A structural encodingtechnique
for the synthesisof asynchronouscir cuits*

JosepCarmona

'SoftwareDepartment
UniversitatPolitecnicade Catalurya
BarcelonaSpain

{j carmona, jordi c}@si . upc. es

Abstract

This paperpresentsa methodfor the automaticsynthe-
sis of asyntironouscircuits from Petri net specifications.
The methodis basedon a structural encodingof the sys-
temin sud a waythat a circuit implementatioris always
guaranteedMoreover a setof transformationss presented
for the subclassof Free-ChoicePetri netsthat enableghe
explorationof differentsolutions. All transformationgre-
servethe propertyof free-toicenessthusenablingthe use
of structural methoddgor the synthesi®f asyntironouscir-
cuits. Preliminary experimentalresultsindicate that the
quality of the circuits is compaable to that obtainedby
methodghatrequire an exhaustiveenumeation of the state
space

Thisnovelsynthesisnethocpenghedoorto thesynthe-
sisof large control specificationgeneatedfrom hardware
descriptionlanguages.

1. Intr oduction

In the last few years,therehasbeenan increasingin-
terestin asynchronousircuits. Potentialadvantagessuch
as modularity absenceof clock skev problems,average
performanceand low power, have encouragednary re-
searchersand designerdo devote someefforts in under
standingandproposingechniquegor asynchronousircuit
design[9].

If someunanimityexists aboutasynchronousircuits, it
is thatthey aredifficult to design.Theabsencef clockdoes
not allow a discreteabstractiorof time and,therefore the
behaior of ary signalatary instantcanberelevantfor the
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correctnessf thecircuit. A significanteffort hasbeenspent
in studyingand proposingautomaticsynthesigechniques
thatcanalleviatetheburdenof designingasynchronousir-
cuits. This paperfocuseson techniquedor the synthesisof
controlcircuits.

Currently thereare several academidools that work at
the logic level and attemptto optimize the resulting cir-
cuit by usingvariationsof the state-of-the-aBooleanmin-
imization techniqueg12, 6, 22]. Giventhatasynchronous
circuitsaretypically modeledasconcurrensystemstheex-
isting synthesisapproachesften suffer from the stateex-
plosionproblemderivedfrom concurreng.

A crucialproblemof mostasynchronoukgic synthesis
toolsis thatthey arenot alwayscapableof deriving anim-
plementatiorfrom the specification. The main reasonfor
thatis that someof theimplementatiorpropertiesmustbe
ensureddy transformingthe specification.And this taskis
performedautomaticallyby usingheuristicghatcannotex-
plorethecompletespaceof configurations.

Directtranslatiormethodghatdo not exploit the power
of Booleanminimizationhave alsobeenproposed11, 4, 1,
17]. Thistype of stratgiesguaranteesinimplementation
by constructionput doesnot exploit the potentialoptimiza-
tionsthatcanbeperformedatlogiclevel. Typically, thesize
of theobtaineccircuitsis linearonthe sizeof the specifica-
tion.

There have been few attemptsto combine both ap-
proache$25, 15). However, directtranslatiormethodsisu-
ally generatesircuit structureghat cannotbelocally trans-
formedto derive succinctrepresentationsf the samebe-
havior. For this reasontheresultsobtainedby thesemeth-
odsare comparablgo peepholeoptimizationsrealizedon
theoriginal structures.

Nowadays,the knowledge of asynchronougechiques
have reachedilevel of maturitythathave enabledsomere-
searchergo facethe problemof synthesisrom Hardware



DescriptionLanguagegHDLSs), suchasVerilog [3, 19] or
VHDL [27]. Thisnew trendalsoimpliesdealingwith con-
trol circuitsthatarebothlargeandwell-structued

Due to the aforementionedstate explosion problem,
thereexist severelimitationsonthesizeof thespecifications
that canbe handledby existing synthesigools. However,
the fact thatcontrol specificationglerivedfrom HDLs tend
to be well-structuredopensthe doorto usetechniqueghat
do notrequireanexplicit representationf the statespace.

This paperpresentssomecontributionsinto that direc-
tion, with theaimthatautomaticsynthesisechniquedased
on the presentedtheoreticalresultswill be proposedin
the future. The concurrentmodel usedin this paperis
basedon Petrinets[21]. The main contribution consists
in proposinga setof structuratransformation®f the spec-
ification thatguaranteesan implementatiorof the behaior
without explicitly enumeratinghe statespaceof the sys-
tem. The transformationsare proposedfor the subclass
of Free-choicePetri nets. This subclassseemsto be a
goodtrade-of betweenheexpresivienespowerrequiredoy
well-structuredcontrol specificationsandthe methodshat
canmanipulatehemwithout suffering from the sizeof the
statespace.

Moreover, the presentedransformationgresere the
structuralpropertiesof the specificationthusenablingthe
useof logic synthesigechniqueshatdo not requirean ex-
plicit representationf the statespacq?24].

The paperis organizedasfollows. Section2 describes
previousandrelatedwork. Section3 present$asicdefini-
tions andbackgroundusedalongthe paper The encoding
methodand its propertiesis presentedn Section4. The
property-preservingransformationsre describedn Sec-
tion 5. Finally, Section6 illustratesthe methodwith an ex-
ampleandreportssomepreliminaryresults.

2. Relatedwork and overview

SignalTransitionGraphs(STGs) [26, 5] areinterpreted
Petrinetsusedfor the specificatiorand synthesiof asyn-
chronouscontrollers.In STGs, transitionsrepresentising
andfalling signaltransitionsdenotedoy positive andnega-
tive events(e.g. a+, a—). Severaltechniqueghatcircum-
ventthestateexplosionproblemhave beenproposedor the
synthesigrom STGs. However, mostof themonly work for
markedgraphsaveryrestrictive classof specificationshat
cannotmodelchoicebehaiors[13].

To the bestof our knowledge,the only work in this area
that hascoveredthe synthesiof specificationsvith Free-
choicePetri netswaspresentedn [24]. Besidesallowing
the specificatiorof choice,Free-choicéetrinetsalsohave
nice structuralpropertieghatenablethe useof polynomial
algorithmsto analyzetheir behaior [10].

Unfortunately none of the methodsmentionedbefore

hasbeenableto effectively tackle the problemof finding
an encodingof the specificationthat guaranteegan imple-
mentation. Eventhe known structuralmethodsworking for
somesubclassesf STGs rely on the fact that heuristics
with affordablecomputationatostwill find a solutionwith
high probability[29, 23].

The encodingproblemis illustratedin Figure1. Given
a specification(Figure 1(a)), eachstateof the reachability
graphis assigned binary vectorthatrepresentshe value
of eachsignalat thatstate(Figure1(b)). For acircuit to be
derivedfrom thespecificationit is requiredthatthevalueof
the signalscanuniquely distinguishnon-eguvalentstates.
In this example,therearetwo statesthat cannotbe distin-
guishedby their codes(shadaved in the figure). Solving
the stateencodingproblemis usuallyperformedby adding
new signalsin the specificationthat presere implementa-
tion propertiesDoing sois notaneasytask[7].

Themethodpresentedh this papetasbeeninspiredon
previouswork for thedirectsynthesi®f circuitsfrom Petri
nets. Oneof therelevanttechniquesvasproposedn [28],
wherea setof cells thatmimic the tokenflow in Petrinets
wasdesignedThecircuitwasbuilt by akuttingthecellsand
producinga structureisomorphicto the Petrinet. This type
of cells,calledDavid cells,wereinitially proposedn [8].

Figure 2 depictsa very simple exampleon how these
cells canbe ahuttedto build a distributor that controlsthe
propagatiorof actvities alongaring. The behaior of one
of thecellsin thedistributor canbe summarizedy thefol-
lowing sequencef events:

T G-l — = a;i+ — a;i— —
S—
i-th cell 1-th cell setting
excitation

=+ di1+ a1 — = ciat — ci — - -
N——
(7 — 1)-thcellresetting (7 + 1)-thcell
excitation

In [28], eachcell wasusedto representhe behaior of
one of the transitionsof the Petri net. The approactpre-
sentedn this paperis basedn encodingthe systemby in-
sertinga new signalfor eachplacewith a behaior similar
to aDavid cell. With suchanencodingapproachtwo goals
areachieved:

e A solutionfor the encodingproblemis guaranteect
theexpenseof over-encodingthe statef the system.

e The structuralpropertiesof the specificationare pre-
sened,thusenablingthe useof transformationso op-
timize theresultingcircuit.

In the forthcomingsectionsthe encodingmethodanda
setof optimizingtransformationgrediscussed.
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Figure 1. (a) STG, (b) Encoded graph (<dsr, dt ack, | dt ack, d, | ds>), (c) Structurall y encoded STG.

Figure 2. Distrib utor built from David cells [14].

3. Petri Netsand Signal Transition Graphs

Thetheorypresentedn this paperholdsfor the classof
consistenanddeterministicSignal TransitionGraphswith
an underlying Free-choicdive and safe Petri net andini-
tial homemarking. The necessargefinitionsto supporthe
theoryarenext presented.

3.1.Petri Nets

A PetriNet(PN) isa4-tupleX = (P, T, F, My), where
P is thesetof places;T is thesetof transitions,F C (P x
T) U (T x P) is the flow relation, and M, is the initial
marking. A markingof a PN is an assignmenbf a non-
negative integer to eachplace. If k is assignedo placep
by marking M (denotedM (p) = k), we will saythatp is
markedwith k tokens.Givenanodex € P U7, its post-set
andpre-setaredenotedy *z andz*® respectely.

A pathin aPN isasequence; . ..u, of nodessuchthat
Vi, 1 < i< r:(u,u;41) € F. A pathis calledsimpleif
no nodeappearsnorethanonceonit.

A transitiont is enabledn amarking M whenall places
in *¢ aremarked.Whenatransitiont is enabledit canfire
by removing atokenfrom eachplacein *t andputtingato-
kento eachplacein ¢*. A markingM’ is readablefrom M

if thereis asequencef firingstit, . . . ¢, thattransformsy/
into M’, denotedby M [t1; ...t,) M'. A sequencef tran-
sitionstqt, . .. 1, is afeasiblesequencé it is firable from
M. Thesetof reachablemarkingsfrom My is denotedoy
[Mo). A markingis a homemarkingif it is reachabldrom
every markingof [Mp).

A placein aPN is redundanif its eliminationdoesnot
changethe behaior of thenet. A PN is place-irredundant
if it doesnothave redundanplaces.

A PN is liveiff every transitioncanbeinfinitely enabled
throughsomefeasiblesequencef firingsfrom arny marking
in [Mo). A PN is safeif no markingin [My) assignsnore
thanonetokento ary place. A Free-ChoicePetrinetis a
PN suchthatif (p,t) € F then®t x p* C F, for every
placep [10]. In the restof the paper we will dealwith
Free-choicdive andsafePetrinets(FCLSPN).

Checkingior livenesssafenesandredundanplacesan
bedonein polynomialtime for Free-choicdetrinets[10].

3.2.Signal Transition Graphs

A Signal Transition Graph (STG) [26] is a triple
(X, A, A), whereX is a PN, A4 is a setof signals, par
titioned into input signals(4;), outputsignals(4,), and
internal signals (4ryr), and A is the labeling function



A: T = (A x {+,-}) U {e}, whereall transitionsnot
labeledwith the silent event (¢) are interpretedas signal
changes.Rising andfalling transitionsof a signala € A
aredenotedby a+ anda—, respectrely, while ax denotes
agenericrising or falling transitiort.

An exampleof STG is shawvn in Figure1(a). For sim-
plicity, thoseplacegshatonly have onepredecessandone
successotransitionare not depicted. In that case,the to-
kensareheldonthe correspondingrcs.

3.3.0bservationalequivalence

The notion of obserationalequivalence as definedby
Milner [18], with respectio a setof obserable eventsis
relevantin this paper Informally, two systemsareobserva-
tionally equivalenif their behaior cannotbedistinguished
by interactingwith them.Whennecessarywewill consider
obsenationalequivalencewith respecto input and output
signals(notinternal),or with respecto all signals.Thefol-
lowing definitionsassumeobsenational equivalencewith
respecto all signals.

An STG is deterministicif the firing of two different
transitionswith the samelabel in a marking M € [My)
leadsto obsenationalequivalentmarkings.

A signalis saidto beenabledn amarkingM if thereisa
marking M’ which is obserationally equivalentto M and
atransitionof the signalis enabledin M’ (asa particular
caseM = M').

3.4.Concurrencyand ordering relations

A pair of transitionst;,t; € 7 aresaidto be concur
rentif thereis amarkingM € [M,) suchthatM [¢;¢;) and
M{t;t;). The conceptof concurreng canbe extendedto
signals. Two signalsa andb are saidto be concurrentf
therearetwo transitionswith labelsax andb* thatarecon-
current.

An STG is non-autoconcurrenif it does not con-
tain ary pair of concurrentiransitionsof the samesignal.
An STG satisfiesthe consisteng condition if it is non-
autoconcurreréindthe signalchangesn every feasiblese-
guenceof signal transitionsalternate. This last condition
restrictsthefeasiblesequenceshechanged — 1 (1 — 0)
canonly befollowedby thechangel — 0 (0 — 1) for each
signalappearingn afeasiblesequence.

3.5.Encoding

Eachmarkingof anSTG is encodedwith a binaryvector
of signalvaluesby meanf alabelingfunction : [My) —
{0, 1}141. All markingsmustbe consistentlyencodedy

1Along this paper we will oftenusethelabelof a transitionto denote
thetransitionitself.

A, i.e. nomarking M canhave an enabledrising (falling)
transitiona+ (a—) if A(M), =1 (A(M), = 0).

Figure 1(b) depictsthe setof reachablestatesderived
from the STG in Figure 1(a), with the correspondingen-
coding.

An STG is saidto satisfy the completestate coding
(CSC) propertyif, whenthe samebinary codeis assigned
to two differentmarkings the setof internalandoutputsig-
nalsenabledateachmarkingis thesame.The STG in Fig-
ure 1(a) doesnot satisfythe CSC property sincethereare
two differentmarkingswith thecode10101 andtwo output
transitionsd+ andlds—, only enabledn oneof them.

A more restrictve property called unique state cod-
ing (USC), holdsif all reachablamarkingsareassigneca
uniquebinarycode,i.e.,VMy, My € [Mo) : My +# My =
A(My) # A(M2), where~ denotesobsenational equiva-
lence.

The CSC propertyis a necessargonditionfor the cor
rectimplementationof an STG specification. When the
CSC conditionholds, the eventsthatthe circuit mustpro-
duceat eachreachabletateareuniquelydeterminedy the
binarycodeof the stateitself.

3.6.Synthesisof speed-independnt circuits

Here, we briefly sketchhow a circuit can be derived
from an STG. This theoryis valid for the classof speed-
independentircuits,which arecorrectwhenassuminghat
all componentsf thecircuit canhave ary delay[20].

If wecallaq, ..., a, thesignalsof thecircuit, eachnon-
input signalz canbe implementedby a gatethat realizes
alogic function f,,. Thelogic functionis definedfor each
binaryvectorv € {0, 1}" asfollows:

1 ifIM: AM(M)=v A (somez+ enabledn M v
(AM(M)z =1 A noz— enabledn M))
if 3M : X(M) =v A (somez— enabledn M v

(AM(M)z =0 A noz+ enabledn M))
- if AM:A(M)=v

fe(v) = 0

In casethe CSC propertydoesnot hold, the previous
definition is ambiguous,since a binary vector could be
foundfor whichtherearetwo differentmarkingsthatwould
makef, equalto 0 and1 simultaneously

The previous function is incompletely specified. For
thosevectorsin which f,(v) = —, the functionmay take
ary value, since those vectorswill never appearin ary
reachablestateof the system.This setof vectorsdefinethe
don't caresetof thefunction,whichis extremelyimportant
for anefficient Booleanminimization.

4. Structural Encoding

This sectionpresentsa transformatiorappliedto STGs.
Thefeaturef this transformatiorarethefollowing:



e It guaranteethe USC property
o It preseresfree-choiceness.

e It preseres consisteny, liveness,safeness,initial
homemarkingandobsenationalequivalencewith re-
spectto theinputandoutputsignals.

¢ |t haslinearcompleity onthesizeof theSTG.

Thisis thefirst methodthatguarantees solutionfor the
encodingproblemandtacklesthe problemin linear com-
plexity for the classof FCLSPNs. The transformationis
basedntheinsertionof a signalfor eachplaceof the STG
thatmimicsthetokenflow onthatplace.

Althoughtthe encodingtransformatiordoesnot require
the netto be free choice,it preseresthis property Thisis
importantin our framework to enablethe useof structural
methoddor synthesis.

Thetransformationsvill be presentedsaruleto beap-
plied to the transitionsof the STG. Beforethe application
of the StructuralEncoding,the setof signalsof the STG
hasbeenaugmentedvith onesignalsp for eachplacep of
the STG. In orderto simplify the presentatiorof therules
andthe correspondingroofs,we will usesilenttransitions
onthedefinitionof therules.

4.1 Encodingtransformation

LetS = ((P,T,F, Mo), A, A) bean STG with under
lying FCLSPN andinitial homemarking. The Structural
Encodingof S derivesthe STG Enc(S) in whichanew in-
ternalsignalsp hasbeencreatedor eachplacep € P, and
the transformatiorrule describedn Figure 3 hasbeenap-
pliedto eachtransitiont € 7. Thenew transtionsappearing
in Enc(S), labelledwith spx, will be called E-transitions
alongthe paper

Let usnow prove propertieon Ene(S).

Proposition4.1 Enc(S) is free-doice

Proof:  Every new place p appearingin Enc(S) has
|*p| = [p*| = 1 by construction.The original placesin *¢
andt* keepthe sameflow relationswith therestof thenet.
ThereforetheunderlyingPN of Enc(S) is free-choice.D

Proposition4.2 Enc(S) is live, safe, has initial home
markingand is observationakquivalentto .S with respect
to theinputandoutputsignals.

Proof:  The transformationfor structuralencodingis a
trivial combinationof a setof transformationproposecdy
Berthelotthat presere livenesssafenesandhomemark-
ing [2]. Thesetransformationslso presere the behaior
condition, i.e. eachconflict resolutionin Enc(S) is per
formedby someobsenabletransition.

1. Createthesilent transitionss; andes.

2. For eachplacep € *t, createa new transitionwith label
sp— andinsertnew arcsandplacesfor creatinga simple
pathfrom e; to ¢», passinghroughsp—.

3. For eachplacep € t*, substitutethearc (¢, p) by thearc
(e2, p), createa new transitionlabeledas sp+ andinsert
new arcsandplacedor creatinga simplepathfrom ¢ to ¢,
passinghroughsp—+.

Figure 3. Transformation rule for each transi-
tion t € 7.

Fromthebehaior condition,it immediatelyfollowsthat
obsenationalequivalenceis alsopresered. O

Proposition4.3 Enc(S) is consistent.

Proof:  Given that the obsenrational equivalenceis pre-
sened, consisteng directly holdsfor the signalsalreadyin
S. It only remainsto prove that it also holdsfor the E-
transitionsof thenew insertedsignals.

By constructionthenew sp signalsmimic thetokenflow
in places.Giventhatthe dynamicbehaior correspondso
a safePN, no morethantwo consecutie rising or falling
transitionscanoccurfor thesesignals. O

Proposition 4.4 Enc(S)hasthe USC property

Proof:  We will prove that eachmarking of Enc(S) is
uniquelyidentified by a binary vector of all signals. Fig-
ure4 depictsafragmentof Enc(S) thatresultsfrom apply-
ing thetransformationuleto atransitionwith p, . . . p,,, and
q1 - - -qm aspredecessandsuccessoplacesfespectrely.
Without loss of generality we will assumethat the label
of thetransitionis z+, andthatplaceq; hasonesuccessor
transitionwith label y+. With two exceptionsthatwill be
discussedater, the markingof all placesin the picturecan
beuniquelydeterminedsfollows:

M(ai)=1 & sqgi=0Aspp=---=sppo=1Az=1
Mbi)=1 & sgi=1Aspp=-=sppo=1Az=1
M(e)=1 & spi=1Asqp=-=s¢gn=1Az=1
Mdi)=1 & spi=0Asqr=-=s¢gn=1Az=1
M(g)=1 & sgi=1Ay=0Az=1

Whendefiningthe previous equationsit is importantto
usethefactthatthe STG is safe,consistenandthattransi-
tionsof the samesignalcannotbe concurrentWe will only



Figure 4. Place encoding to guarantee USC.

prove the equalityfor M (a;). The otherequalitiescanbe
provedin asimilarway.

=

M (a;) = 1impliessq; = 0, sincesq;+ is enabled Oth-
erwisethe STG would not be consistent.M (a;) = 1 also
impliessp, = --- = sp, = 1, sincethelivenessandsafe-
nessof the STG imply thate; hasnot fired after z+ has
fired. Therefore noneof the sp; — transitionshasfired yet,
while all sp;+ transitionsalreadyfired beforez+. Finally,
M (a;) = 1 clearlyimpliesz = 1.
=

By the consisteng of signal z, the only markingsin
which sp; = --- = sp, = 1 andz = 1 correspondo
markingsin which sometokensareheldin the placesafter
z+ butbeforesp; —. .. sp, —. Thefactthatsq; = 0 implies
thatplacea; hasatoken.

As mentionedbefore therearetwo exceptionsin which
the binary code doesnot uniquely identify the marking.
One exception corresponddo the submarkingsn which
M) = -+ = M(by) = 1 andM(c1) = -+ =
M (en) = 1, respectiely. Thesesubmarkingsreonly sep-
aratedby a silent transition,s;, that makesthemobsena-
tionally equivalent. Therefore,the USC propertyis still
presered. Theotherexceptioncorrespondto thesubmark-
ingsseparatetby . O

4.2 Preservingthe Input/Output Interface

Preservinghe obsenationalequivalencewith respecto
the input and outputsignalsof the specificationis not suf-
ficient to guaranteea correctimplementatiorof a system.
Whenonewantsto implementa moduleof a systemasa
circuit, the input/outpu interfacefor that moduleis typi-
cally fixed a priori. From the point of view of the circuit,
the ervironmentcanbe considerecisanothermodulewith
mirroredsignals(inputandoutputsof thecircuit areoutputs
andinputsof theervironment).

Sincethe ervironmentmustbe consideredsanalready
implementedsystemthat cannotchangeits interface,the
causalityrelationsbetweertheoutputsof thecircuitandthe
inputsof the ervironmentmustbe presered. In practice,
this meanghatif thefiring of anoutputsignalmay enable
aninputsignal,thenthis causalitymustbe presered along
ary transformatiorof the specification.

The previous condition has beenformalizedunderthe
notionof I/0 equivalencgl16]. This papemwill notdescribe
thedetailsof this equivalence However, a setof constraints
onthe STGsareimposedo allow the useof anotheitrans-
formationthatpreseresl/O equialence.

In particulay anio-STG is definedasan STG with the
following constraints(a) ary choiceplace(with morethan
one successorinustonly precederansitionsof input sig-
nals; (b) the firing of oneinput signalcannotimmediately
enablethefiring of anotherinput signal.

Firstconditionindicateghatchoicesareonly decidedy
theenvironment.Seconctonditionimposeghefactthatthe
predecessorsf input transitionsare alwaysoutputtransi-
tions. With theseconstraintsthetransformatiorrule shavn
in Figure5 canbe appliedto ary transitionof a non-input
signal. For input transitions,the previous transformation
presentedh Figure3is applied.

Qs
pnofqm
0_o8a
: :
"olhe

Figure 5. Transformation rule for non-input
signals to preserve the 1/O interface .

Note thatthe two transformation®nly differ on the lo-
cation of the E-transitions. For non-inputsignals,the E-
transitionsprecedehe transformedransition. In this way;
the creationof new causalityrelationsfrom E-transitiongo
input transitionsis avoided and, thusl/O equialencepre-
sened.

Theproofsfor preservingree-choicenesivenesssafe-
nessandobsenationalequivalencearesimilarto thosepre-
sentedn the previous sectionwhenappliedto the classof
i0-STGs.

Figure 6 depictsan exampleof the structuralencoding
by applyingthe transformationpresentedh this section.

5. Designspaceexploration

Even thoughthe encodingmethodpreviously presented
guaranteesn implementatiorof the system the insertion
of aninternal signalfor eachplacemay be too costly, in
sizeandperformancefor thefinal circuit.

This sectionpresents kit of structuraltransformations
thataimattheexplorationof thedesignspace Behindthese
transformationswe assumeo have a synthesidramavork



thatcanevaluatethe costof theimplementatiorin polyno-
mial compleity on the sizeof the specification[24]. This
framework is alsocapableof detectingCSC conflictswith

low compleity [23]. Thetransformationaremainly meant
to dealwith thenew insertedE-transitions.

The kit of transformationsve presentare not new in
the literature. They have beenproposedby otherauthors
(seq2, 21,10])) or canbeobtainedby combiningseveral of
thosetransformationsThe onesthathave beenusedin this
work arenext described All of thempresere the relevant
propertieof the STGsrequiredfor thiswork.

od 7/%

P
y- P y+ >

“@v‘@

Figure 6. Structural encoding (xis inpllt and
yand zare outputs).

Concurrencyreduction. Giventwo concurrentransitions,
t; andt;, suchthat®(*t;) N *(*¢;) # 0, concurrreng is
reducedy includingtwo placeghatforceanalternatioron
thefiring of thetwo transitiongseeFigure7(a)).
Increaseof concurrency Giventwo orderedransitionst;
andt;, suchthatt? = *t; = {p}, two parallelbranchesire
createdso thatthey canbe fired concurrently This trans-
formationcanbe obtainedoy combiningsomeof the ones
presentedn [21] (initially proposedn [2]). The transfor
mationis shovnin Figure7(b).

Elimination of signal. Givenoneof theinternalsignalsof
the STG, it canbe eliminatedby changingthe label of all
transitionsof thatsignaland makingthemsilent(¢). This
transformationis only acceptedvhen the removal of the
signaldoesnotcreateCSC conflictsin the specification.
Elimination of silent transitions. Someof thetransforma-
tions may insertsilent transitionsin the specification. By
removing them,thesizeof specificatiorcanbereducedand
the synthesisalgorithmssped-up However, the elimination
thetransitionrequireghesubstitutiorof n +m placeqpre-
decessoandsuccessorpy n - m places(seeFigure7(c)).
Heuristicscan be usedto determinewhenthe elimination
canbeuseful.

Elimination of redundantplaces.Someof theplacesmay

beeliminatedwithoutchanginghebehaior of thenet. Lin-
earprogrammingechniqueganbeusedto determinavhen
placesareredundang2, 10].

Ontop of this kit of transformationsa searchengineis
expectedto explore the designspace.Greedyheuristicsor
optimizationtechniquessuch as simulatedannealing,ge-
netic algorithmsor talu searchcanbe usedto explore dif-
ferent configurations. All thesetechniquesequirea fast
estimationof the costof the explored configurations.The
cost function can be efficiently supportedby the polyno-
mial algorithmsthat can be typically usedto manipulate
free-choicePetrinets.

6. Example and experimental results

The transformationgpresentedn this paperhave been
appliedto well-known specificationgrom the literatureof
asynchronousircuit design.

Currently no searckengineis still availableto applythe
transformationautomatically Insteadthey areappliedme-
chanicallywith theinterventionof thedesignethat,ateach
step,choosestransformatiorthatintuitively leadsto a bet-
terimplementation.

In moredetail,the synthesisstrategy consistf the fol-
lowing steps:

1. Apply theencodingransformation®n all transitions,
asexplainedin Section4.

2. lteratively andgreedilyapplythetransformatiorelimi-
nationof signalto all internalsignalsasfarasnoCSC
conflictsappear In general,someof the internalsig-
nalswill remainin the specification.

3. Iteratively apply transformationsnd evaluatethe im-
plementationcost of the new specification. Accept
ary transformatiorthat producesa costimprovement.
The costis evaluatedasthe numberof literals of the
Booleanequationsmplementinghecircuit.

4. Stop when no transformationcan be appliedto im-
prove the costof thecircuit.

Giventhatthe previous methodhasnot beenautomated
yet, the applicationof the transformationst eachstephas
not beendonein an exhaustve manner Structuralmeth-
odsareusedfor checkingCSC andderiving boolearequa-
tions[24].

Theresultshave beencomparedwvith thoseobtainedby
thetool petrify [6], thatdoesanexplicit enumeratiorof the
statespacethussufferingfrom thestateexplosionproblem.

6.1.A casestudy: adfast

This example correspondsto specification of an
analogic-to-digitalfast corverter with threeinput signals
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Figure 7. (a) Concurrency reduction, (b) increase of concurrency , (c) transition elimination.

(Da, La and Za) andthreeoutputsignals(Dr, Lr and Zr).
The specificationis shavn in Figure8(a). This STG does
not have the CSC property Thetool petrify automatically
insertstwo signalsto solve CSC conflicts.

Figure8(d) shows the STG after beingtransformedy
the structuralencodingrules. The new internal signals
S0 . ..s14 correspondo the 15 placesin the initial speci-
fication.

Fromthe STG in Figure8(d), internalsignalsaregreed-
ily remoreduntil CSC conflictsappearTheresultingSTG
andthe correspondingequationq35 literals) areshavn in
Figure9(a). Figure9(b) reportsoneof the intermediateso-
lutions (31 literals) exploredafter obtainingthe solutionin
Figure9(a).

Figures8(b) and8(c) depictthefinal STG, the Boolean
equationsandthecircuit afterapplyingthe transformations
and doing logic synthesis. This solution, which hasbeen
obtainedmechanicallyis identicalto the onegeneratedy

petrify.
6.2.Experimental results

The synthesistratgy describedhbore hasbeenapplied
to a setof benchmarksinitially, noneof the specifications
hadthe CSC property Theresultsarereportedn Tablel.

The columnslabeledwith “petrify” indicatethe charac-
teristicsof thecircuit obtainedoy thetool petrify. Thenum-
berof insertedsignalsto solve CSC conflictsandthe num-
berof literals of the Booleanequationsarereported.

The columnslabeledwith “struct. encoding’reportthe
characteristicef thecircuit afterhaving appliedstepsl (en-
coding)and2 (eliminationof internalsignals)of thesynthe-
sisstrat@y. It is interestingto obsenre thatthe numberof
signalsrequiredto solve CSC conflictswhenusingthe“lo-
cal” encodingprovided by the placesis significantlylarger
thanthe numberof signalsrequiredwhen“global” encod-
ing methodsareused.

Theresultsof thefinal circuit, afterhaving exploredthe
designspacewith the setof transformationsare reported
in the columnslabeled “str. enc. + optim.”. It canbe

petrify struct.encoding || str enc.+ optim.

benchmark | states || #csc | it || #csc| i || #csc| i
adfast 44 2 14 5 35 2 14
vme-fc-read 14 1 8 2 14 1 8
nak-pa 56 1 18 3 35 1 18
m-readl 1882 1 38 2 43 1 40
m-read2 8932 8 68 13 95 10 70
duplicator 20 2 18 5 36 3 18
mmu 174 3 29 7 53 3 34
seq8 36 4 47 22 147 4 47

Table 1. Experimental results.

obsered thatthe quality of the solutioncanbe highly im-

proved by playingwith the concurreng of theinternalsig-
nals. In mary casesthe obtainedresultis the sameasthe
onegeneratedby petrify. In othercasestheresultsaresim-
ilar but with moreinternalsignalsthanthe onesinsertedoy
petrify(e.g. mastesread2,duplicator). This corroborates
known fact that stateshatthe reductionof internalsignals
doesnot alwaysimplies animprovementon the quality of

thecircuit.

The mostimportantfact that canbe deducedrom this
tableis thatthe methodproposedn this papercancompete
with the existing synthesigools. Moreover, for the classof
FCLSPNSs, this methodcanguaranteendproduceanim-
plementatiorin extremelylow CPUtimeg. Until now, no
othermethodsareknown thatcanguaranteanimplemen-
tationfor STGs with underlyingFCLSPNSs.

7.Conclusions

Methodsfor the synthesiof systemavhosecompleity
doesnotdependn the sizeof the statespacearecrucialto
facethedesignof complex asynchronousircuits.

This paperhaspresentedn approachor the synthesis
of asynchronousontrollersfrom STGs. The mainfeatures

2Thelack of automationin the applicationof the transformationslid
notallow afair reportof CPUtimes.However, thisfactbecameavidentin
previousworksin this area[24]
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of themethodare: (1) animplementatioris guaranteednd
(2) the compleity of themethodis polynomialon the size
of thespecification.

This work is a first steptowardsa completeautomation
of thedesignflow throughthe explorationof multiple con-
figurationsthatpresere someequialencewith theoriginal
specification. This exploration shouldallow to find good
trade-ofs betweenthe size of the implementationand its
performance.
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