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Abstract Unfortunately, endochrony is not a compositional property:
it is not preserved by synchronous composition.

The synchronous modeling paradigm provides strong ex- Example The synchronous composition 6ifter with an
ecution correctness guarantees to embedded system de

) . ) e ; ; endochronous merge equation (to medretjuals ifc then
sign while making minimal enwronmenta_l assumptions. I_n y else=") is no longer endochronous: timing of the output
mos_t related framgworks, global execptlon gqr(ectness IS 1 is not related to one of the inputsandy.
achieved by ensuring endochrony: the insensitivity of (logi-
cal) time in the system from (real) time in the environment. ¢ :(t0,0)(t2,1)(t4,1)

Interestingly, endochrony can be statically checked, mak- Zj(tml)(t?’l)(t“) *W* d: (to,1)(t2,1)(t,1)

ing it fast to ensure design correctness. Unfortunately, en-

dochrony is not preserved by composition, making it dif- [N [11], itis shown that compositionality can be achieved
ficult to exploit with component-based design concepts inby weakening the objective of endochrony: a weakly en-
mind. Compositionality can be achieved by weakening thedochronous system is a deterministic system that can per-
objective of endochrony but at the cost of an exhaustiveform independent communications in any order as long as
state-space exploration. This raise a tradeoff between per-this does not alter its state (i.e. it satisfies the diamond prop-
formance and precision. Our aim is to balance it by propos- €rty). Itis further shown that the non-blocking composition
ing a formal design methodology that adheres to a weak- ©f weakly endochronous processes is isochronous.

ened global design objective: the non-blocking composi- example The untimed asynchronous composition of pro-
tion of weakly endochronous processes, while preservingeessesiiter and merge is isochronous: synchronous and

local endochrony objectives. This yields an ad-hoc yet COSt'asynchronous compositions yield the same flow of values.

efficient approach to compositional synchronous modeling.
z:1001

c:0110 — |z =filter(y) || d = merge(c,y,2) |—d:1110
z2:1010

1 Introduction
However, checking that a system is weakly en-
The synchronous paradigm to embedded system designjochronous requires an exhaustive exploration of its state-
provides strong execution correctness guarantees while respace to guarantee that its behavior is independent from
quiring minimal assumptions on the execution environment. the order of inbound communications. This raises a trade-
In most synchronous formalisms, this is achieved by locally off petween performance (incurred by state-space explo-
verifying that computation (in the system) is insensitive to yation) and flexibility (gained from compositionality). We
communication delays (from the environment), i.e., that the gjm at balancing this trade-off by proposing a formal de-
system is endochronous (“time is defined from inside”). sign methodology that weakens the global design objec-
tive (non-blocking composition) and preserves design ob-
jectives secured locally (by accepting endochronous com-
ponents). Our approach consists in globally maintaining a
compositional design objective (non-blocking composition)
y ¢ (t1,1)(t2,0)(¢3,0)(t4,1) HMH z: (t2,1)(ta,1) while preserving properties secured locally (endochrony).
This yields a less general yet cost-efficient approach to com-
In the data-flow formalism Signal, for instance, design is positional modeling that is able to encompass most of the
driven by the safety objective of endochrony: endochrony practical engineering situations. It is particularly aimed at
guarantees a synchronization of computations and commu-efficiently reusing most of the existing program analysis and
nications that is independent of possible network latency. compilation algorithms of Signal. To support the present

Example Processilter emitsx every time the value of its
inputy changes. Output tags 4 are timely related to input
tagst,. 4: Procesdilter is endochronous.



design methodology, we have designed a simple controlleru). A chain is a totally ordered set of tags and defines the

synthesis and code generation scheme [10]. clock of a signal: it samples its values over a series of to-
The article starts in Section 2 with an introduction to tally related tags. Events, signals, behaviors and processes

Signal and its polychronous model of computation. Sec- are defined as follows:

tion 3 defines the necessary analysis framework and Sec- - anevents the pair of atag € T and a value) € V

tion 4 gives our contribution. We review related works in - asignalis a function from achainof tags to values
Section 5 and conclude. A technical report [14] details all - abehaviorb is a function from names to signals
formal definitions and proofs outlined in the present article. - aprocesg is a set of behaviors of same domain

- areactionr is a behavior with one time tag
2 Anintroduction to Polychrony Example The meaning of procesitter is denoted by a set

) ) ) of behaviors on the signals andy. Line one, below, we
In Signal, a process (writteR or (J) consists of the syn-  chopse a behavior for the input signalof the equation.

chronous composition (notefd| @) of equations on'signals | jne two defines the meaning of the local signaby the
(writtenz = y f 2). A signalz represents an infinite flow previous value of;. Notice that it is synchronous t (it

of values. Itis sampled according to the discrete pace of itSp55 the same set of tags). Line three, the output sigiel
clock, notedi. An equationz = y f z defines the output  gefined at the time tags at whichy andz hold different

signalx by the relation of its input signals and = through values, as expected in the previous example.
the operatoif. A process defines the simultaneous solution

of the equations it is composed of. y— (t1,1) (t2,0) (t3,0) (t4,1) (¢5,1) (t6,0)
2 (t1,1) (f2,1) (t3,0) (t4,0) (£5,1) (6, 1)
PQ :=xz=yfz|P|Q|P/x (process) x (t2,1) (t4,1) (ts, 1)

~ There are several kinds of equations. A functional equa- Ngtations  We use some of the notations formally defined
tionz = y_fz defines an (arithmetic or boolean) relatipn  ;, [14]. We write 7 (s) for the chain of tags of a signal
between its operands z and resulte. A delayz =y prev (resp. behaviob, proces) andV(b) for the domain of a

initially defines by the valuev and then by thay had penaviors (resp. process). The restriction of a behavior
last time it was evaluated. In a delay equation, the signals; ;4 4 set of names’ is notedb|y and its complementary

x andy flife T)ynchrono“s:. simultzneousll)./ pr_esenthor simul- b/x. Two behaviors) and ¢ are flow-equivalent written
taneously absent at all imes. A sampling= ywhen 2 b ~ ¢, iff they have the same domain and all signals carry

definesc by y whenz is true. In a sampling equation, the e same values in the same order. Two behaviarsd

output signal is present iff both input signalgandz are 56 cjock-equivalentwrittenb ~ ¢, iff they are equal up to
present and holds the valuérue. A mergex = y default z an isomorphism on tags. For instance

definesx by y wheny is present and by otherwise. In a

merge equation, the output signal is present iff either of the (yH(tl’ 1)(t2, 0)(ts, O)) ~ <y'_)(“1’ 1) (uz, 0)(us, 0)
input signalsy or z is present. The procedd/x restricts = (t2,1) = (us, 1)

the lexical scope of the signal to the process. In the (y'_’(tl’ 1)(t2’0)(t370)> ~ <y'_)(“1’ 1)(“3’0)(u5’0))
remainder, we writd’( P) for the set of free signal names v (t2,1) = (u3, 1)

of P (they occur in an equation df and their scope is N0t \ye say that two reaction and s are independent iff they
restricted). A free signal is an output iff it occurs on the left 5.e disjoint domains. Two independent reactions of same
hand-side of an equation. Otherwise, itis an input signal.  tjime tagt can be merged, written Ll s. Two reactions of
Example We define the procestiter depicted in Sec-  signal-wise related time tags can be concatenated, written
tion 1. It receives a boolean input signgand produces an 7 - s, to form a behavior. For instance,

output signak every time the value of the input changes.  (y — (t5,0)) U (2 — (t2,1)) = (y — (t2,0)z — (t2,1))

The_ local signak hc_JIds th_e previous \_/al_ue of the inpyiat Y (t1,1) g (ta, 00\ (y—(t1,1)(t2,0)
all times. Wheny first arrive, z is initialized to true. Ify : =
x—(t2,1) T (t2,1)

andz differ then the output is true, otherwise it is absent.

Formal properties The formal properties considered in
x =filter(y) def (z= true when (y#£2) | 2=y pre true) /z the remaindgr pertain the insen;itivity of timing relations in

a proces (its local clock relations) to external commu-
Model of computation The formal semantics of Signal nication delays. The property of endochrony, Definition 1,
in the polychronous model of computation is defined in [7]. guarantees that the synchronization performed by a process
Informally, symbolic tags or v denote periods in time dur-  p is independent from latency in the network. Formally, let
ing which execution takes place. Time is defined by a partial I be a set of input signals @f whenever the procegsad-
order relation< on tags { < u means that occurs before  mits two input behaviors|; andc¢|; that are assumed to be

T



flow equivalent (timing relations have been altered by the Clock and scheduling relations The clocke of a signal
network) thenp always reconstructs the same timing rela- denotes a series of instants (a chain of time tags). The clock
tions inb andc (up to clock-equivalence). z of a signalx denotes the instants at which the sigmal

is present. The clockz] (resp.[—z]) denotes the instants

at whichz is present and holds the value true (resp. false).
A clock expressiore is either the empty clock, notel] a
Example To check that the filter is endochronous, Signal clocke, or the conjunctiore; A e, the disjunction

Definition 1 A process is endochronou#f there exists
I CcV(p)s.t,forallb,c e p,blr~c|; impliesb ~ c.

consider two of its possible track and ¢ with flow- e1 V ez, the symmetric difference; \ ez of e; andes.
equivalent input signalé(y) = (¢1,1)(t2,0)(t3,0)(t4, 1) cu=2|[z]|[a] (clock)

andc(y) = (u1,1)(uz, 0)(uz,0)(us, 1) (they share no tags, ex=0|cle; Aeale; Vea|er \ ea (clock expression)
but carry the same flow of values). The filter necessarily abi=x|d (node)

constructs the output signal§z) = (t2,1)(t4,1) and R,S:=c=e|a—°b|(R|S)|R/x (timing relation)
c(z) = (ug,1)(ug,1). One notices thab and ¢ are ) o
equivalent by a bijectiont; +— u;)o<i<5 on tags: they are Signals and clocks are related by synchronization and

clock-equivalent. Hence, the filter is endochronous. This is Scheduling relations, notel. A scheduling relatiom —¢
no longer the case if it is composed with processge. b specifies that the calculation of the nodea signal or a
clock, cannot be scheduled before that of the nodéen

Definition 2, below, defines the compositional property the clocke is present. A clock relation = e specifies that
of weak endochrony in the polychronous model of compu- the signal clock: is present iff the clock expressieris true.
tation. Informally, procesg is weakly endochronousiffitis ~ Just as ordinary processBsrelationsR are subject to com-
deterministic and can perform independent reactioasd positionR | S and to restrictiorR/x. The semantics of syn-
s in any order. Note that, by Definition 1, endochrony im- chronization and scheduling relations in the polychronous
plies weak-endochrony (e fijter is weakly endochronous). model of computation is defined in [7].

Definition 2 A procesy is weakly-endochronouf Clock inference The inference syster? : R associates

1. pis deterministic:31 C V(p), Vb,c€p, blr=c|r = b=c a process with its implicit timing relationsR. Deduction

2. for all independent reactionsands, p satisfies: starts from the assignment of clock relations to primitive
@ifb-r-septhenb-sep equations and is defined by induction on the structuri:of
(b)ifo-repandb-septhendb- (rus) ep the deduction for compositiof? | Q and for P/x are are
(©)ifo-(rus),b-(rut)epthenb-r-s,b-r-t€p induced by the deduction® : R and(@ : S for P and@.

Example For instance, the synchronous composition of x=yprev : (& =7) X

processesilter and merge is weakly endochronous: it is r=ywhenz : (Z=9A[z]|y—" )

deterministic and all combinations of reactions consisting =z =ydefaultz : (F =gV 2 |y —Yz|z ="\ 1)

of the signalst, y, z andc belong to its possible behaviors. r=yfz: @=9=2% |ly—=*z|z—-%2)

In [11], it is proved that weakly endochronous processes 1 - 1/ @ S§=P|Q:R|S P:R= Plv:R/z
p and ¢ are isochronousif they are non-blocking (a lo- In a delay equatior = y pre v, the input and output sig-
cally synchronous reaction pfor ¢ yields a globally asyn-  nals are synchronous, writteh= ¢, and do not have any
chronous executiop || g). scheduling relation. In a sampling equatior= y when z,
the clock of the output signal is defined by that of and
sampled by[z]. The inputy is scheduled before the out-

A processp is non-blocking iff, in any reachable state Put when bothj and 2] are present, writtepy —* z. In
(characterized by a behaviby, it has a path to a stuttering @ merge equation = ydefault z the output signak: is
state (characterized by a reaction Notice that the com-  present if either of the input signajsor z are present. The

Definition 3 p andq areisochronousff p|g ~ p || ¢

position offilter andmerge is non-blocking. firstinput signaly is scheduled before when it is present,
o . o writteny —¥ x. Otherwisez is scheduled before, written
Definition 4 p is non-blockingiff Vb € p,3r,b-r € p 2 —2\# & A functional equation: = y f » synchronizes
and serializes its input and output signals.
3 Formal analysis We write R = S to mean thatR satisfiesS in the

Boolean algebra in which timing relations are expressed:
For the purpose of program analysis and program trans-composition R| S stands for conjunction and restriction
formation, the control-flow tree and the data-flow graph of R/ for existential quantification (some examples are given
multi-clocked Signal specifications are constructed. Thesebelow). For all boolean signal in V(R), we assume that
data structures manipulate clocks and signal names. RE & =|[z]V[-z]andR | [z] A [-2] = 0.



Example To outline the use of clock and scheduling re- Definition 6 A hierarchy=< isill-formed iff eitherz = [«]
lation analysis in Signal, we consider the specification andor & > [—z], for anyx, or by < by for anyb; = ¢1 feo
analysis of a one-place buffer. Proceésdfer implements  such thate; = by < ¢ andbs < by

two functionalities:flip andcurrent. The procesdlip syn- A symmetric difference \ d has a disjunctive form if
chronizes the signals andy to the true and false values of . 3nd4 have a common minimurb [2]. Timing relations

an alternating boolean signal The processurrent stores  gre in disjunctive form iff they has no clock defined by a
the value of an input signa) and loads it into the output  symmetric difference relation. For instance, suppose that
signalz upon request. d ~ [r] and thatc = b < d. Then, the expressian\ d can

be eliminated because it can be expressed with—z].

x = buffer(y) dof (z=-current(y) | flip(x, y))
de

flip(z,y) = (s=t pre true |t=nots|&=[t]|§=[t]) /st Definition 7 A processP of timing R and hierarchy< is
z=current(y) & well-clockediff < is well-formed andR is disjunctive.
(r=ydefault (r pre false) |r=rwhen & |# =2V §) /7 The transitive closure of scheduling relationgHns the

largest relation defined by, 1) ifR = a —°¢ b thena —°
b, 2) if a -»°* banda —»° bthena —»*Ve2 b, and 3) if
a —° candc —°2 bthena -2 p

The processuffer has three clock equivalence classes.
The clockss, t and# are synchronous (i.¢. = § =t =
% Vv g). Two other synchronization classes,= [t] and

9 = [~t], are samples of the signal Definition 8 A processP of timing relationsR is acyclic
) R o iff the transitive closure» of its scheduling relation& sat-
Ruutrer & (* 7 [ty =[~lr=2vg Jrst isfy, for all nodesy, if a ¢ athenR = e = 0.
s—Stly =V |r—ta

From Ruufrer, We deduce? = f. Sincet is a boolean 4 Compositional design criterion
signal,f = [t] v [-t] (a signal is always true or false when

s ! N We formulate a decision procedure that uses the clock
present). By definition oRpyfrer, & = [t] @andg = [—t] (x

L hierarchy and the scheduling graph of a Signal process to
andy are sampled fron). Hence, we havé = &V gand  .,mpositionally check the property of isochrony. We start
can deduce thapper = (7 = 1). by considering the class of Signal procesgethat are re-
Clock hierarchy and scheduling graph The internal active and deterministic.

data-structures manipulated by the Signal compiler for pro- pefinition 9 A processP is compilableiff it is acyclic and
gram analysis and code generation consist of a clock hier-its relations R are well-clocked.

archy and of a scheduling graph. The clock hierarchy rep-
resents the control-flow of a process by a partial order rela-
tion. The scheduling graph defines a fine-grained schedul-
ing of otherwise synchronous signals.

Property 1 A compilable proces# is reactive and deter-
ministic.
Proof An immediate consequence of Prop. 5in [13].

Next, we consider the structure of a compilable Signal
specification. It is possibly paced by several, independent,
input signals. It necessarily corresponds to a hierarghy
that has several roots. When the hierarchy of a process has
a unique root, it is endochronous: he presence of any clock
is determined by the presence and values of clocks above it
in the hierarchy.

Definition 5 Thehierarchy= of a processP : R is the
transitive closure of the maximal relation defined by the fol-
lowing axioms and rules:

1. for all boolean signals;, & < [z] andZ < [—z]

2.if R = b= cthenb < candc < b, writtenb ~ ¢

3.ifR ': b1 = leCQ, f € {/\,\/,\},bg j Cl,bg j C2
andbs is maximal (i.ebe = max<{b|c1 > b < ca}).

Example The hierarchy of the buffer is constructed by ap- Definition 10 A proces is hierarchidff its hierarchy has

plication of the first and second rules of Definition 5. Rule & Unique root.

2 defines three clock equivalence claséess, t}, {z, [t]} Property 2 A compilable and hierarchic procegsis en-
and{g, [-t]}. Rule 1 places the first class above the two dochronous.
others and yields the following structure Proof A detailed proof is available in [13].
{7, 5,1} Example The hierarchies of procegiier (Section 1), left,
/ \ and of the buffer, right, are both hierarchic: they are en-
{&, [} {g, [~} dochronous. Let = ([y] A [-2]) V ([-y] A [2]) and
A well-formed hierarchy has no relatidn= ¢ that con- f =] /\A [P2D) V(I A L)),

tradicts Definition 5. For instance, the hierarchy of the pro- Frgi

Y~z
cessr = yand z| z = ywhen y is ill-formed, sincej ~ [y]. / \ / \
t]

A process with an ill-formed hierarchy may block. T~e f [t



value that was written into it. At,(n), the bus fetches

By contrast, a process with several roots necessarily de-(y b,,) to store in the input buffer of the reader, denoted by
fines concurrent threads of execution. Indeed, and by defi-(,, bb) At t,(n), thereaderloads the input buffeys, b,)

nition of a hierarchy, its roots cannot be expressed or calcu-nto the variableg, (n) andb, (rn). Then, in a similar man-
lated (or, a fortiori, synchronized or sampled) one with the ner as for an alternating bit protocol, the reader extracts
others. Hence, they naturally define the source of concur-y, () iff b,(n) has changed.

rency for the verification of weak endochrony.

T s
Static checking isochrony Checking that a compilable

process is weakly endochronous reduces to proving that b br
the roots of a process hierarchy satisfy property (2) of Def- (Yw» buw) (yr, br)
inition 2 by using bounded model checking (see [14]). Un-

fortunately, model-checking is unaffordable for purposes bus — (e, by} b
such as program transformation or code generation. In the Tp - Xy

aim of generating sequential or concurrent code starting reader

from weakly endochronous specifications, we would like 2

to define a simple and cost-efficient criterion to allow for a bus

large and easily identifiable class of weakly endochronous w

programs to be statically checked and compiled. To this writer

end, we define the following formal design methodology. T T

A simulation model of the LTTA To model the LTTA

in Signal, we consider two data-processing functions that
communicate by writing and reading values on an LTT bus.
In Signal, we model an interface of these functions that ex-
poses their (limited) control. Theriter accepts an input,,

and defines the boolean flag that is carried along with it
over the bus. The reader loads its inpytsandb,. from the
bus and filters:,. upon a switch ob,.. Thebus is simulated

by a pair of buffers that forward the inputs, andb,, to

the reader. The clock;, is not used since the buffers have
local clocks. Finally, the procedisa is defined by its three
componentseader, bus andwriter.

)
)

Definition 11 If P is compilable and hierarchic then it is
weakly hierachic If P and @ are weakly hierarchicP|Q
is well-clocked and acyclic theR | @ is weakly hierarchic.

By induction on its structure, a processis weakly hi-
erarchic iff it is compilable and its hierarchy has rosts,,
such that, for alll < i < n, X; = V(X"), P, = P|x,
is weakly hierarchic and the paif[;_, P;, Pi+1) is well-
clocked and acyclic. A proof of Theorem 1 appears in [14].

Theorem 1

1. A weakly hierarchic procesB is weakly endochronous.
2. If P,Q are weakly hierarchic and®| @ is well-clocked
and acyclic thenP and @ are isochronous.

a

lef

x, =reader(yr,br,cr
(ywvbw)

(zr =yr when filter(b,) | §r = [cr])

[«
2

e

Iy

=writer(Ty,Cw

A compositional design methodology Our static crite- (b |
Tw=0by=|C

rion for checking the composition of endochronous pro-
cesses isochronous defines a cost-effective methodology for (Yr:br) =bus(yuw,bw,cs)

=Ty | bw = not (by pre true)
) = buffer(buffer(y.,,bw )

o g
"ﬁ_

)
((ym )

def

the integration of components in the aim of architecture ex-
ploration or simulation. Interestingly, this formal method-
ology meets most of the engineering practice and industrial

z, =ltta (:Ew,Cw,Cb,CT)
(zr =reader(bus(writer(zw,cw),cs),cr))

We observe that the hierarchy of the LTTA is composed

usage of Signal: the real-time simulation of embedded ar-of four trees. Each tree corresponds to an endochronous and
chitectures (e.g. integrated modular avionics) starting from separately compiled process, connected to the other at four
heterogeneous functional blocks (endochronous data-flowrendez-vous points (depicted by equivalence relatiohs
functions) and architecture service models. The LTTA itself is not endochronous, but it is isochronous
because its four components are endochronous and their

Example of a loosely time-triggered architecture We T :
composition is well-clocked and acyclic.

consider a simple yet realistic case study build upon the
examples we previously presented. We wish to design a

Cw Trsrtr Cr
simulation model for a loosely time-triggered architecture
(LTTA). The LTTA is composed of three deviceswaiter, / \ / \
abus,and areader Each device is paced by its own clock. b [cw 0[] (—twlgl ~ ]2 [t ]3]

At the nth clock tick (timet,, (n)), thewriter generates
the valuer,,(n) and an alternating flaly, (n). At any time
t.,,(n), the writer’s output buffefy,,, b,,) contains the last

(]2



5 Related Work 6 Conclusions

The clock analysis at the core of our approach shares

In synchronous design formalisms, the design of an . . ™= ° . L
embedded architecture is achieved by constructing an en_s|m|Iar|t|es with both approaches (desynchronization and

dochronous model of the architecture and then by automat-Iatency |_nsen5|t|\r/]|ty)_. It tivo'gs tth?hnededt for _ani/_ eXpr'C't
ically synthesizing ad-hoc synchronization protocols be- suspension mechanism thanks to the determination ot pre-

tween the elements of this model that will be physically cise timing relationsf..This yieIQs a cost-effective methodol-
distributed. This technique is called desynchronization and 09y for the composmonal design of globally asynchronou_s
a thorough survey on it is proposed in [8]. In the case of architectures starting from synchronous modules. '-lthIS
Signal, automated distribution is proposed by Aubry [1]. methodology balances a trade-off between cost (of verifica-

It consists in partitioning endochronous specifications andt'on) and compositionality (of design). It maintains a com-

synthesizing inter-partition protocols to ensure preservation posmonal globgl design objective of isochrony while pre-
of endochrony; serving properties secured locally (endochrony) by check-

i ) ing that composition is non-blocking.
In [9], Girault et al. propose a different approach for

the synchronous languages Lustre and Esterel. It con-

1€ synchronous fanguag References
sists in replicating the generated code of an endochronous
specification and in replacing duplicated instructions by (1) pascal Aubry. Mises en oeuvre distréms de programmes syn-
inter-partition communications. As it uses notions of bi- chrones. Thse de I'Universi de Rennes, 1997.
simulation to safely eliminate blocks, it leads to the con- [2] Loic Besnard. Compilatio_n de'SignaI: horlogegpdndances, envi-
struction of a distributed program that consists of en- _ fonnements. Tése de lUniversi de Rennes, 1992.

. L. [3] Albert Benveniste, Benoit Caillaud, and Paul Le Guernic. Compo-
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of endochrony. In [11], the so-called property of weak demic Press, 2000.

endochrony is proposed Weak endochrony supports the[4] Luca Carloni, Ken McMillan, and Alberto Sangiovanni-Vincentelli.
.. o The theory of latency-insensitive designlEEE Transactions on

compositional construction of globally asynchronous sys- Computer-Aided Design of Integrated Circuits and Syste20(9).

tem by adhering to a global objective of weak-isochrony. IEEE, 2001.

In [12], we propose an analysis of Signal programs to [5] Mario C.asu, Luca Macchiarglo.Anew approach to latency insensi-
check this property. However, we observe that it is far __ Uve design. Design Automation Conference. ACM, 2004.

v th | f d . [6] Sohini Dasgupta, Dumitru Potop-Butucaru, BénGaillaud, Alex
more COSU_/t an _necessary, at e‘TiSt or code generation pur- Yakovlev. Moving from Weakly Endochronous Systems to Delay-
poses, as it requires an exhaustive state-space exploration. Insensitive Circuits. Formal Methods for GALS Design, Electronic
In [6], Dasgupta et al. also propose a technique to syn- Notes in Theorgtica Computer Scie_nce. Elsevier, 2096.
thesize delay-insensitive pl’OtOCOlS for synchronous circuits [7] Paul Le Guernic, Jean-Pierre Talpin, and Jean-Christophe Le Lann.
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In the model of |atency-insensitive protoco|s [4]' compo- [8] Alain Girault. A survey of automatic distribution methods for syn-

: w _ chronous programs. In International Workshop on Synchronous Lan-
hents are denoted by the notionpeiarl (intellectual prop guages, Applications and Programs. Electronic Notes in Theoretical

erty under a shell").. A pearl is rgqui_red to satisfy an invari- Computer Science. Elsevier, 2005.
ant of patience(which, in turn, implies endochrony [13])  [9] Alain Girault, Xavier Nicollin, and Marc Pouzet. Automatic rate
and alatency-insensitive protocolvraps the pearl with desynchronization of embedded reactive programs. ACM Transac-

; ; ; . ; tions on Embedded Computing Systems, 5(3), 2006.
neric client-si ntroller: -called rel tation. ) . . )
a generic client-s de controller: a so-called re ay statio [10] Julien Ouy, Jean-Pierre Talpin, icoBesnard, and Paul Le Guernic.

The relay station ensures the functional correctness of the Separate compilation of polychronous specificatidismal Meth-
pearl by guaranteeing the preservation of signal flows (i.e. ods for Globally Asynchronous Locally Synchronous Desfgac-
isochrony). It implements this function by suspending the trqni_c Notes in Theoretical Com_puter_ Science, Elsevier, 2007. _
pearl's incoming traffic as soon as it is reported to exceed [11] Dimitru Potop-Butucaru, Benoit Caillaud, and Albert _Benvenlste.
. . - . Concurrency in synchronous systemsFormal Methods in System
its consumption capability. A technique proposed by Casu  pesign Kiuwer, 2006.

et al. in [5] refines this protocol to prevent unnecessary traf- [12] Jean-Pierre Talpin, Dimitru Potop-Butucaru, Julien Ouy, and Benoit
fic suspension by controlling traffic through pre-determined paillaqd_. From multi-clocked synchronous specifications to latency-
periodic schedules. The latency-insensitive protocol is a___ Insensitive systems. lBmbedded Software Conferené&M, 2005.

" " ,[13] Jean-Pierre Talpin and Paul Le Guernic. An algebraic theory for
comp05|t|opal approach, and can be seen as a bl_aCk'bOX behavioral modeling and protocol synthesis in system design. For-
approach, in that no knowledge on the pearl (but its capa-  mal Methods in System Design. Special Issue on formal methods for
bility to be patient) is required. Just as desynchronization, GALS design. Springer, 2006.

Casu’s variant [5] is a “grey-box” approach, where knowl- [14] Jean-Pierre Talpin, Julien Ouy, iocBesnard, Paul Le Guernic. Com-
. . positional design of isochronous systems. Report RR-6227. INRIA,
edge on the pearl is needed to synthesize an an-hoc con- 557 URLhttp://hal.inria.frfinria-00156499 )

troller and, at the same time, ensure functional correctness.



