinite set otonditions(Cond);
. afinite set ofransitions(7). A transition is a 3-uple< M, ¢, M’ > wherec € Cond is a

boolean condition raising the transition from macro sfeftéo macro staté/’. We will
denoteM — M’ for short in the rest of the report amng; . ;- will denote the condition
associatesd with the transition.7. is also composed of initial transitions of the form:
— M'. They are useful to start the automata run. When conditisrtrue, the macro
stateM’ is reached;

. afinal macro statel/¢;
. afinite set obutput signalg©O) paired with aroutput functiom\ that links macro states

and output signalsh : 7 — P(0O), defined as followsA(M — M’) = o C O is the
set of output signals emitted when the trigger conditipn., ;- is true.

Each instruction of E has a natural translation as an operator of the processralgAb a conse-
guence, we associate a term of the process algebra with ttyeobeach program while the interface
part allows to build the global environment useful to define program reaction as a rewriting of
the behavioral semantic. Notice that the operatati t s does not correspond to any instruction of
the language, it is introduced to express the semantic afdhe statement. It is a means to express
that the behavior of a term takes at least one instant. lta<é#se ofwai t s that skip an instant
before reacting to the presencesof

More precisely, we introduce a mappifg: LE — PLE, which associatesRLE term with eachLE
program.I' is defined according to the syntax of the language.

Let P be aLE programI'(P) is structurally defined on the body &f.

* I'(nothing) = not hi ng;

« T'(halt) = hal t ;

INRIA



LE Synchronous Language 15

Behavioral Semantic Rules

The basic operators afe process algebra have the following rewriting rules. Bothhi ng and
hal t have no influence on the current environment, but the formealways ready to leave and
the latter never. The emit operator is ready to leave anditirekemitted is set present in the
environment.

not hi ng % not hi ng (nothing)
hal t % not hi ng (halt)
Is B ot hi ng (emit)

Wait

The semantic ofai t is to wait at least one instant. Thus, to express its behavmintroduce the
i wai t operator. Thenyait s is not ready to leave, and rewrites iritaai t s. This rewriting
behaves likevai t s except that it reacts instantaneously to the signal presenc

wait s % iwait s (wait)
steE st¢E
(twaitl) z (twait2)

L E, 1 . L E,0 . .
|wa|tsT>noth|ng |wa|tsT>|vva|ts

2|n the following, we will denotes « 1 the setting ok value to 1 ¢(S) = 1)
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16 Gaffé & Ressouche & Roy

Present

The semantic o 7 p : ¢ operator depends on the statussah the initial environments. If s

is present (resp absent) i, the operator behaves like(respq) (rulespresentl andpresent?2).
Otherwise, ifs is undefined we cannot progress in the rewriting system {rudeent3) and if the
computation ok internal status results if, it is an error and this last is propagated (each event is
set to error in the environment).

E,, TERM, E,, TERM,
P - p /’ q - q q/’sl 6 E
R By TERM, » (presentl)
P
E,, TERM, Eq, TERM
g ————4d,s"€E
7 Be TERM, (present2)
'pig———
E,, TERM, E,, TERM
g ————4q st €E
= (present3)
s?Tp: qé—>s Tp i q
E,, TERM, E,, TERM
g ————>4q,sT€F
(presentd)

ET,1
s?p:qu?p i q

Parallel

The parallel operator computes its two arguments accotditige broadcast of signals between both
sides and it terminates when both sides do.

E,, TERM, Eq, TERM,
_ _

/ /

4

E, B E,, TERM, TERM,
E

(parallel)
Pl

pllq

Sequence

The sequence operator has the usual behavior. While tharfirgsinent does not terninate we don’t
begin the computation of the second argument (salgiencel). When it terminates , we start the
second argument (rukequence2).

Ep, 1 Eq, TERM,
p_>EP"O I p—»pE' not hing,q ————% ¢
E P
By 0 (sequencel) B, TERM, (sequence2)
p>>QT’p>>q p>>QT’q
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Abort

The behavior of the abort operator first derives the body efatatement. Thus, if the aborting
signal is present is the input environment, then the statémssvrites innot hi ng and terminates
(rule abortl). If it is not, the body of the statement is derived againdsabort2 andabort3)

E, TERM, Vsl e E
E
T (abortl)
D Ts%’ not hi ng
Ep1 . Ep,0
p —= nothing,s' ¢ E p—==p' s'eE
E = (abort2) E 5o (abort3)
pls —— nothing pls ——P'ls

Loop
Loop operator never terminates amdbehaves ag > px.

Ep,0
p —’E b

/

7o (loop)
p*~—;;—>p’>>p*

Local

Local operator behaves as an encapsulation. Local sigreatsodonger visible in the surrounding
environment.

/

EuUS -+t
Ep—{S},TERM, (local)
— " p/\s

Ep, TERM,
_—

p\s

Automata

Automata are deterministic (ileM € M, 3'M — M’ € T such thaty;_, ;¢ = 1).

The semantic of automata terms relies on macro state semantnacro state does not terminate
within a single reaction. Its duration is at least one inst&hus,M [p] waits an instant and then has
the same behavior than p.

E, 0
Mlp] —=p

If the macro state is only a state without sub ternthen

E .
M ’TO> nothing
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18 Gaffé & Ressouche & Roy

Now, we define the rewriting rules for automata The evaluation of a conditione Cond depends
on the current status of signals in the environment. To detia current value of a condition we
will use the following notationE = c =10

Axiom:

- MeT,E=c,y=1
Els—1|seX(—M)], 0 < A M M[p] >

(automata0)

A

Rewriting rules for automata describe the behavior of atr@aas usual. Thus, we define rewriting
rules on a 3-uplex A, M,p >. The first element of the tuple is the automaton we consider, t
second is the macro state we are in, and the third is the dwevatuation of the sub term involved
in this macro state.

p TPy WM suchthat M — M’ € TE, = S earonr # 1
E 0 (automatal)
<A, M,p >pT’>< A, M, p >
M’ such that M — M’ € T and E iy =1
sue 2 — €~ an = em—n (automata?)

E[s— AX(M—M’
<A Mp> [s—1]seA( )], 0

<A, M', M'[p] >

Ep,1 ,
D % nothing

T (automata3)
<A, Myg,p >pT7> nothing

Rule automatal is the axion to start the evaluation of the automaton. Rul®matal expresses
the behavior o0f4 automata when all the transition trigger conditions argsfain such a case, the sub
term associated with the current macro state is derivedt@vbathe derivation is) and the automata
does not terminate. On the opposite side, léomata2 expresses the automata behavior when a
transition condition becomes true. In such a case, the attosteps to the next macro state specified
in the condition and the emitted signals associated withréresition are set to 1 in the environment.
Finally, ruleautomata3 is applied when the evaluation of the term included in thd fimacro state

is over; then the automata computation is terminated.

The behavioral semantic is a “macro” semantic that givesribaning of a reaction for each term
of the LE process algebra. Nevertheless, a reaction is the leastfoiatiof a micro step semantic
that computes the output environment from the initial onecdkding to the fact that theél and

[ operations are monotonic with respect to therder, we can rely on the work about denotational

semanticl[B] to ensure that for each term, this least fixedtpoiists. Practically, we ha\{e% P’
if there is a sequence of micro steps semantic:

E] E2
—»P1 1—P2,y «eu.n
pEpap E1p7
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At each stepF; ., = F(E;) , since theF; functions are some combinations &f operator ande
condition law, they are monotonic and theéin E; .1 < F(E;). Then, we haves’ = U, F"(E,),
thus it turns out thal’ is the least fixpoint of the family of™ functions. But¢£ boolean algebra is
a complete lattice, then so is the set of environments, assecuence such a least fixpoint exits.

4 LE Equational Semantic

In this section, we introduce a constructive circuit serneaior LE which gives us a practical means
to compileLE programs in a modular way.

The behavioral semantic describes how the program reaets instant. It is logically correct in
the sense that it computes a single output environment tdr @ut event environment when there
is no causality cycles. To face this causality cycle prob$gracific to synchronous approach, con-
structive semantic have been introduced [2]. Such a semfortsynchronous languages are the
application of constructive boolean logic theory to symetous language semantic definition. The
idea of constructive semantic is to “forbid self-justificet and any kind of speculative reasoning
replacing them by a fact-to-fact propagation”. In a reactgignal status are established following
propagation laws:

 each input signal status is determined by the environment;
» each unknown sign& becomes present if an “enfit’ can be executed,;

» each unknown sign&f becomes absent if an “ent’ cannot be executed,;

the then branch of a test is executed if the signal test semte

the then branch of a test is not executed if the signal cammptresent;
« the else branch of a test is executed if the signal test israps
« the else branch of a test is not executed if the signal testatébe absent;

A program isconstructiveif and only if fact propagation is sufficient to establish {hresence or
absence of all signals.

An elegant means to define a constructive semantic for a &g&is to translate each program into
a constructive circuit. Such a translation ensures thagnaras containing no cyclic instantaneous
signal dependencies are translated into cycle free circldsually, a boolean sequential circuit is
defined by a set of wirel’, a set of register®, and a set of boolean equations to assign values to
wires and registersl is partitioned into a set of input wirel§ output wiresO and a set of local
wires. The circuit computes output wire values from inputesiand register values. Registers are
boolean memories that feed back the circuit. The computatfccircuit outputs is done accord-
ing to a propagation law and to ensure that this propagatiadd to logically correct solutions, a
constructive value propagation law is supported by the edatjon.
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20 Gaffé & Ressouche & Roy

Constructive Propagation Law

Let C be a circuit,/ its input wire set,R, a register valuation (also called a “state”) anch wire
expression. Followind]2], the constructive propagatiamn has the form 7, R, - w — b, bis a
boolean value and the law means that untland R assumptionsy evaluates té. The definition
of the the law is:

IRy b b
ILRyFw—b if I(w)=b

ILRy2Fw—1b if R(w)=b

I,RybFw—b if w=eelC,I,RyFe—=1b

I,R,Fw—b if w=eI,R,Fe—b

ILR,2Fw—1 if w=e+e,[,RyFe—lorl,R,Fe —1
ILR,2Fw—0 if w=e+e,[,R,Fe—0andl,R,Fe —0
ILLRy3Fw—1 if w=ee,I[,RyFe—landl,R, e —1
ILLRy3Fw—0 if w=ee,I[,Ry,Fe—0orl,R,Fe —0

The — propagation law is the logical characterization of cordtue circuits. Nevertheless, this
notion also supports two equivalent characterizationse dénotational one relies on three-values
boolean (B. = {_L,0, 1}) and a circui with n wires, input wire sef and registers is considered

as a monotonic functiofi(7, R) : BT — B’}. Such a function has a least fixed point and this latter
is equal to the solution of the equation system associatétettogical point of view. On the other
hand, the electric characterization uses the inertialydeladel of Brozowski and requires electric
stabilization for all delays. Ir.[14], it is shown that a aiftC is constructive fo andR if and only

if for any delay assignment, all wires stabilize after a tim€&he resulting electrical wire values are
equal to logical propagation application results.

4.1 Equational Semantic Foundations

LE circuit semantic associates a specific circuit with eaclratpe of the language. This circuit is
similar to sequential boolean circuits except that wireigalare elements gfboolean algebra. As

a consequence, the equation system associated with suotud bandles valued variables. As
already mentioned, solutions of equation system allow terd@ne all signal status .

To express the semantic of each statementinwe generate a circuit whose interface handles the
following wires to propagate information and so to ensumcyonization between statements.

» SETto propagate the control (input wire);
» RESETo propagate reinit (input wire);

» RTLready to leave wire to indicate that the statement can textaiim the reaction (or in a
further one);

Wires used to synchronize sub programs are never equaldo T. They can be considered as
boolean and the only values they can bear are true or falaes, Blecording to our translation from
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E
| |
Set— :—,:,__E
L
O —= RTL
Reset— ! < |
G b

:

I

I

Figure 1: Circuit semantic for ee statement

£to B x B: SET4.y = RESET4.s = RTLger = 1. In the following, we will denotePs the
set of synchronization wires d?. Moreover, for statements that do not terminate instamasig,
a register is introduced (call&CTIF). Similarly to control wiresACTIF 4.y = 1. We will denote
Pr, the set of registers of a prografh

In order to define the equational semantic, we introduce anabpr:X that acts on the element of
whose boolean definition value is 1. Lgs = {z € {|z4ey = 1}:

M: Exég — &B
(ZC,y) B (Lxdef-xval-yval)

This new operation will be useful to define the product betwaeesals valued signal and a synchro-
nization wire or register. It is different from operation, since this latter defines a “mux” operation
and not a product.

In addition, we introduce &®re operation on environment in order to express the semantp-of
erators that do not react instantaneously. It allows to méamall the status of current instances
of events. As already said, an environment is a set of evbnts;ircuit semantic handles wider
environments than behavioral semantic. In the latter, tw@ytain only input and output events,
while in equational semantic they also contain event dafiber and wires and registers. LEtbe

an environment, we denofg|; the input events off and E'[o the output ones.

Pre(E) = {St|S* € E, S¢ El;, S¢ Elo} U {SprelST € E, SE Elr, S¢ Elo}

The Pre(E) operation consists in a duplication of events in the envitent. Each even$® is
recorded in a new everfl;,.. and the current value of signalis set to L in order to be refined

in the current computation. BuRre(E) operation does not concern interface signals because it
is useless, only their value in the current instant is refevdoreover, this operation updates the
registers values: we will denoteCTIF " the value of the register ACTIF computed for the next
reaction.
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In LE equational semantic, we considecircuits i.e circuits characterized by a set¢efvires, a set
of £-registers and an environmehtwhereé-wires andé-registers have associatédialues. The
¢-circuit schema is described in figuik 1. Theircuit > associated with a statement has an input
environment E and generates and output environment E’. ilieomment include input, output,
local and register status.

We rely on the general theory of boolean constructivenesaquisly detailed. Lef be a¢-circuit,
we translate into a boolean circuit. More precisel§,= (W, R, E') whereW is s set of¢-wires
andR a set of¢-registers.E is composed of a set of equations of the farm e in order to compute
a status for wires and registers.

Now, we translat€ into the following boolean circut? = (W2, RE, DB) whereW ® is a set of
boolean wiresR? a set of boolean registers aftf a set of boolean equations.

WB = {wdef,wml | w e W}

RB = {wdef,wml | w e R}

DB = {wdef = €def, Wyal = €Ewal | w=e€c E}
eqer ande,q; are computed according to the algebraic rules detailetbsEgHl.
Now we define the constructive propagation law)(for £-circuits. LetC be ag-circuits with/ C £
as input wire set an® C F as register set, the definition of the constructive propagdaw forC
is:

EFw~bbe I, R wyep — bbaes and 1P, RE - wyar < bbyar.

This definition is the core of the equational semantic. Wg o#l it to compileLE programs into
boolean equations. Thus, we benefit from BDD representatioinoptimizations to get an efficient
compilation means. Moreover, we also rely on BDD represimtdo implement a separate compi-
lation mechanism.

Given P aLE statement. Lef(P) be its associated circtitand E be an input environment. A reac-
tion for the circuit semantic corresponds to the computatiban output environment composition
of E and the synchronization equations/éf We denote this composition operation:

E'=Fe(C(P)ifandonlyif EUC(P) F w ~> bb, and E'(w) = bb,Yw € EUC(P).

Now, we define the circuit semantic for each statementeof We will denote: (P) ,, the output
environment ofP built from E input environment.

4.2 Equational Semantic of LE Statements
Nothing

The circuit fornot hi ng is described in figurg 9() in appendik E. The correspondiggon
system is the following:

(nothing), = E ¢ {RTL = SET}

3in what follow, when no ambiguity remains, we will omit ti§eprefix when speaking abogtcircuit.
4the equations defining its SET, RESET and RTL wires and that@ns defining its registers when it has some
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Halt

The circuit forhal t is described in figurg 9(b) in appendlk E. The statement isn@ady to leave
instantaneously.

(halt), = E e {RTL = 0}

Emit

Theenit S statement circuit is described in figurel 10 in appedix E. densas the statement
receive the control, it is ready to leave. RTL and SET wiresexqual and the emitted signéilis
present in the output environment. We don't straightly et value ofS to 1 in the environment,
we perform aH operation with 1 in order to keep the possible valueand then transmit errors.
Moreover, the latter is driven with the boolean value of RTikew

(emit )y, = (B[S «— (1B £(S))]) « RTL,u o {RTL = SET}

Pause

The circuit forpause is described in figurg II{a) in appenfix E. This statemens doéterminate
instantaneously, as a consequence a register is createdfaredoperation is applied to the output
environment:

RTL = ACTIF
(pause); = Pre(E) '{ ACTIFt = (SETHACTIF)X ~RESET }

Wait

The circuit forwai t is described in figufe T1{p) in appenflix E. Thee t S statementis very similar
to thepause one, except that the ready to leave wire is drive by the pasehthe awaited signal:

(wait S), = Pre(E) o { RTL = ACTIFRS }

ACTIFY = (SETH ACTIF)X -RESET

Present

The circuit forPresent S{P;}el se{Ps} is described in figur&Z12 in appendX E. Let E be an
input environment, the SET control wire is propagated tottien operand; assuming signal S
is present while it is propagated to the else operBagssuming that S is absent. The resulting
environment E’ is thefH law applied to the respective outgoing environmentB paindP,. Let E’

be (Present S{P:}el se{P>})y, E’is defined as follows:
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<P1> < (Sd s L)BH SETp, = SET « (Sdef~5ual)
<P >E < (S ef Sua )Bﬂ SETp, = SET « (Sdef~Sual)
E= 241&3 3 ;ef ')H’g‘” e{ RESETp, = RESET
BT < (il;f : “S“’ : RESETp, = RESET
def-Oval RTL = RTLp, BRTLp, B (1 < Sacs-Svar)
Parallel

Figure[IB in appendiKIE shows the circuit Br||P2. The output environment contains the upper
bound of respective events in the output environmeni?,;cindP,. The parallel is ready to leave

when bothP; andP, are:

SETp,
SETbp,

RTL

Sequence

Figure[T# in appendiXIE shows the circuit Bf > P>. The control is passed on froRy to Ps:

RESETp,
<P1||P2>E = <P1>E & <P2>E [ RESETP2
ACTIF, "
ACTIF,*

SET
SET

RESET

RESET

(RTLp, B ACTIF, ) ¥ -RESET

RTLp, B ACTIF,) K -RESET

(RTLp, B ACTIF,) X (RTLp, B ACTIF,)

whenP; is ready to leave theR, get the control (equation 1) ait} is reseted (equation 2) :

(P1> P)p = (P1)g B (<P2>(P1>E <« RTLp, ) e{ RESETp,

Abort

Theabort statement has for semantic the circuit described in figuiie 2ppendiXE. A register is
introduced since the operator semantic is to not reactritet@ously to the presence of the aborting

signal:
SETp
RESETp
(abort P when S)p = (P) ® RTL
ACTIF*

SETp, = SET
SETp, = RTLp, (1)

= RESET B RTLp, (2)
RESETp, = RESET
RTL = RTLp,

SET
(-RESET [ ) 8 RESET

(=S O RTLp) B (S K (SET B ACTIF))
(SET B ACTIF) X ~RESET
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Loop

The statementoop{P} has for semantic the circuit described in figliré 16 in apgig[E. Thel oop
statement does not terminate and similarly to its behav@amantic, its circuit semantic is equal to
the one of P> loop P:

SETp = SETHRTLp
(l oopP)p = (P)pe¢ RESETp = RESET
RTL = 0

Local

Thel ocal S {P} statement restricts the scope 8fto sub statement P. At the opposite to interface
signals, such a signal can be both tested and emitted. Tleusomsider thaf is a new signal that
does not belong to the input environment (it always possiljjdo a renaming operation). Let SET,
RESET and RTL be the respective input and output wires of itteaiit, the equations ofocal S

{P} are:

SETp = SET
B RESETp = RESET
(local S{P}), = (P) @ RTL = RTLp
S = 1

Run{P}

The circuit forr un statement is described in figurg 17 in appeidix E. Intuijivelin {P} behaves
similarly to P if P does not react instantaneously, angdase || P. Thus, we get the following
equation systems:

SETp = SET
RESETp = RESET

(tunP),, = Pre(E)B (P),e{ ACTIF,* = (SET® ACTIF,)X -RESET
ACTIF,* = (RTLp 8 ACTIF,) X ~RESET
RTL = ACTIF,; ® (RTLp B ACTIF5)

Automata

As already discussed, an automata is a finite setaafro statesA macro state does not react instan-
taneously, but takes at least an instant. Fifiuie 18 in app&hdescribes the circuit semantic for
A(M,T,Cond, My, O, ). The equational semantic of automata is the following seipfations:
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SET M = ( Z RTLMi | CMiﬂM) & (SET < Z C*,M)
M; —MeT —MEeT
(Ap= > (Myg, ) { RESETy = Y RTLy <) ERESET
MeM MeM M—M;eT
RTL = RTLym,

wheref)y, is defined by:

Els—laconm|seN—M]< > co)B Y (M3} pls1aens, —ar | ser(Mi—an)]) € CM— M
—~MeT M;—MeT ¢

To complete automata circuit semantic definition, we novaidiéte circuit for macro states. Let M
be a single macro state (which does not contaimi@ P instruction), then its associated circuit is
similar to the one opause:

B ACTIFt = (SETw B ACTIF) K ~RESETy
(M)g = Pre(E) » { RTLas ACTIF

Otherwise, if the macro state M contains@n P instruction, its circuit is the combination of equa-
tions for single macro state and equationsrfon operator:

SETp = ACTIF,
RESETp = RESETM

(M), = Pre((P)) ¢ ACTIF;* (SETy B ACTIF;) X =RESETM
ACTIF,* = (RTLp B ACTIF2) X -RESETwm
RTLm ACTIF; X (RTLp B ACTIF2)

Notice that a register is generated for each state, but ttipea we create onlivg,n registers if the
automaton has states according to the well-known binary encoding of state

4.3 Equivalence between Behavioral and Circuit Semantic

The circuit semantic allows us to compile programs in a compositional way. Given a non basic
statemenp Op ¢ (let Op be an operator afe ), then its associated circuit is deduced frgph
and(q) , applying the semantic rules. On the other hand, the bel@\demantic gives a meaning
to each program and is logically correct, and we prove nowttihese two semantic agree on both
the set of emitted signals and the termination flag value iae programP. To prove this equiva-
lence, we consider a global input environmé&htontaining input events and output events set to
Considering the circuits semantic, the global environnj@anotedt;) is £ U Ps U Pg.

To prove the equivalence between behavioral and circuiaséio) first we introduce a notation:
let P be aLE statementSET(P), RESET(P) and RT L(P) will denote respectively the SET,
RESET and RTL wires oP. Second, we introduce the notion of size for a statement.
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Definition

We define[ P}, the size of P as follows:

* [not hing] =1;

e [ halt]=1;

o [enmit]=1;

* [pause] =1;

o [wait]=1;

* [present {Pi}else{P}]|=[P]+[P] +1;
© [Po||P2] = [P] + [P] +1;

* [PL> B] =[P +[P] +1

* [abort {P} when S| =[P] +1;

* [Loop {P}] =[P] +1;

* [local S {P}] =[P] +1;

* [aut omat a(M,T)] = > [M;] such that M; € M +1;

Theorem. Let P be aLE statement andvc an input environment, For each reaction, the following
property holds:

F(P) E 7T]:T]F{El\/l(P)ual

and(P) . lo= E'lo

I'(P),whereE = E¢ — {wjw € Psorw € Pr}; TERM = RTL(P)yal;

Proof

We perform an inductive proof on the size Bf Notice that the proof requires to distinguish the
initial reaction from the others. In this reactiofiET(P) = 1 and it is the only instant when this

equality holds. For statement reacting instantaneoustycensider only an initial reaction since
considering following reactions is meaningless for them.
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P]=1

, We perform a proof by induction on the length Bf First, we prove the theorem for basic state-
ments whose length is 1. According to the previous definiabf], P is eithernot hi ng, hal t,
emt,pause orwait.

1. P = not hi ng;

thenT'(P) = not hi ng. Following the equational semantic foot hi ng statement:
(P)g, = Ec o {RTL(P) = SET(P)}

Hence, (P),.lo = Eclo = Elo = E'lo. Moreover, RT'L(P) = SET(P) = 1 thus
RTL(P)yq = 1;

. P=halt;

thenl'(P) =hal t . Similarly tonot hi ng, (P) . [0 = E'[o andRT L(P) = 0thusRT L(P) a1
=0;

. P=enit S;

thenT'(P) =1S. As well in the behavioral rule far as in the circuit equations feri t , we set
the status of signa$ to 1 in the respective environments. From the definitibajo= E|o
thus obviously{P) . [o= E'[o. Moreover,RT'L(P) = SET(P) = 1 thus,RT L(P)ya =
1.

. P=wait S;

According to the circuit semanti€,(P) has a register wire and we denotd® T’ I F(P). The
equations fomai t are:

RTL(P)

_ ACTIF(P)R S
<P>E—'P7’6(E)o{ ACTIF(P)* }

(SET(P)® ACTIF(P)) R ~RESET(P)

The proof of the theorem falls into two cases:

(a) ACTIF(P)=0, we are in the initial reaction and th6 8T (P) = 1, RESET(P) = 0.
it is obvious thatACTIF(P)™ = 1. ThenACT1F(P) becomes 1 in the environment
according to thePre operation and all output wires keep their statusEifn  When
such a reaction occurs, in the behavioral semantic defmitleewait rule is applied.
Following this ruleE’ = E. Thus,<P>Ec lo= Eclo= Elo= E'|o, according to the
Pre operation definition which does not concern output sign&lom the equations
above, we geRT L(P) = 0 whatever the status ¢f is and thenRT L(P),,; = 0; this
is in compliance with thevait rule. Another situation wherdCT1F(P) = 0 is when
RESET(P) has been set to 1 in the previous reaction. This case occlyrg tire wait
statement is the first part of& operator or the internal statement ofatsor t operator.
In both casesRTL(P) = 0 thenRT L(P),q = 0 = TERMr(py and in both semantic
the outgoing environments remain unchanged and then toectmestill holds.

INRIA



LE Synchronous Language 29

(b) ACTIF(P) = 1. we are not in the initial reaction. Then, tt@responding rules applied
in behavioral semantic are eithetaitl or iwait2 depending of5 status in the environ-
ment. Similarly to item 1, neitheiwait1 andiwait2 rules norPre operation change
environment output signals, '[hl(lS))EC lo= E'lo.

If St € Ec thenS! € E since it is either an input signal or a local one for the staeim
and then we apply rulavait1, thenRT L(P) = 1 and thusRT L(P),q = 1. Otherwise,
if 5% ¢ FEe, x 75 1 andACTIF(P) X S = (1,Sdef.Sval.ACTIF(P)val) = (1,0)
forS=0,LorT.ThusRTL(P)=0andRTL(P)yu = 0.

[P]=n

Now we study the inductive step, Assume that the theorenstfoldstatement whose length is less
than n. We study the case where the siz&a$ n. ThenP is eitherpr esent , ||, >, abort, | oop,
| ocal orautomat a statement.

1. P =present S{P} el se {P};
Thus, according to the equational semantic, we know that:

(P1) g, 4 (Saef-Svar) B
(P2) g, 4 (Sdes-Svar) B
Ec « (Sdef~S’ual) H
Ect 4 (Saef-Sval)

¢ {RTL(P) = RTL(P\)BRTL(P,)B(1 « Saes.Sva)} C (P

C

On the other hand;(P) = S ?p; : p2 wherep; = I'(Py) andp, = T'(P2). The behavioral
semantic relies on the four rules defined in sedfioh 3.2:

By induction , we know thatP1) . lo= Eilo and(P)y. lo= Ejlo whereE; (resp
E}) is the output environment gf, (resppz) computed fromE input environment, and
RTL(P1)ya = TERM,, andRTL(P»)ya = TERM,,. To prove the theorem for present
operator, we study the different possible statu§ of the input environment (common to both
semantic).

(a) If S is present, thetby.y = 1 andS,,; = 1. For the output signal valuation, since
Sder-Svar = 1, from the induction hypothesis we deduce thE}Ec lo= E'lo. Con-
cerning theRT' L wire and termination flag, if we consider present operatolaéigns,
sinceSg.; = 1 andS,, = 1, we deduce thaSET(P;) = 1 and SET(P,;) = 0.
Thus RTL(P,) = 0 too: eitherP», has no register and then if27'L value depends
straightly of theSET value, or P, has a register. In this case, il&'L value de-
pends of register value, but this latter cannot be 1 whileSh&" value is 0. Thus,
RTL(P)yai = RTL(P1)vat = TERMp, = T ERMrppywith respectto rulgresent0
in the behavioral semantic.

(b) If S'is absent, the prove is similar withy.; = 1 and.S,,; = 0 and according to the fact
that rulepresentl is applied from the behavioral semantic.
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(c) If S status isL, thenSg.y = 0 andS,q; = 0. In this case(P>Ec = E¢c andE’ = F,
thus the result concerning outputs is obvious by induct@oncerningRT L wires and
termination flag, sinc&y.; = 0 thus bothSET(P;) andSET(P) are 0 and then also
RTL(Py) andRTL(P») are. ThusRT L(P) = 0 andRT L(P)ya = 0 = TERMyp(p)
according to ruleresent3 from behavioral semantic.

(d) If S'has statug’, then an error occurs and in both semantic all signals intlie@ement
are set tor. In this caseRT'L(P) = 1 and according to rulgresent4 of behavioral
semanticRT L(P)ya = TERMp(py = 1.

2. P= PlHPQ;
Thus, equations foP are the following:

SET(Py) = SET(P)
SET(P») = SET(P)
RESET(P\) = RESET(P)
_ RESET(P,) = RESET(P)
(Phpe = (Pi)p B(P2) g 0 ACTIF\(P)t = (RTL(P\)B ACTIF,(P))X -~RESET(P)
ACTIFy(P)" = RTL(P:) B ACTIF;(P)X-~RESET(P)
RTL(P) = (RTL(P\)B ACTIF(P))X
(RTL(P,) B ACTIFy(P))

In PLE process algebrd)(P) = p:||p2, wherep; = T'(P;) andp, = T'(P;). We recall the
parallel rule of behavioral semantic fdr

) E|, TERM,, y ) E}, TERM,, .
| — y ———————
E 2 E 2

BB By, TERM,, TERM,, ,

p 5 lepz

By induction , we know tha(P1>Ec lo= Eilo and<P2>Ec lo= Eilo andRTL(P1)ya =
TERM,, andRT L(Py)ya = TERM,,.

Both equational and behavioral semantic perform the s&haperation on the environments
resulting of the computation of the respective semantichertwo operands. Thus, the result
concerning the outputs is straightly deduced from the itidndypothesis.

Concerning theRT L wire, (RTL(P;) K RTL(P2))yai = (RTL(P1)vai- RTL(Ps)yar by
definition ofX operation and according to the fact tiif' L( P ) qey = RT'L(P»)q4er = 1,and
by inductionRT L(P),q = TERM,, . TERM,,, = TERMrp.

3. P= P1 > PQ,
The equations for> operator are the following:

SET(Py) = SET(P)
SET(P:) = RTL(P)(1)
(P) g, = (P1) g, BU(P2) (p,,, <« RTL(P1))ed RESET(P\) = RESET(P)BRTL(P)(2)
¢ RESET(P;) = RESET(P)
RTL(P) = RTL(P)
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In PLE process algebrd(P) = p; > p> wherep; = T'(Py) andps = T'(P2).
The proof depends of the value BI'L(P;) in the equational semantic:

@)

(b)

RTL(P) = 0;

By induction we know thap; P TRy, py andTERM,, = RTL(Pi)ya = 0.

Then, in the behavioral semantic , ruleguencel is applied. ThusT' ERMppy = 0

andE’ = E,, . Inthe equational semanti§,ET'(P,) = RTL(Py) thusSET(P;) =0

and soisRT L(Ps) (see the proof gfr esent operator) andRT'L(P) too. RT L(Py)ya =

0 and according toa definition, (<P2><P1>E <« RTL(P)) = Ei. Thus,(P)p. =
C

(P1) . ®C(P),and({P) o= (P1) . [o. Onthe other hand, in behavioral semantic, we
havel'[o= E,, . Thus, from induction hypothesis, we deduce that} .. [o= E'[o.
RTL(P) =1,

In this case TERM,, = RTL(Pi)ya = 1 and rulesequence2 is applied in the
behavioral semantic. By induction, we know tHBERM,, = RTL(Ps),q. But,
RTL(P) = RTL(P,) thenRT L(P),u = TERM,. For environments, By induction,
we also know thatP1) . [o= Ej, [o. In both semantic, the only way to change the
value of an output signal in the environment is with the hélthe emit operator. Then,

if the status of an output signalchange in<P1)Ec it is becausé?; involves anemit o
instruction. Hence, relying on the induction hypothesis, kmow thato has the same
status in(P1) 5, and in £}, . But, o status cannot be changed in two different ways in
(P), andE’ sinceemit operator performs the same operation on environmerstim
semantic.

4. P =abort P, when S,
Thus, the output environment is the solution of the follogvaguations:

<P>EC = <P1>Ec' RTL(P)

SET(Py)
RESET(P))

SET(P)

(~(RESET(P)[@ S) 8 RESET(P)

(~SE RTL(P,)) B (SK (SET(P) B ACTIF(P)))
(SET(P)®B ACTIF(P)) K ~RESET(P)

ACTIF(P)*

T'(P) =p1 T swherep; =T'(Py).

First, notice that imbort1, abort2 andabort3 of behavioral semantic, the output environment
E'is E,, . Similarly in the equational semantic;. is £, improved by the set of connexion
wire equations for abort statement. Then, applying the étido hypothesis, we can deduce

E'lo

= <P>Ec lo-

Now, we prove that termination wire coincides with termiaatflag in respective equational
and behavioral semantic. We study first the case whetg is@resent and then the case when
it is not.
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(@ StekE;
Thus,S' € E¢ too. In this caseRTL(P) = SET(P) B ACTIF(P). In the initial
reactionSET(P) = 1 and ACTIF(P) = 0 and in further reactio® ET(P) = 0
and ACTIF(P) = 1. Then, in all reactionsRTL(P) = 1. On the other hand,
it is rule abortl that is applied in behavioral semantic and tiEL, = 1. Hence,
RTL(P)ya = TERM,. However, ACTIF(P) can become 0. But, that means that
in a previous reactio® ESET(P) = 1 and P is encompassed in a more general state-
ment P, which is either another abort or a sequence statement diece are the only
operators that set the ESET wire to 1. If P, is an abort statement, its abortion signal
is 1 in the input environment and then we are in one of the pres/tase already studied.
Otherwise, that means th&tis encompassed in the first operandf§fwhoseRT' L is
1 and we can rely on the reasoning performed for sequencatopés get the result we
want.

(b) S* ¢ E; Thus,S! ¢ Ec too. If we expand the value &f in the RT' L equation, we get
RTL(P)=RTL(P). Inthe behavioral semantic either rulort1 or abort2 is applied
according to the value a&f ERM,, . But, whatever this value is, by induction we get the
result.

5. P=loop{ P}

Thus,
SET(P:) = SET(P)®RTL(P)
(P)p. = (Pi)p, ®{ RESET(Py) = RESET(P)
RTL(P) = 0
I'(P) = T'(P1)=* and ruleloop is applied in the behavioral semantic to compute the reactio

E, , TERM,,

. . E,0
of I'(P). According to this latterp; x 17) py > pi1*x whenp; p). By

induction, we know thatP1) . o= E,, [o thus(P)p. = E'lo and RT'L(P) = 0 thus
RTL(P)ya = 0 = TERMy(p).

. P=local S{P}

According to the equational semantic, the following equadidefined the local operator:

SET(P) = SET(P)
3 RESET(P)) = RESET(P)
(Proc = (P)gc *\ RrL(P) = RTL(P)
S = 1

In PLE process algebr&(P) = p;\S whereT'(P1) = p1. local rule is applied in the
E|—{S},TERM,, E{, TERM,,

{s}
induction hypothesis(,PﬁEc lo= E;I lo andRT L(Py)yar = TERM,,.
Then(P1),. — {S}lo= E, o —{S} and(P).lo= E'lo, straightly from the induction
hypothesis.

behavioral semantid’(P) P4\ S whenp, p}. Following the
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7. P=run{P}

Ther un operator is not a primitive one, and we defined it asit t i ck > P;. Thus, the
property holds for un operator since it holds for both wait afjdbperators.

8. P=A(M,T,Cond, My, O, \).

Automata are both terms #LE process algebra and programs inlanguage. The equations
for automata are the following:

SET(M) = (Y, RTL(M) <cu,—n) B
M;—MEeT
(SET(P) <4 Y  c.m)

<P> — <M> ° —MeT
Be M;M Em MLEJM RESET(M) = > RTL(M) < cy—n,B

M—M;eT
RESET(P)

RTL(P) = RTL(Mjy)

whereé), is defined by:

E[SH 1l dcoy |S S )\(HM)] < Z CHM)BH
—MeT

E (<Mi>E[S<—l<(;M'L‘,M \ seA(MiHM)]) 4 CM;—M
M;—~MeT

First of all, let us consider macro states. These latteritineresingle macro states equivalent
to apause statement, or they containg an P instruction and then are equivalent tpause

> P instruction. In both cases, we have already prove thahién@ém holds. Now, to prove
the theorem for automata, we perform an inductive reasamirnfpe sequence of reactions.

In the first reactiorSET (P) = 1. All the RT'L(M) are 0, since macro states have at least
a one instant duration, th8T L(P),. = 0. On the other side, in behavioral semantic, rule
automaton0 is applied and" ERM,, = 0 too.

For environments, for each macro stalésin the first reaction
Ev = Ec[s— 1whenc_pyy=1lands € A\(— M)and - M € T|

When looking at equations related id, we see that no output signal status can be modified
in the first reaction: either it is a single macro state anch the output signal is modified
whatever the reaction is, or it contains an P, statement bu§ET(F,) cannot be true in
the initial reaction and so no output signal status can't leglifred (the only operator that
modified output status is theari t one, and if the5 ET" wire of aneni t statementis not 1, the
status of the emitted signal remains unchanged). Thus, ihgwédehavioral semantic in rule
automata0 as the equational semantic set to 1 in their respective @mvient output signal
emitted in the initial transitions that teadli. Hence,Ec o= EJo.
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Now, we consider that the result is proved for the previougactions, and we prove the
result for then + 1 reaction. In this reaction, for each macro stafe# My, if there is no
transitionM; — M such thatcy, . =1, then&y, = E¢, whereEg, in the environment
obtained after the previousreactions. ThusM ) is Ec, ¢C(M) whereC(M) is the set of
equations related to macro staté. In the behavioral semantic, it is rul@tomatonl which

is applied and thus relying both on induction hypothesisigng thatE¢:, [o= E,[o and on
the fact that the theorem is true for macro state, we dedecestult. Concerning tHEERM
flag, asM is not final, SET'(My) = 0 and so isRTL(My). Hence,RTL(P) = 0, thus
RTL(P)ya = 0too andRT Ly py too (cf ruleautomatonl). On the other hand, if there is a
transitionM; — M such thaty, a = 1,Eyp = Ec, B <Mi>EC (51 [SEA(M;—M)]" If there
is a transitionM;, — M such that,,, —as =1, thus similarly to the case whene= 1, we have

Ev = Ee,[s — 1whency, o =1and s € \(My, — M) and - M € T

SinceEg, is the resulting environment of the previous instant, wewkiitat E¢, [0 = E,[o

On the other hand, it is ruleutomaton? that is applied in the behavioral semantic and the
output environment is modified in the same way for both semarimilarly to the first
instant, equations fak/ cannot modified the environment the first instant wherl,; is 1.
Then,Ec, ., lo= En41lo. In this caseRT L(Mjy) is still O , thusRT'L(P) = 0 and so is
RTL(P)yq - Hence, according to rukeutomaton2, result forT ERM flag holds.

Now, we will consider that there is a transitidd,, — M}, such thatcys, .n, = 1 5 1n
this case, a similar reasoning to the case whdrés not a final macrostate concerning out-
put environments holds. For termination flag, in equaticemhantic,RTL(P) = 1 when
RTL(Mjy) = 1. A similar situation holds for behavioral semantic wheiis itule automata4
which is applied. Then, the result is deduced from the geiedaction hypothesis since the
size of macro states is less than the size of automata fronfetfivation.

&

5 LE Modular Compilation

5.1

Introduction

In the previous section, we have shown that every constfilsedanguage has a semantic expressed
as a set of equations. The first compilation step is the generationg&gquation system for each
LE program, According to the semantic laws described in se@idhen, we translate eaéltircuit

into a boolean circuit relying on the bijective map frgralgebra to Bx B defined in sectioli]3.
This encoding allows us to translgtequation system into a boolean equation system (each eguati
being encoded by two boolean equations). Thus, we can retyamstructive propagation law to
implement equation system evaluation and then, generdts sonulate or link with external code.
But this approach requires to find an evaluation order, Valicall synchronous instants. Usually,

5the demonstration is the same when the transition is irfite— My =1)
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in the most popular synchronous languages existing, thisras static. This static ordering forbids
any separate compilation mechanism as it is illustratethénfollowing example. Let us consider
the two module$ i r st andsecond compiled in a separate way. Depending on the order chosen
for sorting independant variables of each modules, thealf@ghcombination may lead to a causality
problem (i.e there is a dependency cycle in the resultinggoi system).

module first: module second: module final:
Input: 11 12; Input: I3; Input: I;
Outpijt- Ol 02: Output: O3; Output O;
loop { T loop { local L1,L2{
pause >> pause >> present 13 {emit O3} run first[ L2\11,0\01,1\I2,L1\02]
} Il
f)resem 11 {emit O1} end run second|[ L1\I3,L.2\03]
}
! i end
present 12 {emit 02}
}
end
02
o1 2
11 -{-- O3 o1
02 - =13 1=\ 03
L
12 13
normal evaluation wrong causality
way (1) cycle (2)

Figure 2: Causality cycle generation: O1, O2 and O3 sigrralinalependent. But, when choosing a
total order, we can introduce a causality cycle. If ordefibgs chosen, in module final, taking into
account the renaming, we obtain the system: { L1 =1, L2 = L1, O23 which is well sorted. At
the opposite, if we choose ordering (2), in module final we §&P = L1, O =L2,L1 =1} which
has a causality cycle.

Figure[2 describes ae module calling two sub modules. Two compilation scenari@ssown

on the right part of the figure. The first one leads to a sortadhton system while the second
introduces a fake causality cycle that prevents any codergéon. Independent signals must stay
not related: we aim at building an incremental partial orddence, while ordering the equation
system, we keep enough information on signal causality ésqave the independence of signals.
At this aim, we define two variables for each equation, naniedrly Date Late Dat§ to record
the level when the equatioran (resp. mus) be evaluated. Each level is composed of a set of
independent equations. Level O characterizes the equati@iuated first because they only depend
of free variables, while level n+1 characterizes the eguateeded the evaluation of variables from
lower levels (from n to 0) to be evaluated. Equations of sagwellare independent and so can
be evaluated whatever the chosen order is. This methodddodgrived from thePERT method.
This latter is well known for decades in the industrial protion. Historically, this method has
been invented for the spatial conquest, back to the 60th WieNASA was facing the problem of
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synchronizing 30,000 independent, thus "concurrent'ledle#o built the Saturne V rocket.

5.2 Sort algorithm: a PERT family method

Usually, thePERT method is applied in a task management context and eachaaskduration. In
our usage, taking account duration of task makes no sengbaaffjorithm we rely on to implement
the PERT method is simplified. It is divided into two phasis. The fitgsconstructs a forest where
each tree represents variable dependencies. Thus ahpaittal order is built. The second step is
the recursive propagation of early and late dates. If dutfiegpropagation, a cycle is found there
is a causality cycle in the program. Of course the propagatims since the number of variables is
finite. At worst, if the algorithm is successful (no causatiycle is found), we can find a total order
with a single variable per level (n variables and n levels).

5.2.1 Sorting algorithm Description

More precisely, the first step builds two dependency sgistteam, downstregnfior each variable
with respect to the equation which defines it. This first athan is detailed in appendxXB.1. The
upstreanset of a variableX is the set of variables needed &y to be computed while thdown-
streamset is the variables that need the valueXofo be evaluated. In practice, boolean equation
systems are implemented using binary decision diagram®&DConsequently the computation of
the downstream table is given for free by the BDD library.

Early dates Late dates

1 a” Bce=de 0 a> bc_de

A S P

y
x early propagation c late propagation

0 c=—d ;e

1 :"i z t
Y’X

2 X y

a= x+y
b= x+notz
c=a + t downstream dependancef%&\ :
d —a+c a b c==d e variables
upstream dependance i%\ \ /
e= a+ t - X y z t inputs
(a) Equation (b) Dependences forest (c) Date propagation
system

Figure 3: The dependence forest and propagation law agiplc@r a specific equation system.The
different pert levels are specified on the left hand side ofr8fB(C).
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We illustrate, the sorting algorithm we built on an examplet us consider the set of equations ex-
pressed in figurg 3(r). After the first step, we obtain the dépecies forest described in figfire 3(b),
Then, we perform early and late dates propagation. Injtiall variables are considered indepen-
dent and their dategérly , late are set to{,0). The second step recursively propagatesiady
Dates from the input and the register variables to the owgaridbles and propagates thate Dates
from the output variables to the input and the register ogesraing to an log npropagation algo-
rithm. The algorithm that implements this second phasi®taitéd in appendikBI2. Following the
example presented in figure 3(a), the algorithm resultserdépendencies described in figire]3(c).

5.2.2 Linking two Partial Orders

The approach allows an efficient merge of two already sortghon systems, useful to perform
separate compilation. To link the forest computed for medulvith the forest computed for mod-
ule 2, we don’t need to launch again the sorting algorithmmfits initial step. In fact, it is sufficient

to only adjust theearly(late) dates of the common variables to both equation systems and their
dependencies. Notice that the linking operation apglatgebra plus operator to merge common
equations (i.e equations which compute the same varialihen, we need to adjust evaluation dates:
every output variable of module 1 propagates rietx date for every downstream variables. Con-
versely, every input variable of module 2 propagates aemy date for every upstream variables.

5.3 Practical Issues

We have mainly detailed the theoretical aspect of our amr,cend in this section we will discuss
the practical issues we have implemented.

5.3.1 Effective compilation

Relying on the equational semantic, we compile&grogram into &-algebra equation system. We
call the compilation tool that achieves such a taskm (Compilation of LE Module). In order to
perform separate compilation oE programs, we define an internal compilation format called
(Le Compiled code). This format is highly inspired from the Beldy Logic Interchange Format
(BLIF ®). This latter is a very compact format to represent nethstd we just add to it syntactic
means to record thearly dateandlate dateof each equation. PracticallgLEmM compiler, among
other output codes, generatesc format in order to reuse already compiled code in an efficient,
thanks to theeERTalgorithm we implement.

5.3.2 Effective Finalization

Our approach to compiles programs into a sorteglequation system in an efficient way requires to
be completed by what we callfanalizationphasis to be effective. To generate code for simulation,
verification or evaluation, we must start fromvalid boolean equation systems, i.e we consider only
equation systems where no event has valyeince that means there is an error an we propagate

6htt p: // enbedded. eecs. ber kel ey. edu/ Research/ vi s
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this value to each element of the environment in the semanéi¢iously described. Validity also
means well sorted equation systems, to avoid to deal witgraros having causality cycle. But in
our approach we never set input event statushtent. Hence, we introducefinalizationoperation
which replaces all_ input events byibsent events and propagates this information in all equations
related to local variables and outputs. Notice that theifinibn operation is harmless. The sorting
algorithm relies on propagation of signal status, and thstution of L by absent cannot change
the resulting sorted environment.

Letus illustrate the finalization mechanism on an exampiéhé following code)1 andO2 depends

on the | status:

| oop {
present | {enit Ol} else {emt 2}

>> pause

}

Before finalization, we get the following equation system:

Olges = lgey

Olval = Ival-Idef

O24e5 = lgey

Ozval = val-Idef
We can see tha®1,4.; and 02,45 are not constant becaugds not necessarily defined for each
instant (i.el4. can be) if I is L). After finalizationI,. is set tol andl,,; remains free. According
to the mapping frong algebra to Bx B, an eventX such thatX4.; = 0 is eitherT or L. Since,
we discard equation systems where an event has Vialde switch from_L value toabsent value,
it is sufficient to set thee f part of a variable to 1. Now for each logical instant the stgtuesent
abseny of | is known. TheO1 andO2 equations become:

Olyes =1
Olval = Lyal
02y = 1
Ozval = yal

We bring together compilation and finalization processus ool named-LEF(Compilation of LE
programs and Finalization).

5.3.3 Compilation scheme

Now, we detail the toolkit we have to specify, compile , siataland executee programs. ALE
file can be directly written. In the case of automaton, it cargbnerated by automaton editor like
gal axy too. Each.E module is compiled in aEc file and includes one instance of tkeN module
references. These references can be already compiledpashby a first call of thel emcompiler.
When the compiled process will done, the finalization withplify the final equations and generate
a file in the target use: simulation, safety proofs, hardvelscription or software code. That is
summed up in the figuid 4.
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automaton
editor

(like galaxy)

LE generated codes LE human codes

already compiled LEC COMPILER and LINKER

LEC file

FINALISER

simulation  hardware software  software TARGETS

formal proofs descriptions codes models
blif vhdl c esterel,lustre

Figure 4: Compilation Scheme
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5.4 Benchmark

To complement the experimentation of the example, we hawe dome tests about tike EM com-
piler. So we are interested in the evolution of the genereatelé enlarging with respect to the number
of parallel processes increasing. A good indicator is thalmer of generated registers. Indeed, with
n registers, we can impleme2t states in an automaton.

The chosen process is very simpler, not to disturb the result

nodul e WO

Input: |; Qutput: O
wait | >> emit O
end

which waits the | signal and emits the signal O one time as s®olnoccurs. Here is the obtained
table by the figurEls:

number
of
latches
500 4%
450 44
400 39

350, 3%

300+
250, 24

2001

1501 Y
9
7
4

1001

504,

L e A
10 20 30 40 50 60 70 80 90 100 number of proc

Figure 5: Evolution of the Registers number

The relation between numbers of processes and number steegseems to be linear, that is an
excellent thing! The linear observed factorfois only characterized by the equational semantic of
par al | el andr un statements. In a next equationnal semantic, this numbeitdbe reduced.

6 Example

We illustrateLE usage on an industrial example concerning the design of atnogics process
control: a pneumatic prehensor. We first describe how thtesysvorks. Then we present the
system implementation witke language. Finally, simulation and verification are perfedn

6.1 Mecatronics System Description

A pneumatic prehensor takes and assembles cogs and axegphydieal system mainly consists
of two double acting pneumatic cylinders and a suction pabdis €&xample has been taken as a
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benchmark by an automation specialist group experiment new methods of design and analysis
of discrete event system$he (U cycle) kinematics of the system is described inFigN6te that
the horizontal motion must always be done in the high pasitio

waiting position

move forward
—_—

P

}

1

move backward - — — without suction 1
1

}

1

1

1

; —— with suction
move downward 1s

cog source@ cog assemblingl

Figure 6: A pneumatic prehensor

The horizontal motion pneumatic cylinder is driven by addi¢ directional control valve (bistable
DCV). The associated commands afieveFor (short for move forward) ant¥bveBack (short

for move backward). The vertical cylinder is driven by a mstable directional control valve 5/2
whose active action i¥veDown (move downward). In the absence of activation, the cylinder
comes back to its origin position (high position). The soetpad Suck Up command) is activated
by a monostablecv (the suction is done by a Venturi effect).

forwmard — —— MoveFor
backward — control —s MoveBack
—s MoveDown

upward — -
downward —s time s SuckUp
startCycle management EndCycle

Figure 7: Input/output signals

6.2 Mecatronics System LE Implementation

In what follow we consider the control part of the system.[Bigathers incoming information (from
the limit switches associated with the cylinders) and oimg@eommands (to the pre-actuators). To
implement this application ine language, we adopt a top down specification technique. Aiitite
est hierarchical level , the controller is the parallel casipon of an initialization part followed by
the normal cycle running and a temporisation module. Thisi¢araised by a signatlt art _t enpo
and emits a signand_t enpo when the temporisation is over. Of course, these two sigralaot

in overall interface of the controller, they are only use $tablish the communication between the
two parallel sides. The followinge program implements the high level part of the controller:

nodul e Control :

"http://ww. | ur pa. ens- cachan. fr/ cosed
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I nput : forward, backward, upward, downward,
Start Cycl e;

Cut put : MoveFor, MyveBack, MyveDown, SuckUp,
EndCycl e ;

Run: "./TEST/control/" : Tenporisation;
"./TEST/ control /" : Normal Cycl e;

| ocal start_tenpo, end_tenpo {
{ wait upward >> enit MveFor
>> wait backward >> run Nornal Cycl e
}
[

}

end

{ run Tenporisation}

The second level of the specification describes tempaisaind normal cycle phasis. Both Tem-
porisation and NormalCycle modules are defined in exterlea. fTemporisation module performs
a delaying operation (waiting for five successive reactamd then emitting a signaind_t enpo.
The overallLE code is detailed in append¥ C. In this section, we only discine NormalCycle
module implementation. NormalCycle implementation is @plevhose body specifies a single cy-
cle. According to the specification, a single cycle is congalosf commands to move the pneumatic
cylinders with respect to their positions and a call to adével of implementation (Transport) to
specify the suction pad activity.

nmodul e Transport

I nput: end_tenpo, upward, forward, downward;
Cut put: MoveFor, MveDown, SuckUp;

| ocal exitTransport ({

{ emt MoveDown >> wait end_tenpo
>> wait upward >> enit MoveFor
>> wait forward >> enit MoveDown
>> wait downward >> emt exitTransport

abort
{ loop { pause >> enmit SuckUp }}
when exit Transport
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end
nodul e Nor mal Cycl e :

Input: StartCycle, downward, upward, backward,
forward, end_tenpo;

CQut put: start_tenpo, MyveDown, MoveBack,
MoveFor, SuckUp, EndCycl e;

{ present StartCycle { nothing} else wait StartCycl e}

>>

{
|l oop { emt MoveDown
>> wait downward >> enmit start_tenpo
>> run Transport
>> wait upward >> emt MoveBack
>> wait backward >> enmit EndCycle }

}

end

To compile the overall programs, we performed a separatepitation: first, Temporisation and
NormalCycle modules have been compiled and respectivebdsal ec format file. Second, the
main Control module has been compiled according to our clatiqmn scheme (see figule 4).

6.3 Mecatronics System Simulation and Verification

To check the behavior of our implementation with respedtécsipecification, we first simulate it and
then perform model-checking verification. Both simulatéord verification relies on the generation
of bl i f format fromcl emcompiler.

Figure[® shows the result of Control simulation with a graghiool we have to simulate blif format
modules.

On another hand, to formally prove safety properties we oglynodel checking techniques. In
this approach, the correctness of a system with respect &sieed behavior is verified by check-
ing whether a structure that models the system satisfiesnaufardescribing that behavior. Such
a formula is usually written by using a temporal logic. Mogiséing verification techniques are
based on a representation of the concurrent system by méanatmeled transition system (LTS).
Synchronous languages are well known to have a clear samrthati allows to express the set of
behaviors of program as LTSs and thus model checking teabniare available. Then, they rely on
formal methods to build dependable software. The same sdourE language, the LTS model of
a program is naturally encoded in its equational semantic.

A verification means successfully used for synchronous &tiems is that of observer monitoring
[LQ]. According to this technique, a safety propeftgan be mapped to a progragmwhich runs
in parallel with a program P and observes its behavior, insérese that at each instantreads
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Figure 8: Control module simulation panels
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both inputs and outputs of P. {f detects that P has violatedthen it broadcasts an "alarm” signal.
As a consequence, we can rely on model checking based towésifg property ofLE language.
But, our approach provides us with separate compilationragdires to be completed by a mod-
ular verification. We aim at proving safety properties aresprved throughe language operator
application.

To verify that the suction is maintained from the instant vehthe cycle begins up to the cycle ends,
the following observer can be written irE .

nmodul e CheckSuckUp;

I nput SuckUp, S;

CQut put exit ERROR;

present SuckUp
{ present S {nothing} else {wait S}}
el se {pause>>enit exit ERROR}

end

nodul e Sucti onCbs:

I nput: forward, backward, upward, downward,
Start Cycl e, Qutput:MveFor, MyveBack,
MoveDown, SuckUp, EndCycle ;

Cut put: ERROR;

| ocal exitERROR {
abort {
I oop {
present StartCycle {nothing}
el se {wait StartCycle} >>
present MoveDown {not hi ng}
el se {wait MyveDown} >>
present downward {not hi ng}
el se { wait downward} >>
present MoveDown {not hi ng}
el se { present SuckUp
{run CheckSuckUp[ upwar d\ S] >>
run CheckSuckUp[ MoveFor\S§] >>
run CheckSuckUp[forward\S] >>
run CheckSuckUp[ MoveDown\ §] >>
wai t downward

}
el se {enit exitERROR}

}
}
when exit ERROR >> enit ERROR
}
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}

end

To specify the observer we first define a module (CheckSuckidipyh checks wether the signal
SuckUp is present and goes in the state where si§nabpresent. ISuckUp is absent, exitERROR
is emitted. Calling this module, the observer tests theqmes of signal SuckUp in each possible
states reached when cylinders move.

To achieve the property checking, we compile a global moduwdele of the Control module in
parallel with the SuctionObs module and we rely on model kbet ensure that ERROR is never
emitted. By the time, we generate tBelr format back end for the global module and we call
xeve model-checkel 4] to perform the verification. In the futunes intend to interface NuSMV
[B] model-checker.

The chosen example is a very simple one but we hope undesadtknid the framework of a paper.
Nevertheless, we compiled it globally and in a separate Whg.global compilation takes about 2.7
s while the separate one takes 0.6 s on the same machine. Weththt it is a small but promising
result.

7 Conclusion

In this work, we have presented a new synchronous languag®at supports separate compilation.
We defined its behavioral semantic giving a meaning to eacgram and allowing us to rely on
formal methods to achieve verification. Then, we also defaredquational semantic to get a means
to really compile programs in a separate way. Actually, weehaplemented thel en cl ef
compiler. This compiler is the core of the design chain (setien[5.3.B) we have to specify control-
dominated process from different front-ends: a graphidébe devoted to automata drawing, or
directLE language specification to several families of back-ends:

 code generatiorwe generate either executable code as C code or modehde: Esterel,
Lustre code for software applications and Vhdl for harwargets.

 simulation toolsthanks to thélif format generation we can rely our own simulatalif( simul)
to simulateLE programs.

« verification tools BLIF is a well-suited format to several model-checkers(xegg @sid has its
automata equivalence verifier (blif2autom, blifequiv).

In the future, we will focus on three main directions. Thetfinge concerns our compilation method-
ology. Relying on an equational semantic to get modular dtatign could lead to generate ineffi-

cient code. To avoid this drawback, we plan to study othetsiggnal semantic rules (in particular

for parallel and run statements) more suited for optimimatiThe second improvement we aim at, is
the extension of the language. To be able to deal with codwolinated systems with data (like sen-
sor handling), we will extend the syntax of the language exfitist hand. On the other hand, we plan
to integrate abstract interpretation techniques (likglpedira intersection, among otheis) [6] to take
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into account data constraints in control. Moreover, we aksd to communicate with signal process-
ing or automation world through their specific tool Matlaii8link (http://www.mathworks.com).
Another language extension is to allow a bound number ofllehi@perators. This extension is
frequently required by users to specify their applicatidBemantic rules for this new bound paral-
lel operator cannot be straightly deduced from the actuakrwe have, and require a deep change
but then would improveE expressiveness. Finally, we are interested in improvimgvetification
means. The synchronous approach provides us with weéiéuitodels to apply model checking
techniques ta E programs. The more efficient way seems to directly intertapewerful model-
ckecker (as NuSM\L15]) and to be able to run its property wiolascenarios in our simulation tool.
Moreover, our modular approach opens new ways to modul#foation. We need to prove that
operators preserve properties: if a progrBmerify a propertyy, then all program using® should
verify a propertyy’ such that the “restriction” op’ to P implies¢.
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A LE Grammar

In this appendix, we describe the complete grammar of thianguage. That description supports
the following agreements:

» <> notation represents tokens, for instance <module>esgmts the namaodule

* two specific tokens are introduced: IDENT for identifier S1RING to denote a usual string;

the notationr and+ are used for repetitioniignal_namex means a number gignal_name,
possibly 0,whilesignal_name+ means at least one occurrence;

the single charater are straighly written (as {,},[,], agd

« the character # denotes the empty word;

program <nodul e> nodul e_nanme ’:’' nodul e_i nterface nodul e_body <end>;
nmodul e_i nterface : input_signal _list output_signal _list run_decl _list;
i nput_signal _list : # | <lInput:> signal _name+ ';’ ;

output _signal list : # | <Qutput:> signal_nanme+ ';’

run_decl _list : # | <Run:> run_declaration+ ;

1

run_decl aration: path ':’ nodul e_nane;

nmodul e_body : instruction | automaton ;
instruction : statement | '{’ instruction '}’

statenent : parallel
sequence
present
| oop
wai t
emt
abort
not hi ng
pause
hal t

| ocal
run

parallel : instruction '||’ instruction ;
sequence : instruction '>> instruction ;
present : <present> xi _expression instruction <el se> instruction ;
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loop : <loop>'{' instruction '}’ ;

wait <wai tL> signal _nane ;

emt : <emt> signal _nane ;

abort : <abort> '{’ instruction '}’ <when> signal _nane ;
pause : <pause> ;

not hi ng : <not hi ng> ;

halt : <halt> ;

local : <local> signal _name+ '{’ instruction '}’
run : <run> nodul e_nane renaming ;

renaming : # | '[’ single_renam ng+ ']’
single_renanming : signal _nane '\’ signal _nane

aut omat on : <aut onmaton> state+ transition_def ;

state : <state> state_nane opt_final opt_run action ;' ;

opt_run: # | run ;

transition_def : <transition> transition+

transition : opt_initial opt_final opt_source_state trigger action opt_target_state
opt _source_state: # | state_nane;

opt _target_state: # | '-> state_naneg;
opt _initial : # | <initial>;

opt _final: # | <initial>;

trigger: # | xi_expression ;

action: # | '/’ signal _nane+

Xi _expression : Xxi_expression <or> xi_expression
Xi _expressi on <and> xi _expression
<not > Xxi _expressi on

"{’ xi_expression '}’

si gnal _nane

signal _nane : | DENT,;
nodul e_nane : | DENT,;
path : STRI NG
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B PERT Algorithms
B.1 First Step of PERT ALGORITHM

The following algorithm is the first step of the overall PER§a@ithm we implement. It builds a
forest of variable dependency trees.

for each equation xi=fi(...,xj,...)
begin

for all j needed by fi

begin

Upstreanfi].add(j);
Downstreanij].add(i)
end
end

B.2 Second Step of PERT Algorithm

The second step of the PERT algorithm we implement consisteipropagation of thEarly Dates
from the inputs and the registers, to the outputs. Simil&hkyLate Dates are propagated from the
outputs to the inputs and the registers according to theviitig algorithm:

for each variable id i

begin
if(Upstreanfi] = enpty set)
begin
/* final output */
late[i]=0
for each j in Downstreanii]
begin
| at e_propagation(j,1)
end
end
i f(Downstrean[i] = enpty set)
begin
/* real input or constante */
early[i]=0
for each j in Upstreanii]
begin
early_propagation(j,1)
end
end
end

function | ate_propagation(id, date)
begin
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if(late[id] < date)

begin
late[id] =date
for each j in Dowstreaniid]
begi n

| at e_propagation(j, date+l)

end

end

end

function early_propagation(id, date)
begin
if(early[id] < date)
begi n
earl y[id] =date
for each j in Upstreaniid]
begin
early_propagation(j, date+1)
end
end
end
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C LE Control Example Code

In this appendix, we detail thee code for theControl example described in sectibh 6.

C.1 Control Module Specification

The main file of theControl example isControl.le We give its content:

;; LE specification for a nmecatronic system
Main file: Control specification

nodul e Control :

Input: forward, backward, upward, downward, StartCycle;
Qut put: MoveFor, MyveBack, MyveDown, SuckUp, EndCycl e;

Run: "/home/ar/ GauStrl/work-ar/ TEST/ control /" : Tenporisation;
"/ hore/ ar/ GauStrl| /work-ar/ TEST/control /" : Normal Cycl e;

| ocal start_tenpo, end_tenpo {

{ wait upward >> emt MyveBack >> wait backward >> run Nor mal Cycl e}

{ run Tenporisation}

}
end

TheControlmodule calls two external modul@smporisatiorandNormalCycle The paths tdem-
porisation.leandNormalCycle.lefiles where the respectivee codes of these called modules are,
is given in Control module interface. During compilation, a fitemporisation.leqrespNormal-
Cyle.leg is searched in the compilation library. Temporisation(respNormalCyclg has not been
already compiled then it is compiled. Thus, in both casesctimpiled code is included @ontrol
module code.

C.2 Temporisation module Specification

LE specification for a necatronic system
;; Tenmporisation specification
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nmodul e Tenpori sation :

I nput: start_tenpo;
Cut put: end_t enpo;

present start_tenpo {
pause >> pause >> pause >> pause >> enit end_tenpo }
el se not hi ng

end

C.3 NormalCycle module Specification

[

;7 LE specification for a necatronic system
;7 Normal cycle specification

[

nmodul e Transport

I nput: end_tenpo, upward, forward, downward;
Cut put : MoveDown, MoveFor, SuckUp;

| ocal exitTransport ({

{ emt MoveDown >> wait end_tenpo >> wait upward >> emt MoveFor
>> wait forward >> enit MoveDown >> wait downward >> enmit exitTransport
}
[

abort
{ loop { pause >> enmit SuckUp }}
when exit Transport

}

end
nmodul e Nornal Cycl e :

Input: StartCycle, downward, upward, backward, end_tenpo, forward;
CQut put: start_tenpo, MveDown, MoveBack, EndCycle, MyveFor, SuckUp;

{ present StartCycle { nothing} else wait StartCycle }
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>>

{

loop { enmit MoveDown >> wait downward >> enit start_tenpo >> run Transport
>> wait upward >> enmit MoyveBack
>> wait backward >> enmit EndCycle }

}
end

The NormalCyclemodule called itself &ransportmodule, but contrary t&ontrol module, the
specification of the called module is given in the same fileusfmo path has to be supplied in
NormalCycleinterface.
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D Condition Law Expansion

In this appendix, we discuss how a term frgralgebra resulting of the application of the condition
law is expanded in a pair of boolean values in B.. Let us aersaé term X. We recall thatX is
isomorphic to a pair of boolead(;.r, X ;) (see sectioi31) and we want to prove the following
equalities:(X < ¢)gey = Xges.cand(X < ¢)yo = Xyar.c, Wherec € B.

These equalities are very useful for implementing the disrdlaw in the compilation phasis.

First, relying on the definition of the isomorphism betwegeaaigebra and B< B, we can expand the
encoding of the condition law as follow:

Xdef Xval (X

o
~

(X 2 | C)def (X < C)val

[

o Rk o k|
FH4or/-F-FHa

OPrPORFrOPFrOor

P RPPPOOOON

OO PFrPPFPOOOOo
OPrRPORrOCOOO0o

wherec € B.
Thus, we can deduce:
(X < C)def :Xdef-Xual-C + Xdef.m.c
- Xdef-c-(Xval + X’Ual)
= Xdef.c

(X L | C)val =Xdef-Xval-c + Xdef-X'Uu,l-c
= Xyar-¢.(Xdey + Xder)

= Ayal-C
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E LE Statement Circuit Description

In this appendix, we show the circuits correspondingectatement. We rely on them to compute
the equational semantic of each operator.

J 5o J B

Set— Set——
L RTL 0 —|—RTL
Reset | — Reset——
E’ E’
(a) Circuit fornot hi ng (b) Circuit forhal t

Figure 9: Basia E statements circuit semantic

st L

Set LS
DJ— RTL

Rese

e[

Figure 10: Circuit foreni t S
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