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Abstract. In this paper, we introduce a new model for the represematiasynchronous imple-
mentations of synchronous specifications. The model caslassical implementations, where a
notion of global synchronization is preserved by means gfiaing, and globally asynchronous,
locally synchronous (GALS) implementations where the glaiock is removed.

The new model offers a unified framework for reasoning abeossential correctness properties of
an implementation: the preservation of semantics and teerede of deadlocks. We use it to derive
criteria ensuring the correct deployment of synchronoesiigations over GALS architectures. As
the model captures the internal concurrency of the syndusspecification, our criteria support
implementations that are less constrrained and more eiffittian existing ones.

Our work also reveals strong ties between abstract sensgmtaservation properties and more op-
erational ones like the absence of deadlocks.
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1. Introduction

Dealing with concurrency, time and causality in the desigglectronic systems has become increasingly
difficult as the complexity of the designs grew.

Thesynchronous programming modél 2, 3] has had major successes at the specification level be
cause it provides a simpler way to employ the power of cortury in functional specification. Provided
that a few high-level constraints insure compliance withgkinchrony hypothesis, the designer can for-
get about timing and communication issues and concentrafarwtionality. The synchronous model
features deterministic concurrency and simple compasitiechanisms facilitating the incremental de-
velopment of large systems. Also, synchronous models arallyseasier to analyze/verify/optimize
compared to asynchronous counterparts, often becaustatadransition representations are smaller.

Synchronous languages likessEEREL, LUSTRE, and SGNAL, the quasi-synchronousTSreCcHA-
RTS modeling methodology, and design environments likel®INK / STATEFLOW all benefit from the
simplicity of thesynchronous hypothesis

1. Cycle-based execution model. Behaviors are sequenceaationsindexed by aylobal clock

2. During each reaction, the behavioral propagation isdieargent and causal, so that the status of
every wire is defined prior to being used in computations.

Note that condition 2 empowers the conceptual abstractiahdomputations and communications are
infinitely fast (“zero-time”) and take place at discretemisiin time, with no duration. It also allows
universally-recognized mathematical models like the Maahchines and the digital circuits to be used
as semantic foundations.

However, if the synchronous assumption simplifies systeetifipation and verification, the prob-
lem of deriving a correct physical implementation from iedoemain [2]. In particular, difficulties arise
when the target implementation architecture has a disétboature that does not match the synchronous
assumption because of large variance in computation andhcmication speeds and because of the dif-
ficulty of maintaining a global notion of time. This is ince#agly the case in complex microprocessors
and Systems-on-a-Chip (SoC), and for many important ciasEembedded applications in avionics,
industrial plants, and the automotive industry.

For instance, many industrial embedded applications sbo$§imultiple processing elements, op-
erating at different rates, distributed over an extende@d,aand connected via communication buses.
To use a synchronous approach in the development of sucltaippts, one solution is to replace the
asynchronous buses with communication infrastructuras dbmply with a notion of global synchro-
nization. This is examplified by the family of Timed-Trigger Architectures introduced and promoted
by H. Kopetz [4]. However, such a fully synchronous impletaéion must be conservative, forcing
the global clock to run as slow as the slowest computationfsanication process. The overhead im-
plied by time-triggered architectures and synchronougempntations is often large enough to convince
designers to use the asynchronous solutions.

Gathering advantages of both the synchronous and asyrmiw@pproaches, the Globally Asyn-
chronous Locally Synchronous (GALS) architectures arergimg as an architecture of choice for im-
plementing complex specifications in both hardware andwsoé. In a GALS system, locally-clocked
synchronous components are connected through asynclraooumunication lines. Thus, unlike for
a purely asynchronous design, the existing synchronous tam be used for most of the development
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Figure 1. From synchrony to GALS. Bullets represent infaimeavalues (messages). Vertical gray boxes repre-
sent reactions. Horizontal ones represent asynchronguialsi

process, while the implementation can exploit the moreieffttunconstrained/required asynchronous
communication schemes.

We further pursue in this paper our quest for correct-bystroiction deployment of synchronous
specifications over GALS architectures.

1.1. Informal discussion of the issues

In the synchronous paradigri, 2, 3], an execution of the program, also calteace, is a sequence
of reactions, each reaction assigning a unique value §tatueach variable of the program. Not all
variables need to be involved in each reaction. Howeves, ithtaken into account by extending the
domain of values of all variables with an extra symhglwhich denotes absence. Thus, absence can be
tested and used to exercise control.

No global clock exists in thasynchronous paradignmeaning that no notion of reaction exists, and
that absencel() has no meaning and cannot be sensed. Only the sequencelsied va individual
channels can be observed, so thaasynchronous observatiaf the execution of a system is a function
assigning to each communication channel the sequencensfitittied messages/values. Asynchronously
observing a synchronous execution consists of removing xents and the synchronization boundaries
of the reactions to obtain an asynchronous observation.

In many cases, applications designed in a synchronous framerk will be implemented for use
in an asynchronous environment Two problems arise: First, the synchronous applicationstrbe
fitted with wrappers that read the asynchronous inputs anedstde them into reactions before giving
them to the program and triggering the program clock (theedgling operation inserts the missing
1 values). As the synchronous paradigm is often used in thela@ment of safety-critical systems,
input reading and the system itself must be deterministiat teast predictable. It is therefore essential
to consider classes of synchronous specifications thditéaeithe development of efficient wrappers
which make input reading deterministic while not restrigtthe behavior of the system.

Second, the implementation must preserve the semantit®e afyhchronous specification, meaning
that the set of asynchronous observations of the speaificaiust be identical to the set of observations
of the implementation. Preservation of semantics is ingmirbecause the advantages of synchrony lie
with specification and verification. We would therefore lé&ach implementation trace to be covered
by the verification of the synchronous model. This problerofiparticular importance when the syn-
chronous specification must be implemented over a dis&tbatchitecture (an operation callddsyn-
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chronizatior). In such cases, input reading and computation must be ic@bed between distributed
sites, and doing this without a careful analysis can be veefficient (in terms of speed, consumption,
communication, etc.) or simply incorrect.

This paper addresses the problem of desynchronizing a rmodyhchronous specification by re-
placing the communication lines between modules with &sgnous FIFOs Instead of a single, global
wrapper, we shall have one wrapper per system componenictasggl in fig. 1. The exact problem we
address is that afharacterizing large classes of synchronous componenigticch small, simple wrap-
pers produce deterministic, efficient, and semantics-presgr@ALS implementationsThese classes
of systems can then be considered as the implementatioe,spad the remaining problem is that of
making given synchronous systems belong to these clasgesi@iing supplementary signaling). Natu-
rally, a larger implementation space covers better salatibat use less synchronization.

1.2. Previous work

Previous approaches to implementing modular synchronoesifcations over GALS architectures are
respectively based datency-insensitive systepra Kahn process networks (KPNdnd onendochron-
ous and isochronous systems

In the latency-insensitive systena§ Carloni et al. [5], each synchronous component reads every
input and writes every output at each reaction. The comnatioit protocols effectively simulate a
single-clock system, which is inefficient, but simplifieg implementation.

In aKahn process networg], requiring that each component has a deterministictiopitput behav-
ior implies the determinism of the global system (and thuswarapper is a good one). Often used, due
to its robustness, in the development of embedded systbm&RN-based approach has been adapted
by Caspiet al. for the desynchronization of functional dataflow synchiumnepecifications [7]. Giving
the approach its strength, the determinism is also its mawlghck, as non-determinism is often useful
in the specification and analysis of concurrent systems. [8¢eraention here the approach of Talgin
al. [8], which is based on a bounded version of the Kahn principle

The approach based @ndo/isochronous systerhas been proposed by Benvenisteal. [9] in
order to support the analysis of partial specifications ¢Wwldan be non-deterministic, or incomplete),
to exploit execution modes, and to cover truly concurremt multi-clock implementations. Informally
speaking, a synchronous component is endochronous wheardbence and absence of each variable
can be inferred incrementally during each reaction fromctimeent state and from the values of already
present values. An endochronous component knows how toiteatputs, meaning that no wrapper
is needed. Unfortunately, endochronous components cadhitexb internal concurrency, which makes
endochrony non-compositional (thus, incremental systemeldpment is impossible). Isochrony is a
semantics-preservation criterion over pairs of synchusrsystems. The work of Singh and Theobald on
generalized latency-insensitive systdt® can be seen as implementing endochrony in hardware.

Essential improvement is brought by the work by Potbpal. [11] on weak endochrony and weak
isochrony. Weak endochrony extends endochrony by allowimgrations within a component to run
independently when no synchronization is necessary. Thiemis compositional, allowing incremental
development of large systems. Being formulated in a nosalauamework, this approach is also less
constrained than the KPN-based one, allowing non-detésmiim the less abstract causal model. The

For instance, wrappers that trigger a transition as sooheasgeded input is available.
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non-causal framework is also the main disadvantage, bedghisles implementation properties, like the
presence of synchronization or communication deadlockscfware important in practice).

The distribution of synchronous or strongly synchronizpdc#fications has been studied in many
other settings. We only mention here the Time-TriggeredhAectures of Kopetz [4], thecrep tool
of Girault et al. [12], the AAA methodology of Sorel [13], and the desynchmation approach of
Cortadellaet al. [14]. From another point of view, our work is closely relatedesults concerning the
design of delay-insensitive [15] and burst-mode [16] dicu

1.3. Contribution

This paper brings an important improvement over previouskwoy allowing us toreason about con-
currency and efficient synchronization in a causal, operai synchronous framework that takes into
account the composition through read/write mechanisiitse approach inherits the advantages of the
weak endochrony-based approach: It allows the repregamiaitnon-deterministic specifications, takes
into account execution and communication modes, and ceegrsurrent and multi-clock implementa-
tions. At the same time, it allows us to reason in a unified rhatleut semantics-preservation and the
absence of deadlocks due to synchronization and commigmic@thich are both essential correctness
properties of any implementation). As we shall sibe, level of detail is essential in this analysis, as it
reveals the strong ties that exist between the two correstpeoperties, and simplifies the correctness
analysis

Our main contribution is the definition of a new model for tepresentation of asynchronous imple-
mentations of synchronous specifications. The model calassical implementations, where a notion
of global synchronization is preserved by means of siggalamd globally asynchronous, locally syn-
chronous (GALS) implementations where the global clockeimaoved. We use this model to derive
criteria ensuring the correct deployment of synchronowscgjzations over GALS architectures

1.4. Outline

The remainder of the paper is organized as follows: Sectaefines the formal framework used through-
out the paper, and section 3 gives intuitive examples ankhiepwhy the new structures are adapted to
modeling and reasoning about the correctness of GALS imgi¢ations of synchronous specifications.
Sections 4 defines criteria ensuring correct desynchroizaA short conclusion is given in section 5.

2. The model

This section defines our model of asynchronous implementadf a synchronous specification. We

structured its presentation into several parts. The stibsec2.1, 2.2, and 2.3 introduce rather standard
notations for transition systems (labels, traces, coeotitransition systems, and composition by syn-
chronized product). Subsection 2.4 is the first to define comeoation channels, clocks, and the 1/0

transition systems which form our basic implementation eho®bection 2.5 defines the synchronous
transition systems — which are 1/O transition systems fyais the synchronous hypothesis. In section
2.6 we explain how transition systems are synchronouslyamydchronously composed using FIFO

models. Recall that intuitive examples are given latergictisn 3.
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2.1. Variables and labels

Our components and systems interact with each other andtketh environment througkariables
The domainof a variablev is denoted withD,. GivenV a finite set of variables, dabel overV is
a partial valuation of its variables. Formally, the set dflabels overV is Ly = HvEV DI}, where
Dy = D, U{L}, and L ¢ D, is a special symbol denoting tladsenceof a value. Thesupportof a
labell € Ly is supp(l) = {v € V | I(v) # L}. We denote withLy the label of empty support over
V. For simplicity, we shall usually write out a label as the kits non-absent variable valuations. For
instance< v = 0,u = 1 >y denotes the label ovéf with support{u, v} and which assigns 0 teand
1 tou. When confusion is not possible, the $&bf variables can be omitted from the notation. Also,
when confusion is not possible and we need to save spacen§fanice in large system representations)
we shall drop the& > delimiters.

If | € Ly andV”’ is another set of variables, then tineageof [ throughV” is the labell |, € Ly
that equalg overV NV’ and equals. on V' \ V.

The labeld; € Ly, = 1,2, arenon-contradictory denoted; < Iy, if for all v € V; N V5 such that
l;(v) # L,i=1,2we havel; (v) = l2(v). In this case, we define their:

e union: [1 LIy € Ly,uv,, of supportsupp(ly ) Usupp(lz) and which equalg oversupp(l;),i = 1,2.
e intersection:l; Mly € Ly, Uy, Of supportsupp(l;) N supp(l2) and which equals; on its support.

The union and intersection operators are associative anchcibative. When the labels, l> € Ly are
b (w), if u & supp(ls)
1, otherwise '

When the non-contradictory labélse Ly;,i = 1,2 are equal ovel; N Vs, they are callegynchro-
nizable Their union is also called in this capeoductand denoted witly, ® /5. Note that); ® I equals
lionV;,i=1,2. The labeld; € Ly,,i = 1,2 aredisjointif supp(l1) N supp(l2) = 0.

Assume that andv’ are variables with the same domaime(D, = D). Givenl € Ly, withv € V
andv’ ¢ V' \ {v}, the name change operator associfte8’] € Ly (,yuqe} With:

non-contradictory, we also define thdifferencel; \ls € Ly by 1 \l2(u) =

l(w), if u £
l(w),ifu="7v

lo/v')(u) = {

We define the “sub-label” partial order relatishover Ly: 1 < s if Vv : (I1(v) # L = l1(v) =
l2(v)).

2.2. Traces

A trace over the set of variableF is afinite sequence of labels ovéf. The set of all traces ovér is
denoted withl'races (V') = Ly, = {(l;)o<i<n | n € IN AVi : l; € Ly}. Given atracep = (I;)o<i<n
we denotdength(p) = n andp[i] = [;. Note that any label is a trace of length 1. We denote wihy
sequence of length 0. In particuladenotes the empty trace, regardless of the variable set.

Any two tracesyr, p2 € Traces(V') can be concatenated. The traegis a prefix ofpy (written
w1 = o) if, by definition, p2 = @13 for someps. The prefix relation is a partial order over traces.
The image operator is extended component-wise on traégs<i<n |v'= (i |v/)o<i<n. The traces
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i € Traces(V;),i = 1,2 are calledsynchronizablef length(¢1) = length(ps) and if for all j the
labelsp;[j] and p2[j] are synchronizable. In this case, we can defineptioeluct tracep; ® @y =
(¢1li] ® @ali])o<iciength(sr)- The product operator is associative and commutative. sTipportof a
tracey, denotedsupp(y), is the union of the supports of its labels.

2.3. Generalized concurrent transition systems

Thegeneralized concurrent transition syste(@CTS) form our (asynchronous) implementation model.
GCTSs are step transition systems where steps are syntggpt@sentions of the concurrency between
atomic operations (which assign or test a single variabl)ey generalize the concurrent transition
systems of Stark [17], and can be seen as a sub-set of theatejion systems of Mukund [18].

Definition 2.1. (generalized concurrent transition system

A generalized concurrent transition system (GCTS) is aetbip= (S, 3, V, o—x ), whereS is the set
of states (not necessarily finite§ £ S is the initial state) is the finite set of communication variables,
ando—y C S x Ly x S'is a transition relation satisfying:

GCTS1 (void transition):Vs € S : se—>s .

GCTS2 (prefix closure): Ifse—é> s’ andl’ < [, then there exists” € S such thatse% $" and

IR l\ll > o
S 5 S

When there is no ambiguity, can be dropped from the transition relation notation.
We shall say thap = 11 ...1,, € Traces(V) is a trace of the GCTS = (S, §, V, o—y) starting

in the states € S if there existsy, ..., s, € S such thats h 51 LI sn . In this case, we

also write se—=> s,, . The set of all traces of starting ins is denoted byl'racesy (s), and the set of

all destination states of such traces BSS,(X) = {s' € S | Jp : s—= ¢ }. Thereachable state
space oBl is RSS(X) =45 RSS:(X).

Generalized concurrent transition systems are composedeayns of synchronized product. Con-
sider two GCTSE; = (5, §i, Vi, o—x.),i = 1,2, then their product is defined as follows:

El ® 22 - (Sl X 527 (8A178A2)7 ‘/1 U ‘/27 O_>21®22)

Ulv, . . i
where (s1, sg)%T;E> (s),55) & Si o> s ;1 =1,2. The® operator is well-defined — It preserves
1 2 i

the properties GCTS1 and GCTS2. Itis also associative amdncaiative, and:

Tracesgr s, ((si)i<i<n) = {® vi | pi € Tracess,(s;) pairwise synchronizable}
i=1
The variable name change operator is extended to GCTSs=I{S, 8, V, o—x),v € V,v' &€ V\{v},
andD, = D,., then:

Slo/v] = (8,8 VA{oh u{o'}, {s

U/’U 1
S 1o
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2.4. /O causality. Channels and clocks

In practice, communications between the different comptsef a system are directed. One component
emits a value on a channel, and another reads it. To takenthiaccount, we usdirected communication
channelsthat are pairs otlirected variables We emit a value on a channeby assigning the variable
le, and we receive a value by reading the varighle The variabledc and?¢ have the same domain,
denoted withD.. We denote withC(V) = {c |lc € V or 7c € V} the set of channels associated
with a set of variable$’. To simplify the model, we assume that every channel cosregcinost one
emitter with at most one receiver, meaning thais variable of at most one component in the system,
the same holding fotc (a simple renaming technique allows the use of multicagtweushall not cover
the subject here). We further assume that the only variahkgsare not directed are tlwdocksof the
synchronous components. A clock is a variable whose dorsdiy;i = {T} (T stands for the “clock
tick”). Given a setl” of variables we shall denote witfilocks(V") the subset of clock variables, and
with Directed(V) = V' \ Clocks(V') the subset of directed variables. To simplify the notatioms
abbreviate the clock tick valuation= T with 7 (for any clock variabler).

Definition 2.2. (I/O transition system)
We say that a GCTS is an I/O transition system when all ittt are either directed or clocks.om
now on, this paper only considers I/O transition systems.

To reason about desynchronization properties, we shadl texefollowing function, which removes
the clock synchronization barriers, so that only messaged ot absence) are visible, along with mes-
sage ordering on each channgk (D;")* — D, defined bys(¢) = ¢ and:

) vi(e), ifu#E L
olvp) = { (), otherwise

Using this notation, we extend the relatienh(first defined on labels) to a preorder ovBraces(V'):
Given g1, 02 € Traces(V), we write o1 < ¢, Whenever we havé(y; |,1) = (2 |f)) for all

v € Directed(V). If o1 < o andys < 1, then we say thap; andys areasynchronously equivalent
denotedp; ~ . When for allv € Directed(V') we haves(p1 [(vy) = (02 [{v}) OF 6(02 [{0}) =
5(¢1 |{vy), then we say thap; andy, areasynchronously non-contradictorgnd writey; > 2. Note
that> extends to traces the non-contradiction relation overl$abddoreover, we can extend the label
difference operator to non-contradictory traces by degjtiire asynchronous difference of traggs\ -

by induction:

1\ (lp2) = (L1 \ ) \ p2
(lip1) Nl = (lu \ l2)(p1 \ (l2 \ 1))

If p is a trace of an I/O transition system, then we denote With | the number of assignments of
non-clock variables contained in

2.5. Synchronous transition systems

Our synchronous transition systems represent causal ymals specifications or, equivalently, imple-
mentations of synchronous specifications where the gldbek és preserved by means of signalization.
A synchronous transition system is an 1/O transition sysiéth a single clock variable, and satisfying
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the synchronous hypothesis and a stuttering-invarianmeepty (which is necessary if we want to derive
GALS implementations).

Definition 2.3. (synchronous transition system)

A microstep synchronous transition systepSTS) is a tupleX = (S, §, V, 7, o—) where all the
variables of V' are directed, where is a clock variable (the clock of the component), and where
(S, 8, VU{r}, o—)isa GCTS satisfying:

1STS1 (clock transitions): if se—- & andi(r) # L thenl |y= Ly.

uSTS2 (stuttering—invariance):geg § and( se=T% s = sfeg s')

uSTS3 (single assignment): two assignments of a same variablé lmeuseparated by a clock transi-

tion. More exactly, if so h 51 B,eln sn andVi : [; # 7, thenly,. .., [, are pairwise

disjoint.
Note that axiomuSTS1 identifies thelock transitions- with label< 7 > —which are the only transitions
where the clock variable is present. Such transitions sépaynchronous reactions during which a
variable cannot be assigned more than once (cf. axi8MS3). A state which is destination of a clock
transition is calledsynchronizing stateGiven a tracep of a synchronous system, we can decompose it
into reactionsp = Stepg(¢) < 7 > Stepi(p) < 7 > ... where each reactioftep;(¢) contains no
clock transition. As the transitions of eashep; () are disjoint, we can denote with Step;(y) > the
union of all its labels. We shall say that a traeés completéf it ends with a< 7 > transition. We say
that auSTS isnon-blockingif from any reachable state there is a path towards a stugtestiate. Note
that in a non-blocking:STS any trace can be completed. Blocking systems are coedideorrect.

An isomorphism\ between two GCTSS,; = (5;, $;, Vi, o—x, ), = 1,2 consists of two bijections

A% 8 — SyandAY : Vi — V4 having the properties: (o : D, = Dyv ), (i)) A(s1) = 2, and (iii)
sez—ll> s & )\S(s)e%i)> M3(s") , whereX(l) denotes the label obtained franby renamingv with
AV (v) for all v € V4. If £; and¥, are I/O transition systems, we say thais an isomorphism of /O
transition systems ik maps read variables onto read variables, write variableswrite variables, and
clocks onto clocks. 182, and>, areSTSs, then\ is an isomorphism ofiSTSs if it is an isomorphism
of I/O transition systems.

2.6. Synchronous and asynchronous composition

As earlier mentioned, we simplify the model by only allowipgint-to-point communication, and we
enforce this rule by syntactic means. However, broadcasbeasimulated by replicating and renaming
variables.

Definition 2.4. (composable transition systems)

We say that the 1/O transition systers,i = 1,n arecomposabléf their variable sets are mutually
disjoint.

Note that the definition requires not only point-to-pointreaunications (no directed variable is shared
by two or more systems), but also the non-overlapping ofkck®ts (which is natural). Also note that
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a system can have bothand?c as variables, thus allowing the representation of systdrteireed by
composition.

The composition of synchronous and asynchronous systenfirgeed by means of synchronized
product, using FIFO models to represent communicatiorutfitasynchronous and asynchronous chan-
nels. To represent synchronous communication, we useck-ghanchronous FIFO models (which are
uSTSs themselves). The FIFO model associated with a chansiel

SFIFO(c,7) =
({co,c1} U U {cz}, co, U {le=2x,7%c ==z}, 7, o—g)

$€Dc $€Dc

where the transition relation is defined by:

<le=z> <?c=x>
<T> Cpo—— Cpo——> Cq
,x €D,

<7T>

Note that modeling multicast communication (a feature thdltnot be addressed in this paper), can
simply be done by renaming channel read variables in a coemngemise fashion, and then modifying
the FIFO model to allow the concurrent read of the value frafferegnt sites.

Asynchronous communication involves infinite asynchranBlFO models (which are npiSTSs):

AFIFO(c) = (D}, ¢, | {le=x,7c =1}, o—4)
z€D,

where the transition relation contains all the transitiohthe form:

<le=zp41> <Tc=x1>
1...Lpo——>T1 ... Tplptlo—>=T2...Tp+1

Definition 2.5. (synchronous composition ofiSTSs)
LetX; = (S;, $i, Vi, i, o—x,),7 = 1,2 be composablgSTSs and let be a clock variable. Then, the
synchronous composition &f; andX; over the base clock is:

1|7 Bo=31[n /7] @ Xa[re/T] ® ® SFIFO(c, )
ceC(V1)NC(Va)

Lemma 2.1. (Properties of the synchronous composition)

The synchronous composition of th&TSsY:; andY; over the base clock is auSTS of clockr. The
result of the synchronous composition is unique upto rengrof the base clock, so that we can omit
the base clock from the notation. Moreover, the operatdr is associative and commutative, modulo
isomorphism.

In addition, note that synchronizing states bf, ; have void communication lines (all synchronous
FIFO models are in their unique synchronizing state).
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Definition 2.6. (asynchronous composition of I/O systems)
LetX; = (S;, $i, Vi, o—x,),i = 1,2 be composable 1/O transition systems. Then, the asynchsono
composition of¥; and, is:

Uil Se=S10%0 (K)  AFIFO(c)
CEC(V1)ﬂC(V2)

Lemma 2.2. (asynchronous composition properties)
The asynchronous composition of I/O transition systemdtes another I/O transition system. Thie
operator is associative and commutative. The asynchrocmmagosition of twquSTSs is not auSTS.

Proof:(lemmas 2.1 and 2.2) The operatoris associative and commutative, which implies the associa-
tivity and commutativity of the synchronous and asynchrmoomposition operators. The isomorphism
of ¥; |* ¥y and¥; |2 X, is given by the renaming of the clock variable.

2.7. Product states and product traces

Note that the state of a synchronous or asynchronous prafuld© systems is not only given by
the state of the components, but also by the state of its conwation channels. Indeed, given the
composableuSTSsY;,i = 1,n, connected through the channelsi = 1,m, the state of _,%;

is ((si);=17» (¢])i=1;m)» and the state oft ', % is ((si),—17, (¢f);—17), Wherec; denotes states of
SFIFO(c;, T) andc! denotes states of FIFO(c;).

Nevertheless, our channels are fully deterministic, sotti@evolution of the system is completely
determined by the transitions of the componenjs Therefore, when we work on traces starting in
given states we can drop the FIFO states from the global systestate notation(the destination state
is fully determined by the initial state and by the trace).

As should be expected, the synchronous composition bigtigeti than the asynchronous one. In-
deed, given the composaQiSTSsY; = (5, §;, Vi, 7, o—x,),i = 1,n, we can map the state space of
|7, %, onto the state space pf-; X;:

v RSS(|71%;) — RSS(||7=1 %)

by mapping for each communication chann¢he state ofSF1FO(c, 7) onto the state oA FIFO(c)
using: ¢g — €, ¢; — ¢ andvVz € D, : ¢, — x. Similarly, we can define for any; € S;,i =
1,n the injective “inclusion morphism” that maps traces of tigachronous product into traces of the
asynchronous product:

L:Traces|n x,(s) = Traces|n s, (u(s))

defined inductively by (e) = ¢, by t(p1¢92) = t(p1)t(p2), and (for labels) by:
() = Mooty T # <7 >
< Ty, T >, l=<7>

wherer is the base clock of the synchronous composition. With tinesations we have:

PR SN L(s)&)b(s/)
[ 7y 2
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2.8. Projection operators. Traces of a GALS system

The operatorr? () projects a state or transition label of the synchronousymod._, 3; onto the corre-
sponding state or transition label®f. Similarly, 7&*() projects states and transitions of the asynchronous
product||*_; ; onto states and transitions Bf. The definition ofr{ () and=() is trivial, with the ex-
ception ofr? () over transition labels, which involves the renaming of tbenmon clockr to the local
clock ;.

Note that, while not constrained by global clock synchratian, the traces df!"_, ¥; still satisfy a
FIFO consistency property that requires that a value is fresa a channel only after being emitted. The
following definition formalizes this for traces startingttvivoid channels.

Definition 2.7. (FIFO consistency)

Let ¥, = (5;, $i, Vi, 7, o—4), 1 < i < n be composable:STSs, and letp be some trace in
Traces(U;—, (Vi U {r;})). We say thatp is FIFO consistent if for each channeshared between two
components we havi{y [7.1) = d(# |{3) and the rank ob(¢ |¢+.))[j] In ¢ is greater than the rank of

3 [qep) gl in @ forall j < length(d(e [2c)))-

We can now characterize the traceg|¢f, >;:

Lemma 2.3. (GALS traces)
Let Xy, ..., %, be composableSTSs and les € RSS(|?_,X;) be a synchronizing state. Thep,e
Tracesn_ =,(u(s)) ifand only if Vi : 7f*(p) € Tracess, (r{ (s)) andy is FIFO consistent.

Proof: The direct implication is obvious according to the defimsmf® andr={*(). Conversely, consider
© a consistent trace such that: ¢; = 7f(p) € Tracess,(7{(s)). Then, the consistency of allows
us to prove, by induction oveength(y), that the interleaving of the;’s into ¢ is possible under the
composition contraints imposed by the asynchronous FlR@stake part in|}_; ¥;. This implies
¢ € Tracesn_ x,(t(s)). 0

As a corollary, if we are give; € Tracesy, (77 (s)), 1 < i < n, and if we can order their non-
clock transitions in a FIFO-consistent way, then theretexise Traces» s, (c(s)) such thatr*(¢)
and; are identical upto void transitions for dll< i < n.

3. Modelling and correctness of GALS implementations

This section starts by illustrating our definitions with anmher of small, but intuitive examples. Based
on this intuition, we are define in section 3.2 the formal eotmess criterion. Section 3.3 explains why
our model is useful in solving the GALS implementation peoshl

3.1. Examples

The following uSTS represents a system that emits a message on chaanel then awaits for one
message from either chanmedr r (e.g.for whichever comes first). Data is uninterpreted (not intgoat),
therefore not represented. The clock of the system,iand we shall assume that the directed variable
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set of¥; is {la, ?b, 7r}:

59 3 <7T1>
<?l;>/4
. <la>
21 . <T1> C80@—>81
Q\<?T>

833 <7T1>

In a more classical macrostep framework, like that of [1Hik system would be represented by:

52
7
21, macrostep version : g,
N
S3
The correspondence between the microstep and macrostegeafations of a system is straightforward:
The states of the macrostep system are the synchronizites siththe microstep one. The macrostep
transitions correspond to full reactions connecting symizing states (after forgetting the direction of
the signals and the causality between successive labels).
We compose:; with the uSTSY,, which has the clock, and the directed variable sgta, 1b}:

<T2>

€y

<?a>
T <To> t t t t D <79>
2 2> (1t 1ot 3 2

The synchronous composition; | 3 is done using two synchronous FIFOs, corresponding to the
variables/channels andb:

<la> <?a>
<T> ape— a9 e— a1
SFIFO(a,T): :

<T>

<!b> <?b>
<T> bpe——>bhyo—>p
SFIFO(b,7) : Cho ? '

<T>

In this example, data is uninterpreted, only write/readsedity and clock synchronization is considered.
The composed synchronous system is (we simplified for sgeasons the label notations, as explained
in section 2.1):

So,toif
la
Ta
817t09—>817t1
Ty | B 2a?r
r r

?a T b
83, toge—— 83,11 o—— S3, 1o e—— 53, t3

T
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Note that we simplified the notation by not representing tatesof the two FIFOs (the initial state having
void FIFOs, the status of the FIFOs is fully determined inhestate). However, note that the composed
system is blocked in states, t3) becauseS FIFO(b, 7) cannot take a clock transition (data has been
written on it, but not read). The syste | X, is blocking, thus incorrect.

The asynchronous compositidhy || X5 is done using the two asynchronous FIFOs, figured below:

c <!b> b ¢ <la> a
AFIFO(b): N/ AFIFO(a): X/
<7b> <?a>

Recall that in the general case the asynchronous FIFO madelmfinite. Howevery; and X, can
emit at most one message on any of the two channels, so owectioes not affect the result of the
composition:

50, to(}ﬂﬂ?,ﬁm

I | T2 T2 T1,72,T172
a

5 - 01, Oy, O
T2Q81,t0@—>81,t1 81, t2 81, t3 $9,13

Y1 B I?M I?M I?M I?r
?a b

! T2,T1T2 !
83, tge—— 83,11 53,12 53,13

T1,72,T1T2 T1 T1,72,T1T2 T1,72,T1T2

It is essential to note that; | X9 has traces, like< la >< 7a >< 15 >< b >< 7b >, that are not
asynchronously equivalent to any of the synchronous tret&s | >,. Such traces are not covered
by the verification done on the synchronous model, meaniagttie GALS implementation does not
preserve the semantics of the specification.

It is also important to note that requiring a one-to-one espondence between synchronous and
asynchronous traces is not a good idea, because for laggeslaf systems it can be highly inefficient.
Consider, for instance, the following system:

and its synchronous and asynchronous compositionMth
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So,tOQ)T
la
?a
81, tge—— 81, L1
Yy | Xa: 2a?r
r r
?a T b ?b
83, to 83,11 83,12 83,13 S4,t3
T T
S0, Lo 3 T1,T2,T1T2
la T2 T2 T1,T2,T1IT2
3 L. O, )y, O
5 5 T2Q81,t0 S1,11 S1, 12 51,13 52,13
B N N
7 7 7 7 ?r
?a T2,T1T2 b b
83, to 83,11 83,12 83,13 84,13
T1,72,T172 T1 T1,72,T172 T1,72,T172 T1,72,T172

As expected, the synchronous composition binds tighter tha synchronous one, but for any trace
of X3 || X2 going from (sg, o) to (s4,t4) we can find an asynchronously equivalent trac&jn |

Y. Such a GALS implementation is obviously correct, becaus®es not introduce new behaviors.
Exploiting the concurrency between different computatigas we do here) to allow the systems to
evolve at different rates is a desirable feature becausénitmizes communication and consumption.
The difference betweel; andX3 is that inX3 the transitions< 76 > and< 7r > are concurrent in
states;, while in X; there is a non-deterministic choice between them (meahiaigit messages come
on both channels, only one will be read, in an unpredictadéibn).

3.2. Formal correctness criterion

We already presented, in section 1.1, the intuition cogetite notion of correctness of a GALS im-
plementation with respect to its microstep synchronousipation. We give here the corresponding
formal correctness criterion:

Criterion 1. (correct desynchronization)

LetX;,i = 1,n be composabl@STSs. Then, we shall say that the GALS implementatiifin, %; is
correctw.r.t. the synchronous specificatioft , ¥; if for all synchronizing state of |7_,3J; and for all
tracep € Traces|»_ x,(u(s)) there exists € Traces»_ ,(u(s)) andp € Tracesn_s,(s) such that
¢ 2 gandp ~ ().

In other words, the GALS implementation is correct if anytsftraces can be completed with a finite
number of transitions to a trace that is asynchronouslyvatprit to a complete synchronous trace.

Our criterion is akin to previous correctness criteria [B] defined in a macrostep setting. Most im-
portant, criterion 1 allows us to exploit (like B3 || X2) the concurrency of the synchronous specifica-
tion to support GALS implementations that are weakly syanired, yet correct. Important differences
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exist, though, as our criterion is formulated in a micrgpst@erational framework that simplifies, as we
shall see in section 4.3, the definition of sufficient coisi for correctness.

As explained in the introduction, our purpose is now to finflicient conditions for correctness (in
the formal sense of criterion 1) that cover large classesnpfémentations. We do not cover here the
synthesis problem of transforming given systems to sattsfycorrectness criterion. However, we use
two examples to give the intuition of future synthesis téghas: First, to correct the composition of
31 with 39, we can simply prevent; from firing the transition labelee: 6 > by guarding it with a
condition that is never fulfilled:

T2
? ?d b
IR Ctoe—a>t197_—2>tge—>tée—>t3372

More interesting is the case where we compisavith a process., that non-deterministically chooses
between emitting or doing something else. In this case, the solution is toaditre non-deterministic
choice toX, so that it can adapt its behavior:
u/ ei u9 T2
d=0 5 > D

2
24 : T1 CUOG'—a> Ul
Niizl
|
ug@_x) u;»,:) T2

Here, we assumed that the non-deterministic choice betwe®rn> and< !z > is an essential feature
of the specificatiort:4, which must be preserved. To make the composition correctegd to make this
choice visible from its asynchronous environment, underftim of a choice over the value of a new
channel, named. Then, we can modify{; into X/, which uses this signal to decide which message to

wait for.
,
st 52 )m

?di0/4

!

E/l : 1 CSO eﬁ> S1
Nd:l

2
8%9—7; 83371

3.3. Modeling issues

The /O transitions systems can be viewed either as migragiecifications, or as asynchronous imple-
mentation models. A sub-class of I/O transition systemisfygate synchronous hypothesis — they have
a single clock variable, which determines clock transg&joand no variable is assigned twice between
successive clock transitions. Thus, they can be seen aestéprsynchronous specifications. The only
hypothesis that departs from the classical synchronoushi®dtuttering-invariance. However, we see
stuttering-invariance as a prerequisite for the efficienttianate GALS deployment.
If we compare our model to macro-step models like those 0119, every macrostep specification

(automaton) has (at least) a microstep implementatione hilany macro-step models, our formalism



D. Potop-Butucaru, B. Caillaud / Asynchronous implemeatabf modular synchronous specifications 17

does not explicitly represent the reaction to signal abeemhis does dot influence the expressivity of the
model, as reaction to signal absence can be representepdnasirdeterministic choice. The composition
through point-to-point links is not an essential restoctias it is easy to define FIFO models that cover
multicast.

The synchronous and asynchronous composition operattbestréhe assumption that an emitted
signal must not be left unread by the receiver. This hypahedlects in an operational fashion the
rendez-vous-like synchronized product composition froatro-step formalisms.

Composing the:STSsY;,i = 1,n using the || operator intuitively corresponds to implementing
|™ ,%; as a GALS system where all the communication lines have beglaged with asynchronous
FIFOs. The components are still clocked, but individuatkare independent, and the components are
only synchronized by the FIFO causality rules. In the GAL®lementation the clock of one component
can be triggered concurrently with another clock or an assant of another component. The GALS
implementation can function in a multi-rate fashion, as oastraint relates the occurrence of clock
transition in different components.

Compared to classical macro-step approaches, our modegktailevel of detail which is essential in
deciding the correctness of actual implementations. Campgai; and> s results in a blocking system:

251 1 Oe'_a>1@2>2@£>3®7'1

Y6 @oei 12 QOTQ

However, this problem cannot be observed in macro-stemgsttwhere the system does not block and
can even fire the transition of labeébc. Indeed, the microstep model is better suited for anal\isista
causality checks performed in synchronous languages kker#. In fact, we shall see in section 4.3,
that non-blocking correctness and semantics preservatetruly related.

4. Correct desynchronization criteria

Following the goal fixed in the introduction, we now definderia that characterize a large class of syn-
chronous components for which small, simple wrappers medieterministic, efficient, and semantics-
preserving GALS implementations.

4.1. Microstep weak endochrony

Microstep weak endochrony (or, simply, weak endochrontfésproperty guaranteeing that a given syn-
chronous componeni8TS) knows how to read its inputs, so that no asynchronoupperas needed.
Weak endochrony requires that all internal choice of themament is visible as a choice over the value
(and not presence/absence status) of a directed variathler(aput or output). Thus, the behavior of
the system becomes predictableaimy asynchronous environmebecause choices can be observed.

With this requirement, the implementation space delimitgdveak endochrony is nonetheless very
large: Concurrent behaviors are not affected by the previole, so that independent system parts
can evolve at different speeds. Weak endochrony does noireeldO determinism. Instead, a weakly
endochronous component must inform the environment albmudeterministic decisions (the variable
used to do so behaves like an oracle that is visible from deitsi
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Definition 4.1. (weak endochrony)
We say that theSTSY. = (S, 3, V, 7, o— ) is weakly endochronous if it satisfies the following axioms:

UWEL (determinism): so—ts s ,1 = 1,2 = s1 = s9 (from now on, we shall denote withy the
unique state of having the propertyse—-> s , and the notation is extended to traces).

uWE?2 (independence):if the labelsl; andl; are disjoint and if, ls # 7, then:

51

:7 e/zlul\

S0 = ds3:

N N

52 52

uwWE3 (clock properties): assume thatso == 51 andy € Tracesx(so) With 7 & supp(p). Then:

1. p € Tracess(s1)

2. if o <7 >€Tracess(sy), theny < 7 >€ Tracess(s1) andsg.p < 7> =s1.0 < T >
3. if pp < 7 >€ Tracess(s1), then there existg’ < ) such thatpy’ < 7 >¢€ Tracess(sg).
4. ifp<7>,0<7>€Tracesy(sp) andy < 6, thenp(0\ ¢) < 7 >€ Tracesx(sg)

uWE4 (choice): if ¢; < v=1x; >€ Tracesx(s), i = 1,2 andy; < @9, thenp; < v=1x9 >€
Tracesy(s).

Similar in intuition and in function to its macrostep coumpi@rt [11], weak endochrony is nevertheless
specific to our more concrete causal, microstep framewohusTwhile choice can only occur at the
level of atomic variable assignments, concurrency (moeeipely confluence) must also deal with full
reactions and clock transitions (through axiontWE?2 anduWE3, and the consequences of lemma 4.2).
Axiom pWE4 insures that a choice between two concurrent execuéitihrsloes not hide a “real” choice
between non-concurrent assignments.

Lemma 4.1. (independence)
Let> = (S5, s, V, 7, o— ) be a weakly endochronouysSTS, lets € S, and lety;, 2 € Tracesx(s)
with supp(p1) N supp(p2) C {7}. Then:

1. If 7 & supp(p;),i = 1,2, thens.p1p2 ands.pep; are defined and equal.
2. If p; complete; = 1,2, thens.¢q 2 ands.ps 1 are defined and equal.

Proof:

part 1: From supp(e1) N supp(v2) C {7} and7 ¢ supp(y;),i = 1,2, we obtainsupp(ei) N
supp(p2) = 0. Then the labelsp; [k] and p2[l] are disjoint, for all k and I. Based on this remark,
the result is easily obtained by induction overgth (1) + length(yp2), the induction step using axiom
uWE2.

part 2: We shall give here the proof for the case whefeand p, comprise each one step. This will
prove that independent steps commute, and this result eanbid easily applied to prove that any two
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complete traces commute. Assume than= Stepg(p1) < 7 > andyy = Stepo(p2) < 7 >. Let
s' = s.Stepo(p1).

According to the first part of this lemma,Step,(¢1)Stepg(p2) ands.Stepo(p2)Stepo(pr) exist
and are equal.

By aplying axiomuWE3.4,s.Stepg (1) Stepo(p2) < 7 > exists. Then, by applying axiopWE3.2
in s’, we obtain that’.< 7 > Stepy(p2) < 7 > exists and is equal tg.Stepg(p2) < 7 >. By using
the definition ofs’, this implies

s.Stepo(p1) < T > Stepo(p2) < T > = s.Stepo(p1)Stepo(p2) < 7 >

Similarly:
s.Stepo(p2) < T > Stepo(p1) < T > = s.Stepo(p2)Stepo(p1) < 7 >

Given that the second terms of the two equalities are edu@proof is completeda

Lemma 4.2. (confluence)
Let> = (S, 8, V, 7, o— ) be a weakly endochronoysSTS, lets € S, and lety; € Tracess(s),i =
1,2 such thatpy > 5. Then:

1. If 7 & supp(p;),i = 1,2, thens.p1(p2 \ p1) ands.p2(p1 \ p2) are defined and equal.
2. If p; completeg = 1,2, thens.p1 (2 \ v1) ands.pa(¢1 \ 2) are defined and equal.

Proof:
part 1:
Case a: When each of the two traces are reduced to onedabel I1, o2 = ls. Fromy; < o9 we have
l1 > ls. Then, from axiom GCTS2, we can decompésénto I \ I; andly M 7;. By applying axiom
uWE2toly \ [; andl; in states, we obtain that.l; (I3 \ 11) ands.(ly LU [;) exist and are equal. Similarly,
s.a(ly \ I2) exists, and is equal ta(l» LI I1), which implies the needed result.
Case b: when only- is reduced to a single transitionWe deduce that the desired result holds by
induction overiength(y1), and by applying case (a).
Case c: the general casénduction overlength(ys) allows us to prove the first point of the lemma in
the general case.
part 2: We shall give here the proof for the case wheleand p», comprise one step each. This will
prove that non-contradictory steps can be merged into camiflderivations. The general case is proved
by iterating this result. Assume them = Stepo(p1) < 7 > andys = Stepo(p2) < 7 >. Let
s’ = s.Stepo(¢p1)-

Using the first point of the lemma, Stepy (1) (Stepo(p2) \ Stepo(yp1)) and
s.Stepo(p2)(Stepo(p1) \ Stepo(p2)) exist and are equal. From axionWE3.4,
s.Stepo(p1)(Stepo(p2) \ Stepo(p1)) < T > exists, and then, by applying axionWE3.2 in states’ we
obtain that

s.Stepo(p1) < 7 > (Stepo(p2) \ Stepo(p1)) < 7 > = s.Stepo(p1)(Stepo(p2) \ Stepo(pr1)) <7 >

Similarly,

s.Stepo(p2) < 7 > (Stepo(p1) \ Stepo(p2)) < 7 > = s.Stepo(p2)(Stepo(pr) \ Stepo(pz)) <7 >
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which impliess.¢1 (2 \ ¢1) = s.p2(p1 \ ¢2). O
Note that the proofs of lemma 4.1(1) and lemma 4.2(1) are baked on the axiomgWE3 and
HWEA4.

Lemma 4.3. (completion)

Let = (S, s, V, 7, T') be a weakly endochronoysSTS, and consider a statec S and two traces
©1, 2 € Tracesy(s). If pgis complete ang; < 9, then there existgs complete such that ;o3 =
s.09 andyy 3 ~ 9. In addition, ify; is complete then we can take = ¢ \ 1.

Proof: The case where; is complete is a mere corollary of lemma 4.2(2). The case avhet ¢, is
proved using axionuWES3.4. The general case is a simple combination of the tweigue casest

Note that we do not require confluence for arbitrary (incastgll traces. The intuition behind this
restriction is that the atomicity of reactions must be presg and therefore the clock transitions cannot
follow the simple commutation rule of axiopWE2. In the following weakly endochronousSTS, for
instance (initial state), s.< ?a > ands.< 7 >< 7a > are different:

?a b T
S

-
-
I?a b /
/> G—m>

Also note how lemma 4.1 gives the classical independendlec@fmmutation) results, for the case
wheresupp(p1) andsupp(y2) share no directed variable. However, the finer microstejpnatlows us
to consider systems likes where the classical macrostep independence does not apgshaies,, the
macrostep transitionsb andar do not commute, yet the system is I/O deterministic).

The confluence properties of an endochronous system aresgoeeger, as stated by the following:

Theorem 4.1. (determinism)
Let> = (S, 5, V, 7, T') be a weakly endochronoysSTS,s € .S, and lety;, 2 be complete traces of
Tracesy(s) such thatp; ~ 9. Then,s.p1 = s.¢o.

Proof: Simple corollary of lemma 4.3

In fact, these strong confluence properties allow us to pytteate of of a weakly endochronous
system innormal form in which every transition is maximal and the number of rieest minimal. The
main result is:

Theorem 4.2. (maximal steps/normal form)
LetX = (S, 5, V, 7, T') be a weakly endochronoysSTS,s € S, andy € Tracesx(s), complete.
Then, there exist® € Tracesx(s), complete, withp ~ ¢ and such thak Stepy(@) > is maximal.

Proof: Let L be the set of all label& of non-clock transitions starting insuch that < ¢. Then, for
all I1,l, € L we havel; < [o. By using the same reasoning as in the proof of lemma 4.2@phtain
l1Uly € L, forallly,l2 € L. The maximal transitiofp[0] is the union of all the labels if.

This process can be iterated to construct maximal non-cloak-void transitiong|j], j > 0, until
for a givenjy + 1 no such transition can be built. The process is finite, foheaciablev € V' can be
assigned at most once By = (0. .. jol.
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From the maximality ofs; and from lemma 4.3, we deduce tiat 3, < 7 > (¢ \ ;) is a trace of
Tracesy(s) with ¢ ~ . The maximality of< Stepy(®) > is easily proved byeduction ad absurdum
which completes our proofl

We conclude the presentation of weak endochrony by statiagréry important compositionality
result that allows to incrementally build complex weaklylechronous systems.

Theorem 4.3. (compositionality)
LetY;, i = 1,n be composable weakly endochronqu8TSs. Then|”_;¥; is weakly endochronous.

Proof: Direct application of the previous results, by taking inte@unt the definition of the synchronous
composition.O

Weak endochrony is illustrated by the&STSsYs, 33, andX3 | X, of section 3.1, and by all the
examples of the sections 3.2 and 3.3. TI®TS >, is not weakly endochronous because the non-
deterministic choice in statg makes>; unpredictable, so that other components, like cannot adjust
their behavior to preserve the synchronous semantics.r&hsformation ok, in X illustrates the type
of instrumentation required to transform a geng/@rr'S into a weakly endochronous one.

4.2. Comparison with macrostep Weak Endochrony

The fundamental difference between macrostep Weak Endioghand this microstep version is that
the former can make decisions involving the value of seva@gaals received during a reaction. In our
microstep framework, each decision is based on the valualgfame input signal.

Itis easy to associate a macrostep synchronous represantan LSTS in the spirit of [11] — to any
STS. More exactly, giveX = (5, §, V, 7, T'), we associate the LSTS] = (S, §,7"), where:

8‘3:4p> s/
l
s = s = 3dp:q = Stepo(p) <1 >
[ =< Stepo(p) >

In other words, the macrostep version considers only tiiansi from a synchronizing state to another
synchronizing state, the other states being invisibleiatével of abstraction.

Unfortunately, the relation between microstep and maemateak endochrony is not simple. Given
auSTSY, such as the one below (at left) the fact tftaf (below, at right) is weakly endochronous does
not imply thatX is microstep weakly endochronous. In our case, it is not.

S1 ecil> 59 ;—) T S92
/ 07074
-
QO S0
b b,c=2
=)
S36—— 54 T S4

At the same time, a microstep weakly endochronous sysieis not necessarily macrostep weakly
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endochronous, as the following example shows:

G soetn st 1 ol e X,
N N

One extra problem is that there exist macrostep weakly dmdaous systems that have no microstep
weakly endochronous encoding. One of them is the following:

AC/ \fo

5o _ABC=
RC=D—1

BD\ /;0

It appears that for each macrostep weakly endochronousrsyisiere exists a microstep one over the
same variables and with the same asycnhronous traces. kssreqy earlier, this is due to the fact that

macrostep weak endochrony can rely on tests involving aévariables at a time, which is impossible

in our microstep framework.

4.3. Correctness results

Weak endochrony is compositional. However weak endochadrall components does not guarantee
the correctness (non-blocking) of the global synchronqueci§ication, nor the correctness (semantics
preservation) of the GALS implementation model. This caedsly checked on the systems formed by
composing:} and¥, — defined in Sections 3.1 and 3.2.

The most important result of this paper is the following tteeo, which states that the correctness of
the synchronous composition implies the correctness oG#eS implementation.

In fact, the strong confluence and determinism propertigheofveakly endochronous systems will
allow to prove an even stronger result, that also insurds sieterminism in addition to observational
behavior equivalence:

Criterion 2. (correct desynchronization for weakly endochronous systems)

Let ¥;,4 = 1,n be composabl@STSs. Then, we shall say that the GALS implementati@n, 3; is
correctw.r.t. the synchronous specificatiofi_,%; if for all synchronizing states of | ,3; and for all
tracep € Traces|n_ x,((s)) there existy € Traces|n_ s, (s) complete and> € Traces» 5, (i(s))
such thaty < @, ¢ ~ 1(®), andw(s).¢ = 1(s)..(P).

Quite interestingly, Criterion 2 implies Criterion 1 (therfner has extra requirements).
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Theorem 4.4. (correctness)
LetX;,7 = 1,n be composable weakly endochronquTSs. If|_,3; is non-blocking, thef{ -, ¥; is
correctw.r.t. |_, ¥; in the sense of criterion 2.

Two technical lemmas are needed to prove the theorem.

Lemma 4.4. (completion, GALS)

LetXy,..., %, be composable weakly endochronquSTSs, lets be a synchronizing state ¢f_, 3,
and lety) € Traces»_x,(s), complete, ang € Traces» s, (c(s)) such thatp < (¢). Then, there
existst € Tracesn_ s, (1(s).¢) such thatpf ~ .(¢) and(s).of = u(s)..(¢)

Proof: We can assume, without losing generality, that all the &bé&l) are atomic (assign exactly one
variable). By projectingr and« on the components;, we obtain:

(1) complete

g
(@), 77 (¢) € Tracess, (7 (s)) with . B

() < 77 ()
We denote withp; = 7 (), ¢y = n7 (), s; = w7 (s). By applying lemma 4.3(2), we find a complete
traced; such that the following holds ik;:

Now recall that the construction process used by lemma 48e(bon the constructions of lemma 4.2)
insures that in each; the atomic communication operations (non-clock labels)adered in the same
fashion as they are ;. More precisely, let; be the rank in); of the non-clock label that has ramk
in 0;. Whenever; > r;, we havei > j. The same relation is preserved by the projectiog ohto ;.
Then, the ordering of the operations of then i) can be used to interleave the labels of the trég@sto

#, and our lemma is proved

Lemma 4.5. (technical)
LetX;,..., %, be composable weakly endochronquSTSs, lets be a synchronizing state ¢f_, 3,
and letp, v <7y ...7, >€ Tracesn_ 5, (¢(s)) such thatp > andVi : 7; € supp(v). Then:

PO\ @)Y <1 > (P \9) € Tracesn 5, (1(s))

Proof: By projectingye andy on the components;, we obtain:

a Vo8 T racess:. (75 (s)) wi i () pami(Y)
i (@), mi" (¥) <7 >€ Tracess, (n7 (s)) with { 7 & supp(m{ (1))

We denote withp; = 7(¢), ¥; = 7(1), s; = 77(s). Also letyp; = plp? with p! complete and
7 & supp(p?). All these elements are pictured in fig. 2, which also comstéine other transitions that
will be constructed during this proof.

By applying lemma 4.2(2)s;.01 (¢; \ i) < 7 > ands;.h; < 7 > (¢} \ ¥;) exist and are equal.
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o 7
S; @ @
¥ i \p; Yi\pi I\ 40;)(? ) =i \ ¢
ﬂ ﬂ%z\wiwﬂ e {@Z;w)(mwl\m) oi\ ¥
i = Pi

TI P\ T’I,so?\wi\so})

Figure 2. Diagram with the transitions used in the proof oifea 4.5

By applying lemma 4.2(1) in state;.¢} and for the traces»? and v; \ ¢}, we conclude that
si-pi o7 (Vi \ i) ands;.op (i \ @}) (97 \ (i \ ¢;)) exist and are equal.

The existence of;.p} 02 (¥; \ ¢;) means thai; (v; \ ¢i) € Tracess, (s;).

The existence of;.o} (1; \ 1) (07 \ (¥ \ ©})) means thal; = ©?\ (¢; \ ¢}) is a trace of; start-
ingins;.ol (¥; \ ¢)). Since< 7; > is atrace starting in the same state, from axjoME 1 we obtain that
0; is a trace of; starting in states;.o) (¥; \ p}) < 7; >, and by the identity of;.o} (v; \ pi) < 7 >
ands;.1; < 7 > (¢} \ ;) we havey; < 7; > (p; \ ¥;) € Tracessy, (si).

We proved that for all < i < nwe havep;(v;\ v;), Vi < 7 > (@i \¢i) € Tracesy,(s;), meaning
that

Vi (e \ @), m () <71...m > (9 \9)) € Tracess, (7 (s))

On each channel, the projection of anyydfi) \ @) or¢) < 71...7, > (p \ ¥) is either a prefix of
the projection ofp, or a prefix of the projection af, which are themselves consistent. Therefore, traces
e\ p)andy < 11...7, > (¢ \ ¥) are also consistent. According to lemma 2.3, this implies th
P\ @)y <Ti...70 > (@ \¥)isinTracesn s, (u(s)). O

Thanks to these two technical lemmas, theorem 4.4 can nowoeg

Proof of theorem 4.4: Let s be a synchronizing state ¢f_,%; and lety € Traces|» s, (u(s)).
We prove the existence @f and¢ by induction over ¢ | (the number of variable assignmentsgh
We can assume, without losing generality, that every label @ssigns exactly one variable, either clock
or directed. The reduction to this case is straightforward.

If | ¢ |=0, theng = ¢ andp =< 7 > clearly satisfy the conditions of criterion 2.

Consider nowp with | ¢ |> 1. If ¢[0] =< 7 >, then we have:

()2 (s)

The induction hypothesis can be appliedt . . . length(yp) — 1] to determinep ande.

From now on, we assume thaf0] is not a clock transition.

To prove thatp andyp exist, we shall first construet € Traces»_ s, (s) such thatr ¢ supp(v),
Y <7 >€ Tracesr_x,(s), ¥[0] = ¢[0], andc(¢) > .
Construction of ¢: Consider the projections gf onto components§' (), 1 < j < n. Sincep|0] is
not the empty transition, nor a clock transition, then thedsts at least an such thatr$ (¢)[0] is not a
clock transition, nor a void transition. Note thet(¢)[0] is fireable in stater? (s).

plL..length(p)—1]
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Then, we start the iterative constructionyby setting the iteration countéito 0 and settingyy =
©[0]. The iteration step:

continuation test: If ¢; < 7 >€ Tra668|n_12i(8), then we completed our construction.

construction step: If ¢; < 7 >¢ T’I”aC€S|Zn:12i(S), and since ', %; is non-blocking, there exists a
label < v =z > such thaty; < v=2 >¢ Traces‘zn:lgi(s). If Y, <v=2x> 1 ¢, then
considen; 11 = v; < v = x > and go to the continuation test.

If not, theny = g < v =y > ¢ with z # y andv ¢ supp(py). However, by applying axiom
WWE4, we have);, < v=1y >¢ Traces‘zn:lgi(s). By consideringy;11 = ¢; < v =1y >, we
also have); 1 > ¢, and we go to the continuation test.

The previous algorithm is finite, bounded by the number ofadm@es in|}_,>;. In the end we put the
lasty; in 1.
Construction of p and @: Lets; = s.¢p < 7 >. According to lemma 4.5 we have

(L) \ @), t(¥) < T1,... 70 >€ Traces»_ 5,(u(s))

Sincey[0] = «(¢)[0], we have| ¢\ ¢ |<| ¢ |. Then, we can apply the induction hypothesis in the
synchronizing state;, and obtairy € Traces|»_x,(s1), complete, and ¢ Traces)n_ ,(¢(s1)) such
that:
W) =6
)~ 0
s1)..(0) = t(s1).0

Letp = ¢ < 7 > 0. Given thaty < 1(v) < 71...7, > ( \ t(¥)) and thaty \ «(v)) < «(0),
we deducep < u(p). Sincep € Traces» s, (s) is complete, lemma 4.4 can be applied to build
@' € Traces|n_ x,(t(s).) such thatpy’ ~ 1(p) and.(s).o¢" = (s)..(p). By considerings = oy,
the proof is completed

Theorem 4.4 implies that for large classes of componenta/ffiich simple wrappers exist, the cor-
rectness of the GALS implementation is implied by the cdrress of the global synchronous specifi-

cation. Thus, no extra signalization is needed to ensurasgrs preservation (and no costly synthesis
algorithms). The GALS implementation is correct by congian.

D _—

2
T
"

~
N2

5. Conclusion. Future work

We introduced a new model for the representation of asymciu® implementations of synchronous
specifications. The model covers implementations wherdiamof global synchronization is preserved
by means of signaling, and GALS implementations, whereajlsynchronization is relaxed. The model
takes into account computation and communication caysalid allows us to reason about semantics-
preservation and absence of deadlocks in the GALS depldyoieynchronous specifications. As the
model captures the internal concurrency of the synchrospesification, our correctness criteria support
implementations that are less constrained and more effitian existing ones.



26 D. Potop-Butucaru, B. Caillaud / Asynchronous implemeaatabf modular synchronous specifications

The results of section 4 suggest that our model offers a gbettaection level for reasoning about
desynchronization. In particular, the level of detail isagtial in revealing the intricate relation be-
tween (1) causal dependencies, concurrency and confliti® imicro-step semantics of a synchronous
specification and (2) the correctness (semantics preganyaif its GALS implementation.

5.1. Future work

Thanks to this new model, we are exploring the developme@ALS circuits made of synchronous
IPs. Our work aims at using asynchronous logic wrappers ¢asulate the components of a modular
synchronous circuit into delay insensitive components: iIDodel seems well-suited to analyze designs
involving both synchronous and asynchronous circuit $pations. Preliminary results are presented in
[19], but we are only at the beginning of our work.

We are also considering symbolic analysis techniques tloaidvallow us to translate the theory
detailed in this paper to high-level synchronous langudigesSignal or Esterel, instead of simple finite
state automata. The objective is to derive efficient algoré transforming general high-level specifica-
tions into weakly endochronous ones. Preliminary resulthis direction are presented in [20].

A third research direction concerns the (still not suffithenlear) relations between classical, macro-
step synchronous models and more operational models likeogtép synchronous transition systems
(uSTS), or the ones covering the implementations of synchuemwogramming languages, especially
when desynchronization is involved. For instance, it isontgnt to understand how the notions of correct
desynchronization and endochrony can be transposed irdosdractive framework such as the one of
Esterel [21].
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