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Abstract

A methodfor automatedsynthesisof low latency asynchronouscontrollersusingdirect mappingis presented.

Theideaof directmappingis thata graphspeci�cationof a systemis translatedinto a circuit netlistby mappingthe

graphnodesinto circuit elementsandthe grapharcsinto circuit interconnects.Thekey featureof this approachis

its low algorithmiccomplexity anddirect correspondencebetweenthe elementsof the initial speci�cationandthe

componentsof theresultantcircuit. In outmethodthesynthesisstartsfrom aninitial speci�cationin form of aSignal

TransitionGraph(STG).ThisSTGis split into adeviceandanenvironment,whichsynchronisevia acommunication

net that modelswires. The device is representedasa tracker anda bouncer. The tracker follows the stateof the

environmentandprovides referencepoints to the device outputs. The bouncerinterfacesto the environmentand

generatesoutputeventsin responseto theinputeventsaccordingto thestateof thetracker. Thistwo-level architecture

providesanef�cient interfaceto theenvironmentandis convenientfor subsequentmappinginto a circuit netlist. A

setof optimisationheuristicsaredevelopedto reducethe latency andsizeof thecontrol circuit. As a resultof this

work, a softwaretool calledOptiMist hasbeendeveloped.Its low algorithmiccomplexity allows largespeci�cations

to besynthesised,which is not possiblein acceptabletime for the toolsbasedon state-spaceexploration. OptiMist

successfullyinterfacesconventionalEDA design�o w for simulation,timing analysisandplace-and-route.

1 Intr oduction

Two mainapproachesto designof asynchronouscontrollersarelogic synthesis[7] anddirectmapping[15, 18].

Logic synthesisworks with the low-level systemspeci�cationswhich capturethebehaviour of thesystemat the

level of signaltransitions.In this approachbooleanequationsfor theoutputsignalsof the circuit arederivedusing

thenext statefunctions[5]. In orderto �nd thenext statefunctionsall possibleordersof theeventsmustbeexplored.

Suchanexplorationmayresultin a statespacewhich exponentiallylargew.r.t. the initial speci�cation. Thecircuit

optimisationofteninvolvesanalysisandrecalculationof thewholestatespace.

The logic synthesisapproachis now well developedandsupportedby public tools (Petrify [7], Minimalist [12],

3D [4]). However, this approachsuffers from excessive computationcomplexity andmemoryrequirements,thusit

cannotbeappliedto largespeci�cations.Thereis no transparentcorrespondencebetweentheelementsof theoriginal

speci�cation, the intermediaterepresentationof the statespaceandthe componentsof the resultantcircuit, which

complicatesthecheckingof circuit functionality.

The main ideaof the direct mappingapproachis that a graphspeci�cationof a systemis translatedinto a cir-

cuit netlist in sucha way that the graphnodescorrespondto the circuit elementsandgrapharcscorrespondto the

interconnects.Direct mappingcantypically be divided into threeindependentoperations:translation, optimisation

andmapping. Firstly, a systemspeci�cation is translatedinto an intermediategraphrepresentationconvenientfor

subsequentmapping.Then,peepholeoptimisationis usuallyappliedto the intermediaterepresentationof a system.

Finally, theoptimisedgraphis mappedinto acircuit netlistimplementation.In apracticaldesign�o w, however, some

operationscanbemergedtogetheror notpresentatall, e.g.optimisationis oftenperformedtogetherwith mappingand

therearecaseswhenthecircuit implementationis obtaineddirectly from theinitial speci�cationwithoutconvertingit

into anintermediateform.
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Thekey featureof thedirectmappingapproachis its low algorithmiccomplexity. Theuseof heuristic-basedlocal

optimisation(asopposedto state-spaceglobaloptimisationin a logic synthesisapproach)alsofacilitatesthecomputa-

tional simplicity of themethod.Thetransparentcorrespondencebetweentheelementsof theinitial speci�cationand

thecomponentsof theresultantcircuit is advantageousfor checkingthefunctionalcorrectnessof theimplementation.

Notwithstandingall advantages,thisapproachis insuf�ciently studiedandexistingtechniquesfor directmappingoften

producelargecircuitswith inef�cient interfaceto theenvironment.

The direct mappingapproachoriginatesfrom [16], wherea methodof the one-relay-per-row realisationof an

asynchronoussequentialcircuit is proposed.This approachis furtherdevelopedin [36] wherethe ideaof the1-hot

stateassignmentis described.The1-hotstateassignmentis thenusedin themethodof concurrentcircuit synthesis

presentedin [15]. Theunderlyingmodelin this methodis anAugmentedFinite StateMachine(AFSM), which is an

FSMwith addedfacilities,includingtiming mechanismsfor thedelayof statechanges.Thesecircuitshaveinputsthat

arelogic values(signallevelsasopposedto signaltransitions),which is advantageousfor low-level interfacing.These

circuitsusea separateset-reset�ip-�op for every local state,which is setto 1 duringa transitioninto thestate,and

which in turn resetsto 0 the �ip-�ops of all its predecessor's local states.The main disadvantagesof this approach

arethe fundamentalmodeassumptionsandthe useof local statevariablesasoutputs.The latter areconvenientfor

implementingevent�o wsbut requireanadditionallevel of �ip-�ops if eachof thoseeventscontrolsjustoneswitching

phaseof anexternalsignal(eitherfrom 0 to 1 or from 1 to 0).

Another direct mappingmethodproposedin [28] works for the whole classof 1-safePetri nets. However, it

producescontrolcircuitswhoseoperationusesa2-phase(no-return-to-zero)signallingprotocol.This resultsin lower

performancethanwhatcanbeachievedin 4-phasecircuits.

Theapproachof [18] is basedon distributors andalsousesthe1-hotstateassignment,thougha differentimple-

mentationof localstates.In thismethodeveryplaceof aPetrinetis associatedwith aDavidcell (DC) [9]. Thecircuit

diagramof a singleDC is shown in Figure1(a). Thestateof its outputr denotesthemarkingof anassociatedPetri

netplace.DCscanbecoupledusinga 4-phasehandshakeprotocol,sothattheinterfaceha1; r i of thepreviousstage

DC is connectedto theinterfaceha; r1i of thenext stageasshown in Figure1(b). ThisDC structurecorrespondsto a

Petrinetshown in Figure1(c). Thecircuitsbuilt of DCsby this approacharespeedindependent[24] anddonotneed

fundamentalmodeassumptions.On theotherhand,thesecircuitsareautonomous(no inputs/outputs).Theonly way

of interfacingthemto theenvironmentis to representeachinterfacesignalasasetof abstractprocesses,implemented

asrequest-acknowledgementhandshakes,andto insertthesehandshakesinto thebreaksin thewiresconnectingDCs.

This restrictstheuseof DCsto high-level design.
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Figure1: David cell

Thecontrollersandinterfacesaretraditionallyspeci�edby timing diagramsandSTGs.However, themajority of

directmappingtechniqueswork with high-level Petrinetsandcannotprocesslow-level speci�cations.An attemptto

applydirect mappingmethodat a low-level, wherethecircuit behaviour is capturedat the level of signalevents,is

madein [37]. In thisapproachDC structuresareusedto capturethestateof thesystemandto control�ip-�ops which

areassociatedto eachoutputsignal. Inputs,however, arestill representedasabstractprocessesandfree-choicenets

arenot supported.

Direct mappingfrom STGsandtheproblemof device-environmentinterfacewereaddressedin [3]. This paper
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presentsamethodbasedontheideaof [3] andextendsit by asetof optimisationalgorithmsandheuristics.In proposed

methoda systemspeci�cationis, �rstly , split into a device STGandanenvironmentSTG.Thesearesynchronisevia

a communicationnet, which modelwires. The device STG is consideredseparately. It consistsof a tracker anda

bouncer. Thetracker follows thestateof theenvironmentandis usedasa referencepoint by thedeviceoutputs.The

bouncerinterfacestheenvironmentandgeneratesoutputeventsin responseto theinput eventsaccordingto thestate

of thetracker. This two-level device architectureprovidesanef�cient interfaceto theenvironmentandis convenient

for subsequentmappinginto a circuit netlist. Theseareimplementedin a softwaretool calledOptiMist. Thespeed-

independentcircuitsobtainedby thismethodhaveatwo-levelarchitecture,whichcontributesto alow-latency interface

to the environment. The OptiMist tool exhibits the computationtime growth linear to the speci�cationsizewhich

allows to applythemethodto largeSTGs.

Therestof thepaperis organisedasfollows. Firstly, Section2 de�nesterminologyandbehaviouralmodelswhich

areusedin thepaper. Secondly, theour directmappingmethodandits justi�cation arepresentedin Section3. The

optimisationheuristicsandalgorithmsimplementedin OptiMist softwaretool aredescribedin Section6. TheOptiMist

design�o w is consideredonasimpleexamplein Section7. Themethodandtheoptimisationheuristicsareevaluated

in Section8 usingasetof benchmarks.

2 Background

This sectionprovides an introductionto asynchronouscircuits, their delay models,operationmodes,classesand

commonsignallingprotocols.A behaviouralPetrinetsmodelwhich is widely usedfor speci�cation,veri�cation and

synthesisof asynchronouscircuitsis alsopresentedin this section.

2.1 Asynchronouscircuits

A category of circuitscontainingno globalclock is calledasynchronouscircuits [36] . Thesecircuitsmaymake use

of timing assumptionsbothwithin thecircuit andin its interactionwith environment.Basedon theseassumptionsthe

asynchronouscircuits canbe divided into several classes.This sectionoverviews the asynchronouscircuitsusinga

classi�cationpresentedin [19, 10].

2.1.1 Delaymodels

An asynchronouscircuit canbe consideredasan interconnectionof two typesof components,gatesanddelayele-

ments, by meansof wires. A gatecomputesasetof outputvariables(oftenasingleoutputvariable)asadiscretelogical

functionof its input variables.A delayelementproducesa singleoutputthat is a delayedversionof its input. Each

wire connectsanoutputof a singlegateor delayelementto inputsof oneor moregatesor delayelements.Primary

inputsandoutputsof a circuit canbeconsideredasgatescomputingtheidentity function.

Therearetwo majormodelsof adelayelement:puredelaymodelandinertial delaymodel.A puredelayelement

transmitseachsignaleventonits input to its outputwith somedelayregardlesstheshapeof thesignal'swaveform.On

thecontrary, aninertial delayelementalterstheshapeof its input waveformby attenuatingshortpulses,i.e. it �lters

outpulsesof adurationlessthansomethresholdperiod.

Thedelayelementsarealsocharacterisedby theirtiming models.In a�xed delaymodel,adelayis assumedto have

a�x edvalue.In aboundeddelaymodel,adelaymayhaveany valuein agiventiming interval. In anunboundeddelay

model,adelaymaytakeanarbitrary�nite value.

2.1.2 Operation modes

An interactionof a device circuit with its environmentcanbe characterisedby circuit operationmode. The device

and its environmenttogetherform a closesystem. If the environmentis allowed to respondto a device's outputs
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without any timing constraints,thesystemis saidto interactin input-outputmode. Otherwise,environmentaltiming

constraintsareassumed.Themostcommonexampleis fundamentalmodewheretheenvironmentmustwait for the

device to stabilisebeforeproducingnew inputs.

Dependingon therestrictionsto the input changes,thefundamentalmodeis dividedinto severalsubclasses.If a

singleinput is allowedto changeatatime,theoperationmodeis calledSingleInputChange(SIC)fundamentalmode.

SICmodeforcestheinputsto besequential,whichmayrestrictthespeedof circuit operation.Anotherapproachwhich

allowsoneor moreinputsto changeafterthecircuit stabilisation,is calledMultiple InputChange(MIC) fundamental

mode.Thespeedof a circuit operatingin this modeimprovescomparedto SIC mode,however it maybedif�cult to

implementa circuit operatingMIC mode.

A trade-off betweenSIC andMIC fundamentalmodesis a Burst Mode(BM) which only allows inputsto change

in groups,calledbursts.Inputsin aburstmayarrivein any orderandatarbitrarytime. A setof inputsin aburstcannot

bea subsetof anotherburst. This restrictionhelpsa circuit to distinguishburstsonefrom another. Thecircuit waits

until all inputsin a burstchangebeforeproducingits outputs.Theoutputsmustbeallowed to settlebeforeanother

inputburststarts.

2.1.3 Classesof asynchronouscircuits

The most obvious model to usefor asynchronouscircuits is the sameas for synchronouscircuits. This model is

followed in Huffmancircuits [16], which aredesignedto work correctly in the fundamentalmodeof operation.A

boundeddelayis assumedfor bothgatesandwires.

Delay-Insensitive(DI) circuits aredesignedto operatecorrectlyin input-outputmodewith unboundedgateand

wire delay. Thesecircuitsaremostrobustwith respectto manufacturingprocessesandenvironmentalvariations.The

conceptof delay-insensitivecircuitsoriginatesfrom [6] andis formalisedin [35]. Theclassof DI circuitsbuilt outof

simplegatesis quite limited. It hasbeenproventhatalmostno usefulDI circuitscanbebuilt if oneis restrictedto a

classof simplegates[21]. However, many practicalDI circuitscanbebuilt usingcomplex gates[11]. A complex gate

is constructedoutof severalsimplegates.Externallya complex gateoperatesin a delay-insensitivemanner, however

internallyit mayrely onsometiming assumptions.

In orderto build practicalcircuitsoutof simplegatesarelaxationof therequirementsto theDI circuitsis necessary.

Thiscanbeachievedby introducinganisochronic fork, which is a forkedwire wherethedifferencein delaysbetween

thebranchesis negligible [2]. Asynchronouscircuitswith isochronicforks arecalledQuasi-Delay-Insensitive(QDI)

circuits [20]. In contrast,in DI circuits,delayson thedifferentfork branchesarecompletelyindependent,andmay

varyconsiderably.

Speed-Independent(SI) circuitsareguaranteedto work correctlyin input-outputmoderegardlessof gatedelays,

assumingthatwire delaysarenegligible. Thismeansthatwhenevera signalchangesits valueall gatesit is connected

to will seethat changeimmediately. SI circuits introducedin [24] only considereddeterministicinput andoutput

behaviour. Thisclasshasbeenextendedto includecircuitswith a limited form of non-determinismin [1].

Self-timedcircuits,describedin [33], arebuilt outof a groupof elements.EachelementmaybeanSI circuit, or a

circuit whosecorrectoperationrelieson local timing assumptions.However, no timing assumptionsaremadeon the

communicationbetweenelementsandthecircuit operatesin input/outputmode.If both internalandexternaltiming

assumptionsareusedto optimisethedesigns,thensuchcircuitsarecalledtimed[26].

2.1.4 Signalling protocols

Asynchronouscircuit signallingschemesarebasedonaprotocolcalledhandshake, involving requests, whichareused

to initiate an action,andcorrespondingacknowledgements, usedto signalcompletionof that action. Thesecontrol

signalsprovideall of thenecessarysequencecontrolsfor computationaleventsin thesystem.

For example,consideran interactionof two modules,a senderA anda receiver B. A requestis sentfrom A to
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B indicatingthatA is requestingsomeactionfrom B. WhenB completestheaction,it acknowledgestherequestby

sendingan acknowledgesignal from B to A. Most asynchronoussignallingprotocolsrequirea strict alternationof

requestandacknowledgeevents.Theseideascanbeextendedto interfacessharedby morethan2 subsystems.

Thereareseveralwaysof how thehandshakeeventsareencodedontospeci�c controlwires.Themostcommonly

usedhandshake protocolsarethe four-phaseandtwo-phase. In four-phaseprotocol, alsocalledreturn-to-zero, four

signal transitions(two on the requestandtwo on the acknowledgement)arerequiredto completea handshake. In

two-phaseprotocol, alsocallednon-return-to-zero, everyrequest-acknowledgementpairof transitionsindicatesanew

handshake.

2.2 Behavioural models

This sectionintroducesthe formal modelsusedfor thespeci�cationandveri�cation of asynchronouscircuits. First,

thebasicconceptof Petrinets(PNs)modelis presented.PNsextendtheFinite StateMachines(FSMs)modelwith a

notionof concurrency, whichmakesthemespeciallyconvenientfor thespeci�cationandveri�cation of asynchronous

circuits.Theformalde�nitions andnotationsin this sectionarebasedon thework introducedin [8, 25, 27, 30].

2.2.1 Petri nets

A Petrinetsmodel,�rst de�nedin [29], is agraphicalandmathematicalrepresentationsof discretedistributedsystems.

Petrinetsareusedto describeandstudyconcurrent,asynchronous,distributed,parallelandnon-deterministicsystems.

As a graphicaltool, PNs can be usedas a visual communicationaid similar to �o w charts,block diagrams,and

networks.In addition,tokensareusedin thesenetsto simulatethedynamicandconcurrentactivitiesof systems.As a

mathematicaltool, it is allowsto setupstateequations,algebraicequations,andothermathematicalmodelsgoverning

thebehaviour of systems.

A Petri Net (PN) is formally de�ned asa tuplePN = hP; T; F; M 0i comprising�nite disjoint setsof placesP

andtransitionsT, arcsdenotingthe�o w relationF � (P � T) [ (T � P) andinitial markingM 0.

Thereis anarcbetweenx 2 P [ T andy 2 P [ T iff (x; y) 2 F . An arc from a placeto a transitionis called

consumingarc, and from a transitionto a place- producingarc. The presetof a nodex 2 P [ T is de�ned as

� x = f y j (y; x) 2 F g, andthe postsetasx� = f y j (x; y) 2 F g. It is assumedthat � t 6= ; 6= t� ; 8 t 2 T . The

pre-presetof anodex 2 P [ T is de�ned as� � x =
S

y2� x
� y, andthepost-postsetasx � � =

S

y2 x �
y� .

A placep suchthat jp�j > 1 is calledchoiceplace, i.e. it hasmorethanonetransitionin its postset.A choice

placep is calledfreechoiceif 8t 2 p� : j� t j = 1, i.e. eachtransitionin its postsethasexactly onepresetplace.A

choiceplacep is calledcontrolledchoiceif 9t 2 p� : j� t j > 1, i.e. thereis at leastonetransitionin its postsetwhich

hasmorethanonepresetplace.Notethatacontrolledchoicewhoseall postsettransitionshavethesamepresetplaces

canbe transformedinto a free choice. A placep suchthat j� pj > 1 is calledmerge place. A transitiont suchthat

jt �j > 1 is calledfork anda transitiont suchthatj� t j > 1 is calledjoin.

The dynamicbehaviour of a PN is de�ned asa token game, changingmarkingsaccordingto the enablingand

�ring rules its transitions. A marking is a mappingM : P ! N denotingthe numberof tokensin eachplace,

N = f 0; 1g for 1-safePNs. A transitiont is enablediff M (p) > 0; 8 p 2 � t. Theevolution of a PN is possibleby

�ring the enabledtransitions. Firing of a transitiont resultsin a new markingM 0 suchthat 8p 2 P : M 0(p) =8
><

>:

M (p) � 1 if p 2 � t;

M (p) + 1 if p 2 t� ;

M (p) otherwise

, i.e. for an enabledtransitiont onetoken is removed from eachpresetplaceandone

tokenis producedto eachpostsetplace.

A markingM 0 is reachablefrom a markingM if thereexistsa �ring sequence� = t0 : : : tn startingat marking

M and�nishing at M 0. A setof reachablemarkingsfrom M is denotedby [M i . A setof markingsreachablefrom

theinitial markingM 0 is calleda reachability setof a PN.
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Thesetof markingsreachablein a PN from its initial markingcanberepresentedasa reachabilitygraph,whose

nodesarelabelledwith PN markingsandarcsarelabelledwith PN transitions.Formally, a Reachability Graph(RG)

of a PN = hP; T; F; M 0i is a labelleddirectedgraphRG = hS; A; l ; s0i , whereS = [M 0i is a reachability set,

A = S � T � S is a setof arcsbetweenthesestates,l : A ! T is a labelling functionindicatingtransitionsbetween

markings,ands0 is theinitial statecorrespondingto theinitial markingof thePN.

Graphically, placesof aPNarerepresentedascircles( ), transitionsasboxes( ), consumingandproducingarcs

areshown by arrows ( ), andtokensof thePN markingaredepictedby dotsin thecorrespondingplaces( ). A

simplePNis shown usingthisgraphicalnotationin Figure2(a).Thisexampleillustratesthat,unlikeFSMmodel,PNs

modelcancaptureconcurrentactions.If two transitionsareenabledin thesamemarkingandthe�ring of onedoesnot

interferewith theenablingof theother, thenbothtransitionswill eventually�re. Thefactthattransitionst2 andt3 are

concurrentmeansthatboth �ring sequencest2, t3 andt3, t2 arepossible.This is capturedby theRG in Figure2(b).

TheRG nodesarelabelledwith thereachablePN markings,arcsarelabelledwith thecorrespondingPN transitions

andits initial stateis markedwith a box.
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Figure2: Simpleexamplesof PN,RG,STGandSG

Transitionsin a PN canbe involved in differentorderingrelations. Two PN transitionsare in direct con�ict if

thereexists a reachablemarking in which both of them are enabledbut �ring of one of them disablesthe other.

Con�ict relationscanbegeneralisedby consideringthetransitivesuccessorsof directly con�icting transitions.If two

transitionsareenabledin somereachablemarkingbut arenot in directcon�ict, they areconcurrent. Transitionswhich

arenot concurrentandarenot in a transitivecon�ict areordered.

Importantpropertiesof a PN aresafeness,livenessanddeadlock-freeness.A PN is saidto be k-boundedif the

numberof tokensin every placeof a reachablemarkingdoesnot exceeda �nite numberk. A 1-boundedPN is also

called1-safe. A PN is deadlock-freeif, no matterwhat markinghasbeenreached,it is possibleto �re at leastone

transitionof the net. A PN is live if for every reachablemarkingM andevery transitiont it is possibleto reacha

markingM 0 thatenablest.

An extensionof aPNmodelis acontextualnet[23]. It usesadditionalelementssuchasnon-consumingarcs, which

only controltheenablingof transitionsanddonot in�uence their �ring. A PNextendedwith a typeof non-consuming

arcs,namelyread-arcs,is de�nedasPN = hP; T; F; R; M 0i . A setof read-arcsR is de�nedasR � (P � T), there

is a read-arcbetweenp andt if f (p; t) 2 R. Theread-presetof a transitiont 2 T is de�ned as?t = f p j (p; t) 2 Rg,

andtheread-postsetof aplacep 2 P asp? = f t j (p; t) 2 Rg. Placep controls transitiont by meansof a read-arcif f

p 2 ?t. A transitiont readsthestateof a placep iff t 2 p?. A transitiont is enablediff M (p) 6= 0; 8 p 2 � t [ ?t.

Therulesfor �ring of thetransitionsarepreserved.A read-arcis depictedasa line withoutarrows.

The following arethreemostcommonsubclassesof PNs. A PN is calleda Marked Graph (MG) iff 8p 2 P :

j� pj � 1^ jp�j � 1, i.e. eachplacehasatmostonepresetandonepostsettransition.Thenetsof thissubclassrepresent

deterministicconcurrentsystems.Dually, a PN is calleda StateMachine (SM) iff 8t 2 T : j� t j = 1 ^ jt�j = 1,

i.e. eachtransitionhasexactly onepresetandonepostsetplace.This subclassallows to representnon-deterministic
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sequentialsystems.A PN is calledFreeChoice(FC) net if f for any choiceplacep 8t 2 p� : j� t j = 1, i.e. each

transitionin thepostsetof a choiceplacehasexactly onepresetplace.Freechoicenetsmodelbothnon-determinism

andconcurrency but restrictstheir interplay. Theformeris necessaryfor modellingchoicemadeby theenvironment

whereasthelatteris essentialfor asynchronousbehaviour modelling.

Thetwo modellingextensionsof PNsareLabelledPNsandColouredPNs. A LabelledPetri Net (LPN) is a PN

whosetransitionsareassociatedwith alabellingfunction[38]. Theextensionof non-consumingarcsis alsoapplicable

to theLPN de�nition. A ColouredPetri Net (CPN) is a formal high-level netwhereplacesareassociatedwith data

types,tokensareassociatedwith thedatavaluesandtransitionsdenotetheoperationson thatdata[17]. This allows

therepresentationof datapathin acompactform, whereeachtokenis equippedwith anattacheddatavalue.

2.2.2 Signal transition graphs

TheSignalTransitionGraph(STG)modelwasintroducedindependentlyin [5] and[31] to formally modelboth the

circuit andthe environment. The STG canbe consideredasa formalisationof thewidely usedtiming diagrams.It

describesthe causalityrelationsbetweentransitionson the input and output signalsof a speci�ed circuit. It also

allows theexplicit descriptionof data-dependentchoicesbetweenvariouspossiblebehaviours. STGsareinterpreted

Petri nets,andtheir closerelationshipto Petri netsprovidesa powerful theoreticalbackgroundfor the speci�cation

andveri�cation of asynchronouscircuits.

An STGis a 1-safeLPN whosetransitionsarelabelledby signalevents,i.e. STG = hP; T; F; M 0; �; Z; v0i ,

where� is a labelling function, Z is a setof signalsandv0 = f 0; 1gjZ j is a vectorof initial signalvalues.

Thesetof signalsZ is divided into two disjoint setsof input signalsZ I andoutputsignalsZO , Z = Z I [ ZO ,

Z I \ ZO = ; . Inputsignalsareassumedto begeneratedby theenvironment,whereasoutputsignalsareproducedby

thelogic gatesof thecircuit. Internalsignalsmayalsobeincludedin theZO set.

Thelabellingfunction� : T ! Z � [ � mapstransitionsinto signaleventsZ � = Z � f + ; �g anddummies� ,

Z � \ � = ; . Thesignaleventslabelledz+ andz� denotethetransitionsof signalsz 2 Z from 0 to 1 (rising edge),

or from 1 to 0 (falling edge),respectively. Dummy transitionsaresilent eventsthat do not changethe stateof any

signal.Thelabellingfunctiondoesnot have to be1-to-1,i.e. transitionswith thesamelabelmayoccurseveraltimes

in the net. In orderto distinguishbetweentransitionswith the samelabel andrefer to themfrom the text an index

i 2 N is attachedto their labelsasfollows: � (t) =i, wherei differsfor differenttransitionswith thesamelabel.

In orderto beimplementableasacircuit anSTGmustsatisfythepropertyof consistency. An STGis consistentif

for eachsignalz 2 Z transitionslabelledz� andz+ alternatein any �ring sequencestartingfrom M 0. In this work

it is assumedthatall theconsideredSTGsareconsistent.

A vectorof signal change v� =
�

v1
� ; :::; vjZ j

�

�
canbe associatedwith a �nite sequenceof transitions� , so that

eachvi
� is thedifferencebetweenthenumberof risingandfalling edgesof signalzi in � . Thevectorof signalvalues

v = v0 + v� de�nesthestatesof all STGsignalsaftersomesequenceof transitions� . Notethatfor consistentSTGs

thevectorsv0, v� andv arebinary.

A projectionof a �ring sequence� ontoa setof signalsX � Z is de�ned as� # X = f t 2 � : � (t) 2 X �g ,

i.e. it only includestransitionsof signalsin X . A silent sequence� is a �ring sequence(possiblyempty)suchthat

� # Z = ; , i.e. its projectionon the setof signalsis empty. Similarly, a �ring sequencewhosethe projectionon

the setof output (input) signalsis emptyandprojectionon the setof input (output)signalsis not empty is called

input (output)sequence.

STGsinherit the operationalsemanticsof their underlyingPNs, including the notationsof transitionenabling

and �ring. Likewise, STGsalso inherit the variousstructural(marked graph, free-choice,etc.) and behavioural

properties(boundedness,liveness,etc.).Notethata setof read-arcscanbeincludedinto themodelof STG,which is

anenhancementw.r.t. [31].

For graphicalrepresentationof STGsa short-handnotationis often used,wherea transitioncanbe connected

to anothertransitionif the placebetweenthosetransitionshasoneincomingandoneoutgoingarc as illustratedin
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Figure2(c).

A stateof anSTGwithout dummiesis a pair hM ; vi , whereM is a reachablemarkingandv is vectorof signal

valuescorrespondingto this marking.Notethatthevectorof signalvaluesalongdoesnot uniquelyidentify theSTG

state.Also in generalcasethesamemarkingcancorrespondto differentstatesof theSTG(e.g.,if it is not liveor not

consistent).Theextensionof anSTGwith thenotionof dummytransitionscomplicatesthede�nition of its state.As

a dummytransitiondoesnot correspondto a signalevent,�ring of a dummydoesnotactuallychangethestateof the

systemdescribedby theSTG.Thatis why thestatesof anSTGbeforeandafter�ring adummyareconsideredequal,

thoughthemarkingis different.In thiswork we assumethata dummy(or in amoregeneralcaseasilentsequence)is

apartof precedingsignaltransition.

In thesameway asan STG is an interpretedPN with transitionsassociatedwith binarysignals,a stategraphis

thecorrespondingbinary interpretationof anRG in which theeventsareinterpretedassignaltransitions.Formally,

a StateGraph (SG)of an STG = hP; T; F; M 0; �; Z i is a quadrupleSG = hS; A; l ; C; s0i , whereS is a setof

reachablestates, A = S � T � S is a setof arcsbetweenthesestates,l : A ! T is a labelling functionfor thearcs,

C : S ! f 0; 1gjZ j is a stateassignmentfunction, which is de�ned asC (hM ; vi ) = v, ands0 = hM 0; v0 i is the

initial state. Notethatdummiesare

TheSGof theSTGin Figure2(c) is shown in Figure2(d). EachSGstatecorrespondsto a markingof theSTG

andis assigneda binaryvector. EachSGarccorrespondsto �ring of a signaltransition.For readabilitytheSGarcs

areindicatedby the transitionlabels. Thesignalorderin thebinaryvectorsis hi; o1; o2i . The initial state(marked

with a box)correspondsto themarkingf p1g with thesignalvaluesvector000.

A propertyof an STG which simpli�es its hardwareimplementationis persistency. An STG is persistentif no

transitioncanbedisabledby anothertransitionunlessthey bothareeventsof differentinput signals.This meansthat

all non-deterministicbehaviour is partof theenvironmentandthearbitrationis avoidedin thedevice.

Propertiesof an STG speci�c for a logic synthesisapproachareuniquestatecodingandcompletestatecoding.

Theformeris suf�cient conditionandthelatteris necessaryconditionof acircuit implementabilityby logic synthesis.

Two distinctstatesof anSGarein a UniqueStateCoding(USC)con�ict if they areassignedto thesamecode.Two

distinct statesof a SG arein a CompleteStateCoding(CSC)con�ict if they areassignedto the samecodeandthe

setof enabledoutputsignalsis differentin thesestates.An STG satis�es theUSC (CSC)propertyif no two states

of its SGarein USC(CSC)con�ict. Note thatneitherUSCnor CSCis requiredin a directmappingapproach.The

propertiesof anSTGwhicharespeci�c for theproposeddirectmappingmethodareconsideredin Section3.1.

2.2.3 Bisimulation

Bisimulation,originally introducedin [14, 22], is anequivalencerelationbetweenSTGs,associatingsystemswhich

behave in thesameway, in thesensethatonesystemsimulatestheotherandvice-versa.Intuitively two systemsare

bisimular if they matcheachother's moves,i.e. eachof the systemscannotbe distinguishedfrom the otherby an

observer.

Two systemsdescribedby STG = hP; T; F; R; M 0; �; Z; v0i andSTG0 = hP 0; T 0; F 0; R0; M 0
0; � 0; Z 0; v0

0 i

are(strongly)bisimular, notationSTG � STG0, if f:

(i) M 0 � M 0
0;

(ii) if M � M 0 andM [ti M 1 then9 t0 2 T 0 suchthat� (t) = � 0(t0), M 0[t0i M 0
1 andM 1 � M 0

1;

(iii) as(ii) but with rolesof STG andSTG0 reversed.

Thenotionof strongbisimulationrequiresa systemto becapableof matchingeachtransitionthatanequivalent

systemmayperform.However, sometimesinternalandexternal(observable)behaviour of asystemaredistinguished.

In this sensetwo systemsareequivalentif they exhibit thesameexternalbehaviour, irrespective of any intermediate

internalbehaviour thatmayoccur. For example,if thesystemSTGincludesanotionof silentactions(dummies),then

bisimulationcanberelaxedto ignorethesedummies.

Two systemsrepresentedby STG = hP; T; F; R; M 0; �; Z; v0 i andSTG0 = hP 0; T 0; F 0; R0; M 0
0; � 0; Z 0; v0

0 i
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areweakly(observationally)bisimular, notationSTG � STG0, if f:

(i) M 0 � M 0
0;

(ii) if M � M 0 andM [ti M 1 theneither� (t) = � andM 1 � M 0 or 9 t0 2 T 0, � (t) = � 0(t0) andsilentsequences

� 1, � 2 suchthatM 0[� 1i M 0
� t [t0i M 0

t � [� 2 i M 0
1 andM 1 � M 0

1;

(iii) as(ii) but with rolesof STG andSTG0 reversed.

Still, the notion of weak bisimulationcannotbe regardedas the naturalgeneralisationof strongbisimulation

for STGswith silent events. The reasonfor this is that an importantfeatureof bisimulationis missingfor weak

bisimulation.Namelythepropertythatany �ring sequencein oneSTGcorrespondsto a �ring sequencein theother,

in sucha way thatall intermediatestatesof theseSTGscorrespondaswell. However, accordingto thede�nition of

theweakbisimulationonemay�re arbitrarymany silent transitionsin anSTGwithout worrying aboutthemarkings

that arepassedthroughin the meantime.For example,the STGsin Figure3 areweakly bisimilar, however in the

right STGthereis a tracewhich doesnot enabletheb+ transition,while b+ is enabledin all tracesof the left STG.

Thus,the observationalequivalencedoesnot preserve the branchingstructureof STGsandhencelacksoneof the

maincharacteristicsof bisimulationsemantics.

dummy
b+a+

a+/1

dummy

a+ b+

Figure3: Observationbisimulation

An alternative de�nition of observationalequivalencewhich preservesthebranchingstructureof STGswaspro-

posedin [13]. Thisequivalence,calledbranchingbisimulation, requiresall intermediatemarkingsin silentsequences

� 1 and� 2 of STG0 to berelatedwith markingsM andM 1 of STG respectively. NotethatSTGsin Figure3 arenot

branchingbisimilar.

Obviously, branchingbisimulationis strongerthanweakbisimulation.However, onecanseethatfor theclassof

persistentSTGsweakbisimulationbecomesequivalentto branchingbisimulation.

3 Method

A distinctive characteristicof theproposeddirectmappingtechniqueis that thesystemSTGis convertedinto a form

convenientfor mappinginto circuit netlist. It is achievedby associatinggroupsof placesandtransitionsto thestate

holdingelementsandby modellingconnectionsbetweencircuit componentswith arcs.

The initial speci�cationdescribesthebehaviour of bothdevice andenvironmentasa completesystem.Usually,

only thedevice needsto be synthesisedwhich requirestheextractionof thedevice modelfrom thesystemSTG.In

orderto do this thesystemSTGis split into a device modelandan environmentmodel,which areconnectedby an

intermediatenet.Only thedevicemodelis subsequentlyoptimisedandmappedinto acircuit netlist.

3.1 Requirementsto the initial speci�cation

Thereareseveral limitationson theclassof STGswhich canbesynthesisedusingour directmappingmethod.Simi-

larly to therequirementsof logic synthesismethodstheSTGmustbeconsistentandpersistent.TheSTGconsistency

is essentialfor any hardwareimplementationdueto thenatureof binarysignalswhoserising andfalling transitions

alternate.Persistency is requiredto avoid arbitrationin thedeviceby letting theenvironmentmakeall thechoices.

Unlike logic synthesismethodsin ourapproachneitherUSCnorCSCis necessaryfor thewholeSTG.Thelimita-

tion onthestateencodingis morerelaxedandis de�nedusingthenotionof bursts:amaximallyconnectedsubgraphof
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anSTGwhichonly includestransitionsof aninput (output)sequenceandplacesincidentto themis calledinput (out-

put) burst. Two burstsaresaidto be in con�ict if thereis a transitionin oneburstwhich is in a directcon�ict with a

transitionfrom anotherburst. A burstB1 is saidto becoveredby burstB2 if they arein con�ict andall signalevents

of B1alsoexist in B2possiblyin differentorder. Notethatin apersistentSTGonly inputburstscanbein con�ict and

covered.

Thenotionof burstsis illustratedin Figure4. TheSTGin Figure4(a)containstwo input andtwo outputbursts

(IB1, IB2andOB1, OB2respectively). Notethateventhoughanoutputsequenceo1+, o2+ ispossiblefromareachable

markingf p2; p3g, theoutputburstsOB1andOB2areseparatebecausetheir graphsarenot connected.Theexample

in Figure4(b) shows two outputburstsOB1 andOB2 (input burstsaretrivial andarehiddenfor simplicity). These

outputburstsareoverlapping,however they cannotbe mergedinto oneburst becausethereis no outputsequence

which containsbotho1+ ando1-. In Figure4(c) threeinput burstsareshown (trivial outputburstsarehidden).Note

thatcon�icting input burstsIB1 andIB2 areseparatedin this STGeventhoughtheir graphsareoverlappingbecause

theseburstsbelongto differentinputsequences.

OB1

i+

i�

p1

o2�

p7

o1�

p6

p5

o2+

p3p2

p4

o1+

OB3

IB1

IB2

OB2

(a)Simplebursts

p2

p4

p6

p7

p1 OB1

o2�

o1�

o1+

i+

i�

OB2

p3

o2+

p5

(b) Concurrency

p6

p7

p1
p2

p4p3

IB3

IB1 IB1
i2+

i2� i3�i1�

o1� i3+

p5

i1+

o1+

(c) Choice

Figure4: Inputandoutputbursts

All the requirementsto encodingof the systemstatesin the proposeddirect mappingmethodare due to the

delay-insensitive natureof thedevice-environmentinterface.Usuallya designercancontrol thewire delaysinsidea

relatively smalldeviceandbuild it speed-independent.However, thedelaysof connectionsbetweenthedeviceandthe

environmentoftencannotbeguaranteed.Theuncontrollableinterconnectdelayson thedevice-environmentinterface

mayresultin a situationwhentwo signalsissuedin sequenceby a senderreacha receiver simultaneouslyor evenin

a reversedorder. This meansthatwhile the device itself canbe speed-independent,its interfaceto theenvironment

shouldbebuilt underdelay-insensitivetiming assumptions.

One of the ways to ensurethe delay-insensitive interfaceis to apply order relaxation[32] to the initial STG.

This approach,however, may complicatethe structureof the STG, which is disadvantageousfor a direct mapping

technique.In ourdirectmappingapproachtheorderrelaxationis notappliedexplicitly. Instead,adevicedistinguishes

theendof aninput burstby catchinganencodingin whichall inputscomprisingthebursthaveswitched.Theunique

identi�cation of suchencodingis only possibleif all statescorrespondingto the input burstarecodeduniquely. The

oppositeis alsotrue for outputbursts: in order to uniquely identify the endof an outputburst the encodingsof its

statesshouldbeunique.For example,theSTGin Figure5(a)hasaninputburstIB1 whichcancauseproblems.If due

to interconnectdelaysi2+ reachesthedevice beforei1+ thenthedevice canproduceo1+ by mistake evenwithout

waiting for i1+ andi1-.

Thus,in our methodeachinput andoutputburst of the systemSTG musthave USC.An STG is saidto satisfy

burst USCpropertyif thereis no USC con�ict in any input or outputburst, i.e. thestateencodingis uniquewithin

eachindividual burst. In orderto satisfytheburstUSCpropertyit is suf�cient for a consistentandpersistentSTGto
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p2 p3 p4 p5p1

i1+ i2+ i1� o1+
IB1

(a) Non-uniqueburstencodding

i1+ i2+ o2+

i2+ o3+

o1+

p1
p2 p3 p4 p5

p6 p7IB2

IB1

(b) Con�icting bursts

Figure5: Burstsin a delayinsensitive interface

haveno morethanonetransitionof eachsignalin every input andoutputburst. Theuniquenessof a signaltransition

in eachburstimpliesmonotonicchangeof thecodeandhencenorepetitionof thestateencodingwithin theburst.

Another type of ambiguity introducedby the delaysin the device-environmentinterconnectmay occur when

choosingbetweencon�icting branches.For example,theSTGin Figure5(b) hastwo input burstsIB1 andIB2 which

are in con�ict. The transitionsin the direct con�ict aredifferent (in1+ and in2+) and the choiceis unambiguous.

However, if the transitionsof theburst IB1 reachthedevice in thereverseorder(in2+ �rst), thenthedevice will be

confusedwhichcon�icting branchtheenvironmentselected.Thedevicestill canrecognisethebranchselectionif the

following conditionholds: the stateencodingsafter eachinput burst is differentfrom all encodingsin the burstsit

con�icts with. In orderto satisfythis conditionit is suf�cient for a consistentandpersistentSTGwith burstUSCto

containonly non-coveredbursts;suchanSTGis callednon-covered. Indeed,thestateof all STGsignalsis thesame

beforecon�icting burstsandthechangeof encodingis monotonicwithin eachburst. If noneof theburstsis covered

by theothersthentheencodingaftera burstis not repeatedin any burstit con�icts with.

To summarise,in orderto bemappableinto acircuit usingourdirectmappingmethodasystemSTGmustbecon-

sistent,persistent,non-coveredandmusthaveburstUSC.Checkingthesepropertiesis computationallyhardproblem

whichdoesnot feetinto adirectmappingdesign�o w aimingat low algorithmiccomplexity. Insteadit is assumedthat

the control pathSTG is suppliedby a high-level synthesistool which insuresthe above propertiesby construction.

All the transformationspresentedin thefollowing sectionspreserve thebehavioural equivalenceif theoriginal STG

satisfyingtheseproperties.

3.2 Transformation

The ideaof the our direct mappingmethodis illustratedon a basicexamplewhoseSTG is partially shown in Fig-

ures6(a).Thedepictedsliceof thespeci�cationcontainsthein+ inputeventcausingtheout+ outputevent.

The�rst stepin extractingthedevicemodelis theexposureof thesignalstatesasshown in Figure3.2(b).For this

eachsignalz is associatedwith a pair of complementaryplacesz = 0 andz = 1 representinglow andhigh levelsof

thesignal.Theseplacesareinsertedastransitiveplacesbetweenpositiveandnegativetransitionsof z, thusexpressing

thepropertyof signalconsistency. Notethatthetransitiveplacesdonotchangethebehaviour of thesystemandweak

bisimulationis preservedon thisstageof transformation.

The secondstepof the transformationis splitting the systemspeci�cation into device andenvironmentpartsas

shown in Figure3.2(c). For this theSTGobtainedin the �rst stepis duplicated.In the �rst copy, correspondingto

the device, the transitive placesassociatedto the inputsareremoved. Similarly, in the secondcopy, corresponding

to theenvironment,the transitive placesassociatedto theoutputsareremoved. Thebehaviour of thedevice andthe

environmentpartsis synchronisedby meansof read-arcsasfollows. In the environmentpart, eachtransitive place

associatedto low (high) level of an input signalzI is connectedby read-arcsto all negative (positive) transitionsof

zI in the device. After that the transitionsof input signalzI in thedevice part arereplacedby dummies.This way

thedevice follows (or tracks)thebehaviour of environment.Similar procedureappliesto all outputsignalsbut with

the rolesof device andenvironmentchanged.In thedevice part,eachtransitive placeassociatedto low (high) level
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Figure6: Methodfor thedirectmappingfrom STGs

of anoutputsignalzO is connectedby read-arcsto all negative (positive) transitionsof zO in theenvironment.The

transitionsof zO in theenvironmentpartarereplacedby dummies.Now theenvironmentalsotrackstheoperationof

thedevice. For convenienceeachdummyintroducedin this steparelabelledby theoriginal transitionnameput in

parenthesis.

The transformationof the secondstepsplits eachtransitionof an output(input) signal into the signaltransition

itself which belongsto thedevice (environment)anda dummyin theenvironment(device). The �ring of thesetwo

transitionsareorderedby read-arcs,sothattheinterfacesignaltransitionis enabled�rst andonly afterthis transition

�res the correspondingdummy is enabled. The dummy transitioncannotbe disableduntil it �res becauseof the

burstUSCpropertyof theoriginalSTG.Thusthebehaviouralequivalenceis preservedon this stepof transformation.

Thethird stepof thetransformationis splittingthedeviceinto tracker andbouncerpartsasshown in Figure3.2(d).

Thereis no needto furthertransformtheenvironmentpartasonly thedevicewill besubsequentlyimplemented.The

tracker-bouncersplittingstartsfrom representingeachoutputsignalby anelementarycycle. An elementarycycleof a

signalz consistsof two placesz = 0 andz = 0 (thesearetransitiveplacesaddedin the�rst transformationstep),and

severalpositive andnegative transitionsof z connectingtheseplaces.Thepositive transitionsof z areinsertedafter

z = 0 andbeforez = 1. Similarly, thenegativetransitionsof z areinsertedafterz = 1 andbeforez = 0. Thenumber
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of positiveandnegativetransitionsof z is equalto thenumberof correspondingeventsin thedevicespeci�cationand

canbemorethanone.Thesetof elementarycyclesfor all outputsignalsformsthedevice bouncerandtherestis the

device tracker. Theelementarycyclesof thebounceraresynchronisedwith thetracker partby meansof readarcsas

shown in Figure3.2(d). Eachpositive (negative) transitiontB of signalz in thebounceris uniquelyassociatedto a

positive (negative) transitiontT of thesamesignalz in the tracker. A transitiontT is calleda prototypeof tB . All

placesin thepresetof tT areconnectedby read-arcsto tB andtheonly placein thepostsetof tB is connectedby a

read-arcto tT . After that theprototypetransitiontT in the tracker is replacedby a dummywhich is labelledby the

original transitionnamein parenthesis.

The transformationdescribedin the third stepbasicallysplits eachoutput signal transitionz� into the signal

transitionz� itself (in thebouncer)andadummy(z� ) (in thetracker). Thetransitionz� is enabledonly whenall the

placesin thepresetof (z� ) have tokens.Thesetokenscannotpropagatefurtherbecausethedummyis disabledby a

read-arcfrom thepostsetof z� . Theonly placepz in thepostof z� is eitherz = 0 or z = 1 dependingonthepolarity

of z� . As soonasz� �res thedummy(z� ) becomesenabledandthetokenscontinuetheirmove in thetracker. It is

alsonecessarythatthetokendoesnot leavepz until (z� ) �res. Thisconditionis ensuredby thesignalconsistency of

theinitial STG.Thusthetransformationof this steppreservesthebehaviouralequivalenceof thesystem.

From this point the device model is consideredseparatelyand the environmentis assumedto produceinputs

in responseto device outputsaccordingto the systemprotocol. The elementarycycles of the device bouncerare

subsequentlyimplementedasset-resetFlip-Flops(FF) andtheplacesof thedevice tracker aremappedinto DCs,see

Figure3.2(e).

3.3 Optimisation

It is often possibleto control outputsby the directly precedinginterfacesignalswithout using intermediatestates.

Many placesandprecedingdummiescan thus be removed, provided that the systembehaviour is preserved w.r.t.

input-outputinterface(weakbisimulation).Suchplacesarecalledredundant. Notethatthenotionof redundantplaces

in our methodis differentfrom theredundanttransitiveplacesin thestructuraltheoryof Petrinets,thusthestructural

theorycannotbe appliedto remove them. This way p2 is redundantin theconsideredexample,Figure7(a). It can

be removed from the device tracker togetherwith the precedingdummy(in +) asshown in Figure7(b). Now the

input in = 1 controlstheoutputout+ transitiondirectly, which resultsin latency reductionwhentheSTGis mapped

into thecircuit, seeFigure7(c). Beforetheoptimisationtheoutput�ip-�op wassetby thep2_reqsignal,which was

generatedin responseto theinput in , seeFigure7(e). In theoptimisedcircuit theoutput�ip-�op is triggereddirectly

by thein inputandthecontext signalp1_reqis calculatedin advance,concurrentlywith theenvironmentaction.

4 Coding con�icts

The elimination of placesis restrictedby potentialcoding con�icts which may causetracking errors. Thereare

two typesof con�icts: Mark Graph-speci�candStateMachine-speci�c. The formercon�icts mayappearin a non-

con�icting branchof anSTG,thelattermayappearin thecon�icting branchesaftera choiceplace.

4.1 Mark Graph-speci�c coding con�icts

For the ideaof an Mark Graph-speci�ccodingcon�ict, considerthe systemwhoseSTG is depictedin Figure8(a).

Thedevicespeci�cationextractedfrom this STGby applyingtheabovemethodis shown in Figure8(b). Thetracker

partof thedevice canbefurtheroptimised.Theremoval of redundantplacesp2 andp4 doesnot causeany con�icts

of the tracker, Figure8(c). However, if the placep3 is eliminatedasshown in Figure8(d), thenthe tracker cannot

distinguishbetweentheoutputhaving not yet beensetandtheoutputalreadyreset.Note thespeci�cs of this direct

mappingapproach:only thosesignalswhoseswitchingdirectly precedesthegivenoutputareusedin its support.
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Figure7: Optimisationof thedevicespeci�cation
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Figure8: Preventingcodingcon�icts

It is computationallysimplerto detectredundantplacesby processingtheoriginal speci�cation. For this theset

of all STGplacesP is dividedinto threenon-intersectingsubsets:PU , PR , PM suchthatPU [ PR [ PM = P and

PU \ PR \ PM = ; . ThesetPR consistsof redundantplaceswhichcanbesafelyremovedfrom thedeviceSTG,the

setPM holdsthemandatoryplaceswhich mustbepreservedin thedevice model,andthesetPU containstheplaces

which have not beenconsideredyet (unde�nedplaces).In thefollowing �gures theunde�nedplacesaredepictedas

ordinarycircles( ), redundantplacesaredrawn assmallcircles( ), andthemandatoryplacesareshown asbold

circles( ). Initially all STGplacesbelongto PU , bothsetsPR andPM areempty. Then,eachplacein PU is tested

for beingredundant.If theplaceremoval doesnot causea codingcon�ict thentheplaceis redundantandis moved

into PR , otherwiseit is mandatoryandis movedinto PM .

A codingcon�ict for a placep is detectedby intersectingtwo setsof signals. The �rst setcontainsthe signals

whosetransitionsare�red in theforward neighbourhoodof placep limited by placesandtransitionsin PR [ T . The

secondsetconsistsof the signalswhosetransitionsare�red in the backward neighbourhoodof placep limited by

placesandtransitionsin PR [ T .
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Theforward neighbourhood" f (p; X ) of placep limited by nodes(placesandtransitions)in X is de�ned asthe

minimal (w.r.t.� ) setsuchthat:

" f (p; X ) : p 2 " f (p; X ) ;

8 x 2 X if 9 y 2 " f (p; X ) : x 2 y� ; then x 2 " f (p; X )
(1)

Thesetof signalsZ f (p; X ) whosetransitionsare�red in theforwardneighbourhoodof placep limited by theset

of nodesX arede�ned usinglabellingfunction� :

Z f (p; X ) = f z : 9t 2 " f (p; X ) \ T : � (t) 2 f z+ ; z�g g (2)

Similarly, thebackwardneighbourhood" b (p; X ) of placep limited by thesetof nodesX is de�nedastheminimal

(w.r.t.� ) setsuchthat:

"b (p; X ) : p 2 " b (p; X ) ;

8 x 2 X if 9 y 2 " b (p; X ) : x 2 � y; then x 2 " b (p; X )
(3)

Zb(p; X ) = f z : 9t 2 " b (p; X ) \ T : � (t) 2 f z+ ; z�g g (4)

For thedetectionof a codingcon�ict the forwardandbackwardneighbourhoodsarecalculatedon a setof tran-

sitionsandredundantplaces.If Z f (p; PR [ T ) \ Zb (p; PR [ T ) = ; , thenthe removal of the placep doesnot

causecodingcon�icts. However, if thereis a signalz whosetransitionsbelongto boththeforwardandthebackward

neighbourhoodsof placep limited by transitionsandredundantplaces,thentheremoval of this placecausesa coding

con�ict for signalz. The stateof the signalz is the samebeforeits transitionin the backward neighbourhoodand

after its transitionin theforwardneighbourhoodof placep. As theplacep is theonly unde�nedplacebetweenthese

transitions(theothersareredundant)it mustbepreservedin orderto separatethesamestateof thesignalz in different

partsof thesystemspeci�cation.

Considerthe detectionof codingcon�ict on the exampleshown in Figure9. The placeunderquestionis p07.

Its forward neighbourhoodlimited by redundantplacesis {p07, in2+, p08, p09, out2-, out3+} and its backward

neighbourhoodis {p07, out1+/1, out2+/2,p05,p06,p04, in1+/1, out1+/2, in1+/2, p01,out2+/1}. Placesp00, p02,

p03, p11, p12arenot redundantandform a borderfor theplacep07 neighbourhoods.Thesignalswhosetransitions

are�red in the forward andbackward neighbourhoodsare{in2, out2, out} and{in1, out1, out2} respectively. The

intersectionof thesesetsis {out2} which meansthat placep07 separatesthe differentstatesof the signalout2 and

removal of this placewill causeacodingcon�ict.

p03

p01 p04

p05

p06

p09

p08 p11

p12

p02

p00

p07
out3+

in2+

out2+/1 out1+/1

out1+/2

out2+/2

out2�

backward neighbourhood forward neighbourhood

in1+/1

in1+/2

Figure9: Forwardandbackwardneighbourhoods

4.2 StateMachine-speci�c codingcon�icts

Thesituationbecomesmorecomplex if a placeundertestis a direct successorof a choicetransition. For example,

placesp01 and p02 in Figure 10(a) are not redundant. If theseplacesare removed, then the choicebetweenthe

con�icting branchesis controlledby the sameconditionout1=1, which is ambiguous,seeFigure10(b). This is an
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StateMachine-speci�ccoding con�ict. The forward and backward neighbourhoodsdo not help herebecausethe

placeswhoseremoval causea codingcon�ict arein mutuallyexclusivebranches.

p00

p02 p04

p01 p03

in1+

in2+ out1+/2

out1+/1

(a) Initial STG

out1+/1

out1=0
out1=1

out1�

out1+/2
p00

p00
in2=1

in1=1

p00

p03

p04

(out1+/2)

(out1+/1)

out1=1

out1=1

?

(b) An ambiguoutycausedby removal of placesp01andp02

Figure10: Mandatoryplacesafterchoice

Thereareseveralstrategiesto avoid theambiguityin choicebranchesafterchoiceplacepchoice . The�rst extreme

is to preserveall post-postsetplacesof thechoiceplace.Thisapproachis computationallysimple,howeverthelatency

reductionmight besacri�ced if thereis aninput signaltransitionin thepostsetof thechoiceplace(which is thecase

for a free-choice).The otherextremeis to traverseeachcon�icting branchfrom pchoice and�nd all signalswhose

transitionsarepresentin morethanonebranch.At leastonemandatoryplacemustprecedethe�rst transitionof such

signalsin eachbranch.This approachhelpsto reducetheinput-outputlatency, but it maybecomputationallyhardif

loopsor nestedchoicesarefound.

A trade-off betweenthecomputationspeedandlatency optimisationis thefollowing. First, eachunde�nedplace

psucc in thepost-postsetof pchoice is checked. Theremoval of placepsucc doesnot improvetheinput-outputlatency

if all presettransitionsof psucc arenon-inputsignalevents. Sucha placeis mademandatoryto help reducingthe

computationcomplexity of the next step. After that, for eachtransitiont 2 pchoice � a setof transitionsTseq (t) =

f tg[ t � � is built. It containsthetransitionsin achoicebranchstartingfrom t for thedepthof two transitionscounting

from pchoice . Thejoint setof transitionsin choicebranchesof placepchoice limited by thedepthof two transitionsis

Tchoice (pchoice ) =
S

t 2 pchoice �
Tseq (t). If for a transitiont 2 pchoice � thereis asignalwhosetransitionbelongsto both

Tseq (t) andTchoice (pchoice ) nTseq (t) thentheplacesin thepostsetof t mustbepreserved. Otherwiseall placesin

thepostsetof t � � transitionsaremademandatoryto reducethedepthof traversing.Thetrade-off approachbene�ts

from theinput-outputlatency reductionandlow computationcomplexity, however thesizeoptimisationmight suffer.

Considertheapplicationof thetrade-off approachto theexamplein Figure10(a).For thechoiceplacep00, which

hastransitionsin 1+ andin 2+ in its postset,Tseq (in 1+) = f in 1+ ; out1 + =1g, Tseq (in 2+) = f in 2+ ; out1 + =2g

andTchoice (p00) = f in 1+ ; out1 + =1; in 2+ ; out1 + =2g. As a transitionof out1 belongsto bothTseq (in 1+) and

Tchoice (p00)nTseq (in 1+) = Tseq (in 2+) theplacep01is mandatory. Similarly, a transitionof out1 belongsto both

Tseq (in 2+) andTchoice (p00)nTseq (in 2+) = Tseq (in 1+) , whichmakesplacep02mandatory.

5 Mapping into circuit

In ourdirectmappingmethodtheplacesof thetrackeraremappedinto DCsandtheelementarycyclesof thebouncer

aremappedinto set-resetFFs. Read-arcsconnectingthe elementarycycles to the tracker and to the environment

simulatethebehaviour of wiresandaredirectly mappedinto wiresbetweenDCsandFFs.

Themappingof anelementarycycle into a set-resetFF is illustratedin Figure11. Thesetandresetfunctionsof

theFFaredeterminedby thestructureof thesetandresetphasesof theelementarycycle. TheFFis initially set(reset)

if theplacecorrespondingto thelow (high) level of thesignalis marked.
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Figure11: Mappingof elementarycyclesinto FFs

The mappingof basictracker structuresinto DCs is shown in Figure 12. The requestand acknowledgement

functionsof eachDC aregeneratedfrom the structureof the tracker in the presetandpostsetof the corresponding

place. The requestfunction of eachDC is shown in its top-left cornerand the acknowledgementfunction in its

bottom-rightconner.
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Figure12: Mappingof trackerplacesinto DCs

A circuit diagramof a traditionalDC which wasintroducedin [9] is shown in Figure13(a). The input r1 is the

requestfrom thepreviousstageDC to passthetoken.Outputa acknowledgesthereceiptof thetokento theprevious

stageDC. Similarly, outputr requeststhenext stageDC to acceptthe token andinput a1 acknowledgesits receipt.

Signalse andf representthe`empty' and`full' statesof thestateholdingelement.Similar to [18], in our methodthe

markingof a tracker placeis associatedwith thestateof theoutputr of a correspondingDC. Theoperationof a DC

is illustratedby theSTGin Figure13(b). Thetransitionsof theinternalsignalf areskippedin this STGbecausethis

signalis equivalentto thea output.Thetransitiveplacesprev andcur representtheactivelevelsof signalsr1 (previous

stageDC holdsa token)andr (this DC holdsthetoken)respectively. NotethatneitherthepreviousstageDC nor the

currentoneis activewhile thetokenmovesbetweentransitionsr1- andr+ . In mostcasesthis time canbeconsidered

asnegligible, becauseit correspondsto asingletwo inputNOR-gatedelay.

Thereis onetiming assumptionin thisDC implementationwhich is representedby thedottedarcsin Figure13(b).

The assumptionis that a new token arrives to the input of a DC only after the token hasleft the next stageDC.

This assumptionresultsin a limitation of themethodto have at leastthreeDCs in every loop [18]. For theoriginal
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Figure13: David cell

speci�cationit meansthatany loop of thesystemSTGmustcontainat leastthreeplaces.Also thenumberof places

in theloopsmustbekeptabovetwo duringtheoptimisationof thetrackerSTG.

Fasterandmorecompactsolutionsfor a DC implementation,proposedin [3], arecalledfast DCs. A gate-level

implementationof a fastDC andits STGareshown in Figure14(a,b).An interestingfeatureof thefastDC is that it

internallycontainsa GasP-like interface[34], which usesa singlewire to transmita requestin onedirectionandan

acknowledgementin theother. A fastDC hasspeedadvantagesover a traditionalDC becausetheresetphaseof its

stateholdingelementhappensconcurrentlywith the tokenmove into thenext stageDC. However, fastDCsrely on

timing assumptionswhicharedepictedin its STGusingdottedarcs,seeFigure14(b).
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(c) Timing assumptions

Figure14: Gate-level fastDC

The�rst timing assumptionis capturedby thedottedarcsincidentto placep0. Being thesameasfor traditional

DCsthis assumptionis satis�edif thenumberof DC in eachloop is graterthantwo.

The secondtiming assumptionis that the token leavesthe DC only after the previous stageDC is empty. It is

shown by thedottedarcbetweentransitionr1- anda-. Thesametiming assumptionfor thenext stageDC is shown by

thedottedarcfrom e+ to a1-. This assumptionis easyto meetbecausetheresetof therequestr1- from theprevious

stageDC is delayedby a singletwo-inputNOR-gate.Theacknowledgementa1+ from thenext stageDC is setwith

thedelayof at leastapair of two-inputNOR-gates.

Acceptingtheabove timing assumptionsandremoving thetransitive placesthesimpli�ed STGof thefastDC is

obtainedin Figure14(c). Thetransitive placesprev andcur representthehigh level of signalsr1 andr respectively.

Theirstatedenotesthemarkingof placesassociatedwith thepreviousstageDC andcurrentDC. Onecanseethatboth

prev andcur aremarkedfor thetimewhena+ hasbeenexecutedandr1- hasnot �red yet. This inconsistency between

theunderlyingPN modelandfastDCsis calledthetokenspread.

Another implementationof a fast DC and its STG are shown in Figure 15(a,b). This implementationusesa

keeperlatchfor thestateholdingelement.A keeperis a logic level hold circuit which consistsof two weakinverters

connectedbackto back. In order to increasethe driving ability of the requestoutput, the weakinverterproviding

thekeeperoutputis replacedby anordinaryinverter. Thetiming assumptionsfor thetransistor-level implementation

are the sameas for the gate-level. Onecanseethat the spreadof the token is alsopossiblein the transistor-level

implementation,seeFigure15(c).

Thetokenspreadis not modelledby theunderlyingPN, which maycauseproblemsin thevicinity of thechoice
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Figure15: Transistor-level fastDC

place.ConsidertheexampleSTGshown in Figure16(a).Thetransitionsthatdirectlysucceedplacesp01andp02are

differentsignalevents,andtheremoval of theseplacesdoesnotcauseany codingcon�ict. TheoptimisedSTGshown

in Figure16(b)canbesafelymappedinto traditionalDCs. However, thedirectmappinginto fastDCsis problematic

dueto their tokenspreadfeature.
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(a) Initial STG
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(b) ResultantSTG

Figure16: Redundantplacesafterchoice

For example,if the STG shown in Figure16(b) is implementedusing fastDCs, then the following scenariois

possible:in1+! out1+/1! (out1+/1)! out2+/1resultingin thetokenspreadoverplacesp00andp03for ashorttime

interval. It leadsto the incorrectstatewhentransitions(out2+/1) and(out2+/2) in con�icting branchesareenabled

simultaneously. The�ring of theenabledtransition(out2+/1)resultsin themalfunctionof thesystem:bothcon�icting

branchesareactiveat thesametime.

A possiblesolutionfor the tokenspreadproblemis to restrictthepropagationof a token in con�icting branches

until the token leavesthe choiceplace. It canbe doneby mappingthe �rst placesin the con�icting branchesinto

traditionalDCs. Sucha DC doesnot rise its requestoutputuntil the requestof the previous stageDC is low. The

applicationof this approachto the exampleshown in Figure 16(b) forcesplacesp03 and p04 to be mappedinto

traditionalDCs.

The advantagesanddrawbacksof differentDC implementationsaresummarisedin Table1. Only a traditional

DC is freeof thetokenspreadproblem.Thesmallest(6 transistors)is thetransistor-level fastDC. Thefastest(up to

833.3MHz)is thegate-level fastDC.

Themaximumfrequency of DC operationis measuredby SPICEanalogsimulationsusingtheAMS-0.35� design

kit. For this, traditionalDC, gate-level fastDC andtransistor-level fastDC have beenimplementedin AMS-0.35�

library. ThentheDCsof eachtype have beenconnectedin loopsof treeDCsandtheoscillationof eachloop have

beencapturedasshown in Figure17.

The shortestperiodis exhibitedby gate-level fastDCs. TheseDCsarethe bestfor the synthesisof fastcontrol

circuits.Transistor-level fastDCsarerecommendedwhenthecircuit sizeis crucial,however they requireextraeffort
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DC type min period maxfrequency size token
(ns) (MHz) (transistorcount) spread

traditional 3.6 277.8 12 no
fastgate-level 1.2 833.3 8 yes
fasttransistor-level 2.1 476.2 6 yes

Table1: Comparisonof DC implementations

3.6n

1.2n

2.1n

transistor�level
fast DC (V)

time (s)

gate�level
fast DC (V)

time (s)

traditional DC (V)

time (s)

Figure17: Speedof DC implementations

for thelayoutof thelibrary of customcells.Both typesof fastDCsrely on timing assumptionsandhavecertaintoken

spreadproblems.That is why thetraditionalDCsshouldbeusedfor thedesignof speed-independentcircuitsandto

avoid thespreadof a tokenin thevicinity of choiceplaces.

6 Algorithms

Thissectiondescribesthealgorithmsemployedin theSTGoptimisationfor mapping.Thealgorithmsareimplemented

in a packageof softwaretoolscalledOptiMist whosedesign�o w is presentedin Figure18.

Structural Verilog

om_library

om_verilog om_graph

STG with read-arcs

om_detect, om_expose, om_transform

Structural Verilog GraphViz DOT

STG
behavioural specification

library of DCs & FFs
visualisation

optimised specification

transformation and optimisation

circuit netlist

implementation of DCs & FFs

STG layout

direct mapping

Figure18: OptiMist design�o w
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Thepackageconsistsof separatetoolssolvingthefollowing tasks:

� detectionof redundantplaces;

� exposureof theoutputs;

� eliminationof redundantplaces;

� visualisationof anSTGwith read-arcsextensionandtracker-bouncerstructure;

� mappingof theoptimisedspeci�cationinto a circuit;

� generationof a library of requiredDCsandFFseitherat transistor- or gate-level.

Thealgorithmsfor STG optimisation(detectionof redundantplaces,exposureof theoutputsandeliminationof re-

dundantplaces)aredescribedin detailin thefollowing subsections.Thealgorithmsfor theotherthreetoolsaretrivial

andarenotpresentedhere.

6.1 Detectionof redundant places

The order in which the redundantplacesare detectedaffects the optimisationresult. The order is de�ned by the

heuristicspresentedin Algorithm 1. Thedetect_redundant_placesproceduretakesSTGandoptimisation_levelasthe

input parametersandreturnsthe setPR of redundantplaces(lines 01-03). Initially, all STG placesareunde�ned

(line 04). Theoptimisation_levelparameterde�neswhichoptimisationheuristicsto applyto theSTG(lines07-12).

Algorithm 1 Detectionof redundantplaces
01 procedure detect_r edundant _places
02 input: ST G = hP; T; F; M 0 ; I ; Oi , optimisation _level 2 f 0; 1; 2; 3g
03 output: PR � P
04 PR := ; ; PM := ; ; PU := P
07 if optimisation _level > 0 then
08 optimise _choice (ST G; PU ; PR ; PM )
09 if optimisation _level > 1 then
10 optimise _latency (ST G; PU ; PR ; PM )
11 if optimisation _level > 2 then
12 optimise _siz e(ST G; PU ; PR ; PM )

6.1.1 Choiceoptimisation

Theheuristicoptimise_choicewhosepseudo-codeis shown in Algorithm 2 preventstheStateMachine-speci�ccoding

con�icts. Thealgorithmimplementsa trade-off betweenthecomputationspeedandlatency optimisationasdescribed

in Section4. Theinputof theheuristicis thesystemSTGandinitial partitioningof its placesinto unde�ned,redundant

andmandatory;its outputis a new partitioningof theplaces(lines01-03).

First, for eachchoiceplacep thesetTchoice containingits postsetandpost-postsettransitionsis created(lines05-

07). Then,for eachtransitiont in thepostsetof choiceplacep a setTconf is computed(lines08-09). It containsall

transitionsin the con�icting brancheswhich arein thepostsetor post-postsetof thechoiceplacep. For eachplace

psucc in thepostsetof transitiont asetTseq containingt andall transitionsin thepostsetof psucc (lines10-11).If there

is a signalwhosetransitionbelongsto bothTseq andTconf thenplacepsucc is mandatory(lines12-14). Otherwise

placepsucc is redundantandall placesin its post-postsetaremademandatoryto reducethecomputationcomplexity

(lines15-18).
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Algorithm 2 Choiceoptimisation
01 procedure optimise _choice
02 input: ST G = hP; T; F; M 0 ; I ; Oi , PU � P , PR � P; PM � P
03 output: PU � P , PR � P; PM � P
04 for_each p 2 P : jp�j > 1 do
05 Tchoice := ;
06 for_each t 2 p� do
07 Tchoice := Tchoice [ f tg [ t � �
08 for_each t 2 p� do
09 Tconf := Tchoice n (f tg [ t � � )
10 for_each psucc 2 t� : psucc 2 PU do
11 Tseq := f tg [ psucc �
12 if 9

�
z 2 I [ O; tseq 2 Tseq ; tconf 2 Tconf

�
:

13 (tseq 2 f z+ ; z�g ) ^
�
tconf 2 f z+ ; z�g

�
then

14 PM := PM [ f psucc g
15 else
16 PR := PR [ f psucc g
17 for_each psucc _succ 2 psucc � � : psucc _succ 2 PU do
18 PM := PM [ f psucc _succ g, PU := PU n f psucc _succ g
19 PU := PU n f psucc g

6.1.2 Latency optimisation

Theheuristicoptimise_latencyis aimedat latency reduction.Its basicideais thata placeis redundantif all its direct

predecessorsareinput transitionsandall directsuccessorsarenon-inputtransitions.Sucha placecanbeconsidered

redundanteven without checkingfor the possibility of a codingcon�ict. All its surroundingplacesareunde�ned

yet which meansthat the backward neighbourhoodincludesinput transitionsonly andthe forward neighbourhood

containsnon-inputtransitionsonly. Thus,the intersectionof the setsof signalsin theseneighbourhoodsis always

emptywhichmeanstheplaceunderquestionis redundant.

Theoptimise_latencypseudo-codeis shown in Algorithm3. Theinputof theheuristicis thesystemSTGandinitial

partitioningof its placesinto unde�ned,redundantandmandatoryobtainedby optimise_choicealgorithm;its output

is a new partitioningof theplaces(lines01-03).Thealgorithm�nds all unde�nedplaceswhosepresettransitionsare

inputeventsandpostsettransitionsarenot (lines04-05).Suchplacesaremovedfrom thesetof unde�nedplacesinto

thesetof redundantplaces(lines06-07).

Algorithm 3 Input-outputlatency optimisation
01 procedure optimise _latency
02 input: ST G = hP; T; F; M 0 ; I ; Oi , PU � P , PR � P; PM � P
03 output: PU � P , PR � P; PM � P
04 for_each p 2 PU do
05 if (8t 2 � p; � (t ) 2 I � f + ; �g ) ^ (8t 2 p� ; � (t ) =2 I � f + ; �g ) then
06 PR := PR [ f pg
07 PU := PU n f pg

6.1.3 Sizeoptimisation

The optimise_sizeheuristic,whosepseudo-codeis presentedin Algorithm 4, is aimedat sizereduction. The input

of the heuristicis the systemSTG andthe partitioningof placesinto unde�ned, redundantandmandatorysubsets

obtainedby optimise_choiceandoptimise_latencyheuristics;its output is the new partitioningof places(lines 01-

03). Theheuristicis dividedinto two steps:�rst, theredundantplacesaredetectedin thechainsof unde�nedplaces

(lines04-10);then,theunde�nedplacesleft in theSTGarecheckedfor redundancy individually (lines11-17).

At the �rst step,for eachunde�nedplaceits backwardneighbourhoodlimited by unde�nedplacesandforward

neighbourhoodlimited by non-unde�nedplacesarefound. If thenumberof placescontainedin theseneighbourhoods

is equalto one(the placeunderquestionitself) thenthis placeis a boundaryplacebetweennon-unde�nedandun-

de�ned places(line 05). Sucha placeis subjectfor redundancy check(line 06). If for this placethereis no signal

whosetransitionsare�red in bothforwardandbackwardneighbourhoodslimited by redundantplaces,thentheplace
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Algorithm 4 Sizereduction
01 procedure optimise _siz e
02 input: ST G = hP; T; F; M 0 ; I ; Oi , PU � P , PR � P; PM � P
03 output: PU � P , PR � P; PM � P
04 // Process sequences of undefined places
05 while 9p 2 PU : (" b (p; PR [ PM [ T ) \ P = f pg) ^

�
" f (p; PU [ T ) \ P = f pg

�
do

06 if A f (p; PR ) \ A b (p; PR ) = ; then
07 PR := PR [ f pg
08 else
09 PM := PM [ f pg
10 PU := PU n f pg
11 // Process remaining undefined places individually
12 for_each p 2 PU do
13 if A f (p; PR ) \ A b (p; PR ) = ; then
14 PR := PR [ f pg
15 else
16 PM := PM [ f pg
17 PU := PU n f pg

is redundant(line 07). Otherwiseit is mandatory(line 09). Theprocedureis repeateduntil noboundaryplacesleft in

theSTG.

At the secondstepall unde�nedplaceswhich left in the STG arechecked for redundancy without any speci�c

order(lines11-17). Themajority of redundantplacesarealreadydetectedin thepreviousheuristics.Theplacesleft

unde�nedin theSTGareusuallythoseprecedingtheinput signaltransitionsandtheir removal doesnot improve the

latency, however thesizereductionis still possible.

6.2 Exposure of outputs

Theconversionof thesystemSTGinto atwo-levelarchitectureis describedby Algorithm 5. Theinputto thealgorithm

is a systemSTGandthe initial statesS of input andoutputsignals;its outputis a modi�ed STGwhich consistsof a

trackerandabouncer(lines01-03).Theinitially emptysetof read-arcsR connectingthetrackerandbounceris added

to theSTG(line 04). For eachSTGsignalz a placerepresentingits low level plow
z anda placerepresentingits high

level phig h
z arecreated(lines05-07). The initial markingof theseplacesis chosenaccordingto the initial stateS of

signalz (lines08-11). Then,eachtransitiont of signalz is substitutedby a dummytransitiont dummy in thetracker

part(lines12-18).Thesignaltransitionitself is movedinto thebouncerpart,thusformingthesignalelementarycycle

(lines19-23). The tracker andbounceroperationis synchronisedby meansof read-arcswhich areinsertedin such

way thatsignaltransitiont is enabledonly whenall directpredecessorsof thedummytransitiont dummy aremarked,

seeread-arcsinsertedin lines24-25.Thedummytransitiontdummy itself is only enabledwhenthesignaltransitiont

is �red andthemarkingof signalz elementarycycle is changed,seeread-arcsinsertedin lines21and23.

6.3 Elimination of redundant places

Algorithm 6 describestheprocedureof redundantplaceselimination. This procedureshouldbeusedafterdetection

of redundantplacesandexposureof outputs. It consistsof threesteps:initial markingoptimisation,trigger signals

optimisationandcontext signaloptimisation(lines04-06).

Theprocedureof initial markingoptimisationis shown in Algorithm 7. It changestheinitial markingin suchway

thatno redundantplacescontaintokens.For this themarkingof eachredundantplaceis traversedonetransitionback

assumingthatall theplacesin its postsetaremarked(lines04-15). Theexceptionis madefor mergeplacesbecause

it is hardto computewhich con�icting branchproducedthe token for themergeplace(line 07). The backtraversal

repeatsuntil eitheronly mandatoryplacesaremarked or thereis no suchtransitionprecedinga marked redundant

placewhosepostsetcontainsplacesthatareall marked. If someredundantplacesarestill markedafter themarking

recalculationthey aremademandatory(lines16-18).Therecalculationof theinitial markingfor themergeplacescan
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Algorithm 5 Conversionof a systemSTGinto a tracker-bouncerarchitecture
01 procedure conver t_tr acker_bouncer
02 input: ST G = hP; T; F; M 0 ; I ; Oi , S : I [ O ! f 0; 1g
03 output: ST G = hP; T; F; R; M 0 ; I ; Oi
04 R:= ;
05 for_each z 2 I [ O do
06 create place plow

z , create place phig h
z

07 P := P [
�

plow
z

	
[

n
phig h

z

o

08 if S(z) = 0 then

09 M 0
�
plow

z
�
:=1, M 0

�
phig h

z

�
:=0

10 else
11 M 0

�
plow

z
�
:=0, M 0

�
phig h

z

�
:=1

12 for_each t 2 T : � (t ) 2 f z+ ; z�g do
13 // Substitute signal z transitions by dummies (in the tracker)
14 create dummy transition tdummy , T := T [

�
tdummy

	

15 for_each p 2 � t do
16 F := F [

��
p; tdummy

� 	
, F := F n f (p; t)g

17 for_each p 2 t� do
18 F := F [

��
tdummy ; p

�	
, F := F n f (t; p)g

19 // Move signal z transitions into elementary cycle (in the bouncer)
20 if � (t ) = z+ then

21 F := F [
��

plow
z ; t

� 	
, F := F [

n�
t; phig h

z

�o
, R:= R [

n�
phig h

z ; tdummy

�o

22 else
23 F := F [

n�
phig h

z ; t
� o

, F := F [
� �

t; plow
z

�	
, R:= R [

��
plow

z ; tdummy
�	

24 for_each p 2 � tdummy do
25 R:= R [ f (p; t)g

Algorithm 6 Eliminationof redundantplaces
01 procedure optimise
02 input: ST G = hP; T; F; R; M 0 ; I ; Oi , PR � P
03 output: ST G = hP; T; F; R; M 0 ; I ; Oi
04 optimise _mar king (ST G; PR )
05 optimise _bouncer (ST G; PR )
06 optimise _tr acker (ST G; PR )

beimprovedby employing thereachabilityanalysisalgorithms.However, they requireeitherbuilding a �nite pre�x

or a reachabilitygraphwhich is computationallycomplex for largespeci�cations.

Algorithm 7 Re-calculationof theinitial markingfrom redundantplacesto mandatory
01 procedure optimise _mar king
02 input: ST G = hP; T; F; R; M 0 ; I ; Oi , PR � P
03 output: ST G = hP; T; F; R; M 0 ; I ; Oi , PR � P
04 // Try to recalculate the initial marking to mandatory places
05 repeat
06 done:= true
07 for_each p 2 PR : (M 0 (p) 6= 0) ^ (j� pj = 1) do
08 for_each t 2 � p do
09 if 8pconc 2 t� : M 0 (pconc ) = 1 then
10 for_each ppr ed 2 � t do
11 M

�
ppr ed

�
:=1

12 for_each pconc 2 t� do
13 M (pconc ):=0
14 done:= false
15 until done
16 // Make all marked places mandatory
17 for_each p 2 PR : M (p) 6= 0 do
18 PR := PR n f pg, PM := PM [ f pg

An auxiliary procedureremoving anSTGnodetogetherwith its incidentarcsis describedby Algorithm 8. It is

movedto a separatealgorithmin orderto lightentheoptimise_bouncerandoptimise_tracker pseudo-code.Theinput

of theremove_nodealgorithmis anSTGandits nodewhich is requiredto remove. Theremoval of nodex startsfrom

theeliminationof its producingandconsumingarcs(lines04-07).If x is a place,thentheread-arcsfrom this placeto

all transitionsareremovedandthenodeis subtractedfrom thesetof STGplaces(lines08-11).If x is a transition,then
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read-arcsfrom all placesto this transitionareremovedandx is removedfrom thesetof STGtransitions(lines12-15).

Algorithm 8 Noderemoval togetherwith its incidentarcs
01 procedure r emove_node
02 input: ST G = hP; T; F; R; M 0 ; I ; Oi , PR � P , x 2 P [ T
03 output: ST G = hP; T; F; R; M 0 ; I ; Oi , PR � P
04 for_each y 2 � x do
05 F := F n f (y; x)g
06 for_each y 2 x� do
07 F := F n f (x; y)g
08 if x 2 P then
09 for_each y 2 x? do
10 R:= Rn f (x; y)g
11 P := P n f xg, PR := PR n f xg
12 else
13 for_each y 2 ?x do
14 R:= Rn f (y; x)g
15 T := T n f xg

The pseudo-codefor optimisationof context andtriggersignalsin thebouncerpart is shown in Algorithm 9. It

changestheread-arcsconnectingthe tracker with thebouncerin sucha way thatonly mandatoryplacescontrol the

transitionsof elementarycycles.In orderto do this for eachtransitiont r ead which is controlledby a redundantplace

p its copy tdup
r ead is createdandits consumingandproducingarcsareduplicated(lines06-09).

Algorithm 9 Optimisationof thebouncercontext andtriggersignals
01 procedure optimise _bouncer
02 input: ST G = hP; T; F; R; M 0 ; I ; Oi , PR � P
03 output: ST G = hP; T; F; R; M 0 ; I ; Oi
04 Ttr ig := ;
05 for_each t r ead 2 p? : p 2 PR do
06 // Duplicate t r ead together with its consuming and producing arcs

07 create transition tdup
r ead , T := T [

n
tdup
r ead

o

08 for_each pr ead _pr ed 2 � t r ead do F := F [
n�

pr ead _pr ed ; tdup
r ead

� o

09 for_each pr ead _succ 2 t r ead � do F := F [
n�

tdup
r ead ; pr ead _succ

�o

10 for_each t 2 � p do
11 // Form trigger signals for tdup

r ead
12 if t r ead =2 Ttr ig then

13 for_each pr ead 2 ?t do R:= R [
n�

pr ead ; tdup
r ead

� o

14 Ttr ig := Ttr ig [
n

tdup
r ead

o

15 // Form context signals for tdup
r ead

16 create transition tdup , T := T [
�

tdup
	

17 F := F [
��

tdup ; p
�	

, F := F nf (t; p)g
18 for_each ppr ed 2 � t do

19 create place pdup
pr ed , P := P [

n
pdup

pr ed

o

20 R:= R [
n�

pdup
pr ed ; tdup

r ead

�o

21 for_each tpr ed_succ 2 ppr ed � : tpr ed_succ 6= t do F := F [
n�

pdup
pr ed ; tpr ed_succ

�o

22 for_each tpr ed_pr ed 2 � ppr ed do F := F [
n �

tpr ed_pr ed ; pdup
pr ed

�o

23 for_each tpr ed_r ead 2 ppr ed ? do R:= R [
n�

pdup
pr ed ; tpr ed_r ead

�o

24 F := F [
n�

pdup
pr ed ; tdup

�o

25 // Remove processed transition t and its preset places
26 if jt �j = 0 then
27 for_each ppr ed 2 � t do
28 r emove_node

�
ST G; ppr ed

�

29 r emove_node (ST G; t)
30 r emove_node (ST G; t r ead )

In ourmethodonly thosesignalswhosetransitionsdirectlyprecedeanoutputtransitionform thesetof its triggers.

Line 12 checksif transitiont r ead is controlledby a triggersignalyet. If it is not thentriggersignalsareintroduced

by meansof read-arcsconnectingtdup
r ead to eachplacewhich controlsa transitionin the presetof placep (line 13).
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Transitiontdup
r ead is addedto thesetTtr ig containingtransitionswhicharealreadycontrolledby triggersignals(line 14).

Recalculationof thecontext signalsinvolvessomechangein thetracker structure.Eachtransitiont in thepreset

of theredundantplacep is copiedto tdup (line 16). Thenproducingarc
�
tdup ; p

�
is addedandarc(t; p) is deleted,

thusremoving redundantplacep from the postsetof t (line 17) andeachplaceppr ed in thepresetof transitiont is

copiedto pdup
pr ed (lines18-19).Thisplacepdup

pr ed is usedby thetransitiontdup
r ead in theelementarycycleasanew context

signalinsteadof placep, seeread-arc
�

pdup
pr ed; tdup

r ead

�
in line 20. All arcsincidentto placeppr ed exceptconsumingarc

(ppr ed; t) arecopiedto similar arcsconnectedto placepdup
pr ed (lines21-23). Theconsumingarc (ppr ed; t) is mapped

into arc
�

pdup
pr ed; tdup

�
(lines24).

If the redundantplacep wastheonly placein thepostsetof transitiont thenthis transitionis removedtogether

with its presetplacesandtheir incidentarcs(lines 26-29). Finally the transitiont r ead is removed togetherwith its

consuming,producingandread-arcs.If thereareotherread-arcsfrom redundantplacesto t r ead they havebeencopied

into theread-arcsto tdup
r ead andareprocessedin thenext iterationsof thealgorithm.If thereareredundantplacesin the

pre-presetof placep thesearealsoprocessedin thenext iterations.

After theapplicationof optimise_markingandoptimise_bounceralgorithmsto thedeviceSTGits redundantplaces

arenot markedwith tokensanddo not control any transitionby meansof read-arcs.Theseplacescanbe removed

now by theprocedurewhosepseudo-codeis shown in Algorithm 10. Eachredundantplacep is removedindividually

with the requiredchangeof the tracker structure. For eachtransitiont in the presetof p a copy t dup
succ of the each

transitiontsucc in the postsetof p is created(lines 06-10). The copy transitiontdup
succ is addedto the T dup which

containsall transitionswhich areduplicatedfor t. Incidentarcsof t succ exceptof consumingarc (p; tsucc ) arealso

copied(lines11-13). After thateachplacein thepresetof t is connectedby a consumingarcwith eachtransitionin

T dup (lines 14-17). Whenall transitionsin thepresetof p areprocessed,the transitionsin the postsetof p andthe

redundantplacep itself areremoved(lines 18-25). If redundantplacep wasthe only placein the postsetof t then

transitiont is alsoremoved.

Algorithm 10Optimisationof thetrackerby redundantplacesremoval
01 procedure optimise _tr acker
02 input: ST G = hP; T; F; R; M 0 ; I ; Oi , PR � P
03 output: ST G = hP; T; F; R; M 0 ; I ; Oi
04 for_each p 2 PR do
05 // Duplicate p� transitions and their incident arcs
06 for_each t 2 � p do
07 T dup := ;
08 for_each tsucc 2 p� do
09 create transition tdup

succ
10 T := T [ tdup

succ , T dup := T dup [ tdup
succ

11 for_each pconc 2 � tsucc : pconc 6= p do F := F [
n�

pconc ; tdup
succ

�o

12 for_each psucc 2 tsucc � do F := F [
n�

tdup
succ ; psucc

�o

13 for_each pr ead 2 ?tsucc do R:= R [
n�

pr ead ; tdup
succ

�o

14 // Connect � t places with all T dup transitions
15 for_each ppr ed 2 � t do

16 for_each tdup
succ 2 T dup do

17 F := F [
n�

p; tdup
succ

�o

18 // Remove redundant place p, p� transitions and processed � p transitions
19 for_each t 2 � p do
20 F := F nf (t; p)g
21 if jt �j = 0 then
22 r emove_node (ST G; t)
23 for_each tsucc 2 p� do
24 r emove_node (ST G; tsucc )
25 r emove_node (ST G; p)

The procedureof redundantplacesremoval is describedusinga simpleexamplewhoseSTG is shown in Fig-

ure 19(a). Only placesp07, p08 are redundantand the initial markingdoesnot requirerecalculation. Redundant

placesp07andp08controltransitionsout1+ andout2+ respectively. New context andtriggersignalsfor eachtransi-
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tion arefoundby optimise_bounceralgorithm.Its resultis shown in Figure19(b).
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Figure19: Removal of redundantplaces

Dummy(in2+) is split into (in2+)a and(in2+)b becauseit precedestwo redundantplaces.Theplacep06which

is in thepresetof (in2+) is alsosplit into p06aandp06b, sothatp06aprecedes(in2+)a andp06bprecedes(in2+)b.

Only the(in2+)b dummyprecedesredundantplacep08. Thecontext andtriggersignalsof thetransitionout2+ are

de�ned by thepresetof placep08. Its triggerconsistsof placein2=1 whichcontrols(in2+)b andits context is formed

by placep06bwhich is in presetof (in2+)b. Read-arcsfrom in2=1 to (in2+)b andfrom p06to out2+ areremoved.

Two dummies(in1+) and(in2+)a precederedundantplacep07whichmeanstherearetwo mutuallyexclusivesets

of triggers/context signalsfor out1+. For this reasontheout1+ transitionis duplicated.The triggerof its �rst copy

out1+/1 is theplacein1=1 which controls(in1+); its context is providedby placesp04andp05which arein preset

of (in1+). The triggerof thesecondcopy out1+/2 is placein2=1 which controls(in2+)a; its context signalsplaces
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p06awhich is in presetof (in2+)a. Read-arcsfrom p07 to out1+, from in1=1 to (in1+) andfrom in2=1 to (in2+)a

areremoved.

Redundantplacesp07 andp08arethenremovedfrom theSTGusingoptimise_tracker algorithmwhoseresultis

shown in Figure19(c).Notethatdummy(out1+) is split into (out1+)aand(out1+)b. Therearetwo transitionsin the

presetof p07, for eachof themacopy of p07postsetis created.

The algorithmspresentedin this sectionare implementedin the OptiMist toolkit. The toolkit automatesthe

mappingof STGsinto circuits.At thesametimeit givesadesignerfull controlonthechoiceof optimisationheuristics

andallowsmanualadjustmentof thesolutionto speci�c requirements.OptiMist canbeemployedin combinationwith

Cadenceto allow simulationandtechnologymappingof circuits.A basiclibrary of DCsandFFshasbeencreatedfor

Cadence.It canbeexpanded,if necessary, usinga tool from theOptiMist packagewhich generatesa Verilog netlist

for DCsandFFsat transistor-level or gate-level.

Theresultspresentedin Section7 andSection8 areobtainedby OptiMist tools.

7 GCD controller example

Considertheuseof theOptiMist toolson theexampleof theGCDcontrolunit whoseSTGis shown in Figure20.
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Figure20: STGof GCDcontroller

Theredundantplacesaredetectedin theoriginal STGbeforetheexposureof outputsby theom_detect tool. The

�rst heuristicappliedto theGCD exampleis optimise_choice. It preventscodingcon�icts from occurringin choice

con�icting brancheswithout restrictingthelatency reduction.Theresultof this heuristicis shown in Figure21(a). It

is obtainedby thefollowing command:
$ om_detect --level1 --output gcd_1.g gcd.g

Thereare threeplacespgt1, peq1andplt1 which are in the post-postsetof the free-choiceplacecmp2. All of

themare mandatorybecausethey are precedingthe transitionsof the samesignalcmp_req. Making theseplaces

mandatoryreducestheinput-outputlatency for eq_ack+! cmp_req-/1, gt_ack+! cmp_req-/2andlt_ack+! cmp_req-

/3 handshakes.However, it is theonly way to avoid a codingcon�ict.

The secondheuristicoptimise_latencyreducesboth the sizeandthe latency of a circuit. The redundantplaces

detectedby this heuristicin theGCD examplearepx1, py1, px3, py3, px5, py5, pgt3, plt3, pgt5, plt5, peq3andpeq5,

seeFigure21(b).Thepresetof eachof theseplacescontainstransitionsof input signalsonly andthepostsetcontains

transitionsof non-inputsignals.Thecommandexecutedfor detectingtheseredundantplacesis:
$ om_detect --level2 --output gcd_2.g gcd.g

The last heuristicoptimise_sizedetectsredundantplacescmp2,pgt2, plt2 and peq2in the GCD example,see

Figure21(c).Removal of placecmp1alsodoesnotcauseacodingcon�ict, howeverit is keptby theom_detect tool in

orderto preservethesimplicity of thecmp_reqelementarycycle. Without thisplacethepositivephaseof thecmp_req

wouldbecontrolledby two context signalsfrom thetracker(read-arcsfrom px4andpy4) andtwo triggersignalsfrom
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theenvironment(read-arcsfrom placesx_ack=0 andy_ack=0). Thetrade-off betweenthecomplexity of elementary

cyclesandthenumberof placesin thetrackercanbesetby commandline parametersof theom_detect tool:
$ om_detect --level3 --join2 --output gcd_3.g gcd.g
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Figure21: Detectionof redundantplacesin STGof GCDcontroller

After the detectionof redundantplacesthe om_expose tool partitionstheSTG of GCD control pathinto tracker

andbouncerparts:
$ om_expose --output gcd_3e.g gcd_3.g
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TheresultantSTGis shown in Figure22. Thebouncerconsistsof elementarycyclesrepresentingtheoutputsof

GCD controller, onecycle for eachoutput. Theelementarycyclesfor the inputsarenot shown asthey belongto the

environment.Thetracker is connectedto inputsandoutputsof thesystemby meansof read-arcs,asit is describedin

thealgorithmof outputsexposure.
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Figure22: Exposureof outputsin STGof GCDcontroller

After the redundantplacesaredetectedandthe outputsareexposed,the STG is optimisedby removing the re-

dundantplacesfrom thetracker part. Theremoval of a placeinvolvesthechangein theSTGstructurebut preserves

thebehaviour of thesystemw.r.t. input-outputinterface.Theresultof GCD controlunit optimisationis presentedin

Figure23. Thisoperationis automaticallyperformedby theom_transform tool:
$ om_transform --level5 --output gcd_3et.g gcd_3e.g

This STG can now be usedfor circuit synthesis. For this eachtracker place is mappedinto a DC and each

elementarycycle is mappedinto a FF. The requestandacknowledgementfunctionsof a DC aremappedfrom the

structureof thetracker in thevicinity of thecorrespondingplace.Thesetandresetfunctionsof aFFaremappedfrom

thestructureof thesetandresetphasesof thecorrespondingelementarycycle. TheGCD controllercircuit obtained

by this techniqueis presentedin Figure24. Thenetlist is producedautomaticallyby thefollowing command:
$ om_verilog gcd_3et.g --statistics --output gcd.v

This circuit consistsof 15 DCs and 6 FFs. If the DCs are implementedas transistor-level fast DCs then the

maximumnumberof transistorlevelsin pull-upandpull-down stacksis 4. This transistorstackappearsin therequest
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Figure23: Eliminationof redundantplacesin STGof GCDcontroller

functionof theDC for cmp1andis formedby thesignalsx_ack=0, y_ack=0, px4_reqandpy4_req.

Thelongestlatency, which is thedelaybetweenaninput changeandreactionof thecontrollerby changingsome

outputs,is exhibitedby cmp_reqsignal. The latency of its setandresetphasesis equalto thedelayof oneDC and

oneFF. Theotheroutputsaretriggereddirectly by input signalswhich meansthattheir latenciesareequalto oneFF

delayplusthedelayof oneinverterwhenthetriggersignalrequiresinversion.

8 Benchmarks

This sectionhighlightstheadvantagesanddrawbacksof thedirectmappingapproachimplementedin OptiMist for a

setof benchmarks.Thedirectmappingapproachis comparedagainstexplicit logic synthesis(implementedin Petrify)

in termsof circuit sizeandspeed.The complexity of theunderlyingalgorithmsis taken into accountby measuring

thecomputationtime of OptiMist andPetrify on Pentium3 1GHz,1GbRAM computer. Theeffect of optimisation

heuristicson thedirectmappingis alsoanalysed.For this comparisoneachbenchmarkSTGhasbeensynthesisedin

threedifferentways:

� Directmappingby theOptiMist toolswithoutdetectionandeliminationof redundantplaces;
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Figure24: GCDcontrollercircuit obtainedby theOptiMist tool

� Directmappingby theOptiMist toolswith latency andsizeoptimisationby removing theredundantplacesfrom

theSTG;

� Logic synthesisby thePetrify tool with automaticresolutionof CSCcon�icts (unlessit is impossible)andlogic

decompositioninto gateswith at mostfour literals.

Theresultof theexperimentis summarisedin Table2.

The number of transistorsis counted for the case of places being implementedas fast DCs, request-

acknowledgementlogic of DCs andset-resetlogic of FFsbeing implementedat transistorlevel. The conditionof

having at leastthreeDCsin a loop is met.

In all experiments,the latency is countedastheaccumulative delayof negative gatesswitchedbetweenaninput

andthe next output. The following dependency of a negative gatedelayon its complexity is used. The latency of

an inverteris associatedwith a unit delay. Gateswhich have maximumtwo transistorsin their transistorstacksare

associatedwith 1.5 units; 3 transistors- 2.0 units; 4 transistors- 2.5 units. This approximatedependency is derived

from theanalysisof thegatesin AMS 0.35�m library. The methodof latency estimationdoesnot claim to bevery

accurate.However, it takesinto accountnot only thenumberof gatesswitchedbetweenaninput andthenext output,

but alsothecomplexity of thesegates.

All experimentsshow the high ef�ciency of direct mappingoptimisationheuristics.About 50% of DCs arere-

dundantin theoriginal STG.Their removal resultsin up to 35%improvementin thecircuit size. The latency of the

circuitsalsobene�ts from theoptimisation.In somecases(gcd, vme-bus) theworst-caselatency cannotbeimproved

becauseof a potentialcodingcon�ict in thecon�icting branches.However, this latency is only exhibitedby the�rst

outputsignalafterthechoiceplace.Thelatency of theotheroutputsis reduced.

Thecomparisonof thecircuitsobtainedby OptiMist (with latency&size optimisation)andPetrify shows that the

directmappingsolutionsareusuallylargerthanlogic synthesissolutions.However thecircuitsobtainedby thedirect
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benchmark DC max max transistor worst-case computation
name count �n fout count latency time

gcd
OptiMist (no optimisation) 30 2 4 255 4.5 0.11s
OptiMist (latency&size optimisation) 14 3 4 174 4.5 0.18s
Petrify 116 11.0 18s

vme-bus
OptiMist (no optimisation) 17 3 3 155 5.0 0.09s
OptiMist (latency&size optimisation) 10 3 4 121 5.0 0.11s
Petrify 58 8.5 1s

toggle
OptiMist (no optimisation) 8 2 2 68 4.5 0.06s
OptiMist (latency&size optimisation) 4 2 2 44 3.5 0.07s
Petrify 22 3.5 0.12s

imec-alloc-outbound
OptiMist (no optimisation) 17 2 2 143 5.0 0.09s
OptiMist (latency&size optimisation) 6 2 5 73 3.0 0.16s
Petrify 46 7.5 6.6s

par3
OptiMist (no optimisation) 19 3 4 160 6.5 0.07s
OptiMist (latency&size optimisation) 15 4 4 114 4.5 0.09s
Petrify 78 12.5 11s

count
OptiMist (no optimisation) 19 3 3 150 5.5 0.07s
OptiMist (latency&size optimisation) 11 3 4 98 3.0 0.11s
Petrify (manualCSCresolution) 68 3.0 1.4s

Table2: ComparisonbetweenOptiMist andPetrify

mappingtechniqueexhibit loweroutputlatency.

For somebenchmarks(e.gcount) Petrify fails to resolveaCSCcon�ict evenif it is reducible.Manualinsertionof

additionalsignalsis requiredin suchcases.However, OptiMist completesthejob automaticallyfor suchbenchmarks.

TheOptiMist toolscanalsoprocesslargespeci�cations,which arenot computableby Petrify in acceptabletime.

This can be illustratedon the scalablebenchmarkwhoseSTG is shown in Figure 25(a). Adding the concurrent

branchesasshown by dashedlines onecanincreasethe complexity of the benchmark.Whenthe concurrency in-

creases,thePetrifycomputationtimegrowsexponentially, while theOptiMist computationtimegrowslinearlyon the

samebenchmark,seeFigure25(b).Notethedifferenttimescalefor OptiMist (seconds)andfor Petrify (minutes).

9 Summary

A methodfor direct mappingof STGsinto circuit netlist hasbeenpresentedin this chapter. The methodexploits

the two-level architecturewherea circuit consistsof two blocks: the tracker andtheblock of output�ip-�ops. The

tracker computescontext signalsfor outputsconcurrentlywith theenvironmentoperation,thusachieving thelatency

reductioneffect. The output �ip-�ops generateoutputsfrom context andtrigger signals. The adoptedarchitecture

allowstheminimisationof state-holdingelementsandreductionof latency. Thecharacteristicfeatureof themethodis

thattheoptimisationis achievedat thespeci�cation(Petrinet) level asopposedto optimisationof logic circuitsafter

thesynthesisstage.

The methodis implementedin a packageof software tools calledOptiMist. The packagetake an STG as the

initial speci�cation of a system,converts the STG in a form convenientfor mapping,performsoptimisation,and
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Figure25: Dependency of computationtimeonSTGcomplexity

producesa Verilog netlist of the circuit. The optimisationof the speci�cation relieson a setof heuristicsaimedat

circuit latency andsizereduction. This packagecanbe employed in combinationwith Cadencefor simulationand

technologymappingof circuits.

In theOptiMist toolstheoptimisationis performedlocally andthecomputationtime grows linearly with thesize

of speci�cation. This allows to processlarge speci�cationswhich are not computableby logic synthesistools in

acceptabletime.

The OptiMist tools are fully automated.At the sametime a designercansigni�cantly in�uence the result by

choosingoneor moreoptimisationheuristics.In combinationwith computationspeedOptiMist givesthedesigneran

opportunityto synthesisecircuitswith differentoptimisationparametersandchoosethebestsolution.
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