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Abstract

This papemresentsimed event/level(TEL) structuresan extensionto timed event-rulestructuresyhich allows the general
useof signallevels andtiming in the specificationof an asynchronousircuit. TEL structurescanexpresstrue OR causality
aswell aslanguageconstructghatarevery difficult to describeusingpurely eventbasedspecificatiormethods.This flexibility
malesit possibleo easilyexpressvHDL andCSPhandshakingpecificationasTEL structuresCircuitscanbesynthesizedrom
timedevent/level structuresusinga modifiedversionof the geometricdiming analysismethodwithoutary significantincreasen
synthesigime. Thereforetimedevent/level structuresncreasespecificatiorflexiblity withoutimpactingsynthesigperformance.

1 Intr oduction

Althoughasynchronousircuitshave beena popularresearchopic in universitiesfor anumberof years they have beenslow to
catchonin industry Thisis partly dueto the factthatuntil very recently mostof the theoreticaladvantage®f asynchronous
designhad not beenconclusvely demonstratedh practice. However, industry’'s reluctanceto usethis designstyle is largely
dueto thelack of asynchronouslesigntools that are capableof meetingtheir needs.The existing tool suitesfor synchronous
designallow a designetto specifycircuitsin a reasonabhhigh-level languagesuchasVerilog or VHDL. Thetoolsthendo all
the low level detailsof circuit synthesis.Although a numberof asynchronousesigntools exist, they all have weaknessethat
malke themunsuitablgor large scaleindustrialdesignsandnoneof themevencomescloseto theflexibility andpower available
in synchronou€AD tools. Oneof theweaknessess that nearlyall existing asynchronou€AD toolslack supportfor explicit
timing assumptions.Thesetiming assumptiongan often make the differencebetweenan asynchronousircuit thatis faster
thanthe correspondingynchronougircuit andonethatis slower. Timing assumptionganbe mademanuallyby the designer
but this is very error prone. Anotherweaknesss that the behaiors that canbe specifiedby the asynchronousools are often
severelylimited. In particulay mary asynchronousolsdo not provide supportfor checkingthelevel of asignal. This limits the
usefulnes®f thetool andmalkesit difficult to specifyary behaior wheresamplingthe value of a signalis necessarySimple
conceptssuchasaloop on a condition,oftenhave complex or imprecisespecificationsf level informationcannotbe included.
This makesasynchronoudesigntoolsharderto useandlessappealingo industrialdesigners.

Therearecurrentlytwo generalapproacheto specifyingthe behaior of asynchronousircuits: language-baseapproaches
andgraph-basedpproachesThetwo specificatiormethodseachallow a somavhatdifferentclassof circuit to be specifiedand
requiredifferentmethodsfor synthesis.Therefore the specificatiormethodchosencandetermingto a large extent the quality
of the resultingcircuit. Synthesiamethodsfor language-basespecificationdirectly translatea programinto a circuit. One
approachto this is syntaxdirectedtranslationwherelanguageconstructsare mappeddirectly to library blocks[1, 2]. In this
method signallevelsandconcurrenyg aresupportedbut timing informationcannotbe specified Also, the circuitsproducectan
beredundantaindslow sinceoptimizationsare not seenwhensimply mappingprogramconstructgo circuit blocks. In another
language-basedethodthe specificatioris translatedo a circuit usinga serieof semantigreservingransformationg3]. This
approactalsosupportdevels,but it requiresalargeamountof humaninterventionto be effective andhasno supportfor timing.

Graph-basedpecificationmethodsrequirea specificationthat is lower level thanlanguagebasedmethods but canmake
synthesiof efficient circuits easier In onegraph-basednethod,aninterpretedPetrinetor STGis usedfor specification[45,
6, 7, 8. STGsarevery goodat expressingconcurreng. However, the traditional STG synthesigmethodsrestrictthe typesof
choiceallowedin the net,andthey have no supportfor level informationor timing assumptionsThereis an extensionto STGs
thatdoessupportlevels[d, but it requiresa restrictedenvironmentand synthesisalgorithmsfor this extendedspecificatiorare
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not presented Additionally, in [10] extensiongo STGsthatsupportlevels andtiming are presentedHowever, this work, like
[9], doesnot presenialgorithmsfor synthesizingimed STGswith levels. Anothergraph-basedhethod,change diagrams[11],
is similarto STGsbut removessomeof therestrictionsby addingdifferenttypesof arcsto the specification. Theseadditional
arcsallow disjunctive behaior to be specified.However, changediagramsdo not provide a way to modelchoice,andhave no
provisionfor timing information. Othergraph-basetethodsspecifycircuits usingasynchronoustate-machinesndsynthesis
is performedusingburst-modetechniqueg12, 13, 14, 15. The burst-modemethodallows one purely conjunctive expression
to be specifiedon eacharc of the statemachine. However, burst-modesynthesigequiresthe fundamental-modassumption
which statesthat whena statechangeoccurs,all of the changingoutputsareallowed to settlebeforearny changen the input
signals.This cansometimesequireaddingdelaybetweerthe circuit andits ervironmentsothatthe inputsto the circuit do not
changebeforethe outputssettle.Also, state-machinbasedspecificatioris notwell-suitedto expressingconcurrenyg sincestate
machinesareinherentlysequential.Finally, statemachineslo not expresscausalitybetweenoutputandinput eventsdirectly,
makingit difficult, if notimpossible o utilize timing assumption$o optimizethe circuit.

The specificatiormethodusedin the ATACS tool describedn [16] is a combinationof the graph-basedndlanguage-based
approachesWhile the tool acceptdanguage-basesbecificationasinput, it doesnot directly usethemfor synthesis.Instead,
ATACS compilestheinput programwritten in atimed, event-basedhandshakingxpansioninto a graph,which is thenusedfor
synthesis ATACS usestimedevent-rule(ER)structues a variantof Winskel's eventstructureq17] with timing, for synthesis.
Sincetimed ER structuresseparatecausalityfrom conflict, they are both easierto generatdrom high-level descriptionsand
easierto analyze. Unlike all of the previously describedspecificationmethods timed ER structuresallow the useof explicit
timing assumptiong synthesisHowever, like STGs timed ER structurediave no supportfor levelsin the specificationDueto
this limitation, previousversionsof ATACS have limited theinputlanguage$o excludeconditionalloops,true OR causalityand
ary otherconstructghatrequiresamplingthelevel of a signal.

This paperpresentsimedevent/lesel(TEL)structures an extensionto timed ER structureswvhich allows the generaluseof
levelsin the specificationof anasynchronousircuit. TEL structuresallow informationaboutlevelsto be includedin the ER
structurein the form of an arbitrarybooleanexpression.This makesit possibleto extendthe specificationanguagesaccepted
by ATACS to allow the specificationof conditionalloops andtrue OR causality aswell asall other constructsthat require
waits on booleanexpressions. TEL structurescan be synthesizedising a modified versionof the geometrictiming analysis
methodpresentedn [18], without ary significantincreasen synthesigime. Therefore, TEL structuredacilitatemoregeneral
specificationsvithout decreasingynthesigperformance.

2 Motivating example

Oneof the importantspecificationconstructghat is much easierto expresswith levelsis a loop on a condition. This, or ary
constructhatrequiressamplingthe valueof a signalandthenmakinga decisionbasedon the result,is very difficult to specify
in a purely event-basedgemantics.One specificatiorwherea conditionalloop is requiredis the stuf-send-pkZontrollerfrom
the HP PostOffice [15] benchmarksuite. This exampleis cited in [14] asa motivationfor the level extensionto burst-mode
circuitsandhadto be modifiedto be expressedaisan STG for the SIS benchmarlsuite. It is alsoaninterestingexampleof the
expressvenesof TEL structures.

The purposeof this controlleris to managehe transferof pacletsbetweera sendelandarecever. First, thereceverasserts
req whichrequests line to be sentfrom the senderThenthe sendesendgheline andraisessendline Whenthereceverreads
theline, it acknavledgesthe sendeiby raisingackline. Thenthe sendeldowerssendling andtherecever respondsy lowering
adckline. Thisprotocolwill continueuntil thereceverchooseso terminatet. To terminatethepaclettransferthereceverasserts
donesometimeafterthe falling transitionof sendlinebut beforeit raisesadkline again. Whenthe senderdetectshat donehas
risen, it lowerssendlineandalsoraisesac, indicatingit hasdetectedhatthe paclet transferis over. Thereceverthenlowers
req adkline, anddonein parallelandthe senderin responséo this, lowersadk.

Figure 1 showvs the TEL structureghatrepresenthe circuit andernvironmentfor the stuf-send-pk2ontroller TheseTEL
structuresareproducediy compilationof the following handshakindevel descriptionof thecircuit:

procesgircuit

x[[req]; sendlinef;[~done A ackline — sendlinel; [~ackline]; sendlinet; x

| done A ackline — (ackt || sendlinel); [-req A —ackline]; ackl;]]

proces®rnvironment

x[reqt; [sendlinel; acklinef;

[ ~sendline — (donet || acklinel); [sendline]; acklinet [~sendline A ack]; (reql || acklinel || donel); [-ack]
| msendline — acklinel [sendline]; acklinet; ]



Environment

Circuit

[2,5]
<~done & ackline>

[2,5]
<~ackline>

<~req & Conflicts:
~ackline> ack+ # sendline-/1
sendline-/2 # sendline-/1
ack- # sendline-/1

Conflicts:

ackline-/3 # done+
ackline-/3 # ackline-/1
req+ # ackline-/3

Figurel: TEL structureskbuf-send-pkZontroller

Thefirst thing to noticeaboutthe TEL structurerepresentatiofis thateachprocessn the specifications representeavith
a separatd EL structure.In this case thereis one TEL structurefor the circuit, anda secondor its ervironment. This makes
TEL structureshoth easierto compileto andeasierto read. Whenthis particularspecificationis brokenup into processest is
clearthatthe circuit itself is fairly simple,while the ervironmentis morecomplex. TEL structureswill be definedformally in
thenext section however, intuitively they canbethoughtof asgraphicalrepresentationsf timed handshakingxpansionsEach
transitionin aprocessorresponds aneventin the TEL structure In thefigure,eventsareshovn asboxesconnectedby arrows.
If thesametransitionoccursmultipletimesin ahandshakingxpansiorit mayoccurmultipletimesin the TEL structure however
anoptimizing stepcanoftenremove multiple occurrencesf events. Thearronvs thatconnecteventsarereferredto asrules and
areannotatedvith bothabooleanexpressioranda lower anduppertiming bound.Rulesrepresenthe causalitybetweerevents
in a process.Whentwo eventsoccursequentiallyin the handshakingxpansion,a rule connectghem. If thereis a wait on a
conditionbetweerthesetwo events,therule is annotatedvith thatwait, indicatingthatthe secondeventcannotoccuruntil both
thefirst eventhasoccurredandthe conditionhasbeensatisfied. Thetiming bound,which distinguished EL structuregrom the
previously describedspecificatiormethodsallows the designetto specifya rangeon the delaybetweerthe firings of eventsin
boththecircuit andits environment. The compilationof bothCSPandVHDL specificationgo TEL structuress addressedore
formally in [19].

The behavior of TEL structurescan be illustratedby examining how the structurefor the shuf-send-pk2makes a choice
basedon the valueof signaldone. If done is low whensampledthe handshakingndicatesthatonly the eventsendline-can
fire, otherwiseeventssendline-and ack+ occurin parallel. This choiceis representedn the TEL structureby the conflict
relation(definedormally in the next section). If two eventse; andes conflict, indicatede; #e», eithere; or ex canfire, but
not both. In this circuit, therearetwo sendline-events,sendline-/landsendline-/2 both of which causethe signalsendlineto
fall. However, the conflict relationstateshat only oneof themcanoccut Additionally, ack+ conflictswith sendline-/1 Both
therulessendline+ — ack+ andsendline+ — sendline-/2areannotatedvith the expression(done A ackline), indicating
that theserules cannotfire unlessboth doneand acline are high. This correspondso the conditiondone A ackline in the
handshakingxpansion.Therule sendline+ — sendline-/Iis annotatedvith the expression—done A ackline), corresponding
to theotherchoicein the handshakingxpansion.If done is low whenackline rises,eventsendline-/Iwill fire. If done is high
whensampledthe TEL structureallows both ack+ and sendline-/2to0 occurin parallel,just as specifiedin the handshaking
expansion.This exampleshavs how choicesbasedon signallevelsin handshakingsxpansionsanbe directly representethy
TEL structures.

This exampleshavs how TEL structuresanbe usedto represenspecificationshatarequitedifficult to expresswith purely
eventbasedspecificatiormethods Althoughthey areno moreexpressie thangeneralPetrinets,they aremoreexpressie than
thefree choicePetrinetswhich arerequiredby mostSTG synthesisnethods.Sincethey allow processeto be separatecthey
significantlysimplify compiliation,increaseeadabilityandmake it possibleto compilelanguageconstructghatinvolve levels.
They alsoallow the designetto make timing assumptiong boththe circuit andthe environmentwhich arenot possiblewith the
otherspecificatiormethods.



3 The semanticsof TEL structures

Event structuresvere introducedby Winskel[17] andtiming hasbeenaddedto themin several ways. Subrahmayam added
timing to event structuresusing temporalassertiong20]. Burnsintroducedtiming in a deterministicversion,the event-rule
system,in which causalityis representedsinga setof rules,anda singledelayvalueis associateavith eachrule[2]]. Timed
ER structuresjntroducedby Myersin [16], allow a delayrangeto be associatedvith eachrule. They canrepresent setof
specificationsequialentto thoserepresentedby both time andtimed Petri netsand can often expressspecificationin a much
moreconciseway thana Petrinet. TEL structuresdescribedormally below, extendtimed ER structuredy allowing aboolean
expressiorto be associateavith eachrule.

3.1 Timed event/level structures

A TEL structures a6-tupleT = (N, so, A, E, R, #) where:

N isthesetof signals;

so = {0,1}" istheinitial state;

ACN x {+,-} U $isthesetof actions;

E C Ax (N ={0,1,2..}) isthesetof events;

RCEXExN x (NU{oo}) x (b:{0,1}¥ — {0,1}}) isthesetofrules;
# C E x E istheconflictrelation.

oukrwnhpE

Thesignalset, NV, containsthe wiresin the circuit specification.The statesy containstheinitial valueof eachsignalin N.
Theactionset, 4, containsfor eachsignal,z, in N, arising transition,z+, andafalling transition,z—, alongwith thedummy
event$, whichis usedto indicateanactionthatdoesnot causea signaltransition. The eventset, E, containsactionspairedwith
occurrencendices(i.e., {a, 7)). Rulesrepresentausalitybetweerevents.Eachrule, r, is of theform (e, f,, u, b) where:

1. e = enablingevent,

2. f =enablecavent,

3. (I, u) = boundediming constraintand

4. b = asum-of-productdoolearfunctionoverthesignalsin V.

A rule is enabledif its enablingeventhasoccurredandits booleanfunctionis truein the currentstate. Therearetwo possible
semanticoncerningthe enablingof a rule. In one semanticsyeferredto as non-disablingsemanticsoncea rule becomes
enabledjt cannotloseits enablingdueto a changen the state.In the othersemanticsteferredto asdisablingsemanticsa rule
canbecomeenabledandthenloseits enabling. This canoccurwhenanothereventfires, resultingin a statewherethe boolean
functionis nolongertrue. In thenon-disablingcase aruleis satisfiedf it hasbeenatleast! time unitssinceit wasenabledand
expiredif it hasbeenatleastu time unitssinceit wasenabledIn thedisablingcasearuleis satisfiedf it hasbeencontinuously
enabledor atime greaterthanor equalto / andexpiredif it hasbeencontinuouslyenabledor a time greaterthanor equalto
u. Thedifferencehereis thatin the non-disablingcase a changen the stateaftertherule is enableddoesnot effect the time at
which it becomesatisfiedor expired. Excludingconflicts,an eventcannotoccuruntil every rule enablingit is satisfied andit
mustoccurbeforeevery rule enablingit hasexpired.

Theconflictrelation,#, is usedto modeldisjunctive behaiior andchoice.Whentwo eventse ande’ arein conflict (denoted
e # ¢€'), this specifieghateithere canoccuror ¢’ canoccur, but not both. Takingthe conflict relationinto accountf two rules
have the sameenabledaventandconflictingenablingevents,thenonly oneof thetwo mutually exclusive enablingeventsneeds
to occurto causethe enabledevent. This modelsa form of disjunctive causality Choiceis modeledwhentwo ruleshave the
sameenablingeventandconflictingenabledevents.In this case pnly oneof the enabledeventscanoccur

Figure 2(a) shavs an exampleof a specificationexpressedas a TEL structurewith non-disablingsemantics. It hasone
conflict,b + # c+, whichindicatesghateithertheeventb+ or theeventc+ canoccur, but notboth. It alsoimpliesthatonly one
of thesignalsb+ or c+ is necessaryo fire a—. Therulesa+ — b+, anda+ — c+ do not have level annotationsTheserules
functionexactly thesameasrulesin standardER structuresandareenabledassoonastheir enablingevent,a+, fires. Sincethey
have a boundediming constraintof [2,5], eachof thembecomessatisfied2 time units after a+ firesandexpired 5 time units
aftera+ fires. Theruleb+ — a— hasalevel annotation{e), anddoesnotbecomesnableduntil bothb+ hasfired andthesignal
e is true. It becomesatisfied3 time unitsafterit becomesnabledandexpired 6 time unitsafterit becomesnabled.Therule
¢+ — a— alsohasa level annotationf Vv g), andbecomesnabledafter c+ hasfiredand f V g is true. Sincethe semantics
is non-disablingponcethe expressiorhasbecometrue, the rule will becomesatisfiedafter 6 time units, evenif the expression
laterbecomedalse.ln generalpon-disablingsemanticareusedfor CSPor VHDL specificationsFigure2(b) shavsanor gate
representeédsa TEL structurewith disablingsemantics.Therule z— — z+ becomesnabledvhenz— hasfiredandz Vv y



Conflicts:
b+ # c+

Figure2: Examplesf TEL structures.

is true. It will becomesatisfied2 time unitslater If bothz andy becomefalsebeforez+ fires, the rule is disabledandit is

not satisfiedagainuntil 2 time unitsafterz v y becomedrue again. Disabling TEL structuresarea very intuitive andcompact
way to modelgates.A combinationof the semanticsvherenon-disablingsemanticareusedfor the specificatioranddisabling
semanticareusedfor theimplementatiors usefulfor verification.

3.2 Timed configurations

We definethe behaiiors specifiedby TEL structuresastimed configuations[16]. Winskel definedthe allowed behaiors of
eventstructuresaassubset®f events,or configuiations[17]. In orderto describethetiming behaior of a TEL structure timed
configurationgnclude the time at which eachevent occurred. Also, sincethe conceptof currentstateis necessaryor TEL
structurestimed configurationsare definedas sequencesf events,ratherthanassets,so the statethat resultsfrom firing the
eventscanbe computed.

Thefirst requiremenfor a sequencef eventsto be a configurationis thatit mustbe conflict-free In otherwords,if two
eventsarein conflict, they cannotbothoccurin a configuration.The consetis the setof finite conflict-freesequencem E*, i.e
conC E* is definedasfollows:

con = {X =uzg...2n|X € E" AV, 25 : ~(xi#x;)}

In orderto addtiming, theTconsetis derivedfrom thecon setby pairingeacheventwith thereal-valuedtime atwhichit occurred
(i.e.,TconC (E x R)*). Thefunctionuntime : Tcon — con generateanuntimedeventsequencérom atimedeventsequence
in the obviousway.

The secondrequirements thatall eventsin the subsetmustbe time-secued Informally, this meanghatfor eacheventin
the sequenceall the eventsneededo enablethe event preceddt in the sequencelt is usefulin thefollowing discussiorto be
ableto determinethe setof eventsthatoccurin a sequenceX € con or Z € Tcon. Thesesetsarefound usingthe functions
set : con — 2F andT'set : Tcon — 2F*%®:

set(zg...xn) ={x:F:2; =z}
Tset(zo...2n) ={z:3:2; =2z}

In orderto determinevhetheraruleis enabledn aTEL structurejt is necessarjo determinef theboolearexpressiorassociated
with therule is satisfiedin the currentstate. Giventhata sequenc®f events X hasoccurredthe currentstateis the resultof
firing all of theeventsin thesequencén orderstartingfrom theinitial statesy. Thefunctions : con — {1,0}" takesasequence
of eventsandcomputeghefinal valuefor eachsignalin the currentstateasfollows:

1 if (3z; € set(X) :z; = (ui+,m)) A (-3, € set(X) : x = (wj—,m') ANk > j)
s(X)@) =< 0 if (3z; € set(X):z; = (ui—,m)) A (—3zy, € set(X) : zp = (ui+,m') ANk > j)
so(i) otherwise

This equationsimply stateshatif thelasteventto occuron asignalis arising transition,its final valueis 1. If thelasteventis
a falling transition,its final valueis 0. And if therehase beenno eventson the signalit hasits initial value. The currentstate
functionallows arule enablingrelationto beformally defined.As describedefore therearetwo differentsemanticgoncerning
rule enabling:onefor thedisablingcase andonefor the non-disablingcase In orderto clarify the differencestwo separateule
enablingrelations(=C con x R) aredefined:

X E (e f,l,u,b)) & [FY < X :e€set(Y)Ab(s(Y))] non-disabling
X E (e, f,l,u,b)) < [e € set(X) A b(s(X))] disabling



In the non-disablingcase this meanghatarule is enabledy thesequenceX if thereis someprefix Y of X whereits enabling
eventhasfired andits boolearconditionis satisfied A prefixof X is usedfor thenon-disablingasesinceaneventfiring afterthe

rule becomesnablednay causethe booleanexpressiorto becomefalse,andin the non-disablingcase this shouldnot disable
therule. In the disablingcase the rule is enabledby a sequenceX if its enablingeventis in X andits booleanconditionis

satisfiedby the currentstate. Thereforewith this definition, eventsfiring aftertherule becomegnablednay causet to become
disabled.Therule enablingrelationsareusedin thedefinitionof the untimedenablingrelationfor events,(- C con):

Xtferr=({fLubeR=[(XEr)VIr=( ' ub)eR: X ErA(e#e)]

This saysthatif the eventsin thesequenceX have occurredtheevent f is untimedenabled This is true whenall of therules
thatenablef areeitherenabledor have an enablingeventthat conflictswith the enablingevent of anotherrule enablingf that
is enabled Eitherthedisablingor non-disablingule enabled-elationcanbe usedwhendeterminingf aneventis enabled.This
choicecanbe madeon a global basisfor the entire TEL structureor canbe madeon a rule by rule basisby addingan extra
typefield to eachrule. Theuntimedrelationmalesit possibleto definethefunction, secured C con which determinesgivena
sequencef events,whethereacheventwasenabledvhenit fired:

secued(zg ... zn) < [Vi <n : {zo,...,Ti—1} F 24

The secuedrelationdefinedabove doesnot considertiming. In orderto getatime-secued relation,a few morefunctionsthat
dealwith timing andeventsequenceareneeded. Thefirstone,L : Tcon x ® — N, returnstheindex of the lasteventin the
sequencég thatfired ator beforetime ¢:

L(Z() .. .Zn,t) = max{i 1z = <.’Ei7ti> Nt < t}

Thenext function,time_pref: Tconx R — T'con, useshisindex to computethe prefix of thesequence’ thatcontainsall events
thatfired at or beforetime ¢:

timepref(Z,t) = z0...21(z)
ThefunctionTs:Tconx ® — {0, 1}¥, thenusegtime prefto determinethe stateata giventime:
T Z,t) = s(untimdtime_pref(Z, t)))

Finally, therelationConSatC (b : {0,1} — {0,1}) x Tconx R x R, usesTsto determinewhethera booleanexpressioris
continuouslysatisfiedn theinterval from ¢, to ¢,:

ConSa([b, Z, tl,tz) = (Vt 1t Lt <ty => b(TS(Z, t)))

Thesefunctionsmake it possibleto reasoraboutwhetheraruleis satisfied. Therule satisfiedrelation,sat C Tconx R x R x R,
determinesvhetheraruleis satisfiedattime ¢ giventhatits enablingeventfired attime ¢':

sat( Z, (e, f,l,u,b),t,t") < [3t" : b(Ts(Z, ")) AN ({t" > ')A (t >t +1)] non-disabling
sat( Z, (e, f,l,u,b),t,t") < [3t" : b(Ts(Z, ")) A (" > ') A (t > t" +1) AConSath, Z,t",t)] disabling

Theseequationstatethataruleis satisfiedf it hasbeenatleast! time unitssinceits enablingeventfired andits boolearequation
becamesatisfied. In the disablingcase thereis the addedrequirementhat the booleanexpressionrmustremaincontinuously
satisfieduntil time ¢. Thetimedenablingrelation, (-;C Tconx R x E), usesthe satrelationto definewhetheranevent f is
enablecattimet by asequence:

Z by f & [(untim€Z) F f) AV(e,t') € TselZ) : (e, f,1,u,b) € R = sat(Z,{e, f,l,u,b),t,t")]

This saysthatthe event f is timed enabledby a sequencé if it is untimedenabledoy the untimedversionof Z andall of the
rulesthatarenecessaryo make f enabledaresatisfied. Thetime-secued C Tconfunctioncannow bedefinedasfollows:

time-secued((eg, to), - - -, (én,tn)) & [Vi <n : {(eo,t0),--.,(€i—1,ti—1)} Fe; €i]

This saysthe sequencef event-timepairsin Z is time securedf andonly if eachevent-timepair (e;, t;) in Z is timedenabled
by theprefixof Z endingin (e;_1,;1).



Thethird requirementor a subsebf eventsto be a configuratioris thatit is non-expired An eventis expiredwhenfor each
of therulesenablingit, the time sincethe rule wasenabledhasexceededhe upperboundof the rule’s timing constraint. The
relationRexp C Tcon x R x R x R, determinesvhetheraruleis expiredgiventhatits enablingeventfired attime ¢':

Rexp(Z, (e, f,1,u,b),t,t') < [Ft" : b(Ts(Z,t")) A" > ')A (> t" 4+ u)] non-disabling
Rexp(Z, (e, f,1,u,b),t,t') & [Ft" : b(Ts(Z, ")) A" > ')A (t >t +u) AConSath, Z,t",t)] disabling

Theseequationsstatethat a rule is expired if it hasbeenat leastu time units sincea time after its enablingevent fired and
its booleanequationwassatisfied.In the disablingcase thereis the addedrequirementhat the booleanexpressionrmusthave
remainecdcontinuoushsatisfieduntil time¢. Theseequationgreusedin therelationexpired C Tconx E x R to determinevhen
aneventis expired:

expired Z, f,t) < [(untim&Z) & f) AV(e,t') € T'set(Z) : (e, f,l,u,b) € R = Rexp(Z, e, f,1,u,b),t,t')]

Thenext relation,non-pired C Tconx FE, stateghatatimedconfigurationZ is non-expiredif for every event,eithertheevent
hasoccurredandwasnot expiredwhenit occurreda conflicting eventoccurredandwasnot expiredwhenthateventoccurred,
or theeventhasnot occurredandis notexpiredatary time beforethelatesttime of any eventoccurrencen theconfiguration.

non-epired Z) < [Vf € E : [(3(f,t) € Tset(Z) : ~expiredtime_pref(Z,t), f,t)) V
A(f',t) € Tset(Z)(f#f') A —~expiredtime pref(Z,t), f,t) V

teR"< t} : mexpired(time_pref(Z,1), f,t
vew _(e,t)é%%}fzt(z){} expired(time_pref(Z,t), f,1)]]

A timedconfiguratiorof a TEL structure (N, s, 4, E, R, #), is asequencef event-timepairsZ C 2F*%* whichis:

1. conflict-free:Z € T'con;
2. time-securedtime-secued 2);
3. non-epired: non-epired 2).

4 Geometrictiming analysisof TEL structures

Asynchronougircuits aresynthesizedrom TEL structuredy usinga depth-firstsearchto find all of the statesallowed by the
specificationln orderto performthis searchthealgorithmmustbeableto determinevhichrulesareenabledo fire in any given
state. A rule is untimedenabledf its enablingeventhasfired andits booleanexpressions satisfied. Therefore the algorithm
usesaset,R,,, which containsall ruleswhoseenablingeventhasfired anda statevectors,.., whichindicateshe currentvalueof
eachsignal. Thepair R,,, x s, definesanuntimedstatesinceit indicateswhich rulesareenabledbut saysnothingabouttiming.
Fromthis state the algorithmcandeterminethe setof enabledrules, R.,,. R., canbe constructedrom the untimedstateby
includingonly thosemembersf R,, whosebooleanexpressionsresatisfiedby s.. In orderto determinewhichrulesin R.,,
aresatisfiedtiming informationis neededHow this setof timing information,Tl, is representedepend®n the specifictiming
analysisalgorithmbeingused.At a minimum,this informationmustcontainhow long eachrule hasbeenenabled A timedstate
is definedto be R,,, x s. x Tl. A timedstatecontainsall theinformationnecessaryo computethesetof satisfiedules,R,. Only
rulesin R, areallowedto fire andcauseatransitionto anotherstate.

Ourtiming informationis representedith geometricegions, firstintroducedn [22, 23, 24]. Thisapproacthasbeenshovn
to be efficient for timed statespaceexploration[25, 26, 18] andcanbe easilymodifiedto analyzeTEL structureswithout ary
substantialncreasen synthesigime. The geometricregion basediming analysismethodfor timed ER structureds basedon
keepingtrackof therelationshipdetweerthe enablingtimesof a setof rules. Theonly changehatneedso be madeto extend
themethodto TEL structuress thatthe enablingconditionnow hasanaddedrequirementBeforearule is consideredtnabled,
its booleanexpressiommustbe satisfiedby the currentstateof the signalsandif the disablingsemanticss used,the expression
mustremainsatisfieduntil theenabledaventfires. It is necessaryo keeptrackof thesignalstatesn orderto usetheresultof the
statespaceexplorationin synthesisaanyway, sothis checkaddsno additionalspaceandrequiresminimal computatiortime.

Whenthegeometriaegionapproactis usedfor timing analysis partof Tl is definedto beaconstraintnatrix M thatspecifies
themaximumdifferencen time betweertheenablingtimesof all therulesin R.,,. The0th row andcolumnof thematrixcontain
the separationdetweerthe enablingtimesof eachrule in R.,, anda dummyrule ry. The enablingtime of ry is definedto be
uniquely0. Eachentrym;; in thematrix M hasthe valuemax(t(enablindj)) — t(enablingi))), which is the maximumtime
differencebetweerthe enablingtime of rule j andthe enablingtime of rulei. Sincethe enablingtime of ry4 is alwayszero,the
maximumtime differencebetweerthe enablingof rule i andthe enablingof rule ry (mg;) is justthe maximumtime sincei was



Algorithm 4.1 (Firearule)
timedstatefire_rule(rule (e, f,1,u,b), timedstate(R,,, s, M, Ry), TEL(N, s¢, A, E, R, #), bool disabling)
M[m_index({e, f,, u, b)][0]=-I;
recanonicalize\/);
projeC(M, {(6, Il u, b>})7
Ry =R;U {(e, flLu, b)};
Ry = Ry — {{e, f,l,u,b);}
If(V (6,’, f, li,ui,bi) €ER: ((7"1 (S Rf) \ (E"I“j = <€j, f, lj,Uj,bi> € Rf : 6,#61)))){
if (f = (ui+,m)) sc[stindex(u;)] = 1;
elsif (f = (u;—,m)) s¢[s-index(u;)] = 0;
if (disabling)
foreacr(ri = <ei7 fi7 lia Us, bl) € Rm U Rf)
if (_'bz (sc) Ari € Rm) prOjeC(M, {(eia fi7 lia Us, bz>})7
e|Sif(—|bi(8c) Ar; € Rf){
Rf = Rf —Ti;
R, =R, + T3

}
project{M, {r; = {e;, fi,li, wi, b;) € R : fi#f});
Ry = R — {{es, fir li, wis bi) € Ry @ fi#t [
Ry = Ry — {{es, fisli,ui,bs) € Ry« fi = fV fi# [}
R,=R,U {<€i,f,',li,ui,bi> ER:e;= f},
addruleqM, R,,,);
adwancetime(M);
recanonicalizéM);
}

return((Rm, sc, M, Ry));

}

Figure3: Procedurdor firing arule.

enabled.The maximumtime differencebetweenthe enablingtime of ry andthe enablingtime of rule ¢ (myo) is the negation
of the minimumtime sincei wasenabled.Note that M only needsto containinformationon the timing of the rulesthatare
currentlyin R.,, not on the whole setof rules. This constraintmatrix represents corvex | R.,,| dimensionalregion. Each
dimensioncorrespond$o arule andthefiring timesof the enabledaventsfor the rulescanbe arywherewithin the space.

Whenan eventfires and causesew rulesto be addedto R.,, the matrix needsto be updatedto reflectthe new timing
information. Informationaboutthe nenly enabledrulesmustbe addedo the constraintmatrix andinformationaboutrulesthat
arenolongerin R., mustbe removed. The main operationusedto do this is recanonicalization Recanonicalizationakesa
matrix M wheresomeof them;;'s aregreaterthanmax(t(enablindj)) — t(enablings))) andproducesa matrix whereall the
m;;’s have their maximumallowed value. The assignmenbf the m;;’s so thatthey all have their maximumvalueis always
unique,sothe algorithmcandeterminevhena givenregion is equivalentto or containedn a region thathasbeenseenbefore.
Recanonicalizatiors essentialljtheall pairsshortespathproblemandcanbedonein O(n?) timewith Floyd’salgorithm.When
thealgorithmis usedfor maintainingaregionmatrix, it canin factbedoneincrementallyin O(n?) time, sincemostof theentries
in the matrix alreadyhave their canonicalvalue[27].

In our versionof the geometricregionsalgorithm[18], timing informationis updatedwheneer a rule fires, andrulesare
allowedto fire independenthof events. This approactis a generalizatiorof the geometricregionstechniquepresentedn [27],
wheretiming information only changesvhenan eventfires. Our algorithmeliminatesthe single behavioal rule restriction
which requireshateacheventhasonly asinglerule thatcontrolsits firing time. In our algorithm,a rule canalwaysfire whenit
is satisfied.Thefiring of arule, however, doesnotalwayscorrespondo thefiring of anactualevent. An eventonly fireswhenall
of therulesenablingit have fired. As rulesfire, they areprojectedout of the constraintmatrix, andareremovedfrom R,,, Ry,
andR,. They areaddecto anew setof “fired” rules, R, whichis partof thetiming information. Sincethey have fired, timing
informationaboutthemis no longerneededbut the factthatthey have fired mustberecorded Whena setof rulessufficientto
enableanevente arein Ry, e canfire.

A depthfirst searchs usedto find the statespaceof a TEL structure.Fromatimedstate,R,, x s. x M x Ry, thesearch
algorithmcalculateghe R, set. It thenchooses rule from R, to fire, placesthe restof the rulesin R, on the stackandcalls
thefire_rule function shavn in Figure3 to actuallyfire therule. If the timed statereturnedby fire_rule hasbeenseenbefore,



the algorithmpopsan unexploredtimed stateoff the stack. The fire_rule function takesasinput the rule chosento fire anda
timed state,andreturnsthe timed statethatresultsfrom firing therule. The m.index functionusedin the algorithmtakesarule

andreturnsits index in the constraintmatrix. The first stepof the function setsthe minimumtime sincethe enablingof the
firing rule to be its lower bound,sincein orderto fire, it musthave beenenabledaslong asits lower bound. The matrix is

thenrecanonicalizedb producea new regionthatis constrainedy this firing time. Thetiming informationfor thisrule is then
removed from the matrix by the project operation.Projectionsimply removesthe rows and columnscorrespondingo a setof

rulesfrom the matrix. This stepis whatallows the size of the constraintmatrix to remain|R,,, + 1| insteadof growing with

the sizeof the specification.Therule is alsoaddedio Ry andremovedfrom R,,. Next, the algorithmchecksif firing this rule

hascausedry eventsto befired. An eventis fired if all of therulesthatenableit areeitherin R; or conflictwith anotherrule

thatis in Ry. If no eventcanfire, the algorithmis done. Otherwise the algorithmupdateshe statevector usingthe s.index

functionto find the index of the signalin the statevector If the eventis a signalfiring, the appropriatebit of the statevector
is updated.If the eventis $, the statevectorremainsunchangedThe next stepis only necessaryf the semanticss disabling.
In this step,the algorithmchecksto seeif ary ruleshave becomedisabledby the firing of the event. This would occurif the
eventfiring causedhe booleanfunctionassociatedvith the rule to becomefalse. Timing informationfor arny disabledrulesin

R, is projectedout of the constraintmatrix andary disabledrulesin Ry areremosedandaddedbackto R,,. Thisis theonly

differencan thealgorithmbetweerdisablingandnon-disablingsemanticsNext, thealgorithmremovesary rulesthatenablean
eventthatconflictswith thefiring eventfrom constraintmatrix M/ andsetsR,, andR; . Additionally, it remosesfrom Ry ary

rulesthatenablethefiring event. Next, it addsto R,,, ary ruleswhoseenablingeventis thefiring event. Timing informationon

thenewly enabledulesis thenaddedo the matrix. Whenarule is initially enablednotime haspassedinceits enabling sothe
entriesin the matrix for the minimumandmaximumtimessinceits enablingaresetto zero. The maximumdifferencebetween
the enablingtime of a nenly addedrule andary previousrule is just the maximumtime sincethe enablingof the previousrule.

Therefore the new row of the matrix is setto equalthe Oth row. The minimum differencebetweerthe enablingtimesof a nev

rule andanold rule is the minimumtime sincethe enablingof the old rule, sothe new columnis setto the Oth column. Then,
in theadvancedime step,the maximumsin the Oth row aresetto their maximumspecifiedvalue (the upperboundson therules)
andthe matrix is recanonicalizedWe now have a constraintmatrix representinghe region of possiblefiring timesfor therules
thatareenabledn thenew timedstate.

This variationon the geometricregions approachallows us to analyzespecificationsontaininglevels with no increasan
computationatompleity. The only additionalstepstakento analyzespecificationswith levels arechecksat variouspointsin
the algorithmto seeif the level is satisfied. Thesesimple booleancheckstake very little time, andthe stateinformationthat
they requireneedsto be computedfor synthesisanyway. Thereforethis algorithmincreaseshe flexibility of the specification
languagewvithoutimpactingsynthesigime.

5 Synthesisof sbuf-send-pkt2

We attemptedo synthesizehis circuit usingthe new timing analysisalgorithmfor TEL structuresn the ATACS system,but
foundthatit wasinitially unsynthesiziblelueto acompletestatecoding(CSCiolation[4]. TheCSCviolationcouldberesohed
in threeways. The standardnethodof addinga statevariableproduceda circuit, but it is somavhatcomplex andslow. Another
way to eliminatethe violation is to usearule to orderthetransitionson ack+ andsendline — /2 sothatack+ transitionsfirst.
This produceda fasterandmoreefficientcircuit thanthe statevariablesolution. Thefinal methods to make atiming assumption
in the specificationlf we specifythatthe maximumtime boundon sendline+ — ack+ is 4 while the minimumtime boundon
sendline+ — sendline — /2 is 5, thenack+ will alwaysoccurfirst, eliminatingthe statethatcauseshe CSCviolation. This
timing assumptioryieldsthe smallesimostefficient circuit, consistingof only onegeneralizedC-elemen{3] andonethreeinput
and gate.Thetiming assumptiomwould, of course needto beverifiedaftersynthesigo seeif it is valid.

This exampledemonstratethe flexibility of TEL structuresin asynchronousircuit synthesis. The extendedburst-mode
approacho specifyinglevel signalsdoesnot give the designeiflexibility to make timing assumptionsr explicitly orderoutput
transitionswithout interveninginput signaltransitions.In thatapproactonly the statevariablesolutionto the CSCproblemis
possible TEL structuregyive designersnorechoicesandallow themto producebettercircuits.

6 Conclusionsand futur e work

We have presentednextensiorto timedER structureghatallowsthespecificatiorof level signalsandatiming analysisalgorithm
that allows circuits to be synthesizedrom them. This extensionfacilitatesthe compilationof mary new languagdanguage
constructsvhichmalke asynchronousynthesigrom a standardhardwaredescriptionianguagesuchasVHDL possible[19 This



addedflexibility bringsasynchronousynthesigoolsa stepcloserto the power of synchronousgools. In the future, we planon
modifying the partial ordertechniquegpresentedn [18] to work on TEL structuresandapplying TEL structurego problemsn
timing verification.

v
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