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Abstract. This paperpresentsa methodfor the automaticsynthesisof asynchronousircuitsfrom
Petrinet specifications.The methodis basedon a structuralencodingof the systemin sucha way
thata circuitimplementations alwaysguaranteed Moreover, a setof transformationsgs presented
for the subclasof Free-ChoicePetri netsthat enableghe exploration of differentsolutions. The
setof transformationss derived from previous work on Petri net synthesis. Both the encoding
techniqueand the set of transformationgresere the property of free-choicenesghus enabling
the useof structuralmethoddor the synthesiof asynchronousircuits. Preliminaryexperimental
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resultsindicatethatthequality of thecircuitsis comparableo thatobtainedoy methodghatrequire
anexhaustve enumeratiorof the statespace.

Thisnovel synthesisnethodopenghe doorto thesynthesiof large controlspecificationgenerated
from hardwaredescriptionanguages.

Keywords: Asynchronousircuits,structurabynthesisCompleteStateCoding,Petri
nets.

1. Intr oduction

In thelastfew yearstherehasbeenanincreasingnterestin asynchronousircuits. Potentialadwantages,
suchasmodularity absencef clock skev problems averageperformanceandlow power, have encour
agedmary researcheranddesignerso devote considerableffort towardsunderstandingndproposing
techniquedor asynchronousircuit design[10].

If someunanimity exists aboutasynchronousircuits, it is thatthey are difficult to design. The
absencef clock doesnot allow a discreteabstractiorof time and, therefore the behaior of ary signal
at ary instantcan be relevant for the correctnes®f the circuit. A significanteffort hasbeenspent
in studyingand proposingautomaticsynthesistechniqueghat can alleviate the burdenof designing
asynchronousircuits. This paperfocuseson techniquegor the synthesiof controlcircuits.

Currently thereare several academidools thatwork at the logic level andattemptto optimizethe
resultingcircuit by usingvariationsof the state-of-the-arBooleanminimizationtechniqueg13, 6, 23).
Given that asynchronousircuits are typically modeledas concurrentsystemsthe existing synthesis
approachesftensuffer from the stateexplosionproblemderivedfrom concurrenyg.

A crucial problemof mostasynchronousogic synthesigoolsis that they are not alwayscapable
of derving animplementationfrom the specification. The main reasonfor that is that someof the
implementatiorpropertiesnustbeensuredy transforminghespecification And thistaskis performed
automaticallyby usingheuristicshat cannotexplore the completespaceof configurations.

Direct translationmethodsthat do not exploit the power of Booleanminimizationhave alsobeen
proposed12, 4, 1, 19]. Thistype of stratgiesguaranteeanimplementatiorby constructionput does
not exploit the potentialoptimizationghatcanbe performedatthelogic level. Typically, the sizeof the
obtainedcircuitsis linearonthe sizeof the specification.

Therehave beenfew attemptsto combineboth approache$27, 16]. However, direct translation
methodsusuallygeneratesircuit structureghat cannotbe locally transformedo derive succinctrepre-
sentation®of the samebehaior. For this reasonthe resultsobtainedby thesemethodsarecomparable
to peepholeptimizationgrealizedon the original structures.

Nowadaystheknowledgeof asynchronoutechniqueiave reachedalevel of maturitythathave en-
abledsomeresearchert facethe problemof synthesisrom HardwareDescriptionLanguage¢HDLS),
suchasVerilog[3] or VHDL [30]. This new trendalsoimpliesdealingwith controlcircuitsthatareboth
largeandwell-structued
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Dueto the aforementionedtateexplosionproblem,thereexist severelimitations on the sizeof the
specificationshatcanbehandledoy existing synthesigools. However, thefactthatcontrolspecifications
derived from HDLs tendto be well-structuredopensthe door to usetechniqueghat do not requirean
explicit representationf the statespace.

This paperpresentssomecontributionsinto that direction, with the aim that automaticsynthesis
techniquedasedon the presentedheoreticalresultswill be proposedn the future. The concurrent
modelusedin this paperis basedn Petrinets[22]. Themaincontribution consistsn proposinga setof
structuraltransformationsf the specificatiorthatguaranteesan implementatiorof thebehaior without
explicitly enumeratinghe statespaceof the system.The transformationsre proposedor the subclass
of Free-choicéPetrinets. This subclasseemdo be a goodtrade-of betweerthe expressvenesgpower
requiredby well-structuredcontrol specificationsand the methodsthat can manipulatethem without
suffering from the sizeof the statespace.

Moreover, the presentedransformationgpresere the structuralpropertiesof the specificationthus
enablingthe useof logic synthesidechniqueghatdo not requirean explicit representationf the state
spacg?26].

Thepaperis organizedasfollows. Section2 describegpreviousandrelatedwork. Section3 presents
basicdefinitionsandbackgroundisedalongthe paper The encodingmethodandits propertiess pre-
sentedn Section4. The property-preservingransformationgredescribedn Section5. Finally, Sec-
tion 6 illustratesthe methodwith anexampleandreportssomepreliminaryresults.

2. Relatedwork and overview

SignalTransitionGraphgSTGs)[28, 5] areinterpretedPetrinetsusedfor thespecificatiorandsynthesis
of asynchronousontrollers.In STGs, transitionsrepresentising andfalling signaltransitionsdenoted
by positive andneggative events(e.g. a+, a—). Severaltechniqueghat circumwentthe stateexplosion
problemhave beenproposedor the synthesifrom STGs [29]. However, mostof themonly work for
markedgraphsavery restrictive classof specificationshatcannotmodelchoicebehaiors[14].

To the bestof our knowledge,the only work in this areathathascoveredthe synthesisof specifi-
cationswith Free-choicdPetrinetswaspresentedn [26]. Besidesallowing the specificatiorof choice,
Free-choicePetrinetsalsohave nice structuralpropertieghat enablethe useof polynomialalgorithms
to analyzetheir behaior [11].

Unfortunately noneof the methodsmentionedoeforehasbeenableto effectively tacklethe prob-
lem of finding an encodingof the specificationthat guaranteesin implementation. Even the known
structuralmethodsworking for somesubclassesf STGs rely onthefactthatheuristicswith affordable
computationatostwill find a solutionwith high probability[33, 25].

The encodingproblemis illustratedin Figurel. Givena specification(Figure 1(a)), eachstateof
the reachabilitygraphis assigneda binary vectorthat representshe value of eachsignalat that state
(Figure 1(b)). For a circuit to be derived from the specification,it is requiredthat the value of the
signalscanuniquelydistinguishnon-equvalentstates.In this example,therearetwo stateghatcannot
be distinguishedy their codes(shadavedin thefigure). Solvingthe stateencodingproblemis usually
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Figure2. Distributorbuilt from David cells[15].

performedby addingnew signalsin the specificatiorthatpresere implementatiorpropertiesDoing so
is notaneasytask[7].

The methodpresentedn this paperhasbeeninspiredon previous work for the direct synthesisof
circuits from Petrinets. One of the relevanttechniquesvas proposedn [32], wherea setof cells that
mimic thetokenflow in PetrinetswasdesignedThecircuit washbuilt by akutting thecellsandproducing
a structureisomorphicto the Petrinet. This type of cells, called David cells, wereinitially proposed
in [9].

Figure2 depictsa very simpleexampleon how thesecells canbe akuttedto build a distributor that
controlsthe propagatiorof actities alongaring. Thebehaior of oneof the cellsin the distributorcan
be summarizedy thefollowing sequencef events:
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In [32], eachcell wasusedto representhe behaior of oneof the transitionsof the Petrinet. The
approaclpresentedh thispapelis basednencodinghesystenby insertinganew signalfor eachplace
with a behaior similarto a David cell. With suchanencodingapproachtwo goalsareachieved:

e A solutionfor the encodingproblemis guaranteedt the expenseof overencodingthe statesof
thesystem.

e Thestructurapropertieof thespecificatiorarepresered,thusenablingheuseof transformations
to optimizetheresultingcircuit.

In the forthcomingsectionsthe encodingmethodanda setof optimizing transformationsare dis-
cussed.

3. Petri Netsand Signal Transition Graphs

Thetheorypresentedn this paperholdsfor the classof consistenanddeterministicSignal Transition
Graphswith anunderlyingFree-choicdive andsafePetrinet. The necessarylefinitionsto supportthe
theoryarenext presented.

3.1. Petri Nets

A PetriNet(PN) isa4-tupleX = (P, T, F, My), whereP is thesetof places,T is thesetof transitions,
F C(PxT)U(T x P) istheflow relation,and M is theinitial marking. A markingof aPN is an
assignmenof a non-ngative integerto eachplace. If k is assignedo placep by markingM (denoted
M (p) = k), wewill saythatp is markedwith & tokens.Givenanodez € P U T, its pre-selandpost-set
aredenotediy *z andz*® respectiely.

A pathin aPN is asequence, . ..u, of nodessuchthatVi,1 < ¢ < r : (u;, u;4+1) € F. A pathis
calledsimpleif no nodeappearsnorethanonceonit.

A transitiont is enabledin a marking M whenall placesin *¢t aremarked. Whena transitiont is
enabledjt canfire by remaving atokenfrom eachplacein *¢ andputtingatokento eachplacein ¢*. A
marking M’ is reachablefrom M if thereis asequencef firingst,t, . . .t, thattransformsiM into M’,
denotedby M|t t; ...t,)M'. A sequencef transitionst;t, . ..t, is afeasiblesequencé it is firable
from M,. Thesetof reachablenarkingsfrom M, is denotedoy [M)).

A placein a PN is redundanif its eliminationdoesnot changethe behaior of the net. A PN is
place-irredundarit it doesnot have redundanplaces.

A PN is liveiff every transitioncanbe infinitely enabledhroughsomefeasiblesequencef firings
fromary markingin [M;). A PN is safeif nomarkingin [M,) assignsnorethanonetokento ary place.
A Free-ChoicePetrinetis a PN suchthatif (p,t) € F then®t x p* C F, for every placep [11]. In
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Figure3. (a)Non Free-choicd’N, (b) Free-choicd’N.

therestof the paper we will dealwith Free-choicdive andsafePetrinets(FCLSPN). An exampleof
non-Free-choicandFree-choicePN is shovn in Figure3. Thenetin 3(a)is not Free-choicébecause
(pl,t2) € Fbut®t2 x pl®* ¢ F.

Checkingfor livenesssafenesandredundanplacescanbedonein polynomialtime for Free-choice
Petrinets[11].

3.2. Signal Transition Graphs

A Signal TransitionGraph(STG) [28] is a triple (£, A, A), whereX is a PN, A is a setof signals,
partitionednto inputsignalg( A7), outputsignals(4y), andinternalsignalg A;x7), andA is thelabeling
functionA : T — (A x {4, —}) U {¢}, whereall transitionsnot labeledwith the silentevent () are
interpretechssignalchangesThesetA; U Ap is calledtheobservablesetof signals.Risingandfalling
transitionsof asignala € A aredenotediy a+ anda—, respectrely, while ax denotesa genericrising
or falling transition. For the remaindeof the paper we will oftenusethelabel of atransitionto denote
thetransitionitself.

An exampleof STG isshonvnin Figurel(a). For simplicity, thoseplaceghatonly have onepredeces-
sorandonesuccessatransitionarenot depicted.In thatcase the tokensareheld on the corresponding
arcs.

3.3. Observationalequivalence

Milner definedin [20] CCS (Calculusof CommunicatingSystems)a processalgebrafor modelling
concurrensystemsThere,a notionof unobservablaction(calledr) wasdefined representinghefact
thata systemcan’spontaneouslythangeits state,without ary apparentpr obsenable,reason.Using
this notiononecanreasorabouttheequivalenceof two systemswith respecto their observableactions.
The notion of obsenationalequivalence asdefinedby Milner in [20], with respecto a setof ob-
senableeventsis relevantin this paper Informally, two systemsare (weak)observationaly equivalent
if their behaior cannotbe distinguisted by interactingwith them. Whennecessarywe will consider
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obsenationalequivalencewith respecto input and outputsignals(not internal),or with respecto all
signals.Thefollowing definitionsassumebsenationalequivalencewith respecto all signals.

An STG is deterministidf thefiring of two differenttransitionswith the samelabelin a marking
M € [M,) leadsto obsenationalequivalentmarkings.

A signalis saidto be enabledin a marking M if thereis a marking M’ which is obsenationally
eguialentto M andatransitionof thesignalis enabledn M’ (asa particularcase M = M').

3.4. Concurrencyand ordering relations

A pair of transitionst;,t; € 7 aresaidto be concurrentf thereis a markingA € [M,) suchthat
M[t;t;) andM[t;t;). Theconceptof concurreng canbe extendedto signals. Two signalse andb are
saidto beconcurrenif therearetwo transitionswith labelsax andb« thatareconcurrent.

An STG is non-autoconcurrerit it doesnot containary pair of concurrentransitionsof the same
signal. An STG satisfieghe consisteng conditionif it is non-autoconcurrergndthe signalchangesn
everyfeasiblesequencef signaltransitionsalternate Thislastconditionrestrict¢hefeasiblesequences:
thechanged — 1 (1 — 0) canonly befollowedby thechangel — 0 (0 — 1) for eachsignalappearing
in afeasiblesequence.

Let R C [M,) bethesetof markingswheretransitiont; is enabled.Transitiont; triggerstransition
t; if thereexistsareachablenarkingM suchthatM{[t;)M', M ¢ R andM' € R.

Transitiont; disabledransitiont; if thereexistsareachablenarkingM enablingboth#; andt;, but
in themarking M’ suchthat M[t;) M’, ¢; is notenabled.

3.5. Encoding

Eachmarkingof anSTG is encodedvith a binaryvectorof sighalvaluesby meanof alabelingfunction
X 1 [My) — {0, 1}141. Al markingsmustbe consistentlyencodedy ), i.e. no marking M canhave an
enabledising (falling) transitiona+ (a—) if A(M), =1 (A(M)q = 0).

Figure1(b) depictsthe setof reachablestatesderived from the STG in Figure1(a), with thecorre-
spondingencoding.

An STG is saidto satisfythe completestatecoding(CSC) propertyif, whenthesamebinarycodeis
assignedo two differentmarkings the setof internalandoutputsignalsenabledat eachmarkingis the
same.TheSTG in Figurel(a)doesnotsatisfythe CSC property sincetherearetwo differentmarkings
with thecode10101,but in onemarkingthe outputtransitiond+ is enabledwhile in the otherids— is
enabled.

A morerestrictive property called uniquestatecoding(USC), holdsif all reachablenarkingsare
assigneda uniquebinary code,i.e., VM, M, € [My) : My % My, = AM;) # A(M;), wherex
denoteobsenationalequivalence.

The CSC propertyis a necessargonditionfor the correctimplementatiorof anSTG specification.
Whenthe CSC condition holds, the eventsthat the circuit must produceat eachreachablestateare
uniquelydeterminedy thebinarycodeof the stateitself.
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Figure4. (a)Signalinsertionforcing CSC, (b) Final circuit.

In the lastdecadetherehave beenseveral approachesor the developmentof automaticencoding
algorithmsfor STGs[18, 31, 33,24, 7]. Thewaytheencodings performeds usuallytransforminghe
specificationpy addingnew signalsthataim at disambiguatinghe conflictingstates Figure4(a) shows
a possiblesignalinsertionthat solvesthe conflict of the specificationof Figure1l. Theinsertionof the
new signalcscdisambiguatethe encodingconflict.

3.6. Synthesisof speed-independentircuits

Here,we briefly sketchhow a circuit canbe derivedfrom an STG. Thistheoryis valid for the classof
speed-independedircuits,which arecorrectwhenassuminghatall componentsf thecircuit canhave
ary delay[21].

Foran STG S to be correctlyimplementediy an speed-independenircuit, four conditionsmust
hold[17]:

thesetof reachablestatesof S mustbefinite (boundednegs

S mustfulfill the CSC property

function\ mustconsistentlyencodehereachablenarkingsof S (consistency

for ary pairof signalst andy suchthatz disableg, it impliesthatz andy areinputsignalgoutput
persistency.

PwnNPE

If wecallaq,...,a, thesignalsof thecircuit, eachnon-inputsignalz canbeimplementedy agate
that realizesa logic function f,. Thelogic functionis definedfor eachbinary vectorv € {0,1}" as
follows:

1 if AM : A(M)
fe(v) =< 0 ifIM : A(M)
— if AM : A(M) =

v A (somez+ enabledn M V (A(M), = 1 Anoz— enabledn M))
A (somez— enabledn M V (A(M), = 0 A noz+ enabledn M))
v
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In casethe CSC propertydoesnot hold, the previous definition is ambiguoussincea binary vec-
tor could be found for which thereare two differentmarkingsthat would make f,. equalto 0 and 1
simultaneously

Thepreviousfunctionis incompletelyspecified.For thosevectorsin which f,(v) = —, thefunction
maytakeary value,sincethosevectorswill neverappeain ary reachabletateof thesystem This setof
vectorsdefinesthe don't caresetof the function,which is extremelyimportantfor an efficient Boolean
minimization.

The specificatiorof Figure4(a)fulfills the speed-independenbnditionsfor correctsynthesis.The
circuit synthesizeds shovn in Figure4(b).

3.7. 10-STGs

The I/O interface[8] of a reactie systemdescribeghosecausalityrelationsthat mustbe presered
in the protocol betweenthe systemandthe ervironmentwherethe systemoperates.In Section4.2 a
transformatiorappliedto STG specificationsvill be presentedhatguaranteethe CSC propertyonthe
transformedSTG. For the preseration of the I/O interface this transformatiorcanonly be appliedto
a restrictedclassof specificationsthe I0-STG classcontainsthoseSTGs fulfilling boththatno input
signaltransitiontriggersanothey andthatthe transitionsin the post-setf a choiceplaceareall input
signaltransitions More formally:

Definition 3.1. An IO-STG is aFree-Choice&sTGwherethefollowing conditionshold:

1. Va;xwitha € Ay : Vb : (bj* € (apk')' =b ¢ A[).
2.YpeP:(Ip*| >2=>Vbjxep®:be Aj).

4. Structural Encoding

This sectionpresentsa transformationappliedto STGs. The featuresof this transformatiorare the
following:

e It guaranteethe USC property

e It preseresfree-choiceness.

o It preseresconsisteny, livenesssafenesandobsenationalequivalencewith respecto theinput
andoutputsignals.

¢ It haslinearcompleity onthesizeof theSTG.

This is thefirst methodthatguaranteesa solutionfor the encodingproblemandtacklesthe problem
in linearcompleity for the classof FCLSPNs. Thetransformations basedon theinsertionof a signal
for eachplaceof the STG thatmimicsthetokenflow onthatplace.

Althoughtthe encodingtransformatiordoesnot requirethe netto be Freechoice,it preseresthis
property Thisis importantin our framewvork to enablethe useof structuraimethoddor synthesis.
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1. Createthesilent transitionss; andes.

2. For eachplacep € *t, createa new transitionwith label sp— and
insertnew arcsand placesfor creatinga simple pathfrom £, to ¢,,
passinghroughsp—.

3. For eachplaceq € t*, substitutethe arc (¢, q) by the arc (2, ¢),
createa new transitionlabeledas sq+ andinsertnen arcsandplaces
for creatingasimplepathfrom¢ to ¢,, passinghroughsg+.

Figure5. Transformationrule for eachtransitiont € 7.

Thetransformationsvill bepresentedsaruleto beappliedto thetransitionsof the STG. Beforethe
applicationof the StructuraEncoding the setof signalsof the STG hasbeenaugmentedvith onesignal
sp for eachplacep of the STG. In orderto simplify the presentatiomf therulesandthe corresponding
proofs,wewill usesilenttransitionson thedefinitionof therules.

4.1. Encodingtransformation

LetS = ((P,T,F, M), A, A) bean STG with underlyingFCLSPN. The StructuralEncodingof S
derivesthe STG Enc(S) in which a new internalsignal sp hasbeencreatedfor eachplacep € P,
andthe transformatiorrule describedn Figure5 hasbeenappliedto eachtransitiont € 7. The new
transitionsappearingn Enc(S), labelledwith sp«, will becalledE-transitionsalongthepaper

Let usnow prove propertieon Enc(S).

Proposition4.1. Enc(S) is free-toice

Proof:
Everynew placep appearindn Enc(S) has|*p| = |p®| = 1 by constructionFor eachplacep (transition
t) of S, thesetp® (°t) is identicalbothin S and Enc(S). GiventhatS is free-choice Enc(S) is also
free-choice.

0

Proposition4.2. Enc(S) is live, safeandis observationallyequivalentto S with respecto the input
andoutputsignals.
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Proof:
Thetransformatiorfor structuralencodings atrivial combinationof a setof transformationproposed
by Berthelotthatpresere livenesssafenesandhomemarking[2]. Theseransformationslsopresere
the behaior condition: eachconflict resolutionin Enc(S) is performedoy someobsenabletransition,
i.e. for everytransitionz+ andplacep suchthatp € *zx andp® > 1thenz € A; U Ap.
Fromthebehaior condition,it immediatelyfollowsthatobsenationalequivalences alsopresered.
0

Proposition4.3. Enc(S) is consistent.

Proof:
Giventhatthe obsenationalequivalences presered, consisteng directly holdsfor the signalsalready
in S. It only remaingo prove thatit alsoholdsfor the E-transitionsof the new insertedsignals.

By constructionthe new sp andsq signalsmimic the tokenflow in places.Giventhatthe dynamic
behaior correspondso a safePN, no morethantwo consecutie rising or falling transitionscanoccur
for thesesignals. O

Lemmad4.1. Let R be the new setof placesinsertedin S for constructingEnc(S). Everyfeasible
complementargetbetweeriwo reacablemarkings)M and M’ of Enc(S) satisfiesheequalityM |r =
M'|g.

Proof:

Figure6 depictsafragmentof Enc(S) thatresultsfrom applyingthe transformationrule to a transition
with py ...pn,andg . .. ¢, aspredecessandsuccessgplacesrespectiely. Withoutlossof generality
we will assumeéhatthe label of thetransitionis z+, andthatplaceq; hasonesuccessotransitionwith
labely+. By definition,if afeasiblecomplementargetexistsbetween\/ andM’ then (M) = A(M').
With two exceptionsthatwill be discussedater, the markingof the new placesinserted(placese, b, ¢
andd in Figure6) canbe uniquelydeterminedasfollows:

M(a)=1 & s¢G=0Aspr=---=sp,=1ANz=1
Mb)=1 & s¢=1ANspr=---=spp=1AN2x=1
M()=1 & spp=1As¢g=-=s¢p,=1ANz=1
Md)=1 & spp=0Asqp1=-=sgm=1ANz=1

Whendefiningthe previous equationsit is importantto usethe fact thatthe STG is safeandcon-
sistent. We will only prove the equality for M (a;). The otherequalitiescanbe proved in a similar
way.

=

M(a;) = 1 impliessg; = 0, sincesg;+ is enabled.Otherwisethe STG would not be consistent.
M/(a;) = 1 alsoimpliessp; = --- = sp,, = 1, sincethelivenessandsafenessf the STG imply that
1 hasnotfired after z+ hasfired. Therefore noneof the sp;— transitionshasfired yet, while all sp;+
transitionsalreadyfired beforez+. Finally, M (a;) = 1 clearlyimpliesz = 1.
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=
By the consisteng of signal z, the only markingsin which sp; = --- = sp, = 1 andz = 1
correspondo markingsin which sometokensareheldin theplacesafterz+ but beforesp; — .. .sp,—.

Thefactthatsq; = 0 impliesthatplacea; hasatoken.

As mentionecbefore,therearetwo exceptionsin which the binary codedoesnot uniquelyidentify
themarkingin thenew placednserted Oneexceptioncorrespondto thesubmarkingsn which M (b,) =
coo=M(by) =1landM(c1) = -+ = M(cn) = 1, respectrely. Thesesubmarkingsreonly separated
by asilenttransition,s;, thatmakesthemobsenationally equivalent. The otherexceptioncorresponds
to thesubmarkingseparatedy .

Finally, giventhat A(Af) = A(M') we canconcludethatthe previous equationsalsohold for M”,
andthereforethemarkingin R is identicalbothin A andM’. 0

Lemmad.2. Let ¢; be a placeof S, and T, be a feasiblecomplementangetbetweenwo reathable
markingsM and M’ of Enc(S). ThenM(¢) =1 = M'(q) = 1.

Proof:
Without lossof generality let ¢; be the oneof Figure6. Assumethat M (¢;) = 1. If notransitionin ¢?
belongso 7. thentheclaimtrivially holds.

Theinitial situationis depictedn Figure?.

Asumme without loss of generality(dueto the free-choicenessf Enc(S)), thaty+ € T, andlet
M" bethemarkingreachedfterfiring y+. From M it is possibleto fire the setof E-transitionswich
resultfrom the encodingof y+. Onetransitionof this setis s¢;—, but notethat A(M),,, = 1. Two
situationscanhappen:

1. sq;— € T.: thenatleastatransitionsg;+ belongsto T... But every copy of an s¢;+-transitionis
eitherin (z+°*)* orin (z+°*)*, wherez+ is anothertransitionsuchthat®z+ = *z+!. Assume
thatthe transitionbelongingto 7. is theonein (z+4°*)®. The safene®f Enc(S) ensureshatthe
setof placesfrom the encodingof z+ is unmarkedn M, becausetherwisethereis a marking
reachabldrom M having two tokenson ¢;. But Lemma4.1 ensureghatthe markingin the new
placesinsertedfor encodingz+ is the samebothin A andM’, andthereforeevery E-transition
from theencodingof z+ belonggo 7., addingagainatokento g;.

Yn thesimplestcasez+ = z+.
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Figure7. Initial situationfor proof of Lemma4.2.

2. sq;— ¢ T.: everyadjacentransitiony— suchthaty— € nezt(y+) cannotappeaiin T, aftery-+
becauséransitions, from theencodingof y+ doesnotbelonggo T., andthengiventhat Enc(S)
is consistenho sequencef transitionsin 7., canenabley— afterthefiring of y4-2. Thereforey—
appeardeforeof y+ in T.. Again, the consisteng of Enc(S) impliesthatthereexists a place
¢ suchthatq € *y+, M(q) = 0 andsomesg+ transitionin the pathbetweerny— andy+ must
be fired in orderto put atokenin ¢. Thentheremustbein 7, an sq¢— transition,but the actual
situationis not possiblein Enc(S), because:

2Estic usantles duescondicicionsde consistenciger garantirho: switchorer-correctnesger a control.larquehi hauna
unicaformade disparaies duestransicions non-autoconcurrerlygpergarantirquesila y+ no passalstokenscapendaant,
aleshoreso potserquela y— s’habiliti posteriorment.
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1’
T

Figure8. Tranformatiomotpreservinghel/O interface.

e Thepositive E-transitiondrom theencodingof y+ (let s;+, ..., sy+) mustbein T, in order
to enablesqg—,

e Lemmad4.1 ensureghatthe samemarkingexistsbothin A and M’ with respecto the set
of placesfrom theencodingof y+. Giventhatsg;— ¢ T. impliesthattransitions, from the
encodingof y+ is notin 7., andthenin M (M') someof this placesaremarked.

¢ And thenthe consisteng of the E-signalsinserteds;, ..., sy in Enc(S) implies that the
setof ngyative transitionss; —, ..., sy— cannot bein 7., becausetherwisethemcanbe
autoconcurrentBut thenT, is notacomplementanget.

0
Proposition4.4. Enc(S)hasthe USC property
Proof:
Thisfollowsfrom Lemmas4.1and4.2,togethemwith theboundednessf Enc(S).

0

4.2. Preservingthe Input/Output Interface

Preservingheobsenationalequivalencewith respecto theinputandoutputsignalsof the specification
is not sufficient to guaranteea correctimplementationof a system. When one wantsto implement
amoduleof a systemasa circuit, the input/outputinterfacefor that moduleis typically fixed a priori.
Fromthepointof view of thecircuit, theervironmentcanbe considereésanothemodulewith mirrored
signals(input andoutputsof the circuit areoutputsandinputsof the ervironment,respectiely).

Sincethe ernvironmentmustbe consideredisan alreadyimplementedsystemhatcannotchangets
interface thecausalityrelationsbetweertheoutputsof thecircuit andtheinputsof theervironmentmust
bepresered. In practice thismeanghatif thefiring of anoutputsignalmayenableaninputsignal,then
this causalitymustbe preseredalongary transformatiorof the specification.

For atransformatiorio preserethel/O interfacejt mustfulfill thefollowing conditions[8]:

1. Thesetof triggeringeventsof every input signaltransitionis presered.
2. Theinitial stateis preseredwith respecto theobsenrablesignals.
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qrr

Figure9. Transformatiomrule for non-inputsignalsto presere thel/O interface.

Figure8 shows a transformatior(insertionof the internalevente) not preservinghel/O interface.
In theFigure,: is aninputeventwhereas is output.

The encodingtechniquepresentedn Section4.1 doesnot presere thel/O interface becausavhen
thetransformatiomuleis appliedto anoutputsignaltransitionbeingatriggerof aninputsignaltransition,
internalevents(inducedby the intermediateplacesof the initial STG) areinserteddelayingthe input
signaltransition,andthereforethereis aviolation of condition1.

However, theencodingtechniquepresentedn Sectiond.1canbe modifiedto presere thel/O inter-
face.Therefinemenpresentetbelow is only valid for thelO-STG class.In thatclass thetransformation
rule shown in Figure9 canbe appliedto ary transitionof a non-inputsignal. For input transitionsthe
previoustransformatiorpresentedn Figure5 is applied. This refinedencodingtechniqueis called/O-
EndsS).

Note that the two transformationsnly differ on the location of the E-transitions. For non-input
signals,the E-transitiongprecedehe transformedransition. In this way, the creationof new causality
relationsfrom E-transitiongo inputtransitionss avoidedand,thus,l/O interfacepresered.

Proposition4.5. Let.S bean10-STG with underlyingFCLSPN andinitital homemarking /O-EndS)
preserveshel/O interfacewith respecto S.

Proof:
For eachinput signaltransitioni, thesets*i and® (*:) arepreseredin /0-End.S), andthereforethe set
of eventstriggering: is notmodified.

I0-End S) andS containthe samesetof placesmarked.Let : beaninput signaltransitionenabled
in theinitial stateof S. Clearly, thepreviousparagraphmpliesthati is alsoenabledn theinitial stateof
I0-End S). Let o beanoutputsignaltransitionenabledn theinitial stateof S, with ®*o = {py, ..., pn}.
The transformatiorrule of Figure9 appliedto o introducesa subnetbetween{p, ..., p,} ando, such
that®c; = {p1, ..., pn}. Thelivenes®f I0-EndS) impliesthatfrom theinitial state afeasiblesequence
of internaltransitionsexistsenablingo. 0
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Figurel0. Structuralencoding(x is inputandy andz areoutputs).

Theproofsfor preservingree-choicenessivenesssafeness;onsisteng, obsenationalequivalence
andensuringUSC are similar to thosepresentedn the previous sectionwhenappliedto the classof
|O-STGs.

Moreover, the IO-Enctechniquealsopreseresthe speed-independenbnditions.

Proposition4.6. Let S bean I0-STG with underlyingFCLSPN fulfilling the speed-independenbn-
ditions. I0-End S) fulfills the speed-independenbnditions.

Proof:

Thefirst threeconditionsfor correctSl implementatior(seeSection3.6) areguaranteetby the previous

propositions Every new placep of I0-EndS) satisfiedp®| = 1. Every placep of I0-End.S) suchthat

|p*| > 1 hasthesamepostsebothin S and/O-End S), andthereforeheoutputpersisteng of S ensures
thatno outputsignaltransitionsexistsin p®. In conclusionwhena signaltransitiont is enabledandis

notaninput,everyplacep € °t satisfiedp®| = 1, andthent cannotbedisabled. 0

Figure 10 depictsan exampleof the structuralencodingby applyingthe transformationgpresented
in this section.

5. Designspaceexploration

Eventhoughtheencodingmethodpreviously presenteduaranteeanimplementatiorof thesystemthe
insertionof an internalsignalfor eachplacemay be too costly, in size andperformancefor the final
circuit.

This sectionpresentsa kit of structuraltransformationghat aim at the exploration of the design
space Behindthesdransformationsye assumeo have asynthesigramevork thatcanevaluatethe cost
of theimplementationin polynomialcompleity on the size of the specificatior]26]. This framevork
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is alsocapableof detectingCSC conflictswith low computationaktost[25]. Thetransformationsare
mainly meantto dealwith the new insertede-transitionsIn this contet, the strateg)y usedin thesearch
for theoptimalis to apply, ateachstageof the exploration,thetransformatiorthatheuristicallyimproves
theactualimplementatioranddoesnotintroducenev CSC conflicts.

Thekit of transformationsve presentirenotnew in theliterature. They have beenproposedy other
authorqsee[2, 22,11]) or canbeobtainedoy combiningseveralof thosetransformationsThe onesthat
have beenusedin thiswork arenext describedAll of thempresere therelevantpropertiesof theSTGs
requiredfor thiswork.

Concurrencyreduction. Giventwo concurrentransitionst; andt;, suchthat®(*#;) N *(*t;) # @, con-
curreng is reducedoy includingtwo placesthatforcean alternationon thefiring of thetwo transitions
(seeFigurell(a)).
Increaseof concurrency Giventwo orderedtransitions,t; andt;, suchthatt? = *¢#; = {p}, two
parallelbranchesrecreatedsothatthey canbefired concurrently This transformatiorcanbe obtained
by combiningsomeof theonespresentedh [22] (initially proposedn [2]). Thetransformatioris shovn
in Figurel11(b).
Elimination of signal. Givenoneof theinternalsignalsof the STG, it canbe eliminatedby changing
thelabelof all transitionsof thatsignalandmakingthemsilent(¢). Thistransformatioris only accepted
whentheremoval of the signaldoesnot createCSC conflictsin thespecification.
Elimination of silent transitions. Someof thetransformationsnayinsertsilenttransitionsin the spec-
ification. By removing them,the sizeof specificatiorcanbereducedandthe synthesislgorithmssped-
up. However, the eliminationthe transitionrequiresthe substitutionof » + m places(predecessaand
successoy n - m placegseeFigurell1(c)). Heuristicscanbe usedto determinevhentheelimination
canbe useful.
Elimination of redundantplaces.Someof theplacesnaybeeliminatedwithoutchanginghebehaior
of thenet. Linearprogrammingechniquesanbe usedto determinevhenplacesareredundanf2, 11].
Ontop of thiskit of transformationsa searchengineis expectedo explorethedesignspace Greedy
heuristicor optimizationtechniquesuchassimulatedannealinggeneticalgorithmsor taku searckcan
be usedto explore differentconfigurations All thesetechniguegequirea fastestimationof the costof
theexploredconfigurationsThecostfunctioncanbeefficiently supportedy the polynomialalgorithms
thatcanbetypically usedto manipulateéree-choicePetrinets.

6. Exampleand experimentalresults

The transformationgpresentedn this paperhave beenappliedto well-known specificationdrom the
literatureof asynchronousircuit design.

Currently no searctengineis still availableto applythetransformationsautomatically Insteadthey
areappliedmedanicallywith theinterventionof thedesignerwho ateachstep,choosesitransformation
thatintuitively leadsto a betterimplementation.

In moredetail, the synthesisstratgyy consistof thefollowing steps:
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(b)

Figurell. (a)Concurreng reduction(b)increaseof concurreng, (c) transitionelimination.

1. Apply theencodingransformationsn all transitions asexplainedin Section4.

2. Iteratively andgreedilyapplythe transformatioreliminationof signalto all internalsignalsasfar
asno CSC conflictsappearln generalsomeof theinternalsignalswill remainin thespecification.

3. Iteratively apply transformation@nd evaluatethe implementatiorcost of the new specification.
Acceptary transformatiorthatproduces costimprovement.The costis evaluatedasthe number
of literals of the Booleanequationsmplementinghe circuit.

4. Stopwhenno transformatiorcanbe appliedto improve the costof thecircuit.

Giventhatthe previous methodhasnot beenautomatedset, the applicationof the transformations
at eachstephasnot beendonein anexhaustve manner Structuralmethodsareusedfor checkingCSC
andderiing boolearequationg26].

The resultshave beencomparedwith thoseobtainedby the tool petrify [6], that doesan explicit
enumeratiorof the statespacethussuffering from the stateexplosionproblem.

6.1. A casestudy: adfast

This examplecorrespond$o the specificatiorof an analog-to-digitafastcorverterwith threeinput sig-
nals(Da,LaandZa) andthreeoutputsignals(Dr, Lr andZr). Thespecificatioris shovn in Figurel2(a).
This STG doesnot have the CSC property Thetool petrify automaticallyinsertstwo signalsto solve
CSC conflicts.

Figure 12(d) shows the STG after being transformedby the structuralencodingrules. The new
internalsignalssg . . . s14 correspondo the 15 placesn theinitial specification.

Fromthe STG in Figure 12(d), internal signalsare greedilyremoved until CSC conflictsappear
TheresultingSTG andthecorrespondingquationg35 literals)areshaovn in Figure13(a).Figure13(b)
reportsoneof theintermediatesolutiong(31literals)exploredafterobtainingthesolutionin Figurel3(a).

Figures12(b)and12(c) depictthefinal STG, the Booleanequationsandthe circuit after applying
the transformationanddoinglogic synthesis.This solution,which hasbeenobtainedmechanicallyis
identicalto theonegeneratedy petrify.
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Dr = s7(Da+ 36)

Lr = DasgZa

Zr = 56

s¢ = (Da+37)(Za+ se)
s; = La+ Dasy
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Figurel2. Casestudy:adfast

6.2. Experimental results

The synthesisstrat@y describedabove hasbeenappliedto a setof benchmarkslnitially, noneof the
specificationdradthe CSC property Theresultsarereportedn Tablel.

The columnslabeledwith “petrify” indicatethe characteristic®f the circuit obtainedby the tool
petrify. Thenumberof insertedsignalsto solve CSC conflictsandthe numberof literalsof theBoolean
equationgrereported.

The columnslabeledwith “struct. encoding”reportthe characteristic®f the circuit after having
appliedstepsl (encodingand?2 (eliminationof internalsignals)of thesynthesistratay. It is interesting
to obsene thatthe numberof signalsrequiredto solve CSC conflictswhenusingthe“local” encoding
providedby theplaceds significantlylargerthanthenumberof signalsrequiredwhen“global” encoding
methodsareused.

Theresultsof thefinal circuit, afterhaving exploredthe designspacewith thesetof transformations,
arereportedin the columnslabeled“str. enc. + optim.””. It canbe obsened that the quality of the
solutioncanbehighly improved by playingwith the concurreng of theinternalsignals.In mary cases,
the obtainedresultis the sameasthe onegeneratedy petrify. In othercasesthe resultsaresimilar
but with more internal signalsthanthe onesinsertedby petrify(e.g. masterread2,duplicator). This
corroboratesa known fact that statesthat the reductionof internal signalsdoesnot alwaysimply an
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s13+

Dr = s3La+ sy + sy L
Dr = La(Ss+ Dr)+ DaDr + sy + s7

Lr = 57La+ 51356 -
Zr = F55E Lr = DasgZa—+ Lrs;
Sy = mSQ + S7E Zr = i L
si = Za (H@E-}—Da) 15455 S9 = Drsy+ Lrsy -
Se = Fset Zasa s¢ = Da(s¢+ Za)+ La(Dr Zas357 + sg)
s» = w5Lr 4358 s; = La(Sg+ Da) + 3537
s13 = SissDa+ s;3La (b)
@)

Figurel3. Intermediatesolutionsin thedesignspace.

improvementon the quality of thecircuit.

Themostimportantfactthatcanbe deducedrom thistableis thatthemethodproposedn this paper
cancompetewith the existing synthesidools. Moreover, for the classof FCLSPNSs, this methodcan
guarante@ndproduceanimplementatiorin extremelylow CPUtimes’.

7. Conclusions

Methodsfor the synthesiof systemsvhosecompleity doesnot dependon the sizeof the statespace
arecrucialto facethe designof complex asynchronousircuits.

This papemaspresente@dnapproacHor the synthesiof asynchronousontrollersfrom STGs. The
main featuresof the methodare: (1) an implementations guaranteednd (2) the compleity of the
methodis polynomialon the sizeof the specification.

3Thelack of automatiorin the applicationof the transformationslid not allow a fair reportof CPUtimes. However, this
factbecamesvidentin previousworksin this area[26]
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petrify struct.encoding || str enc.+ optim.
benchmark | states|| #CSC | lit. #CSC lit. #CSC lit.
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

Tablel. Experimentatesults.

Thiswork is afirst steptowardsa completeautomatiorof the designflow throughthe explorationof
multiple configurationghat presere someequivalencewith the original specification.This exploration
shouldallow to find goodtrade-ofs betweerthe sizeof theimplementatiorandits performance.

As futurework, it is expectedo integrateall thealgorithmspresenteih aframevork for thesynthesis
of asynchronousircuits,specifiedn anHDL.
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