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Abstract

A methodfor automatedsynthesisof low lateny asynchronousontrollersusing direct mappingis presented.
Theideaof directmappingis thata graphspeci cationof a systemis translatednto a circuit netlistby mappingthe
graphnodesinto circuit elementsandthe grapharcsinto circuit interconnectsThe key featureof this approachs
its low algorithmiccompleity anddirect correspondencbetweenthe elementof theinitial speci cationandthe
component®f theresultantircuit. In outmethodthe synthesistartsfrom aninitial speci cationin form of a Signal
TransitionGraph(STG).This STGis splitinto adevice andanenvironment,which synchronisesia acommunication
netthat modelswires. The device is representedsa tracker anda bouncer The tracler follows the stateof the
ervironmentand provides referencepoints to the device outputs. The bouncerinterfacesto the environmentand
generatesutputeventsin responseo theinputeventsaccordingo thestateof thetracker. Thistwo-level architecture
providesanefcient interfaceto the ervironmentandis convenientfor subsequenmappinginto a circuit netlist. A
setof optimisationheuristicsare developedto reducethe lateny andsize of the control circuit. As a resultof this
work, a softwaretool calledOptiMist hasbeendeveloped.lts low algorithmiccompleity allows large speci cations
to be synthesisedwhich is not possiblein acceptabldéime for the tools basedon state-spacexploration. OptiMist
successfullynterfacescorventionalEDA design o w for simulation,timing analysisandplace-and-route.

1 Intr oduction

Two mainapproacheto designof asynchronousontrollersarelogic synthesig§7] anddirectmapping[15, 18].

Logic synthesisvorks with the low-level systemspeci cationswhich capturethe behaiour of the systemat the
level of signaltransitions.In this approactbooleanequationgor the outputsignalsof the circuit are derived using
thenext statefunctiong[5]. In orderto nd thenext statefunctionsall possibleordersof the eventsmustbe explored.
Suchan explorationmay resultin a statespacewhich exponentiallylarge w.r.t. theinitial speci cation. The circuit
optimisationofteninvolvesanalysisandrecalculatiorof thewhole statespace.

The logic synthesisapproachs now well developedandsupportedoy public tools (Petrify [7], Minimalist [12],
3D [4]). However, this approactsuffers from excessie computationcomplexity and memoryrequirementsthusit
cannotbe appliedto largespeci cations.Thereis no transparentorrespondendeetweerthe elementof the original
speci cation, the intermediaterepresentatiomnf the statespaceand the componentf the resultantcircuit, which
complicateghe checkingof circuit functionality.

The mainideaof the direct mappingapproachs that a graphspeci cation of a systemis translatednto a cir-
cuit netlistin sucha way that the graphnodescorrespondo the circuit elementsandgrapharcscorrespondo the
interconnects Direct mappingcantypically be dividedinto threeindependenbperations:translation optimisation
and mapping Firstly, a systemspeci cationis translatednto an intermediategraphrepresentatiorwonvenientfor
subsequentapping. Then,peepholeoptimisationis usuallyappliedto the intermediaterepresentationf a system.
Finally, the optimisedgraphis mappednto a circuit netlistimplementationin a practicaldesign o w, however, some
operationg€anbemeigedtogetheror notpresenatall, e.g. optimisations oftenperformedogethemwith mappingand
therearecasesvhenthe circuit implementations obtaineddirectly from theinitial speci cationwithout corvertingit
into anintermediatdorm.
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Thekey featureof thedirectmappingapproachs its low algorithmiccomplexity. The useof heuristic-basetbcal
optimisation(asopposedo state-spacglobaloptimisationin alogic synthesisapproachplsofacilitatesthe computa-
tional simplicity of the method.Thetransparentorrespondenckeetweerthe elementsf theinitial speci cationand
thecomponentsf theresultantircuit is advantageougor checkingthefunctionalcorrectnessf theimplementation.
Notwithstandingll advantagesthis approachs insufciently studiedandexistingtechniquegor directmappingoften
producdargecircuitswith inef cient interfaceto the ervironment.

The direct mappingapproachoriginatesfrom [16], wherea methodof the one-elay-perrow realisationof an
asynchronousequentiatircuit is proposed.This approachs further developedin [36] wherethe ideaof the 1-hot
stateassignments described.The 1-hot stateassignments thenusedin the methodof concurrentircuit synthesis
presentedh [15]. Theunderlyingmodelin this methodis an Augmented-inite StateMachine(AFSM), whichis an
FSMwith addedracilities,includingtiming mechanisméor thedelayof statechangesThesecircuitshave inputsthat
arelogic values(signallevelsasopposedo signaltransitions)whichis advantageoufor low-level interfacing. These
circuits usea separateset-resetip- op for every local state,which is setto 1 during a transitioninto the state,and
whichin turn resetsto 0 the ip- ops of all its predecessas'local states. The main disadwantagef this approach
arethe fundamentamodeassumptiongndthe useof local statevariablesas outputs. The latter are corvenientfor
implementingevent o wsbut requireanadditionallevel of ip- ops if eachof thoseeventscontrolsjustoneswitching
phaseof anexternalsignal(eitherfrom 0 to 1 or from 1 to 0).

Another direct mappingmethodproposedn [28] works for the whole classof 1-safePetri nets. However, it
producesontrolcircuitswhoseoperationusesa 2-phasgno-return-to-zeroignallingprotocol. This resultsin lower
performanceéhanwhatcanbeachievedin 4-phaseircuits.

The approactof [18] is basedon distributors andalsousesthe 1-hot stateassignmentthougha differentimple-
mentatiorof local statesIn this methodevery placeof a Petrinetis associateavith a David cell (DC) [9]. Thecircuit
diagramof a singleDC is shown in Figure1(a). The stateof its outputr denoteghe markingof anassociatedPetri
netplace.DCscanbe coupledusinga 4-phasehandsha& protocol,sothatthe interfacehal; ri of the previousstage
DC is connectedo theinterfaceha; r 1i of thenext stageasshavn in Figurel(b). This DC structurecorrespondso a
Petrinetshavn in Figure1(c). Thecircuitsbuilt of DCsby this approactarespeedndependeni24] anddo notneed
fundamentamodeassumptionsOn the otherhand,thesecircuits areautonomougno inputs/outputs)The only way
of interfacingthemto theervironmentis to represeneachinterfacesignalasa setof abstracprocessesmplemented
asrequest-ackneledgemenhandshags,andto insertthesehandshagsinto the breaksin thewiresconnectingdCs.
Thisrestrictsthe useof DCsto high-level design.

1 0 0
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9 a1 —-@—[1—0—
al | . o | prev || next| ,
" 0 4 r Pl orp ™l >
(a) Circuit (b) Coupling (c) Model

Figurel: David cell

The controllersandinterfacesaretraditionally speci ed by timing diagramsand STGs. However, the majority of
directmappingtechniguesvork with high-level Petrinetsandcannotprocesdow-level speci cations.An attemptto
apply direct mappingmethodat a low-level, wherethe circuit behaiour is capturedat the level of signalevents,is
madein [37]. In thisapproactDC structuresareusedto capturethe stateof the systemandto control ip- ops which
areassociatedo eachoutputsignal. Inputs,however, arestill representedsabstraciprocesseandfree-choicenets
arenot supported.

Direct mappingfrom STGsandthe problemof device-ervironmentinterfacewere addressedh [3]. This paper
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presenteamethodbasedntheideaof [3] andextendst by asetof optimisationalgorithmsandheuristics.In proposed
methoda systemspeci cationis, rstly, splitinto adevice STGandanervironmentSTG. Thesearesynchronisevia
a communicatiomet, which modelwires. The device STGis consideredseparately It consistsof a tracker anda
bouncer Thetracker follows the stateof the ervironmentandis usedasa referencepoint by the device outputs.The
bouncerinterfacesthe ervironmentandgeneratesutputeventsin responséo the input eventsaccordingto the state
of thetracker. Thistwo-level device architectureprovidesanef cient interfaceto the ervironmentandis corvenient
for subsequentmappinginto a circuit netlist. Theseareimplementedn a softwaretool calledOptiMist. The speed-
independentircuitsobtainedoy this methodhave atwo-level architecturewhich contributesto alow-lateng interface
to the ervironment. The OptiMist tool exhibits the computationtime growth linear to the speci cation sizewhich
allowsto applythemethodto large STGs.

Therestof thepaperis organisedasfollows. Firstly, Section2 de nesterminologyandbehaioural modelswhich
areusedin the paper Secondlythe our direct mappingmethodandits justi cation arepresentedn Section3. The
optimisatiorheuristicsaandalgorithmsamplementedn OptiMist softwaretool aredescribedn Section6. TheOptiMist
design o w is consideredn a simpleexamplein Section7. The methodandthe optimisationheuristicsareevaluated
in Section8 usingasetof benchmarks.

2 Background

This sectionprovides an introductionto asynchronougircuits, their delay models, operationmodes,classesand
commonsignallingprotocols.A behaioural Petrinetsmodelwhich is widely usedfor speci cation,veri cation and
synthesi®f asynchronousircuitsis alsopresentedn this section.

2.1 Asynchronouscircuits

A catgory of circuits containingno global clock is calledasynéronouscircuits[36]. Thesecircuits may make use
of timing assumptiondothwithin the circuit andin its interactionwith ervironment.Basedontheseassumptionshe
asynchronousircuits canbe divided into several classes.This sectionoverviews the asynchronousircuits usinga
classi cationpresentedh [19, 10].

2.1.1 Delaymodels

An asynchronousircuit canbe consideredasan interconnectiorof two typesof componentsgatesanddelayele-
mentsby meansf wires A gatecomputes setof outputvariablegoftenasingleoutputvariable)asadiscretdogical
functionof its input variables.A delayelementproducesa singleoutputthatis a delayedversionof its input. Each
wire connectsan outputof a singlegateor delayelemento inputsof oneor moregatesor delayelements.Primary
inputsandoutputsof a circuit canbe considerecsgatescomputingtheidentity function.

Therearetwo majormodelsof a delayelement:pure delaymodelandinertial delaymodel. A puredelayelement
transmitseachsignaleventonits inputto its outputwith somedelayregardlesshe shapeof thesignal's waveform.On
the contrary aninertial delayelementaltersthe shapeof its input waveformby attenuatingshortpulsesi.e. it Iters
out pulsesof adurationlessthansomethresholdperiod.

Thedelayelementarealsocharacterisedly theirtiming models.In a xed delaymodel,adelayis assumedo have
a x edvalue.In aboundedielaymodel,adelaymayhave arny valuein agiventiming interval. In anunboundedielay
model,adelaymaytake anarbitrary nite value.

2.1.2 Operation modes

An interactionof a device circuit with its ervironmentcan be characterisedby circuit operationmode. The device
andits ervironmenttogetherform a closesystem If the ervironmentis allowed to respondto a device's outputs
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without ary timing constraintsthe systemis saidto interactin input-outputmode Otherwise ervironmentaltiming
constraintareassumedThe mostcommonexampleis fundamentamodewherethe environmentmustwait for the
deviceto stabilisebeforeproducingnew inputs.

Dependingon therestrictionsto the input changesthe fundamentamodeis dividedinto several subclasseslf a
singleinputis allowedto changeatatime, the operatiormodeis calledSinglelnput Chang (SIC)fundamentamode.
SIC modeforcestheinputsto besequentialywhich mayrestrictthe speedf circuit operation Anotherapproactwhich
allows oneor moreinputsto changeafterthecircuit stabilisationjs calledMultiple Input Chang (MIC) fundamental
mode. The speedof a circuit operatingin this modeimprovescomparedo SIC mode,howeverit maybedif cult to
implementa circuit operatingMIC mode.

A trade-of betweerSIC andMIC fundamentamodess a Burst Mode(BM) which only allows inputsto change
in groups calledbursts.Inputsin aburstmayarrivein any orderandatarbitrarytime. A setof inputsin aburstcannot
be a subsetf anotherburst. This restrictionhelpsa circuit to distinguishburstsonefrom another The circuit waits
until all inputsin a burstchangebeforeproducingits outputs. The outputsmustbe allowedto settlebeforeanother
input burststarts.

2.1.3 Classesf asynchronouscircuits

The most obvious modelto usefor asynchronousircuits is the sameas for synchronouscircuits. This modelis
followed in Huffman circuits [16], which are designedo work correctlyin the fundamentamodeof operation. A
boundedielayis assumedor bothgatesandwires.

Delay-InsensitivéDI) circuits are designedo operatecorrectlyin input-outputmodewith unboundedyateand
wire delay Thesecircuitsaremostrobustwith respecto manufcturingprocesseandervironmentalvariations.The
concepbf delay-insensitie circuits originatesfrom [6] andis formalisedin [35]. The classof DI circuitsbuilt out of
simplegatesis quitelimited. It hasbeenproventhatalmostno usefulDI circuits canbebuilt if oneis restrictedto a
classof simplegateq21]. However, mary practicalDI circuitscanbebuilt usingcomplex gateg11]. A comple gate
is constructedut of severalsimplegates.Externallya complex gateoperatesn a delay-insensitie manneyrhowever
internallyit mayrely on sometiming assumptions.

In orderto build practicalcircuitsout of simplegatesarelaxationof therequirementso the DI circuitsis necessary
This canbeachievedby introducinganisocdronic fork, whichis aforkedwire wherethedifferencen delaysbetween
thebranchess nagligible [2]. Asynchronougircuitswith isochronicforks arecalledQuasi-Delay-InsensitivéQDI)
circuits[20]. In contrast,in DI circuits, delayson the differentfork branchesare completelyindependentandmay
vary considerably

Speed-Independe(l) circuits areguaranteedio work correctlyin input-outputmoderegardlesf gatedelays,
assuminghatwire delaysarenggligible. This meanghatwheneera signalchangests valueall gatest is connected
to will seethat changeimmediately Sl circuits introducedin [24] only consideredieterministicinput and output
behaiour. This classhasbeenextendedo includecircuitswith alimited form of non-determinisnin [1].

Self-timeccircuits, describedn [33], arebuilt out of agroupof elementsEachelementmaybean Sl circuit, or a
circuit whosecorrectoperationrelieson local timing assumptionsHowever, no timing assumptionsaremadeon the
communicatiorbetweerelementsandthe circuit operatesn input/outputmode. If bothinternalandexternaltiming
assumptionareusedto optimisethe designsthensuchcircuitsarecalledtimed[26].

2.1.4 Signalling protocols

Asynchronougircuit signallingschemesrebasedn aprotocolcalledhandshak, involving requestswhich areused
to initiate an action, and correspondingadknowledgmentsusedto signalcompletionof that action. Thesecontrol
signalsprovide all of the necessargequenceontrolsfor computationaéventsin thesystem.

For example,consideran interactionof two modules,a senderA anda receier B. A requests sentfrom A to
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B indicatingthat A is requestingsomeactionfrom B. WhenB completeghe action,it acknavledgesthe requesby
sendingan acknavledgesignalfrom B to A. Most asynchronousignalling protocolsrequirea strict alternationof
requestandacknavledgeevents. Theseideascanbe extendedo interfacessharedoy morethan?2 subsystems.

Thereareseveralwaysof how thehandshak eventsareencodedntospeci ¢ controlwires. The mostcommonly
usedhandshak protocolsarethe four-phaseandtwo-phase In four-phaseprotocol alsocalledreturn-to-zeo, four
signaltransitions(two on the requestandtwo on the acknavledgementjare requiredto completea handshag. In
two-phaserotocol alsocallednon-return-to-zeo, every request-ackneledgemenpair of transitionsndicatesanew
handshag.

2.2 Behavioural models

This sectionintroducesthe formal modelsusedfor the speci cationandveri cation of asynchronousircuits. First,
thebasicconceptof Petrinets(PNs)modelis presentedPNsextendthe Finite StateMachines(FSMs)modelwith a
notionof concurreng, which makesthemespeciallycorvenientfor thespeci cationandveri cation of asynchronous
circuits. Theformal de nitions andnotationsn this sectionarebasednthework introducedn [8, 25, 27, 30].

2.2.1 Petri nets

A Petrinetsmodel, rst de nedin [29], is agraphicandmathematicalepresentationsf discretedistributedsystems.
Petrinetsareusedto describeandstudyconcurrentasynchronousjistributed,parallelandnon-deterministisystems.
As a graphicaltool, PNs canbe usedas a visual communicationaid similar to ow charts,block diagrams,and
networks. In addition,tokensareusedin thesenetsto simulatethedynamicandconcurrentctiities of systemsAs a
mathematicalool, it is allowsto setup stateequationsalgebraicequationsandothermathematicamodelsgoverning
thebehaviour of systems.

A Petri Net(PN) is formally de ned asatuplePN = hP; T; F; Myi comprising nite disjoint setsof placesP
andtransitionsT , arcsdenotingthe ow relationF (P T)[ (T P) andinitial markingM .

Thereis anarcbetweerx 2 P[ T andy 2 P [ T iff (X;y) 2 F. An arcfrom aplaceto atransitionis called
consumingarc, andfrom a transitionto a place- producingarc. The presetof anodex 2 P [ T is de ned as

x = fyj(y;x) 2 Fg, andthe postsetasx = fyjéx;y) 2 Fg. It isassumedhat t 6 ;86 t;8t2T. The

pre-presetof anodex 2 P [ Tisdenedas x = y, andthepost-postsedsx = y .
y2 X y2Xx

A placep suchthatjpj > 1 is calledchoiceplace i.e. it hasmorethanonetransitionin its postset.A choice
placep is calledfreechoiceif 8t 2 p : j tj = 1, i.e. eachtransitionin its postsethasexactly onepresetplace. A
choiceplacep is calledcontrolled choiceif 9t 2 p : j tj > 1,i.e. thereis atleastonetransitionin its postsetvhich
hasmorethanonepresetplace.Notethata controlledchoicewhoseall postsetransitionshave the samepresetplaces
canbetransformednto a free choice. A placep suchthatj pj > 1 is calledmeige place A transitiont suchthat
jtj > 1lis calledfork andatransitiont suchthatj tj > 1is calledjoin.

The dynamicbehaiour of a PN is de ned asa token game changingmarkingsaccordingto the enablingand
ring rulesits transitions. A markingis a mappingM : P ! N denotingthe numberof tokensin eachplace,
N = fO0; 1g for 1-safePNs. A transitiont is enablediff M (p) > 0; 8p 2 t. Theevolution of a PN is possibleby
éing the enabledtransitions. Firing of a transitiont resultsin a nev markingM ° suchthat8p 2 P : M%(p) =
2 M(p 1 ifp2t

M(p)+1 if p2t; ,i.e. for anenabledransitiont onetokenis removedfrom eachpresetplaceandone

M (p) otherwise
tokenis producedo eachpostseplace.

A markingM %is readablefrom a markingM if thereexistsa ring sequence = tq:::t, startingatmarking
M and nishing atM % A setof reachablamarkingsfrom M is denotedoy [M i. A setof markingsreachablérom
theinitial markingM g is calledareadability setof a PN.
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The setof markingsreachablén a PN from its initial markingcanberepresentedsa reachabilitygraph,whose
nodesarelabelledwith PN markingsandarcsarelabelledwith PN transitions.Formally, a Readability Graph (RG)
ofaPN = hP; T; F; Myi is alabelleddirectedgraphRG = hS; A; I; sOi, whereS = [Mi is areadability set
A=S T Sisasetofarcsbetweerthesestates| : A! T isalabellingfunctionindicatingtransitionsbetween
markings,andsy is theinitial statecorrespondingo theinitial markingof the PN.

Graphically placesof a PN arerepresentedscircles(O), transitionsasboxes(), consumingandproducingarcs
areshawvn by arrowvs (—), andtokensof the PN markingare depictedby dotsin the correspondinglaces(®). A
simplePNis shavn usingthis graphicalnotationin Figure2(a). This exampleillustratesthat,unlike FSMmodel,PNs
modelcancaptureconcurrentictions.If two transitionsareenabledn thesamemarkingandthe ring of onedoesnot
interferewith theenablingof the other thenbothtransitionswill eventually re. Thefactthattransitiong2 andt3 are
concurrenimeanghatboth ring sequencet, t3 andt3, t2 arepossible.Thisis capturedoy the RG in Figure2(b).
The RG nodesarelabelledwith the reachabld®N markings,arcsarelabelledwith the correspondind®N transitions

andits initial stateis markedwith abox.
i+
L] i ¥
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02 02+
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Figure2: Simpleexamplesof PN,RG, STGandSG

Transitionsin a PN canbe involved in differentorderingrelations. Two PN transitionsarein directcon ict if
there exists a reachablemarking in which both of them are enabledbut ring of one of them disablesthe othet
Con ict relationscanbe generalisedy consideringhe transitve successorsf directly con icting transitions.If two
transitionsareenabledn somereachablenarkingbut arenotin directcon ict, they areconcurent Transitionswhich
arenotconcurrentandarenotin atransitve con ict areordered

Importantpropertiesof a PN are safenesslivenessaanddeadlock-freenessA PN is saidto be k-boundedif the
numberof tokensin every placeof a reachablenarkingdoesnot exceeda nite numberk. A 1-boundedPN is also
called1-safe A PN is deadlo&-freeif, no matterwhat markinghasbeenreachedjt is possibleto re atleastone
transitionof the net. A PNis live if for every reachablemarkingM andevery transitiont it is possibleto reacha
markingM °thatenableg.

An extensionof aPNmodelis acontextualnet[23]. It usesadditionalelementsuchasnon-consumingrcs, which
only controltheenablingof transitionsanddonotin uencetheir ring. A PN extendedwith atypeof non-consuming
arcs,namelyread-acs,isde nedasPN = hP; T; F; R; Myi. A setofread-arcR isde nedasR (P T), there
is aread-ardbetweerp andt iff (p;t) 2 R. Theread-pesetof atransitiont 2 T isde nedas?t = fpj (p;t) 2 Rg,
andtheread-postsedf aplacep 2 P asp?= ftj (p;t) 2 Rg. Placep contolstransitiont by meanf aread-ardff
p 2 ?t. A transitiont readsthe stateof aplacep iff t 2 p?. A transitiont is enabledff M (p) 6 0; 8p 2 t[ ?t.
Therulesfor ring of thetransitionsarepresered. A read-ards depictedasa line withoutarrows.

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

i p 17jpj 1,i.e.eachplacehasatmostonepresetindonepostsetransition. Thenetsof thissubclassepresent
deterministicconcurrensystems.Dually, a PN is calleda StateMachine (SM) iff 8t 2 T : j tj= 1" jtj = 1,
i.e. eachtransitionhasexactly onepresetandonepostsetplace. This subclassllows to represenhon-deterministic
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sequentiabystems.A PN is called Free Choice(FC) netiff for arny choiceplacep 8t 2 p : j tj = 1,i.e. each
transitionin the postsebf a choiceplacehasexactly onepresetplace. Freechoicenetsmodelboth non-determinism
andconcurrenyg but restrictstheir interplay Theformeris necessaryor modellingchoicemadeby the environment
whereaghelatteris essentiafor asynchronoubehaiour modelling.

The two modellingextensionsof PNsareLabelledPNsandColouredPNs. A LabelledPetri Net (LPN) is a PN
whosetransitionsareassociateavith alabellingfunction[38]. Theextensionof non-consumingrcsis alsoapplicable
to the LPN de nition. A Coloured Petri Net (CPN)is a formal high-level netwhereplacesareassociateavith data
types,tokensareassociatedvith the datavaluesandtransitionsdenotethe operationson thatdata[17]. This allows
therepresentatioof datapathin acompactform, whereeachtokenis equippedvith anattachedlatavalue.

2.2.2 Signaltransition graphs

The Signal TransitionGraph(STG) modelwasintroducedindependentlyn [5] and[31] to formally modelboththe
circuit andthe ervironment. The STG canbe consideredasa formalisationof the widely usedtiming diagrams. It
describeghe causalityrelationsbetweentransitionson the input and output signalsof a speci ed circuit. It also
allows the explicit descriptionof data-dependemhoicesbetweenvariouspossiblebehaiours. STGsareinterpreted
Petrinets,andtheir closerelationshipto Petri netsprovidesa powerful theoreticalbackgroundor the speci cation
andveri cation of asynchronousircuits.

An STGis a 1-safeLPN whosetransitionsarelabelledby signalevents,i.e. STG = hWP; T; F; My; ; Z; Voi,
where is alabellingfunction Z is a setof signalsandvy = f0; 1giZj is avectorof initial signalvalues

The setof signalsZ is dividedinto two disjoint setsof input signalsZ, andoutputsignalsZo,Z = Z, [ Zo,
Z, \ Zo = ;. Inputsignalsareassumedo be generatedby the environment,whereautputsignalsareproducecoy
thelogic gatesof thecircuit. Internal signalsmayalsobeincludedin theZ 5 set.

Thelabellingfunction :T! Z [ mapstransitionsnto signaleventsZz =7z f+; g anddummies ,
Z \ = ;.Thesignaleventslabelledz+ andz denotethetransitionsof signalsz 2 Z from 0to 1 (rising edge),
or from 1 to O (falling edge),respectiely. Dummy transitionsare silent eventsthat do not changethe stateof ary
signal. Thelabellingfunctiondoesnot have to be 1-to-1,i.e. transitionswith the samelabelmay occurseveraltimes
in the net. In orderto distinguishbetweentransitionswith the samelabel andreferto themfrom the text anindex
i 2 Nis attachedo theirlabelsasfollows: (t) =i, wherei differsfor differenttransitionswith the samelabel.

In orderto beimplementablasa circuit an STG mustsatisfythe propertyof consisteng. An STGis consistentf
for eachsignalz 2 Z transitiondabelledz andz+ alternatein ary ring sequencstartingfrom M. In thiswork
it is assumedhatall the considered5TGsareconsistent.

A vectorof signalchangev = v?; w4l canbeassociateavith a nite sequencef transitions , sothat
eachv' isthedifferencebetweerthe numberof rising andfalling edgeof signalz; in . Thevectorof signalvalues
v = Vo + v de nesthestatewf all STG signalsaftersomesequencef transitions . Notethatfor consistenSTGs
thevectorsvg, v andv arebinary.

A projectionof a ring sequence ontoasetof signalsX Zisdenedas #X = ft2 : (t)2X g,
i.e. it only includestransitionsof signalsin X . A silentsequence is a ring sequencépossiblyempty)suchthat

# 27 = ;,ie. its projectionon the setof signalsis empty Similarly, a ring sequenceavhosethe projectionon
the setof output (input) signalsis empty and projectionon the setof input (output) signalsis not emptyis called
input (output)sequence

STGsinherit the operationalsemanticof their underlying PNs, including the notationsof transitionenabling
and ring. Likewise, STGsalso inherit the various structural(marked graph, free-choice,etc.) and behaioural
propertiegboundednessivenessetc.). Notethata setof read-arcxanbeincludedinto the modelof STG, whichis
anenhancement.r.t. [31].

For graphicalrepresentatiomf STGsa short-handnotationis often used,wherea transitioncan be connected
to anothertransitionif the placebetweenthosetransitionshasoneincomingand one outgoingarc asillustratedin
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Figure2(c).

A stateof an STG without dummiesis a pair M ; vi, whereM is areachablenarkingandv is vectorof signal
valuescorrespondingo this marking. Note thatthe vectorof signalvaluesalongdoesnot uniquelyidentify the STG
state.Also in generakasethe samemarkingcancorrespondo differentstatesof the STG (e.qg.,if it is notlive or not
consistent) The extensionof an STG with the notion of dummytransitionscomplicategshe de nition of its state.As
adummytransitiondoesnot correspondo a signalevent, ring of adummydoesnotactuallychangethe stateof the
systemdescribedy the STG. Thatis why the statesof an STG beforeandafter ring adummyareconsidereaqual,
thoughthemarkingis different.In this work we assumehata dummy(or in amoregenerakasea silentsequences
apartof precedingsignaltransition.

In the sameway asan STG s aninterpretedPN with transitionsassociatedvith binary signals,a stategraphis
the correspondindpinary interpretationof an RG in which the eventsareinterpretedassignaltransitions. Formally,
a StateGraph (SG)of anSTG = hP; T; F; My; ; Zi isaquadrupleSG = hS; A; I; C; spi, whereS is a setof
reacablestatesA =S T Sisasetof arcsbetweerthesestates] : A ! T isalabellingfunctionfor thearcs,
C:S! f0 1ngj is a stateassignmenfunction whichis de nedasC (hM; vi) = v, andsg = hMyg; vgi is the
initial state Notethatdummiesare

The SGof the STGin Figure2(c) is shovn in Figure2(d). EachSG statecorrespondso a markingof the STG
andis assigned binaryvector EachSG arccorresponds$o ring of a signaltransition. For readabilitythe SG arcs
areindicatedby the transitionlabels. The signalorderin the binary vectorsis h; ol; 02i. Theinitial state(marked
with abox) correspondso the markingf p1g with the signalvaluesvector000.

A propertyof an STG which simpli es its hardwareimplementatioris persisteng. An STGis persistentif no
transitioncanbe disabledby anothertransitionunlessthey both areeventsof differentinput signals.This meanghat
all non-deterministibehaiour is partof the ervironmentandthearbitrationis avoidedin thedevice.

Propertief an STG speci ¢ for alogic synthesisapproachare uniquestatecodingand completestatecoding
Theformeris sufcient conditionandthelatteris necessargonditionof acircuitimplementabilityby logic synthesis.
Two distinctstatesof an SGarein a Unique StateCoding(USC)con ict if they areassignedo the samecode. Two
distinct statesof a SG arein a CompleteStateCoding(CSC)con ict if they areassignedo the samecodeandthe
setof enabledoutputsignalsis differentin thesestates.An STG satis esthe USC (CSC) propertyif no two states
of its SGarein USC(CSC)con ict. NotethatneitherUSC nor CSCis requiredin a direct mappingapproach.The
propertienf an STGwhich arespeci ¢ for the proposedlirectmappingmethodareconsideredn Section3.1.

2.2.3 Bisimulation

Bisimulation,originally introducedin [14, 22], is an equivalencerelationbetweenSTGs,associatingystemswvhich
behaein the sameway, in the sensahatone systemsimulateghe otherandvice-versa.Intuitively two systemsare
bisimularif they matcheachother's moves,i.e. eachof the systemscannotbe distinguishedrom the otherby an
obserer.

Two systemglescribecby STG = P; T; F; R; Mo; ; Z; Voi andSTG%= WP TS FOE RE MY, & Z0% Vi
are(strongly) bisimular, notationSTG ST G, iff:

Mo M
(i) if M MO%andM [ti My then9t°2 TOsuchthat (t) = °(t9,MOtA MPandM; MY
(iii) as(ii) but with rolesof STG andST G reversed.

The notion of strongbisimulationrequiresa systemto be capableof matchingeachtransitionthatan equivalent
systemmay perform. However, sometimesnternalandexternal(obsenable)behaiour of asystemaredistinguished.
In this sensdwo systemsareequivalentif they exhibit the sameexternalbehaiour, irrespectve of ary intermediate
internalbehaiour thatmayoccur For example,if thesystemSTGincludesanotionof silentactions(dummies)then
bisimulationcanberelaxedto ignorethesedummies.

Two systemsepresentetly STG = HP; T; F; R; Mo; ; Z; voi andSTG®= P TS FE RE MY, & Z0% Vi
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areweakly(observationallypisimular, notationSTG ~ STG?, iff:

Mo M

(i) if M MP%andM [ti M theneither (t) = andM; MP%or9t°2 79 (t) = ©(t9 andsilentsequences
1, 2suchthatMO[ i MO tA MO [ i M2andM; MY,

(iii) as(ii) but with rolesof ST G andST G°reversed.

Still, the notion of weak bisimulation cannotbe regardedas the natural generalisatiorof strongbisimulation
for STGswith silent events. The reasonfor this is that an importantfeatureof bisimulationis missingfor weak
bisimulation.Namelythe propertythatary ring sequencén oneSTG correspondso a ring sequencén theother
in suchaway thatall intermediatestatesof theseSTGscorrespondaswell. However, accordingto the de nition of
theweakbisimulationonemay re arbitrarymary silenttransitionsin an STG without worrying aboutthe markings
that are passedhroughin the meantime. For example,the STGsin Figure 3 are weakly bisimilar, however in the
right STG thereis a tracewhich doesnot enablethe b+ transition,while b+ is enabledn all tracesof theleft STG.
Thus, the obsenational equivalencedoesnot presere the branchingstructureof STGsandhencelacks one of the
maincharacteristicef bisimulationsemantics.

dummy

a+ b+

Figure3: Obsenationbisimulation

An alternatve de nition of obsenationalequivalencewhich preseresthe branchingstructureof STGswaspro-
posedn [13]. This equivalencecalledbranching bisimulation requiresall intermediatenarkingsin silentsequences
1 and , of STGCto berelatedwith markingsM andM ; of ST G respectiely. Notethat STGsin Figure3 arenot

branchingpisimilar.
Obviously, branchingbisimulationis strongerthanweakbisimulation. However, onecanseethatfor the classof
persistenSTGsweakbisimulationbecomesgquialentto branchingbisimulation.

3 Method

A distinctive characteristiof the proposediirect mappingtechniques thatthe systemSTG is corvertedinto aform
convenientfor mappinginto circuit netlist. It is achieved by associatinggroupsof placesandtransitionsto the state
holdingelementsandby modellingconnectiondetweercircuit componentsvith arcs.

The initial speci cationdescribeghe behaiour of both device andernvironmentasa completesystem.Usually,
only the device needso be synthesisedvhich requiresthe extraction of the device modelfrom the systemSTG. In
orderto do this the systemSTGis split into a device modelandan ervironmentmodel,which areconnectedy an
intermediatenet. Only the device modelis subsequentlpptimisedandmappednto a circuit netlist.

3.1 Requirementsto the initial speci cation

Thereareseverallimitationson the classof STGswhich canbe synthesisedisingour directmappingmethod.Simi-
larly to therequirement®f logic synthesisnethodshe STG mustbe consistenandpersistentThe STG consisteng
is essentiafor ary hardwareimplementatiordueto the natureof binary signalswhoserising andfalling transitions
alternate Persisteng is requiredto avoid arbitrationin the device by letting the environmentmake all the choices.
Unlikelogic synthesisnethodsn our approachmeitherUSCnor CSCis necessarjor thewhole STG. Thelimita-
tion onthestateencodings morerelaxedandis de ned usingthenotionof bursts:amaximallyconnectegubgraplof
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anSTGwhich only includestransitionsof aninput (output)sequencandplacesincidentto themis calledinput (out-
put) burst Two burstsaresaidto bein con ict if thereis a transitionin oneburstwhichis in a directcon ict with a
transitionfrom anotherburst. A burstB1 is saidto be covered by burstB2 if they arein con ict andall signalevents
of Blalsoexistin B2 possiblyin differentorder Notethatin apersistenSTGonly inputburstscanbein con ict and
covered.

The notion of burstsis illustratedin Figure4. The STG in Figure4(a) containstwo input andtwo outputbursts
(IB1,1B2andOB1, OBZ2respectiely). Notethateventhoughanoutputsequencel+, 02+ is possibldrom areachable
markingf p2; p3g, the outputburstsOB1andOB2 areseparatdecauseheir graphsarenot connectedThe example
in Figure4(b) shavs two outputburstsOB1 and OB2 (input burstsaretrivial andare hiddenfor simplicity). These
outputburstsare overlapping,however they cannotbe mergedinto one burst becausehereis no outputsequence
which containsbothol+ andol-. In Figure4(c) threeinput burstsareshown (trivial outputburstsarehidden).Note
thatcon icting input burstsiB1 andIB2 areseparatedh this STG eventhoughtheir graphsare overlappingbecause
theseburstsbelongto differentinput sequences.

pl

OB37
02

i3+
—IB1

p7

ol

p6

1B2

(a) Simplebursts (b) Concurreng (c) Choice

Figure4: Inputandoutputbursts

All the requirementdo encodingof the systemstatesin the proposeddirect mappingmethodare due to the
delay-insensitie natureof the device-ervironmentinterface. Usually a designercancontrol the wire delaysinsidea
relatively smalldevice andbuild it speed-independertiowever, thedelaysof connectionbetweerthedevice andthe
ervironmentoften cannotbe guaranteedThe uncontrollableinterconnectielayson the device-ervironmentinterface
may resultin a situationwhentwo signalsissuedin sequencéy a sendereacha recever simultaneoushor evenin
areversedorder This meanghatwhile the device itself canbe speed-independerits interfaceto the ervironment
shouldbe built underdelay-insensitie timing assumptions.

One of the waysto ensurethe delay-insensitie interfaceis to apply order relaxation[32] to the initial STG.
This approachhowever, may complicatethe structureof the STG, which is disadwantageougor a direct mapping
techniqueln ourdirectmappingapproachheorderrelaxationis notappliedexplicitly. Insteada device distinguishes
theendof aninput burstby catchinganencodingn which all inputscomprisingthe bursthave switched.The unique
identi cation of suchencodingis only possibleif all statescorrespondingo theinput burstarecodeduniquely The
oppositeis alsotrue for outputbursts: in orderto uniquelyidentify the end of an outputburst the encodingsof its
statesshouldbe unique.For example the STGin Figure5(a)hasaninputburstIB1 which cancauseproblems.f due
to interconnecdelaysi2+ reacheghe device beforeil+ thenthe device canproduceol+ by mistake evenwithout
waiting for i1+ andil-.

Thus, in our methodeachinput and outputburst of the systemSTG musthave USC. An STGis saidto satisfy
burst USC propertyif thereis no USC con ict in ary input or outputburst,i.e. the stateencodingis uniquewithin
eachindividual burst. In orderto satisfythe burstUSC propertyit is sufcient for a consistenandpersistenSTG to
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i1+ i2+ 02+
BL . ‘ IB1
| i1+ i2+ il ol+
—@—0—0——0—0—0—~1—0—~
pl p2 p3 p4 p5

1B2 i2+ p6 03+ p7

(a) Non-uniqueburstencodding (b) Con icting bursts

Figureb: Burstsin adelayinsensitve interface

have no morethanonetransitionof eachsignalin every input andoutputburst. The uniqguenessf a signaltransition
in eachburstimplies monotonicchangeof the codeandhenceno repetitionof the stateencodingwithin the burst.

Another type of ambiguity introducedby the delaysin the device-ervironmentinterconnectmay occur when
choosingbetweercon icting branchesFor example,the STGin Figure5(b) hastwo input burstsiB1 andIB2 which
arein conict. The transitionsin the direct con ict aredifferent(inl+ andin2+) andthe choiceis unambiguous.
However, if thetransitionsof the burstIB1 reachthe device in the reverseorder(in2+ rst), thenthe device will be
confusedwhich con icting branchthe ervironmentselectedThedevice still canrecognisehe branchselectionif the
following conditionholds: the stateencodingsafter eachinput burstis differentfrom all encodingsn the burstsit
con icts with. In orderto satisfythis conditionit is sufcient for a consistenandpersistenSTG with burstUSCto
containonly non-coveredbursts;suchan STGis callednon-corered Indeed the stateof all STG signalsis the same
beforecon icting burstsandthe changeof encodingis monotonicwithin eachburst. If honeof the burstsis covered
by the othersthenthe encodingaftera burstis not repeatedn ary burstit con icts with.

To summarisein orderto bemappablénto acircuit usingour directmappingmethoda systemSTG mustbecon-
sistent persistentpon-coreredandmusthave burstUSC. Checkingthesepropertiess computationallyhardproblem
whichdoesnotfeetinto adirectmappingdesign o w aimingatlow algorithmiccompleity. Insteadt is assumedhat
the control path STG is suppliedby a high-level synthesigool which insuresthe above propertiesby construction.
All the transformationgpresentedn the following sectionspresere the behaioural equivalenceif the original STG
satisfyingtheseproperties.

3.2 Transformation

Theideaof the our direct mappingmethodis illustratedon a basicexamplewhoseSTG is partially shovn in Fig-
ures6(a). Thedepictedslice of thespeci cationcontainsthein+ input eventcausingthe out+ outputevent.

The rst stepin extractingthe device modelis the exposureof the signalstatesasshown in Figure3.2(b). For this
eachsignalz is associatedvith a pair of complementarplacesz = 0 andz = 1 representingow andhigh levels of
thesignal. Theseplacesareinsertedastransitive placeshetweerpositive andnegative transitionsof z, thusexpressing
the propertyof signalconsisteng. Notethatthetransitve placesdo notchangehebehaiour of the systemandweak
bisimulationis preseredon this stageof transformation.

The secondstepof the transformatioris splitting the systemspeci cationinto device and ervironmentpartsas
shavn in Figure 3.2(c). For this the STG obtainedin the rst stepis duplicated.In the rst copy, correspondingo
the device, the transitive placesassociatedo the inputsareremoved. Similarly, in the secondcopy, corresponding
to the ervironment,the transitive placesassociatedo the outputsareremoved. The behaiour of the device andthe
ervironmentpartsis synchronisedy meansof read-arcasfollows. In the ervironmentpart, eachtransitve place
associatedo low (high) level of aninput signalz, is connectedy read-arcgo all negative (positive) transitionsof
z, in the device. After thatthe transitionsof input signalz, in the device partarereplacedoy dummies. This way
the device follows (or tracks)the behaiour of environment. Similar procedureappliesto all outputsignalsbut with
therolesof device andervironmentchanged.In the device part, eachtransitive placeassociatedo low (high) level
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system system device environment

pl

in+

p2

out+

(a) System (b) Outputexposure (c) Systemsplitting
device environment device
""""""""""" ' pl_req| | P2_req
in=1
— &
DC
p2_ack p3_ack
p2
in=1
p2_req out=1
=il I | Ot
FF
out=0
—1r | O4F
out
(d) Tracker-bouncerarchitecture (e) Mappinginto circuit

Figure6: Methodfor thedirectmappingfrom STGs

of anoutputsignalzp is connectedy read-arcgo all negative (positive) transitionsof zg in the environment. The
transitionsof z5 in the environmentpartarereplacedoy dummies.Now the environmentalsotracksthe operationof
the device. For corvenienceeachdummyintroducedin this steparelabelledby the original transitionnameput in
parenthesis.

The transformatiorof the secondstepsplits eachtransitionof an output(input) signalinto the signaltransition
itself which belongsto the device (ervironment)anda dummyin the ervironment(device). The ring of thesetwo
transitionsareorderedby read-arcssothattheinterfacesignaltransitionis enabledrst andonly afterthis transition

res the correspondinglummy is enabled. The dummy transitioncannotbe disableduntil it res becauseof the
burstUSC propertyof theoriginal STG. Thusthebehaioural equivalenceis preseredon this stepof transformation.

Thethird stepof thetransformations splitting thedevice into tradker andbouncerpartsasshavn in Figure3.2(d).
Thereis no needto furthertransformthe ernvironmentpartasonly thedevice will be subsequentlimplementedThe
tracker-bouncersplitting startsfrom representingachoutputsignalby anelementangcycle. An elementarcycleof a
signalz consistf two placesz = 0 andz = 0 (thesearetransitve placesaddedn the rst transformatiorstep),and
several positive andnegative transitionsof z connectingheseplaces. The positive transitionsof z areinsertedafter
z = Oandbeforez = 1. Similarly, thenegativetransitionsof z areinsertedafterz = 1 andbeforez = 0. Thenumber
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of positive andnegative transitionsof z is equalto the numberof correspondingventsin thedevice speci cationand
canbemorethanone. The setof elementarycyclesfor all outputsignalsformsthe device bouncerandtherestis the
device tracker. The elementarycyclesof the bounceraresynchronisedvith the tracker partby meansof readarcsas
shown in Figure 3.2(d). Eachpositive (negative) transitiontg of signalz in the bounceris uniquelyassociatedo a
positive (negative) transitiontt of the samesignalz in thetracker. A transitiontr is calleda prototypeof tg . All
placesin the presetof t1 areconnectedy read-arcdo tg andthe only placein the postse®f tg is connectedy a
read-ardo tt. After thatthe prototypetransitiontt in thetracker is replacedby a dummywhich is labelledby the
original transitionnamein parenthesis.

The transformationdescribedn the third stepbasically splits eachoutput signal transitionz  into the signal
transitionz itself (in thebouncerandadummy(z ) (in thetracker). Thetransitionz is enabledbnly whenall the
placesin the presetof (z ) have tokens. Thesetokenscannotpropagatdurtherbecaus¢he dummyis disabledby a
read-ardrom thepostsebf z . Theonly placep; in thepostof z iseitherz = Oorz = 1 dependingnthepolarity
ofz .Assoonasz resthedummy(z ) becomenabledandthetokenscontinuetheirmovein thetracker. It is
alsonecessaryhatthetokendoesnotleave p, until (z ) res. This conditionis ensuredy the signalconsisteng of
theinitial STG. Thusthetransformatiorof this steppreseresthe behaioural equivalenceof the system.

From this point the device modelis consideredseparatelyand the ernvironmentis assumedo produceinputs
in responsdo device outputsaccordingto the systemprotocol. The elementarycycles of the device bouncerare
subsequentlymplementedasset-reseflip-Flops(FF) andthe placesof the device tracker aremappednto DCs, see
Figure3.2(e).

3.3 Optimisation

It is often possibleto control outputsby the directly precedinginterfacesignalswithout using intermediatestates.
Many placesand precedingdummiescan thus be removed, provided that the systembehaiour is presered w.r.t.

input-outputinterface(weakbisimulation).Suchplacesarecalledredundant Notethatthe notionof redundanplaces
in our methodis differentfrom the redundantransitive placesin the structuraltheoryof Petrinets,thusthe structural
theorycannotbe appliedto remove them. This way p2 is redundanin the consideredexample,Figure7(a). It can
be removed from the device tracker togetherwith the precedingdummy (in+) asshowvn in Figure 7(b). Now the
inputin = 1 controlsthe outputout+ transitiondirectly, which resultsin lateng reductionwhenthe STGis mapped
into the circuit, seeFigure7(c). Beforethe optimisationthe output ip- op wassetby thep2_reqsignal,which was
generatedn responséo theinputin, seeFigure7(e). In the optimisedcircuit the output ip- op is triggereddirectly
by thein inputandthe context signalpl_reqis calculatedn advance concurrentlywith the environmentaction.

4 Codingcon icts

The elimination of placesis restrictedby potential coding con icts which may causetracking errors. Thereare
two typesof con icts: Mark Graph-speci cand StateMachine-speci ¢ The former con icts may appearin a non-
con icting branchof anSTG, thelattermayappeain thecon icting branchesftera choiceplace.

4.1 Mark Graph-specic coding con icts

For theideaof an Mark Graph-speci ccodingcon ict, considerthe systemwhoseSTG is depictedin Figure8(a).
Thedevice speci cationextractedfrom this STG by applyingthe abose methodis shavn in Figure8(b). Thetracker
partof the device canbe further optimised. The removal of redundanplacesp2 andp4 doesnot causeary con icts
of the tracker, Figure8(c). However, if the placep3 is eliminatedasshawn in Figure 8(d), thenthe tracker cannot
distinguishbetweerthe outputhaving not yet beensetandthe outputalreadyreset. Note the speci cs of this direct
mappingapproachonly thosesignalswhoseswitchingdirectly precedeshe givenoutputareusedin its support.
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Figure7: Optimisationof the device speci cation
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Figure8: Preventingcodingcon icts

It is computationallysimplerto detectredundanplacesby processinghe original speci cation. For this the set
of all STG placesP is dividedinto threenon-intersectingubsetsPy, Pr, Py suchthatPy [ PR [ Py = P and
Pu\ Pr\ Py = ;. ThesetPgr consistsof redundanplaceswvhich canbe safelyremovedfrom thedevice STG, the
setPy holdsthe mandatoryplaceswhich mustbe preseredin the device model,andthe setPy containsthe places
which have not beenconsidered/et (unde nedplaces).In thefollowing gures theunde nedplacesaredepictedas
ordinarycircles( O ), redundanplacesaredravn assmall circles( o ), andthe mandatoryplacesareshovn asbold
circles( O). Initially all STG placesbelongto Py, bothsetsPr andPy areempty Then,eachplacein Py is tested
for beingredundant.If the placeremoval doesnot causea codingcon ict thenthe placeis redundantndis moved
into Pr, otherwiseit is mandatoryandis movedinto Py, .

A codingcon ict for a placep is detectedby intersectingtwo setsof signals. The rst setcontainsthe signals
whosetransitionsare red in theforward neighbourhoodf placep limited by placesandtransitionsn Pg [ T. The
secondsetconsistsof the sighalswhosetransitionsare red in the badkward neighbourhoodf placep limited by
placesandtransitionsn Pgr [ T.
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The forward neighbourhood's (p; X ) of placep limited by nodes(placesandtransitions)in X is de ned asthe
minimal (w.r.t. ) setsuchthat:

(P X): p2T (P X);

1
8x2 X if 9y2 " (p;X):x2y ;thenx 2" (p; X) )

Thesetof signalsZ; (p; X ) whosetransitionsare red in theforwardneighbourhooaf placep limited by the set
of nodesX arede ned usinglabellingfunction :

Zi(p; X)=fz: 92" (p; X))\ T: (t)2fz+;zg g (2)

Similarly, thebadkward neighbourhood, (p; X ) of placep limited by thesetof nodesX is de ned astheminimal
(w.r.t. ) setsuchthat:

"b(P; X)) p2h(p; X); 3)
8x2 X if 9y2"p(p; X):x2 vy; thenx 2 "p(p; X)

Zp(p; X)=Ffz:9t2"g(p; X))\ T: (t)2fz+;z9 g 4)

For the detectionof a codingcon ict the forward and backward neighbourhoodsre calculatedon a setof tran-
sitionsandredundanplaces.If Z; (p; Pr[ T) \ Zp(p;Pr[ T) = ;, thentheremoval of the placep doesnot
causecodingcon icts. However, if thereis a signalz whosetransitionsbelongto boththeforwardandthe backward
neighbourhoodsf placep limited by transitionsandredundanplacesthenthe removal of this placecauses coding
conict for signalz. The stateof the signalz is the samebeforeits transitionin the backward neighbourhoodand
afterits transitionin the forward neighbourhooaf placep. As the placep is the only unde nedplacebetweerthese
transitiongtheothersareredundantjt mustbe preseredin orderto separat¢he samestateof the signalz in different
partsof the systemspeci cation.

Considerthe detectionof codingcon ict on the exampleshavn in Figure9. The placeunderquestionis p07.
Its forward neighbourhoodimited by redundantplacesis {p07, in2+, p08, p09, out2-, out3+} andits backward
neighbourhoods {p07, outl+/1, out2+/2, p05, p06, p04,in1+/1, outl+/2,in1+/2, p01, out2+/1}. Placesp00, p02,
p03, pl1, pl2arenot redundanandform a borderfor the placep07 neighbourhoodsThe signalswhosetransitions
are red in the forward and backward neighbourhoodsre{in2, out2, out} and{inl, outl, out2} respectiely. The
intersectionof thesesetsis {out2} which meansthat placep07 separateshe differentstatesof the signal out2 and
removal of this placewill causeacodingcon ict.

p00 out2+/1  p0Ol  inl+/1  p04 outl+/1

=
© = © p08 out2 pll
. o—[1+—0—
p02 outl+/2 p05 in2+
out2+/. p09 out3+ pl2
po7 o—1+—0—
p03 in1+/2 p06
—O0—F—
backward neighbourhood forward neighbourhoo

Figure9: Forwardandbackwardneighbourhoods

4.2 StateMachine-speci ¢ codingcon icts

The situationbecomesnorecomple if a placeundertestis a direct successoof a choicetransition. For example,
placesp01 and p02 in Figure 10(a) are not redundant. If theseplacesare removed, thenthe choice betweenthe
con icting branchesds controlledby the sameconditionout1=1, which is ambiguousseeFigure 10(b). Thisis an
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StateMachine-speci ccoding con ict. The forward and backward neighbourhoodslo not help here becausehe
placesnvhoseremoval causea codingcon ict arein mutuallyexclusive branches.

p00
in1=1
p00
In2=1

po1 po3
—O—{1+—+0O—

inl+ outl+/1

(outl+/1)

outl+/1

outl+/2

(out1+/2) outl=0

outl=1"
p02 po4 A p04 ‘U outl ,'/
outl=1 \\‘f:.—:"/
(a) Initial STG (b) An ambiguoutycausedy removal of placesp01andp02

Figure10: Mandatoryplacesafterchoice

Therearesereralstratgiesto avoid theambiguityin choicebranchesfterchoiceplacepcnoice - The rst extreme
is to presereall post-postseplacesof thechoiceplace.This approachs computationallysimple,howeverthelateng
reductionmight be sacri cedif thereis aninput signaltransitionin the postsebf the choiceplace(which is the case
for a free-choice). The otherextremeis to traverseeachcon icting branchfrom pchoice @and nd all signalswhose
transitionsarepresenin morethanonebranch.At leastonemandatoryplacemustprecedehe rst transitionof such
signalsin eachbranch.This approactelpsto reducethe input-outputiatengy, but it may be computationallyhardif
loopsor nestecchoicesarefound.

A trade-of betweernthe computatiorspeedandlateng optimisationis thefollowing. First, eachunde nedplace
Psucc iN the post-postsedf pehoice iS checled. Theremoval of placeps,cc doesnotimprove the input-outputlatencgy
if all presettransitionsof psycc are non-inputsignal events. Sucha placeis mademandatoryto help reducingthe
computationcomplexity of the next step. After that, for eachtransitiont 2 pchoice @ Setof transitionsTseq (t) =
ftg[ t ishbuilt. It containghetransitionsn achoicebranchstartingfromt for thedepthof two transitionscounting
from pchoice - Thejoint setof transitionsin choicebranche®f placepchoice limited by the depthof two transitionsis

Tehoice (Pchoice ) = Tseq (). If for atransitiont 2 penoice  thereis asignalwhosetransitionbelongsto both
t2 Pchoice
Tseq (t) andTenoice (Pehoice ) NTseq (t) thenthe placesin the postsebf t mustbe presered. Otherwiseall placesin

thepostsebft  transitionsaremademandatoryto reducethe depthof traversing. Thetrade-of approactbene ts
from theinput-outputlateng reductionandlow computatiorcomplexity, howeverthe sizeoptimisationmight sufer.

Considetthe applicationof thetrade-of approactto the examplein Figure10(a). For the choiceplacep00, which
hastransitionsin 1+ andin 2+ in its postsetTseq (in1+) = fin1+; outl+ =1g, Tseq (iN2+) = fin2+; outl + =2g
andTchoice (PO0) = fin1+; outl+ =1; in2+; outl+ =2g. As atransitionof outl belongsto both Tseq (in 1+) and
Tehoice (PO0) NTseq (iN1+) = Tseq (in 2+) the placep0lis mandatory Similarly, atransitionof outl belongsto both
Tseq (iN2+) andTcnoice (PO0) NTseq (iN2+) = Teeq (in 1+) , which makesplacep02 mandatory

5 Mapping into circuit

In our directmappingmethodthe placesof thetrackeraremappednto DCsandthe elementarycyclesof thebouncer
are mappedinto set-resefFs. Read-arczonnectingthe elementarycyclesto the tracker andto the ervironment
simulatethe behaiiour of wiresandaredirectly mappednto wiresbetweerDCsandFFs.

The mappingof anelementarycycle into a set-resefFF is illustratedin Figure11. The setandresetfunctionsof
theFF aredeterminedy thestructureof thesetandresetphase®f theelementaryycle. TheFFis initially set(reset)
if the placecorrespondingo thelow (high) level of the signalis marked.
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set function

FF

s2 | AND a=1

r2 AND

r3 OR a=0
r4 | AND a

reset function

Figure11: Mappingof elementarncyclesinto FFs

The mappingof basictracker structuresinto DCs is shawvn in Figure 12. The requestand acknavledgement
functionsof eachDC are generatedrom the structureof the tracker in the presetand postsetof the corresponding
place. The requestfunction of eachDC is shown in its top-left cornerand the acknavledgementunction in its
bottom-rightconner

Tracker STG | Circuit
p_pred_req p_cur_req
_ ! —> pCl—*
(sigl) (sig2+) sigl=0 |AND
f—— .
S p_pred p_cur p_succ
c :
5 p_cur_ack] p_succ_ack
: sigl=0 sig2=1 ‘ peur
(sigl) { p_predl_req p_cur_req
: ; — DCI—
i p_predl : sig1=0 |AND
! 1=0 193 : OR
o siol (sig3) { p_pred2_req [
! 3
= sig2=1 _cur p_succ sig2=1 [P
: ; —
. p_pred2 p_cur_ack] p_cur p_succ_ack
: sig3=0 ‘ _
: (sig2+)
(sig2+) p_pred_req p_cur_req
: ; —> DCI—
: p_succl : sigl=0 |AND
Q: . . :
o (sigl) sig2=1
<} ‘
< i :
S p_pred X sig3=0 ! <i_succz_ac
: p_succ2 : p_cur_ack] p_our OR| p_succl_ac
sig1l=0 : ~

(sig3)

Figure12: Mappingof tracker placesinto DCs

A circuit diagramof a traditional DC which wasintroducedin [9] is showvn in Figure13(a). Theinputrl is the
requesfrom the previousstageDC to passthetoken. Outputa acknavledgeshereceiptof thetokento the previous
stageDC. Similarly, outputr requestghe next stageDC to acceptthe token andinput al acknavledgesits receipt.
Signalse andf representhe ‘empty' and full' statesof the stateholdingelement.Similarto [18], in our methodthe
markingof a traclker placeis associatedvith the stateof the outputr of a correspondind>C. The operationof a DC
is illustratedby the STGin Figure13(b). Thetransitionsof theinternalsignalf areskippedin this STGbecausehis
signalis equivalentto thea output. Thetransitve placegrev andcur representhe active levelsof signalsrl (previous
stageDC holdsatoken)andr (this DC holdsthetoken)respectiely. Notethatneitherthe previousstageDC northe
currentoneis active while thetokenmovesbetweertransitions1l- andr+. In mostcaseghistime canbeconsidered
asngyligible, becausédt correspond$o a singletwo input NOR-gatedelay

Thereis onetiming assumptiorin this DC implementatiorwhichis representetly thedottedarcsin Figure13(b).
The assumptionis that a new token arrivesto the input of a DC only after the token hasleft the next stageDC.
This assumptiomresultsin a limitation of the methodto have at leastthreeDCsin every loop [18]. For the original
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(a) Circuit (b) STG

Figure13: David cell

speci cationit meanghatary loop of the systemSTG mustcontainat leastthreeplaces.Also the numberof places
in theloopsmustbe keptabove two duringthe optimisationof thetracker STG.

Fasterand more compactsolutionsfor a DC implementationproposedn [3], arecalledfastDCs A gate-level
implementatiorof afastDC andits STG areshavn in Figure14(a,b).An interestingfeatureof thefastDC is thatit
internally containsa GasP-lile interface[34], which usesa singlewire to transmita requesin onedirectionandan
acknavledgementn the other A fastDC hasspeedadvantagesver a traditional DC becausdhe resetphaseof its
stateholding elementhappengsoncurrentlywith the token move into the next stageDC. However, fastDCsrely on
timing assumptionsvhich aredepictedn its STGusingdottedarcs,seeFigure14(b).

(a) Circuit (b) STG (c) Timing assumptions

Figure14: Gate-level fastDC

The rst timing assumptions capturedby the dottedarcsincidentto placep0. Beingthe sameasfor traditional
DCsthis assumptions satis edif thenumberof DC in eachloopis graterthantwo.

The secondtiming assumptioris that the token leavesthe DC only after the previous stageDC is empty It is
shown by the dottedarcbetweertransitionrl- anda-. The sametiming assumptiorfor thenext stageDC is shovn by
thedottedarcfrom e+ to al-. This assumptions easyto meetbecauséheresetof therequestl- from the previous
stageDC is delayedby a singletwo-inputNOR-gate.The acknavledgemengal+ from the next stageDC is setwith
thedelayof atleasta pair of two-inputNOR-gates.

Acceptingthe above timing assumptionandremaoving the transitive placesthe simpli ed STG of thefastDC is
obtainedin Figure14(c). Thetransitive placesprev andcur representhe high level of signalsr 1 andr respectiely.
Their statedenoteghe markingof placesassociateavith the previousstageDC andcurrentDC. Onecanseethatboth
prev andcur aremarkedfor thetimewhena+ hasbeenexecutedandrl- hasnot red yet. Thisinconsisteng between
theunderlyingPN modelandfastDCsis calledthetokenspread.

Anotherimplementationof a fast DC andits STG are shovn in Figure 15(a,b). This implementationusesa
keeperlatchfor the stateholdingelement.A keeperis alogic level hold circuit which consistf two weakinverters
connectedackto back. In orderto increasethe driving ability of the requestoutput, the weakinverter providing
thekeeperutputis replacedby anordinaryinverter Thetiming assumptiongor thetransistoflevel implementation
arethe sameasfor the gate-lerel. One canseethat the spreadof the token is also possiblein the transistotlevel
implementationseeFigure15(c).

Thetoken spreads not modelledby the underlyingPN, which may causeproblemsin the vicinity of the choice

NCL-EECE-MSD-TR-2006-110/Jniversityof NewcastleuponTyne 18



D.Sololov, A.Bystrov, A.Yakovlev: Direct mappingof low-lateng asynchronousontrollersfrom STGs

(a)Circuit (b) STG

(c) Timing assumptions

Figurel5: Transistoflevel fastDC

place.Considerthe exampleSTGshowvn in Figure16(a). Thetransitiongthatdirectly succeeglacespOlandpO2are
differentsignalevents,andtheremoval of theseplacesdoesnot causeary codingcon ict. TheoptimisedSTGshavn
in Figure16(b)canbe safelymappednto traditionalDCs. However, the directmappinginto fastDCsis problematic
dueto theirtokenspreadeature.

p00
in1=1
po4

p00
in2=1
p03

outl=1

pol1l p03

outl+/1

out2+/1

p02 po4

(a) Initial STG

out2=1

outl+/2

outl=0
outl=1"

outl

(b) ResultanSTG

out2+/2

out2=0

out2=1

out2

Figurel6: Redundanplacesafterchoice

For example,if the STG shawvn in Figure 16(b) is implementedusing fastDCs, thenthe following scenariois
possibleinl+! outl+/1! (outl+/1) out2+/1resultingin thetokenspreadverplacesp00andpO3for ashorttime
interval. It leadsto the incorrectstatewhentransitions(out2+/1) and(out2+/2) in con icting branchesareenabled
simultaneouslyThe ring of theenabledransition(out2+/1) resultsin themalfunctionof thesystem:bothcon icting
branchesreactive atthesametime.

A possiblesolutionfor the token spreadproblemis to restrictthe propagatiorof atokenin con icting branches
until the token leavesthe choiceplace. It canbe doneby mappingthe rst placesin the con icting branchednto
traditional DCs. Sucha DC doesnot rise its requestbutputuntil the requestof the previous stageDC is low. The
applicationof this approachto the exampleshavn in Figure 16(b) forcesplacesp03 and p04 to be mappedinto
traditionalDCs.

The advantagesand dravbacksof differentDC implementationsare summarisedn Table1. Only a traditional
DC is free of the token spreadproblem. The smallest(6 transistors)s the transistorlevel fastDC. The fastes{up to
833.3MHz)is the gate-level fastDC.

Themaximumfrequeng of DC operatioris measuredy SPICEanalogsimulationsusingthe AMS-0.35 design
kit. For this, traditionalDC, gate-lerel fastDC andtransistoflevel fastDC have beenimplementedn AMS-0.35
library. Thenthe DCs of eachtype have beenconnectedn loopsof tree DCs andthe oscillationof eachloop have
beencapturedasshowvn in Figurel7.

The shortestperiodis exhibited by gate-level fastDCs. TheseDCs arethe bestfor the synthesiof fastcontrol
circuits. Transistoflevel fastDCsarerecommende@vhenthe circuit sizeis crucial, howeverthey requireextra effort
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DC type min period | maxfrequeny size token
(ns) (MHz) (transistorcount) | spread
traditional 3.6 277.8 12 no
fastgate-level 1.2 833.3 8| yes
fasttransistotlevel 2.1 476.2 6| yes

Tablel: Comparisorof DC implementations
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<ol 2.1n
time (s)

Figure17: Speedf DC implementations

for thelayoutof thelibrary of customcells. Both typesof fastDCsrely ontiming assumptionandhave certaintoken
spreadproblems.Thatis why the traditionalDCs shouldbe usedfor the designof speed-independenircuits andto
avoid the spreadf atokenin thevicinity of choiceplaces.

6 Algorithms

Thissectiondescribeshealgorithmsemployedin the STGoptimisationfor mapping.Thealgorithmsareimplemented
in a packageof softwaretoolscalledOptiMist whosedesign o w is presentedn Figure18.

behavioural specification
STG

transformation and optimisation
om_detect, om_expose, om_transfofm

optimised gpecification
l—( STG with read-arcs )—l
direct mapping visualisation
om_verilog om_graph

circuit netlist STG layout
Structural Verilog GraphViz DOT

library of DCs & FFs
Structural Verilog

implementation of DCs & FF
om_library

Figure18: OptiMist designo w
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The packageconsistof separateéoolssolvingthe following tasks:

detectionof redundanplaces;

exposureof theoutputs;

eliminationof redundanplaces;

visualisationof an STGwith read-arc®xtensionandtracker-bouncerstructure;
mappingof the optimisedspeci cationinto a circuit;

generatiorof alibrary of requiredDCsandFFseitherat transistor or gate-level.

The algorithmsfor STG optimisation(detectionof redundanplaces,exposureof the outputsandeliminationof re-
dundaniplaces)redescribedn detailin thefollowing subsectionsThealgorithmsfor the otherthreetoolsaretrivial
andarenot presentedhere.

6.1 Detectionof redundantplaces

The orderin which the redundantplacesare detectedaffects the optimisationresult. The orderis de ned by the
heuristicgpresentedn Algorithm 1. Thedetect_edundant_placegrocedurdakesSTGandoptimisation_leelasthe
input parameter@and returnsthe setPg of redundantplaces(lines 01-03). Initially, all STG placesare unde ned
(line 04). Theoptimisation_leel parametede neswhich optimisationheuristicso applyto the STG (lines07-12).

Algorithm 1 Detectionof redundanplaces

01 procedure detect_redundant _places

02 input: STG = hP; T; F; Mo; | ; Oi, optimisation _level 2 f0;1;2;3g
03 output: Pr P

04 Pr:=;; Pu:i=;; Py:=P

07 if optimisation _level > 0 then

08 optimise _choice (STG; Py; Pr; Puw)

09 if optimisation _level > 1 then

10 optimise _latency (STG; Py; Pr; Pm)
11 if optimisation _level > 2 then

12 optimise _size(STG; Py; Pr; Pm)

6.1.1 Choiceoptimisation

Theheuristicoptimise_boicewhosepseudo-code shavnin Algorithm 2 preventsthe StateMachine-speci ccoding
con icts. Thealgorithmimplementsatrade-of betweerthe computatiorspeedandlateng optimisationasdescribed
in Sectiond. Theinputof theheuristicis thesystemSTGandinitial partitioningof its placednto unde ned,redundant
andmandatoryijts outputis a new partitioningof the placeg(lines01-03).

First, for eachchoiceplacep thesetTqhoice CONtainingits postseandpost-postsetransitionss createdlines 05-
07). Then,for eachtransitiont in the postsebf choiceplacep asetT¢ons iS computedlines08-09). It containsall
transitionsin the con icting branchesvhich arein the postsetr post-postsedf the choiceplacep. For eachplace
Psucc iN thepostsedf transitiont asetTseq containingt andall transitionsn thepostsedf psycc (lines10-11).1f there
is a signalwhosetransitionbelongsto both Tseq andTeon  thenplacepsyce is mandatory(lines 12-14). Otherwise
placepsycc is redundantndall placesin its post-postseare mademandatoryto reducethe computationcomplexity
(lines15-18).
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Algorithm 2 Choiceoptimisation

01 procedure optimise _choice

02 input: STG=hP; T; F; Mg; |; Oi, Py P, PR P; Pwm P
03 output: Py P, Pr P; Pm P

04 for_each p2P:jpj>1do

05 Tehoice = ;

06 for_each t2p do

07 Tehoice ‘= Tchoice [ ftg[ t

08 for_each t2p do

09 Teonf = Tehoice N(ftg[ t )

10 for_each  psucc 2t : Psucc 2 Py do

11 Tseq:= ftg[ Psucc

12 if 9 z2I1[ O;tseq 2 Tseq; tcont 2 Tconf

13 (tseq 2 f2+;2Q ) N teons 2 fz+;2g then

14 Pm =Py [ fpsucc @

15 else

16 Pr:=Pr [ fpsucd

17 for_each  psucc _succ 2 Psucc " Psucc _succ 2 Py do
18 Pm == Pwm [ fpsuce _succ 9, Pu:=Punfpsucc _succ 9
19 Py := Pynfpsuc 9

6.1.2 Latency optimisation

Theheuristicoptimise_latencys aimedat lateng reduction.Its basicideais thata placeis redundantf all its direct
predecessorareinputtransitionsandall directsuccessorarenon-inputtransitions.Sucha placecanbe considered
redundantven without checkingfor the possibility of a codingcon ict. All its surroundingplacesare unde ned
yet which meansthat the backward neighbourhoodncludesinput transitionsonly andthe forward neighbourhood
containsnon-inputtransitionsonly. Thus,the intersectionof the setsof signalsin theseneighbourhoodss always
emptywhich meanghe placeunderquestionis redundant.

Theoptimise_latencpseudo-codi&s shavnin Algorithm 3. Theinputof theheuristicis thesystenSTGandinitial
partitioningof its placesinto unde ned,redundanandmandatoryobtainedby optimise_boicealgorithm;its output
is anew partitioningof theplaces(lines01-03). The algorithm nds all unde nedplaceswhosepresetransitionsare
input eventsandpostsetransitionsarenot (lines04-05). Suchplacesaremovedfrom the setof unde nedplacesnto
thesetof redundanplaces(lines06-07).

Algorithm 3 Input-outputlateng optimisation

01 procedure optimise _latency

02 input: STG=hP; T;F; Mg;|;0i, Py P, PR P; Pum P
03 output: Py P, PR P; Pwm P

04 for_each p2Py do

05 if (8t2 p; ()21 f+;9 )" Bt2p; ()21 f+;9) then
06 Pr:=Pr [ fpg
07 Py:=Pynfpg

6.1.3 Sizeoptimisation

The optimise_sizdeuristic,whosepseudo-codés presentedn Algorithm 4, is aimedat sizereduction. The input
of the heuristicis the systemSTG and the partitioning of placesinto unde ned, redundantand mandatorysubsets
obtainedby optimise_boice and optimise_latencyeuristics;its outputis the new partitioning of places(lines 01-
03). Theheuristicis dividedinto two steps: rst, theredundanplacesaredetectedn the chainsof unde nedplaces
(lines04-10);then,theunde nedplacedeft in the STGarechecledfor redundang individually (lines11-17).

At the rst step,for eachunde nedplaceits backward neighbourhoodimited by unde nedplacesandforward
neighbourhoodimited by non-unde nedplacesarefound. If thenumberof placescontainedn theseneighbourhoods
is equalto one (the placeunderquestionitself) thenthis placeis a boundaryplacebetweemon-unde nedandun-
de ned places(line 05). Sucha placeis subjectfor redundang check(line 06). If for this placethereis no signal
whosetransitionsare red in bothforwardandbackward neighbourhoodmited by redundanplacesthentheplace
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Algorithm 4 Sizereduction

01 procedure optimise _size

02 input: STG= hP; T; F; Mo;I;0i, Py P, PR P; Pwm P

03 output: Py P, PR P; Pwm P

04 /I Process sequences of undefined places

05 while 9p2Py: ("p(P;PR[Pu [ T)\ P=fpg)* "t (p;Pu[ T)\ P=1fpg do

06 if At (p;PR) \ Ap(p;Pr) = ; then
07 Pr:=Pr [ fpg

08 else

09 Puw:=Pm [ fpg

10 Py:=Pynfpg

11 /I Process remaining undefined places individually
12 for_each p2 Py do

13 if At (p;PR) \ Ap(p;Pr) = ; then
14 Pr:=Pr [ fpg

15 else

16 Puw:=Pm [ fpg

17 Py:=Pynfpg

is redundantline 07). Otherwiseit is mandatoryline 09). The procedurds repeatedintil no boundaryplacedeft in
theSTG.

At the secondstepall unde ned placeswhich left in the STG are checled for redundang without any speci c
order(lines 11-17). The majority of redundanplacesarealreadydetectedn the previous heuristics.The placedleft
unde nedin the STG areusuallythoseprecedinghe input signaltransitionsandtheir removal doesnot improve the
lateng, howeverthe sizereductionis still possible.

6.2 Exposure of outputs

Thecorversionof thesystemSTGinto atwo-level architectures describedy Algorithm 5. Theinputto thealgorithm
is asystemSTGandtheinitial statesS of input andoutputsignals;its outputis a modi ed STG which consistsof a
trackerandabouncer(lines01-03). Theinitially emptysetof read-arcfk connectinghetrackerandbounceiis added
to the STG (line 04). For eachSTG signalz a placerepresentingts low level p® anda placerepresentingts high
level p'9 " arecreated(lines 05-07). Theinitial markingof theseplacesis choseraccordingto the initial stateS of

signalz (lines08-11). Then,eachtransitiont of signalz is substitutedoy a dummytransitiont qummy in thetracker
part(lines12-18). Thesignaltransitionitself is movedinto the bouncepart,thusforming the signalelementaryycle
(lines 19-23). The tracker and bounceroperationis synchronisedy meansof read-arcawvhich areinsertedin such
way thatsignaltransitiont is enabledonly whenall directpredecessorsf the dummytransitiont gummy aremarked,
seeread-arcsnsertedn lines24-25. Thedummytransitiontgummy  itself is only enabledvhenthe signaltransitiont

is red andthemarkingof signalz elementarycycle is changedseeread-arcsnsertedn lines21 and23.

6.3 Elimination of redundantplaces

Algorithm 6 describeghe procedureof redundanplaceselimination. This procedureshouldbe usedafter detection
of redundanplacesandexposureof outputs. It consistsof threesteps:initial markingoptimisation,trigger signals
optimisationandcontext signaloptimisation(lines04-06).

Theprocedureof initial markingoptimisationis shavn in Algorithm 7. It changesheinitial markingin suchway
thatno redundanplacescontaintokens.For this the markingof eachredundanplaceis traversedonetransitionback
assuminghatall the placesin its postsetaremarked (lines 04-15). The exceptionis madefor merge placesbecause
it is hardto computewhich con icting branchproducedhe tokenfor the meige place(line 07). The backtraversal
repeatauntil eitheronly mandatoryplacesare marked or thereis no suchtransitionprecedinga marked redundant
placewhosepostsetontainsplacesthatareall marked. If someredundanplacesarestill marked afterthe marking
recalculatiorthey aremademandatorylines 16-18). Therecalculatiorof theinitial markingfor thememgeplacescan
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Algorithm 5 Corwversionof asystemSTGinto atracker-bouncerarchitecture
01 procedure convert_tr acker_bouncer

02 input: STG=hP; T; F; Mo;1;0i, S:I[ O! f0;1g

03 output: STG=hP; T; F;R; Mg; I; Oi

04 R:=;

05 for_each z2I[ O do )

06 create place pPY, cigate place phig h

07 P=P[ pov [ pyo"

08 if S(z) = Othen

09 Mo plow =1, Mo pi9" :=0

10 else )

11 Mo po% =0, Mo pld" =1

12 foreach t2T: (t)2fz+;zg do

13 /I Substitute signal  z transitions by dummies (in the tracker)
14 create  dummy transition toummy » T:=T[ tgummy

15 for each p2 t do

16 F=F[ p:tgummy , F:=Fnf(p;t)g

17 for each p2t do

18 F=F][ tdummy P F:=Fnf(t p)g

19 /I Move signal z transitions into elementary cycle (in the bouncer)
20 if (t) = z+ then n 0 n o o
21 F=F[ po:t , F:=F[ tp" | R=R[  pM";taummy
22 else n . o]

23 F=F[ p9™t , F=F[ tp™ , R=R[ P taummy
24 for_each p2 tgymmy doO

25 R:=R[ f(p:t)g

Algorithm 6 Eliminationof redundanplaces

01 procedure optimise

02 input: STG=HhP; T; F;R; Mg; 1;0i, P P
03 output: STG=hP; T; F; R; Mog; I|; Oi

04 optimise _mar king (STG; Pr)

05 optimise _bouncer (STG; PR)

06 optimise _tr acker (STG; PRr)

be improved by employing the reachabilityanalysisalgorithms.However, they requireeitherbuilding a nite pre x
or areachabilitygraphwhich is computationallycomplex for large speci cations.

Algorithm 7 Re-calculatiorof theinitial markingfrom redundanplacesto mandatory
01 procedure optimise _mar king

02 input: STG=HhP;T;F, R; Mo; I;0i, P P

03 outputt STG=HhP;T;F;R; Mg;1;0i, P P

04 /I Try to recalculate the initial marking to mandatory places
05 repeat

06 done:= true

07 for_each p2Pr: (Mo(p)60)" (j pj=1) do
08 for_each t2 p do

09 if  8pconc 2t : Mo (Pconc ) = 1 then
10 for_each  ppreq 2 t do

11 M Ppred =1

12 for_each  pconc 2t do

13 M (Pconc ):=0

14 done:= false

15  until done

16 // Make all marked places mandatory
17 for_each p2Pr: M (p)6 0 do

18 Pr:=Prnfpg, Pw:=Pm [ fpg

An auxiliary proceduraemoving an STG nodetogetherwith its incidentarcsis describedy Algorithm 8. It is
movedto a separat@lgorithmin orderto lightenthe optimise_bounceandoptimise_tacker pseudo-codeTheinput
of theremwe_nodealgorithmis anSTGandits nodewhichis requiredto remove. Theremoval of nodex startsfrom
theeliminationof its producingandconsumingarcs(lines04-07).If x is a place thentheread-arcgrom this placeto
all transitionsareremovedandthe nodeis subtractedrom thesetof STGplaceglines08-11).If x is atransition then
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read-arcgrom all placedo this transitionareremovedandx is removedfrom the setof STGtransitionglines12-15).

Algorithm 8 Noderemoval togethemith its incidentarcs

01 procedure remove_node

02 input: STG=M; T; F;R; Mg; I; Oi, Pgr P, x2P[ T
03 outputt STG=HhP;T;F;R; Mg;1;0i, P P

04 for_each y2 x do

05 F:=Fnf(y;x)g

06 for_each y2x do

07 F:=Fnf(x;y)g

08 if x2P then

09 for_each y2 x? do
10 R:= Rnf(x;y)g
11 P:=Pnfxg, Pr:=Pgrnfxg
12 else

13 for_each y 2 ?x do
14 R:= Rnf(y;x)g
15 T:=Tnfxg

The pseudo-codéor optimisationof context andtrigger signalsin the bouncerpartis shovn in Algorithm 9. It
changegheread-arczonnectinghe tracker with the bouncerin sucha way thatonly mandatoryplacescontrol the
transitionsof elementarycycles.In orderto do this for eachtransitiont .aq Which is controlledby aredundanplace

p its copy t?ggd is createdandits consumingandproducingarcsareduplicated(lines 06-09).

Algorithm 9 Optimisationof thebouncercontect andtriggersignals
01 procedure optimise _bouncer

02 input: STG=HP; T, F,R; Mg;1;0i, P P

03 output: STG=hP; T; F;R; Mg; I; Oi

04 Tyig:=;
05 for_each tyeqq 2 p?: p2 Pr do
06 /I Duplicate  t;eaq together  with [jts ggnsuming and producing arcs
07 create transition t?‘é’;d, T=T] t?ggdn
— ..d
08 for_each pread pred 2 treas do F:=F [ n Pread _pr ed,t,lé';d o
09 for_each  Pread succ 2 treag do Fi=F [ t?‘é’;d iPread_succ
10 for each t2 p do
11 /I Form trigger  signals for t?‘é’;d
12 if tread 2 Tyrig then n
13 for_each Preag 2 7t do Ri=R[  Pread:t™ey
n o}
14 T ig = Tir ig [ t?ggd
15 /I Form context signals  for t?‘é’;d
16 create transition tdup | Ti=T [ tdup
17 F:=F[ t%P;p , F:=Fnf(tpg
18 for_each ppreq 2 t (jo n ; o
u — u

19 create rﬁ)lace pprped, oP.— Pl pprped

— dup . .dup
20 Ri=R [ ppr ed'tread n o

. — dup .
21 for_each  ty ed_succ 2 Ppred : tpred_succ snt do F:=F][ pB:JFédxtpr ed_succ
— . nd

22 for_each  tpred pred 2 Ppred do Fi=F [ n tpred_pred; Dp?%d o
23 for_eachn tor ed_read g Ppred? do R:=R [ pgt";d;tpr ed_read

— dup . id
24 Fi=F[  pyoqith
25 /I Remove processed transition t and its preset places
26 if jtj = 0 then
27 for_each ppreq 2 t do
28 remove_node STG; Ppred
29 remove_node (STG; t)
30 remove_node (STG; tyead)

In our methodonly thosesignalswhosetransitiongdirectly precedeanoutputtransitionform the setof its triggers.
Line 12 checksif transitiont,¢aq is controlledby atrigger signalyet. If it is not thentrigger signalsareintroduced
by meansof read-arcs:onnectingtf'ggld to eachplacewhich controlsa transitionin the presetof placep (line 13).
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Transitiont?zgd is addedo thesetTy iy containingransitionswvhicharealreadycontrolledby triggersignalg(line 14).

Recalculatiorof the context signalsinvolvessomechangen thetracker structure.Eachtransitiont in the preset
of theredundanplacep is copiedto t%P (line 16). Thenproducingarc t%P: p is addedandarc(t; p) is deleted,
thusremoving redundanplacep from the postsetf t (line 17) and eachplacepy eq in the presetof transitiont is

copiedto pgfgd (lines18-19).This placepgfgd is usedby thetransitiontfggd in theelementarycycle asanew contet

dup .tdup

signalinsteadof placep, seeread-arc py;eq; tread

in line 20. All arcsincidentto placeppr eq €Xceptconsumingarc

dup

(Ppr ed; t) arecopiedto similar arcsconnectedo placeppr od

(lines 21-23). The consumingarc (Ppr eq; t) is mapped
intoarc pfR,;tP  (lines24).

If theredundanplacep wasthe only placein the postsebf transitiont thenthis transitionis removedtogether
with its presetplacesandtheir incidentarcs(lines 26-29). Finally the transitiont, ¢aq iS removedtogetherwith its
consumingproducingandread-arcslf thereareotherread-arcérom redundanplacesot, ¢oq they have beencopied
into theread-arcgo t?, andareprocesseth the next iterationsof thealgorithm. If thereareredundanplacesin the
pre-presebf placep thesearealsoprocessedh the next iterations.

After theapplicationof optimise_markingndoptimise_bouncealgorithmsto thedevice STGits redundanplaces
arenot marked with tokensanddo not control ary transitionby meansof read-arcs.Theseplacescanbe removed
now by the procedurevhosepseudo-codés shavn in Algorithm 10. Eachredundanplacep is removedindividually
with the requiredchangeof the tracker structure. For eachtransitiont in the presetof p a copy td'2. of the each
transitiontsyec in the postsetof p is created(lines 06-10). The copy transitiontd%?. is addedto the TP which
containsall transitionswhich areduplicatedfor t. Incidentarcsof tg,.c exceptof consumingarc (p;tsucc) arealso
copied(lines 11-13). After thateachplacein the presetof t is connectedy a consumingarc with eachtransitionin
Tdu (lines 14-17). Whenall transitionsin the presetof p are processedthe transitionsin the postseif p andthe
redundanplacep itself areremoved (lines 18-25). If redundanplacep wasthe only placein the postsetof t then

transitiont is alsoremoved.

Algorithm 10 Optimisationof thetracker by redundanplacesremoval

01 procedure optimise _tr acker

02 input: STG=HhP;T;F;R; Mg;1;0i, Pp P
03 output: STG=hP; T; F;,R; Mg; I; Oi

04 for_each p2Pgr do

05 /I Duplicate p transitions and their incident arcs

06 for each t2 p do

07 Tdup .=,

08 for_each tsycc 2 p do

09 create transition tdup.

10 T:=T[ t2, , Tdup .= Tdup [ {dup, n o
11 for_each  pconc 2 tsucc : Pconc 6 P dno F=F] gconc ;tgb‘gc
12 for_each  psucc 2 tsucc do F:=F [ n tgﬁgc ; Psucc

13 for_each  pread 2 ?tsucc do Ri=R| Pread ; touke

14 /I Connect tplaces with all TP transitions

15 for_each ppreg 2 t do

16 for_each tgﬂﬁc 2 T4 Jdo

17 F=F[ ptsl

18 /I Remove redundant place p, p transitions and processed p transitions
19 for_each t2 p do

20 F:=Fnf(t p)g

21 if jtj = 0 then

22 remove_node (STG; t)

23 for_each tsycc 2 p do

24 remove_node (STG; tsucc )

25 remove_node (STG; p)

The procedureof redundaniplacesremoval is describedusinga simple examplewhoseSTG is shovn in Fig-
ure 19(a). Only placesp07, p08 are redundantandthe initial marking doesnot requirerecalculation. Redundant
placesp07 andp08 controltransitionsout1+ andout2+ respectiely. New context andtrigger signalsfor eachtransi-
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tion arefoundby optimise_bouncealgorithm. Its resultis shovn in Figure19(b).

in1=1
p

po9

outl=1
07 (outl¥)~_P10
11

p08  (out2+)

outl=0 in2=1
; p

out2=1

] .
ﬁﬁ
outl+/2

outl=0
9 outl=1 Q
(in2+)a outl /1
(in2+)b (out2+)

out1=0 po6h po8 pil

(out2)
(outl)

O—

: |:| \/ pll
pO6ba (out2+)ax out2=1

(c) Tracler optimisation

Figure19: Remoal of redundanplaces

Dummy (in2+) is split into (in2+)a and(in2+)b becauseét precedeswo redundanplaces.The placep06 which
isin thepresebf (in2+) is alsosplit into p06aandp06h sothatpO06aprecedegin2+)a andp06bprecedegin2+)b.

Only the(in2+)b dummyprecedesedundanplacep08 Thecontet andtriggersignalsof thetransitionout2+ are
de ned by the presebf placep08. Its triggerconsistof placein2=1 which controls(in2+)b andits context is formed
by placep06bwhichis in presebf (in2+)b. Read-arcérom in2=1 to (in2+)b andfrom p06to out2+ areremoved.

Two dummiegin1+) and(in2+)a precedeedundanplacep07 which meangherearetwo mutuallyexclusive sets
of triggers/contet signalsfor outl+. For this reasorthe outl+ transitionis duplicated. Thetrigger of its rst copy
outl+/1lis theplacein1=1 which controls(in1l+); its context is provided by placesp04 andpO5which arein preset
of (in1+). Thetrigger of the secondcopy outl+/2is placein2=1 which controls(in2+)a; its context signalsplaces
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pO6awhichis in presetof (in2+)a. Read-arcdrom p07 to outl+, from in1=1 to (in1+) andfrom in2=1 to (in2+)a
areremoved.

Redundanplacesp07 andp08 arethenremovedfrom the STG usingoptimise_tadker algorithmwhoseresultis
shavn in Figure19(c). Notethatdummy(outl+)is splitinto (outl+)aand(outl+)b. Therearetwo transitionsn the
presebf p07, for eachof themacopy of p07 postseis created.

The algorithmspresentedn this sectionare implementedin the OptiMist toolkit. The toolkit automateghe
mappingof STGsinto circuits. At thesametimeit givesadesignefull controlonthechoiceof optimisationheuristics
andallows manualadjustmenbf thesolutionto speci ¢ requirementsOptiMist canbeemployedin combinationwith
Cadenceéo allow simulationandtechnologymappingof circuits. A basiclibrary of DCsandFFshasbeencreatedor
Cadencelt canbe expandedjf necessaryusingatool from the OptiMist packagewhich generates Verilog netlist
for DCsandFFsattransistoflevel or gate-level.

Theresultspresentedn Section7 andSection8 areobtainedby OptiMist tools.

7 GCD controller example

Considerthe useof the OptiMist tools on the exampleof the GCD control unit whoseSTGis shavn in Figure20.

peq6 peg5 pegd peq3 peqg2 peql

z_req z_ack+ z_req+ eq_ack cmp_req /1 eq_ack+
px1  x_reg+ x_ack+/1 x_req x_ack/1  px5

X_ack+/2 sub_gt_req x_ack /2 sub_gt_reg+pgt3 gt_ack cmp_req /2 gt_ack+
y_ack+/2 sub_lt_req y_ack /2 sub_lIt_req+ It_ack cmp_req /3 It_ack+

plté plt5 plt4 plt3 plt2 pltl

Figure20: STGof GCD controller

Theredundanplacesaredetectedn the original STG beforethe exposureof outputsby theom_detect tool. The
rst heuristicappliedto the GCD exampleis optimise_boice It preventscodingcon icts from occurringin choice
con icting branchesvithout restrictingthe lateng reduction.Theresultof this heuristicis shavn in Figure21(a). It

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

Therearethreeplacespgtl, peqlandpltl which arein the post-postsebf the free-choiceplacecmp2 All of
them are mandatorybecausdhey are precedingthe transitionsof the samesignalcmp_eq Making theseplaces
mandatoryeducesheinput-outputateng for eq_ad&+! cmp_eqg-/1, gt ak+! cmp_eg-/2andlt_ack+! cmp_eq-
/3 handsha&s.However, it is the only way to avoid a codingcon ict.

The secondheuristicoptimise_latencyeducesoth the size andthe latengy of a circuit. The redundantplaces
detectedy this heuristicin the GCD examplearepxl, pyl, px3, py3, px5, py5 pgt3 plt3, pgt5, plt5, peg3andpedp,
seeFigure21(b). Thepresetf eachof theseplacescontaingransitionsof input signalsonly andthe postsetontains

transitionsof non-inputsignals.The commandexecutedfor detectingheseredundanplacess:
$ om_detect --level2 --output gcd_2.g gcd.g

The last heuristicoptimise_sizaletectsredundantplacescmp?2, pgt2, plt2 and peg2in the GCD example,see
Figure21(c). Remoal of placecmplalsodoesnotcauseacodingcon ict, howeverit is keptby theom_detect toolin
orderto preserethesimplicity of thecmp_eqgelementarycycle. Without this placethe positive phaseof thecmp_eq
would becontrolledby two context signalsfrom thetracker (read-arcgrom px4andpy4) andtwo triggersignalsfrom
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the ervironment(read-arcgrom placesx_adk=0 andy_adk=0). Thetrade-of betweerthe compleity of elementary
cyclesandthe numberof placesn thetracker canbe setby commandine parametersf theom_detect tool:

$ om_detect --level3 --join2 --output gcd_3.g gcd.g
peq6 peg5 peg4 peq3 peq2 peql
z_ack+ z_req+ eq_ack cmp_req /1 eq_ack+
x_ack+/1 X_req x_ack/1  px5
o— [ +—0—[1—0o—[+—0—[F—
px3 px4
duml
] B py3 py4 cmp_reqg+
——O0—F—o0—1—0——
pyl vy _reg+ y_ack+/1 y_req y_ack/1 py5
pgté pgts pgt4 pot3 pgt2
sub_gt_req x_ack /2 sub_gt_req+ gt_ack cmp_req /2 gt_ack+
sub_lt_req y_ack /2 sub_It_req+ It_ack cmp_req /3 It_ack+
+1—O«—Il—o0
plt6 plt5 plt4 plt3 plt2 pltl

(a) Choiceoptimisation

peq6 peqg5 peg4 peq3 peq2 peqgl
z_req z_ack+ z_req+ eq_ack cmp_req /1 eq_ack+
pxl  x_reg+ x_ack+/1 x_req x_ack/1  px5
o o—1+—0—[1—
px2 px3 px4
z_ack duml
i - py2 py3 py4 cmp_req+
. _|
pyl vy _reg+ y_ack+/1 y_req y_ack/1
pgté pgts pgt4 pgt3
x_ack+/2 sub_gt_req x_ack /2 sub_gt_req+ gt_ack cmp_req /2 gt_ack+
y_ack+/2 sub_lt_req y_ack /2 sub_lt_req+ It_ack cmp_req /3 It_ack+
«{J+—O«—A_l—o0
plt6 plt5 plt4 plt3 plt2 pltl

(b) Lateny optimisation

peq6 peg5 peg4 peq3 peq2 peqgl
z_req z_ack+ z_req+ eq_ack cmp_req /1 eq_ack+

pxl  Xx_req+ x_ack+/1 X_req x_ack/1  px5

O

px2 px3 px4 capl
k duml
zac py2 py3 py4 um -
p4 _|

pyl vy _reg+ y_ack+/1 y_req y_ack/1 py5

pgté pgts pgt4 pot3 pgt2

x_ack+/2 sub_gt_req x_ack /2 sub_gt_req+ gt_ack cmp_req /2 gt_ack+
y_ack+/2 sub_lt_req y_ack /2 sub_lt_req+ It_ack cmp_req /3 It_ack+

plt6 plt5 plt4 plt3 plt2 pltl

(c) Sizeoptimisation

Figure21: Detectionof redundanplacesn STGof GCD controller

After the detectionof redundanplacesthe om_expose tool partitionsthe STG of GCD control pathinto tracker

andbouncerparts:
$ om_expose --output gcd_3e.g gcd_3.g
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TheresultantSTGis shovn in Figure22. The bouncerconsistsof elementarycyclesrepresentinghe outputsof
GCD controller, onecycle for eachoutput. The elementarycyclesfor theinputsarenot shovn asthey belongto the
environment.Thetracker is connectedo inputsandoutputsof the systemby meansof read-arcsasit is describedn
thealgorithmof outputsexposure.

tracker
z_req=0 z_ack=1 z_req=1 eq_ack=0 cmp_req=0 eq_ack=1
peq6 pea5 peqg4 peqa3 peq2 peql
(z_req) (z_ack+) (z_req+) (eq_ack) (cmp_req /1) (eq_ackH
pxl  (x_reg+) (x_ack+/1) (x_req) (x_ack/1) px5
o
z_ack=0 px2 px3 px4 cmp_req=1
/ x_reg=1 x_ack=1 x_req=0 x_ack=0
(z_ack) duml
y_req=1y ack=1 y_req=0 y_ack=0 cmp_req+
py2 py3 py4
o
pyl (y_reqg+) (y_ack+/1) (y_req) (y_ack/1) py5
x_ack=0 sub_gt_req=0 x_ack=1 sub_gt_req=1 gt_ack=0  cmp_req=0 gt_ack=
pgté pots5 pgt4 pot3 pgt2
(x_ack /2) (sub_gt_req) (x_ack+/2)  (sub_gt_reg+) (gt_ack) (cmp_req /2) (gt_ack+)
(y_ack /2) (sub_lt_req) (y_ack+/2)  (sub_lt_req+) (It_ack) (cmp_req /3) (It_ack+)
plté plt5 plt4 plt3 plt2 pltl
y_ack=0 sub_It_req=0 y_ack=1 sub_It_req=1 It_ack=0  cmp_req=0 lt_ack=1
bouncer cmpl

® cmp_req=0
cmp_req=1

sub_gt_reg®

@ sub_gt_req=0 ()

sub_lIt_req=0
sub_gt_req=1 ®© Q

sub_lIt_req=1

sub_gt_req sub_lt_req

pgt5 plt5

Figure22: Exposureof outputsin STG of GCD controller

After the redundaniplacesare detectedandthe outputsare exposed the STG is optimisedby removing the re-
dundantplacesfrom thetracker part. Theremoval of a placeinvolvesthe changein the STG structurebut preseres
the behaviour of the systemw.r.t. input-outputinterface. The resultof GCD controlunit optimisationis presentedn

Figure23. This operationis automaticallyperformedby the om_transform
$ om_transform  --level5 --output gcd_3et.g gcd_3e.g

This STG cannow be usedfor circuit synthesis. For this eachtracker placeis mappedinto a DC and each
elementarycycle is mappedinto a FFE The requestand acknavledgemenfunctionsof a DC are mappedfrom the
structureof thetrackerin thevicinity of thecorrespondinglace.Thesetandresetfunctionsof a FF aremappedrom
the structureof the setandresetphasef the correspondinglementarycycle. The GCD controllercircuit obtained

by this techniques presentedn Figure24. Thenetlistis producedautomaticallyby the following command:
$ om_verilog gcd_3etg  --statistics --output ged.v

This circuit consistsof 15 DCs and 6 FFs. If the DCs are implementedas transistoflevel fast DCs then the
maximumnumberof transistodevelsin pull-up andpull-down stackss 4. Thistransistorstackappearsn therequest

tool:
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Figure23: Eliminationof redundanplacesn STG of GCD controller

functionof the DC for cmplandis formedby thesignalsx_adk=0, y_adk=0, px4_reqandpy4_rq

Thelongestlateng, which is the delaybetweeraninput changeandreactionof the controllerby changingsome
outputs,is exhibited by cmp_eqsignal. Thelateng of its setandresetphasess equalto the delayof oneDC and
oneFF Theotheroutputsaretriggereddirectly by input signalswhich meanghattheir latenciesareequalto oneFF
delayplusthe delayof oneinverterwhenthetriggersignalrequiresnversion.

8 Benchmarks

This sectionhighlightsthe advantagesanddrawbacksof the direct mappingapproachimplementedn OptiMist for a
setof benchmarksThedirectmappingapproachs comparedgainsexplicit logic synthesigimplementedn Petrify)
in termsof circuit sizeandspeed.The compleity of the underlyingalgorithmsis taken into accountoy measuring
the computationtime of OptiMist and Petrify on Pentium3 1GHz,1Gb RAM computer The effect of optimisation
heuristicson the direct mappingis alsoanalysed For this comparisoreachbenchmarkSTG hasbeensynthesisedh
threedifferentways:

Directmappingby the OptiMist toolswithout detectionandeliminationof redundanplaces;
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Figure24: GCD controllercircuit obtainedby the OptiMist tool

Directmappingby the OptiMist toolswith lateng/ andsizeoptimisationby removing theredundanplacesrom
theSTG;

Logic synthesidy the Petrify tool with automatiaesolutionof CSCcon icts (unlesst isimpossible)andlogic
decompositionnto gateswith at mostfour literals.

Theresultof theexperimentis summarisedn Table?2.

The number of transistorsis counted for the case of places being implementedas fast DCs, request-
acknavledgementogic of DCs and set-resetogic of FFsbeingimplementedat transistorlevel. The condition of
having atleastthreeDCsin aloopis met.

In all experimentsthe lateng is countedasthe accumulatie delay of negative gatesswitchedbetweenaninput
andthe next output. The following dependeng of a negative gatedelayon its complexity is used. The lateng of
aninverteris associatedvith a unit delay Gateswhich have maximumtwo transistordn their transistorstacksare
associateavith 1.5 units; 3 transistors 2.0 units; 4 transistors 2.5 units. This approximatedependengis derived
from the analysisof the gatesin AMS 0.35m library. The methodof lateng estimationdoesnot claim to be very
accurate However, it takesinto accountnot only the numberof gatesswitchedbetweeraninput andthe next output,
but alsothe compleity of thesegates.

All experimentsshav the high ef ciency of directmappingoptimisationheuristics. About 50% of DCs arere-
dundantin the original STG. Their removal resultsin up to 35% improvementin the circuit size. The lateng of the
circuitsalsobene tsfrom the optimisation.In somecaseggcd, vme-lus) the worst-casdateng cannotbeimproved
becausef a potentialcodingcon ict in thecon icting branchesHowever, this lateng is only exhibited by the rst
outputsignalafterthe choiceplace.Thelateny of the otheroutputsis reduced.

The comparisorof the circuits obtainedby OptiMist (with lateng/&size optimisation)and Petrify shavs thatthe
directmappingsolutionsareusuallylargerthanlogic synthesisolutions.However the circuits obtainedby the direct
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benchmark DC | max | max | transistor| worst-case| computation
name count| n fout count lateny time

gcd
OptiMist (no optimisation) 30 2 4 255 4.5 0.11s
OptiMist (lateny&size optimisation) 14 3 4 174 4.5 0.18s
Petrify 116 11.0 18s
vme-hus
OptiMist (no optimisation) 17 3 3 155 5.0 0.09s
OptiMist (lateng&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 (lateny&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 (lateny&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 (lateny&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 (lateny&size optimisation) 11 3 4 98 3.0 0.11s
Petrify (manualCSCresolution) 68 3.0 1.4s

Table2: ComparisorbetweerOptiMist andPetrify

mappingtechniquesxhibit lower outputlateng.

For somebenchmarkge.gcouni Petrify failsto resohea CSCcon ict evenif it is reducible.Manualinsertionof
additionalsignalsis requiredin suchcasesHowever, OptiMist completeghejob automaticallyfor suchbenchmarks.

The OptiMist tools canalsoprocesdarge speci cations,which arenot computableby Petrify in acceptableéime.
This can be illustrated on the scalablebenchmarkwhose STG is shavn in Figure 25(a). Adding the concurrent
branchesas shavn by dashedines one canincreasethe compleity of the benchmark.Whenthe concurreng in-
creasesthe Petrify computatiortime grows exponentially while the OptiMist computatiortime growslinearly on the
samebenchmarkseeFigure25(b). Note thedifferenttime scalefor OptiMist (secondsandfor Petrify (minutes).

9 Summary

A methodfor direct mappingof STGsinto circuit netlist hasbeenpresentedn this chapter The methodexploits
the two-level architecturewherea circuit consistsof two blocks: the tracker andthe block of output ip- ops. The
tracker computescontext signalsfor outputsconcurrentlywith the environmentoperationthusachiesing the lateny
reductioneffect. The output ip- ops generateoutputsfrom context andtrigger signals. The adoptedarchitecture
allowsthe minimisationof state-holdingelementsandreductionof lateng. Thecharacteristiéeatureof themethodis
thatthe optimisationis achiezedat the speci cation(Petrinet) level asopposedo optimisationof logic circuits after
thesynthesistage.

The methodis implementedn a packageof softwaretools called OptiMist. The packagetake an STG asthe
initial speci cation of a system,corvertsthe STG in a form corvenientfor mapping,performsoptimisation,and
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Figure25: Dependeng of computatiortime on STG compleity

producesa Verilog netlist of the circuit. The optimisationof the speci cationrelieson a setof heuristicsaimedat
circuit lateng andsizereduction. This packagecanbe employedin combinationwith Cadenceor simulationand
technologymappingof circuits.

In the OptiMist toolsthe optimisationis performedocally andthe computatiortime grows linearly with the size
of speci cation. This allows to procesdarge speci cationswhich are not computableby logic synthesistools in
acceptabléime.

The OptiMist tools are fully automated.At the sametime a designercan signi cantly in uence the result by
choosingoneor moreoptimisationheuristics.In combinationwith computatiorspeedOptiMist givesthe designeran
opportunityto synthesiseircuitswith differentoptimisationparameterandchoosehe bestsolution.
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