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Abstract

This paperpresentstimedevent/level(TEL) structures,anextensionto timedevent-rulestructures,which allows thegeneral
useof signal levels andtiming in the specificationof an asynchronouscircuit. TEL structurescanexpresstrue OR causality,
aswell aslanguageconstructsthatarevery difficult to describeusingpurelyeventbasedspecificationmethods.This flexibility
makesit possibleto easilyexpressVHDL andCSPhandshakingspecificationsasTEL structures.Circuitscanbesynthesizedfrom
timedevent/level structuresusingamodifiedversionof thegeometrictiming analysismethodwithoutany significantincreasein
synthesistime. Therefore,timedevent/level structuresincreasespecificationflexiblity without impactingsynthesisperformance.

1 Intr oduction

Althoughasynchronouscircuitshavebeena popularresearchtopic in universitiesfor a numberof years,they have beenslow to
catchon in industry. This is partly dueto the fact thatuntil very recently, mostof the theoreticaladvantagesof asynchronous
designhadnot beenconclusively demonstratedin practice. However, industry’s reluctanceto usethis designstyle is largely
dueto the lack of asynchronousdesigntools thatarecapableof meetingtheir needs.Theexisting tool suitesfor synchronous
designallow a designerto specifycircuits in a reasonablyhigh-level languagesuchasVerilog or VHDL. Thetools thendo all
the low level detailsof circuit synthesis.Althougha numberof asynchronousdesigntoolsexist, they all have weaknessesthat
make themunsuitablefor largescaleindustrialdesignsandnoneof themevencomescloseto theflexibility andpoweravailable
in synchronousCAD tools. Oneof theweaknessesis thatnearlyall existing asynchronousCAD tools lack supportfor explicit
timing assumptions.Thesetiming assumptionscanoften make the differencebetweenan asynchronouscircuit that is faster
thanthecorrespondingsynchronouscircuit andonethat is slower. Timing assumptionscanbemademanuallyby thedesigner,
but this is very error prone. Anotherweaknessis that the behaviors that canbe specifiedby the asynchronoustools areoften
severelylimited. In particular, many asynchronoustoolsdonotprovidesupportfor checkingthelevel of asignal.This limits the
usefulnessof the tool andmakesit difficult to specifyany behavior wheresamplingthevalueof a signalis necessary. Simple
concepts,suchasa loop on a condition,oftenhave complex or imprecisespecificationsif level informationcannotbeincluded.
Thismakesasynchronousdesigntoolsharderto useandlessappealingto industrialdesigners.

Therearecurrentlytwo generalapproachesto specifyingthebehavior of asynchronouscircuits: language-basedapproaches
andgraph-basedapproaches.Thetwo specificationmethodseachallow a somewhatdifferentclassof circuit to bespecifiedand
requiredifferentmethodsfor synthesis.Therefore,thespecificationmethodchosencandetermineto a largeextent thequality
of the resultingcircuit. Synthesismethodsfor language-basedspecificationsdirectly translatea programinto a circuit. One
approachto this is syntaxdirectedtranslationwherelanguageconstructsaremappeddirectly to library blocks[1, 2]. In this
method,signallevelsandconcurrency aresupported,but timing informationcannotbespecified.Also, thecircuitsproducedcan
beredundantandslow sinceoptimizationsarenot seenwhensimply mappingprogramconstructsto circuit blocks. In another
language-basedmethod,thespecificationis translatedto acircuit usinga seriesof semanticpreservingtransformations[3]. This
approachalsosupportslevels,but it requiresa largeamountof humaninterventionto beeffectiveandhasnosupportfor timing.

Graph-basedspecificationmethodsrequirea specificationthat is lower level than languagebasedmethods,but canmake
synthesisof efficient circuits easier. In onegraph-basedmethod,an interpretedPetrinet or STGis usedfor specification[4, 5,
6, 7, 8]. STGsarevery goodat expressingconcurrency. However, the traditionalSTG synthesismethodsrestrictthe typesof
choiceallowedin thenet,andthey have no supportfor level informationor timing assumptions.Thereis anextensionto STGs
thatdoessupportlevels[9], but it requiresa restrictedenvironmentandsynthesisalgorithmsfor this extendedspecificationare�
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not presented.Additionally, in [10] extensionsto STGsthatsupportlevelsandtiming arepresented.However, this work, like
[9], doesnot presentalgorithmsfor synthesizingtimedSTGswith levels. Anothergraph-basedmethod,change diagrams[11],
is similar to STGsbut removessomeof therestrictionsby addingdifferenttypesof arcsto thespecification.Theseadditional
arcsallow disjunctive behavior to bespecified.However, changediagramsdo not provide a way to modelchoice,andhave no
provision for timing information.Othergraph-basedmethodsspecifycircuitsusingasynchronousstate-machines,andsynthesis
is performedusingburst-modetechniques[12, 13, 14, 15]. The burst-modemethodallows onepurely conjunctive expression
to be specifiedon eacharc of the statemachine. However, burst-modesynthesisrequiresthe fundamental-modeassumption
which statesthat whena statechangeoccurs,all of the changingoutputsareallowed to settlebeforeany changein the input
signals.Thiscansometimesrequireaddingdelaybetweenthecircuit andits environmentsothattheinputsto thecircuit do not
changebeforetheoutputssettle.Also, state-machinebasedspecificationis notwell-suitedto expressingconcurrency sincestate
machinesareinherentlysequential.Finally, statemachinesdo not expresscausalitybetweenoutputandinput eventsdirectly,
makingit difficult, if not impossible,to utilize timing assumptionsto optimizethecircuit.

Thespecificationmethodusedin theATACS tool describedin [16] is a combinationof thegraph-basedandlanguage-based
approaches.While the tool acceptslanguage-basedspecificationsasinput, it doesnot directly usethemfor synthesis.Instead,
ATACS compilestheinput programwritten in a timed,event-basedhandshakingexpansioninto a graph,which is thenusedfor
synthesis.ATACS usestimedevent-rule(ER)structures, a variantof Winskel’s eventstructures[17] with timing, for synthesis.
Sincetimed ER structuresseparatecausalityfrom conflict, they areboth easierto generatefrom high-level descriptions,and
easierto analyze. Unlike all of the previously describedspecificationmethods,timed ER structuresallow the useof explicit
timing assumptionsin synthesis.However, likeSTGs,timedERstructureshavenosupportfor levelsin thespecification.Dueto
this limitation,previousversionsof ATACS havelimited theinput languagesto excludeconditionalloops,trueORcausality, and
any otherconstructsthatrequiresamplingthelevel of a signal.

This paperpresentstimedevent/level(TEL)structures, anextensionto timedER structureswhich allows thegeneraluseof
levels in the specificationof an asynchronouscircuit. TEL structuresallow informationaboutlevels to be includedin the ER
structurein the form of anarbitrarybooleanexpression.This makesit possibleto extendthespecificationlanguagesaccepted
by ATACS to allow the specificationof conditionalloops and true OR causality, as well as all other constructsthat require
waits on booleanexpressions.TEL structurescanbe synthesizedusinga modifiedversionof the geometrictiming analysis
methodpresentedin [18], without any significantincreasein synthesistime. Therefore,TEL structuresfacilitatemoregeneral
specificationswithoutdecreasingsynthesisperformance.

2 Moti vating example

Oneof the importantspecificationconstructsthat is mucheasierto expresswith levels is a loop on a condition. This, or any
constructthatrequiressamplingthevalueof a signalandthenmakinga decisionbasedon theresult,is very difficult to specify
in a purelyevent-basedsemantics.Onespecificationwherea conditionalloop is requiredis thesbuf-send-pk2controllerfrom
the HP PostOffice [15] benchmarksuite. This exampleis cited in [14] asa motivation for the level extensionto burst-mode
circuitsandhadto bemodifiedto beexpressedasanSTGfor theSISbenchmarksuite. It is alsoaninterestingexampleof the
expressivenessof TEL structures.

Thepurposeof thiscontrolleris to managethetransferof packetsbetweena senderanda receiver. First, thereceiverasserts
req, whichrequestsa line to besentfrom thesender. Thenthesendersendstheline andraisessendline. Whenthereceiver reads
theline, it acknowledgesthesenderby raisingackline. Thenthesenderlowerssendline, andthereceiver respondsby lowering
ackline. Thisprotocolwill continueuntil thereceiverchoosesto terminateit. To terminatethepackettransfer, thereceiverasserts
donesometimeafter the falling transitionof sendlinebut beforeit raisesackline again. Whenthesenderdetectsthatdonehas
risen,it lowerssendlineandalsoraisesack, indicatingit hasdetectedthat thepacket transferis over. Thereceiver thenlowers
req, ackline, anddonein parallelandthesender, in responseto this, lowersack.

Figure1 shows the TEL structuresthat representthecircuit andenvironmentfor the sbuf-send-pk2controller. TheseTEL
structuresareproducedby compilationof thefollowing handshakinglevel descriptionof thecircuit:
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Figure1: TEL structuresbuf-send-pk2controller.

Thefirst thing to noticeabouttheTEL structurerepresentationis thateachprocessin thespecificationis representedwith
a separateTEL structure.In this case,thereis oneTEL structurefor thecircuit, anda secondfor its environment.This makes
TEL structuresbotheasierto compileto andeasierto read.Whenthis particularspecificationis brokenup into processes,it is
clearthat thecircuit itself is fairly simple,while theenvironmentis morecomplex. TEL structureswill bedefinedformally in
thenext section,however, intuitively they canbethoughtof asgraphicalrepresentationsof timedhandshakingexpansions.Each
transitionin aprocesscorrespondsto aneventin theTEL structure.In thefigure,eventsareshown asboxesconnectedby arrows.
If thesametransitionoccursmultipletimesin ahandshakingexpansionit mayoccurmultipletimesin theTEL structure,however
anoptimizingstepcanoftenremovemultipleoccurrencesof events.Thearrowsthatconnecteventsarereferredto asrules, and
areannotatedwith botha booleanexpressionanda loweranduppertiming bound.Rulesrepresentthecausalitybetweenevents
in a process.Whentwo eventsoccursequentiallyin the handshakingexpansion,a rule connectsthem. If thereis a wait on a
conditionbetweenthesetwo events,therule is annotatedwith thatwait, indicatingthatthesecondeventcannotoccuruntil both
thefirst eventhasoccurredandtheconditionhasbeensatisfied.Thetiming bound,whichdistinguishesTEL structuresfrom the
previously describedspecificationmethods,allows thedesignerto specifya rangeon thedelaybetweenthefirings of eventsin
boththecircuit andits environment.Thecompilationof bothCSPandVHDL specificationsto TEL structuresis addressedmore
formally in [19].

The behavior of TEL structurescan be illustratedby examininghow the structurefor the sbuf-send-pk2makes a choice
basedon the valueof signal ������� . If ������� is low whensampled,the handshakingindicatesthat only the event sendline-can
fire, otherwiseeventssendline-and  #"%$1H occur in parallel. This choiceis representedin the TEL structureby the conflict
relation(definedformally in the next section). If two events �JI and ��K conflict, indicated �JI%LF��K , either �JI or ��K canfire, but
not both. In this circuit, therearetwo sendline-events,sendline-/1andsendline-/2, bothof which causethesignalsendlineto
fall. However, theconflict relationstatesthatonly oneof themcanoccur. Additionally,  #"%$1H conflictswith sendline-/1. Both
the rules �����������+���JHM(N #"%$1H and �������0�'�
���JHM( sendline-/2areannotatedwith theexpressionO �0�����)�P #"%$��'�
���=Q , indicating
that theserulescannotfire unlessboth doneandackline arehigh. This correspondsto the condition �������R�S #"%$����
��� in the
handshakingexpansion.Therule �����������+���JHT( sendline-/1is annotatedwith theexpressionO ���������U�V 0"�$��'�
���=Q , corresponding
to theotherchoicein thehandshakingexpansion.If �0����� is low when  #"%$����+��� rises,eventsendline-/1will fire. If �0����� is high
whensampled,the TEL structureallows both  #"%$1H andsendline-/2to occur in parallel, just asspecifiedin the handshaking
expansion.This exampleshows how choicesbasedon signallevels in handshakingexpansionscanbedirectly representedby
TEL structures.

Thisexampleshowshow TEL structurescanbeusedto representspecificationsthatarequitedifficult to expresswith purely
eventbasedspecificationmethods.Althoughthey areno moreexpressive thangeneralPetrinets,they aremoreexpressive than
thefreechoicePetrinetswhich arerequiredby mostSTGsynthesismethods.Sincethey allow processesto beseparated,they
significantlysimplify compiliation,increasereadabilityandmake it possibleto compilelanguageconstructsthat involve levels.
They alsoallow thedesignerto make timing assumptionsin boththecircuit andtheenvironmentwhicharenotpossiblewith the
otherspecificationmethods.



3 The semanticsof TEL structures

Event structureswere introducedby Winskel[17] andtiming hasbeenaddedto themin several ways. Subrahmanyamadded
timing to event structuresusing temporalassertions[20]. Burns introducedtiming in a deterministicversion,the event-rule
system,in which causalityis representedusinga setof rules,anda singledelayvalueis associatedwith eachrule[21]. Timed
ER structures,introducedby Myers in [16], allow a delayrangeto be associatedwith eachrule. They canrepresenta setof
specificationsequivalentto thoserepresentedby both time andtimed Petri netsandcanoften expressspecificationin a much
moreconciseway thana Petrinet.TEL structures,describedformally below, extendtimedERstructuresby allowing a boolean
expressionto beassociatedwith eachrule.

3.1 Timed event/level structures

A TEL structureis a 6-tuple WTXYO�Z\[ ��] [-^D[-_C[�`:[ L:Q where:

1. Z is thesetof signals;
2. �%] Xba�c1[%dJe=f is theinitial state;
3. ^bghZjiPa H [%klenmpo is thesetof actions;
4. _qgh^Yi 6sr Xta�c&[%d�[-u&vwv�vse < is thesetof events;
5. `Ygh_xi>_yi r i 6sr mna=z{e < i 68|)} a�c&[%d~e�f ( a�c&[%d~e~e < is thesetof rules;
6. L g�_yi>_ is theconflictrelation.

Thesignalset, Z , containsthewires in thecircuit specification.Thestate��] containstheinitial valueof eachsignalin Z .
Theactionset, ^ , containsfor eachsignal, � , in Z , a rising transition,� H , anda falling transition,��k , alongwith thedummy
event$, which is usedto indicateanactionthatdoesnotcausea signaltransition.Theeventset, _ , containsactionspairedwith
occurrenceindices(i.e., O  [ �@Q ). Rulesrepresentcausalitybetweenevents.Eachrule, � , is of theform O � [-��[ � [���[ |�Q where:

1. � = enablingevent,
2. � = enabledevent,
3. O � [�� Q = boundedtiming constraint,and
4. | = asum-of-productsbooleanfunctionover thesignalsin Z .

A rule is enabledif its enablingeventhasoccurredandits booleanfunction is true in thecurrentstate.Therearetwo possible
semanticsconcerningthe enablingof a rule. In onesemantics,referredto asnon-disablingsemantics, oncea rule becomes
enabled,it cannotloseits enablingdueto a changein thestate.In theothersemantics,referredto asdisablingsemantics, a rule
canbecomeenabledandthenloseits enabling.This canoccurwhenanothereventfires,resultingin a statewheretheboolean
functionis no longertrue. In thenon-disablingcase,a rule is satisfiedif it hasbeenat least� timeunitssinceit wasenabledand
expired if it hasbeenat least� timeunitssinceit wasenabled.In thedisablingcase,a rule is satisfiedif it hasbeencontinuously
enabledfor a time greaterthanor equalto � andexpired if it hasbeencontinuouslyenabledfor a time greaterthanor equalto� . Thedifferencehereis that in thenon-disablingcase,a changein thestateaftertherule is enableddoesnot effect thetime at
which it becomessatisfiedor expired. Excludingconflicts,aneventcannotoccuruntil every rule enablingit is satisfied,andit
mustoccurbeforeevery ruleenablingit hasexpired.

Theconflict relation, L , is usedto modeldisjunctivebehavior andchoice.Whentwo events� and ��� arein conflict (denoted�5L���� ), this specifiesthateither � canoccuror ��� canoccur, but not both. Takingtheconflict relationinto account,if two rules
have thesameenabledeventandconflictingenablingevents,thenonly oneof thetwo mutuallyexclusiveenablingeventsneeds
to occurto causetheenabledevent. This modelsa form of disjunctive causality. Choiceis modeledwhentwo ruleshave the
sameenablingeventandconflictingenabledevents.In thiscase,only oneof theenabledeventscanoccur.

Figure2(a) shows an exampleof a specificationexpressedas a TEL structurewith non-disablingsemantics.It hasone
conflict, |AHhLt"�H , which indicatesthateithertheevent |%H or theevent "�H canoccur, but notboth. It alsoimpliesthatonly one
of thesignals|%H or "�H is necessaryto fire  k . Therules  &H�(7|%H , and  &H�(�"�H do not have level annotations.Theserules
functionexactly thesameasrulesin standardERstructuresandareenabledassoonastheirenablingevent,  &H , fires.Sincethey
have a boundedtiming constraintof [2,5], eachof thembecomessatisfied2 time unitsafter  &H firesandexpired5 time units
after  &H fires.Therule |�H�(G k hasa level annotation,O ��Q , anddoesnotbecomeenableduntil both |%H hasfiredandthesignal� is true. It becomessatisfied3 time unitsafter it becomesenabledandexpired6 time unitsafter it becomesenabled.Therule"�HM(� k alsohasa level annotation,O+�V��� Q , andbecomesenabledafter "�H hasfired and ����� is true. Sincethesemantics
is non-disabling,oncetheexpressionhasbecometrue, the rule will becomesatisfiedafter6 time units,even if theexpression
laterbecomesfalse.In general,non-disablingsemanticsareusedfor CSPor VHDL specifications.Figure2(b)showsanor gate
representedasa TEL structurewith disablingsemantics.The rule �1k ( � H becomesenabledwhen ��k hasfired and �V�\�
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Figure2: Examplesof TEL structures.

is true. It will becomesatisfied2 time units later. If both � and � becomefalsebefore � H fires, the rule is disabledandit is
not satisfiedagainuntil 2 time unitsafter �C��� becomestrueagain.DisablingTEL structuresarea very intuitive andcompact
way to modelgates.A combinationof thesemanticswherenon-disablingsemanticsareusedfor thespecificationanddisabling
semanticsareusedfor theimplementationis usefulfor verification.

3.2 Timed configurations

We definethe behaviors specifiedby TEL structuresas timedconfigurations[16]. Winskel definedthe allowed behaviors of
eventstructuresassubsetsof events,or configurations[17]. In orderto describethetiming behavior of a TEL structure,timed
configurationsinclude the time at which eachevent occurred. Also, sincethe conceptof currentstateis necessaryfor TEL
structures,timed configurationsaredefinedassequencesof events,ratherthanassets,so the statethat resultsfrom firing the
eventscanbecomputed.

The first requirementfor a sequenceof eventsto be a configurationis that it mustbe conflict-free. In otherwords,if two
eventsarein conflict, they cannotbothoccurin a configuration.Theconsetis thesetof finite conflict-freesequencesin _:� , i.e
con gh_ � is definedasfollows:

con X a���X{� ] v%v�v���� 3 �G�>_ � ��� ���@[���� }��E6 ��� L �&� < e
In orderto addtiming, theTconsetis derivedfromthe "���� setby pairingeacheventwith thereal-valuedtimeatwhichit occurred
(i.e.,Tcon g 6 _�i�� < � ). Thefunction � ���
�+�>�l} W "����>(G"%��� generatesanuntimedeventsequencefrom atimedeventsequence
in theobviousway.

Thesecondrequirementis thatall eventsin thesubsetmustbe time-secured. Informally, this meansthat for eachevent in
thesequence,all theeventsneededto enabletheeventprecedeit in thesequence.It is usefulin thefollowing discussionto be
ableto determinethesetof eventsthatoccurin a sequence� � "���� or ¡¢�£W "%��� . Thesesetsarefoundusingthe functions�����.}~"%����( u�¤ and W �����U} W "����>( u~¤�¥1¦ : �����26 � ] v%v%v���� < XYa�� }�§��.} ����X{�?eW �����26 � ] v�v%v-� � < XYa�� }0§#�U} � � X��&e
In orderto determinewhetheraruleis enabledin aTEL structure,it is necessaryto determineif thebooleanexpressionassociated
with the rule is satisfiedin the currentstate.Given thata sequenceof events � hasoccurred,thecurrentstateis the resultof
firing all of theeventsin thesequencein orderstartingfrom theinitial state� ] . Thefunction �R}~"����\( a0d~[�c&e�f takesasequence
of eventsandcomputesthefinal valuefor eachsignalin thecurrentstateasfollows:

�06 � <26��@< X
¨© ª d if 68§ � � � �����26 � <.} � � X�O�� � H [ ��Q�<«�¬68�A§ �«­:� �����26 � <.} ��­DX�O'� � kR[ ����Q��>$V®S¯�<c if 68§ �&�l� �����26 � <.} �&�°X�O�����kR[ ��Q�<«�¬68�A§ � ­ � �����26 � <.} � ­ X�O'�«� H [ ����Q��>$V®S¯�<��]�6��@< otherwise

This equationsimply statesthat if the lasteventto occuron a signalis a rising transition,its final valueis 1. If thelastevent is
a falling transition,its final valueis 0. And if therehave beenno eventson thesignalit hasits initial value. Thecurrentstate
functionallowsaruleenablingrelationto beformally defined.As describedbefore,therearetwo differentsemanticsconcerning
ruleenabling:onefor thedisablingcase,andonefor thenon-disablingcase.In orderto clarify thedifferences,two separaterule
enablingrelations6 3 XFg "%��� i>` < aredefined:
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 disabling



In thenon-disablingcase,this meansthata rule is enabledby thesequence� if thereis someprefix ³ of � whereits enabling
eventhasfiredandits booleanconditionis satisfied.A prefixof � is usedfor thenon-disablingcasesinceaneventfiring afterthe
rule becomesenabledmaycausethebooleanexpressionto becomefalse,andin thenon-disablingcase,this shouldnot disable
the rule. In the disablingcase,the rule is enabledby a sequence� if its enablingevent is in � andits booleanconditionis
satisfiedby thecurrentstate.Therefore,with thisdefinition,eventsfiring aftertherulebecomesenabledmaycauseit to become
disabled.Theruleenablingrelationsareusedin thedefinitionof theuntimedenablingrelationfor events,( ¶�g con):

�·¶!� ±�� � X�O � [-��[ � [���[ |�Q �>`t¸ ��6 � 3 X �~< � §#� � X�O � � [-��[ � � [�� � [ | � Q ��` } � 3 X � � �P6��JLF� � <


This saysthat if theeventsin thesequence� have occurred,theevent � is untimedenabled. This is truewhenall of therules
thatenable� areeitherenabledor have anenablingeventthatconflictswith theenablingeventof anotherrule enabling� that
is enabled.Eitherthedisablingor non-disablingruleenabledrelationcanbeusedwhendeterminingif aneventis enabled.This
choicecanbe madeon a global basisfor the entireTEL structureor canbe madeon a rule by rule basisby addingan extra
typefield to eachrule. Theuntimedrelationmakesit possibleto definethefunction, ����" � �=��� g "���� which determines,givena
sequenceof events,whethereacheventwasenabledwhenit fired:

secured6 � ] v%v�v���� <�±²� �«�U¹h�¢} a�� ] [%v�v%v%[�����º I e°¶C��� 

Thesecured relationdefinedabove doesnot considertiming. In orderto geta time-secured relation,a few morefunctionsthat
dealwith timing andeventsequencesareneeded.Thefirst one, » } W "���� i¬� (¼r , returnstheindex of the lastevent in the
sequence¡ thatfiredator beforetime � :

» 6 � ] v�v%v����«[ ��< XT½C¾=¿�a ��} ���?X�O�����[ � � Qµ�!� � ¹�� e
Thenext function,time pref } Tcon i�� ( W "���� , usesthis index to computetheprefixof thesequence¡ thatcontainsall events
thatfiredator beforetime � : �
�
�>� À���� � 6 ¡;[ ��< X{� ] v�v%v��=Á�ÂÄÃ�Å Æ'Ç
ThefunctionTs:Tcon i>� ( a�c1[%d~e f , thenusestime pref to determinethestateata giventime:

Ts6 ¡È[ ��< X ��6 untime6 time pref6 ¡;[ ��<�<�<
Finally, therelationConSat g 6+|F} a�c1[%d~e�f ( a�c1[%d~e < i Tcon in�Yin� , usesTs to determinewhethera booleanexpressionis
continuouslysatisfiedin theinterval from � I to � K :

ConSat6+| [/¡È[ ��I [ �ÉK�<A±²6Ä�µ�U}~��I°¹h�.¹Ê�ÉK ¸ |=6 W �06 ¡È[ ��<�<�<
Thesefunctionsmakeit possibleto reasonaboutwhethera rule is satisfied.Therulesatisfiedrelation,sat g Tcon i�`ti��hi�� ,
determineswhethera rule is satisfiedat time � giventhatits enablingeventfiredat time �É� :

sat6 ¡È[�O � [/��[ � [���[ |�Q [ � [ �É�w<A±²� §&�É� ��}0|=6 W �06 ¡È[ �É� ��<�<µ�¬6��É� ��Ëh�É�Ì<«�¬68�.ËÊ�É� �0H£�+<+
 non-disabling
sat6 ¡È[�O � [/��[ � [���[ |�Q [ � [ �É�w<A±²� §&�É� ��}0|=6 W �06 ¡È[ �É� ��<�<µ�¬6��É� ��Ëh�É�Ì<«�¬68�.ËÊ�É� �0H£�+<«� ConSat68| [2¡;[ �É� � [ ��<

 disabling

Theseequationsstatethataruleis satisfiedif it hasbeenat least� timeunitssinceits enablingeventfiredandits booleanequation
becamesatisfied. In the disablingcase,thereis the addedrequirementthat the booleanexpressionmustremaincontinuously
satisfieduntil time � . The timedenablingrelation, ( ¶ Æ g Tcon i¬��in_ ), usesthesat relationto definewhetheranevent � is
enabledat time � by asequence¡ :

¡�¶ Æ � ±²�w6 untime6 ¡ < ¶�� <«����68� [ � � < � Tset6 ¡ <4} O � [/��[ � [���[ |�Q ��`b¸ �� 0�26 ¡;[�O � [-��[ � [���[ |�Q [ � [ � � <


This saysthat theevent � is timedenabledby a sequence¡ if it is untimedenabledby theuntimedversionof ¡ andall of the
rulesthatarenecessaryto make � enabledaresatisfied.Thetime-secured g Tconfunctioncannow bedefinedasfollows:

time-secured6�68��] [ �
]=< [�v%v%v�[ 68� �«[ � � <�<�±²� ���.¹��Í} a 6���] [ �
]�< [�v%v�v%[ 68� �'º I [ � �'º I%< e°¶ Æ'Î � � 

This saysthesequenceof event-timepairsin ¡ is time securedif andonly if eachevent-timepair 68� ��[ � � < in ¡ is timedenabled
by theprefixof ¡ endingin 68� ��º I [ � ��º I�< .



Thethird requirementfor a subsetof eventsto bea configurationis thatit is non-expired. An eventis expiredwhenfor each
of therulesenablingit, the time sincethe rule wasenabledhasexceededtheupperboundof the rule’s timing constraint.The
relationRexp g�W "���� i�`�i>��i�� , determineswhethera rule is expiredgiventhatits enablingeventfiredat time �É� :

Rexp6 ¡;[�O � [-��[ � [���[ |%Q [ � [ �É�w<�±²� §��É� ��}0|=6 W �06 ¡;[ �É� �Ä<�<µ�¬68�É� �?Ë��É�'<«�¬6��4Ë��É� �#H � <+
 non-disabling
Rexp6 ¡;[�O � [-��[ � [���[ |%Q [ � [ �É�w<�±²� §��É� ��}0|=6 W �06 ¡;[ �É� �Ä<�<µ�¬68�É� �?Ë��É�'<«�¬6��4Ë��É� �#H � <«� ConSat68| [2¡;[ �É� � [ ��<

 disabling

Theseequationsstatethat a rule is expired if it hasbeenat least � time units sincea time after its enablingevent fired and
its booleanequationwassatisfied.In thedisablingcase,thereis theaddedrequirementthat thebooleanexpressionmusthave
remainedcontinuouslysatisfieduntil time � . Theseequationsareusedin therelationexpired g Tcon i:_Ti:� to determinewhen
aneventis expired:

expired6 ¡È[-��[ ��<�±²�w6 untime6 ¡ < ¶!� <µ����68� [ � � < �>W �����26 ¡ <A} O � [-��[ � [���[ |%Q �>`t¸*` � � À�6 ¡È[�O � [-��[ � [���[ |�Q [ � [ � � <+

Thenext relation,non-expired g Tcon i�_ , statesthata timedconfiguration¡ is non-expiredif for everyevent,eithertheevent
hasoccurredandwasnot expiredwhenit occurred,a conflictingeventoccurredandwasnot expiredwhenthateventoccurred,
or theeventhasnotoccurredandis notexpiredatany timebeforethelatesttimeof any eventoccurrencein theconfiguration.

non-expired6 ¡ <�±²� � ���>_ }1��68§µ6 ��[ ��< ��W �����26 ¡ <.}�� expired6��
�
�>� À���� � 6 ¡;[ ��< [-��[ ��<�< �§�6 � � [ ��< �>W �����26 ¡ <26 � L � � <«��� expired68�
�
��� À1�=� � 6 ¡È[ ��< [-��[ ��< ��µ� �\�EÏ ¹ ½C¾=¿ÂwÐ/Å Æ'Ç
Ñ~Ò«Ó0ÐÉÆ
Â�Ã�Ç a � e }���� � À1�
�=����68�
�
��� À1�=� � 6 ¡È[ ��< [-��[ ��<+
�

A timedconfigurationof a TEL structure,O8Z�[ � ] [�^D[-_C[�`:[ LFQ , is asequenceof event-timepairs ¡tghu�¤�¥1¦ which is:

1. conflict-free: ¡b�!W "%��� ;
2. time-secured:time-secured6 ¡ < ;
3. non-expired: non-expired6 ¡ < .

4 Geometric timing analysisof TEL structures

Asynchronouscircuitsaresynthesizedfrom TEL structuresby usinga depth-firstsearchto find all of thestatesallowedby the
specification.In orderto performthissearch,thealgorithmmustbeableto determinewhichrulesareenabledto fire in any given
state.A rule is untimedenabledif its enablingeventhasfired andits booleanexpressionis satisfied.Therefore,thealgorithm
usesa set, `5Ô , whichcontainsall ruleswhoseenablingeventhasfiredanda statevector ��Õ , which indicatesthecurrentvalueof
eachsignal.Thepair `°ÔYi ��Õ definesanuntimedstatesinceit indicateswhich rulesareenabled,but saysnothingabouttiming.
From this state,the algorithmcandeterminethe setof enabledrules, ` Ð � . ` Ð � canbe constructedfrom the untimedstateby
includingonly thosemembersof `5Ô whosebooleanexpressionsaresatisfiedby ��Õ . In orderto determinewhich rulesin ` Ð �
aresatisfied,timing informationis needed.How this setof timing information,TI, is representeddependson thespecifictiming
analysisalgorithmbeingused.At aminimum,this informationmustcontainhow longeachrulehasbeenenabled.A timedstate
is definedto be `5ÔTi ��Õ i TI. A timedstatecontainsall theinformationnecessaryto computethesetof satisfiedrules,̀°Ö . Only
rulesin ` Ö areallowedto fire andcausea transitionto anotherstate.

Our timing informationis representedwith geometricregions,first introducedin [22, 23, 24]. Thisapproachhasbeenshown
to beefficient for timedstatespaceexploration[25, 26, 18] andcanbeeasilymodifiedto analyzeTEL structureswithout any
substantialincreasein synthesistime. Thegeometricregion basedtiming analysismethodfor timedER structuresis basedon
keepingtrackof therelationshipsbetweentheenablingtimesof a setof rules.Theonly changethatneedsto bemadeto extend
themethodto TEL structuresis thattheenablingconditionnow hasanaddedrequirement.Beforea rule is consideredenabled,
its booleanexpressionmustbesatisfiedby thecurrentstateof thesignalsandif thedisablingsemanticsis used,theexpression
mustremainsatisfieduntil theenabledeventfires. It is necessaryto keeptrackof thesignalstatesin orderto usetheresultof the
statespaceexplorationin synthesisanyway, sothischeckaddsnoadditionalspaceandrequiresminimalcomputationtime.

Whenthegeometricregionapproachis usedfor timing analysis,partof TI is definedtobeaconstraintmatrix × thatspecifies
themaximumdifferencein timebetweentheenablingtimesof all therulesin ` Ð � . The c �@Ø row andcolumnof thematrixcontain
theseparationsbetweentheenablingtimesof eachrule in ` Ð � anda dummyrule ��Ù . Theenablingtime of ��Ù is definedto be
uniquely0. Eachentry � �Ú� in thematrix × hasthevaluemax68�26 enabling6�¯�<�< k �26 enabling6'��<�<�< , which is themaximumtime
differencebetweentheenablingtime of rule ¯ andtheenablingtime of rule � . Sincetheenablingtime of ��Ù is alwayszero,the
maximumtimedifferencebetweentheenablingof rule � andtheenablingof rule ��Ù ( � ] � ) is just themaximumtimesince� was



Algorithm 4.1(Fir ea rule)
timedstatefire rule( � � ��� O � [-��[ � [���[ |%Q , timedstate O�`°ÔÛ[ ��Õ [/×t[�`lÜ Q , TEL O�Z�[ �%] [�^Û[�_C[-`:[ L:Q , booldisabling)a

M[m index( O � [/��[ � [���[ |�Q ][0]=-l;
recanonicalize6 × <2�
project6 ×t[%a0O � [/��[ � [���[ |�Q e </�`°ÜÛX�`lÜÈmna0O � [/��[ � [���[ |�Q e ;` Ô X�` Ô k£a#O � [-��[ � [���[ |�Q2� e
if 6Ä� O � � [/��[ � � [�� � [ | � Q ��` }�6�6'� � ��` Ü < � 68§#� � X�O � � [/��[ � � [�� � [ | � Q ��` Ü }�� � LF� � <�<�<�< a

if 6 ��X�O'� � H [ �>Q-<?� Õ � � �
���0� � 6 � � <

 X�d ;
elsif 6 �>XYO�� � kR[ ��Q�<�� Õ � � �
����� � 6 � � <+
 XTc ;
if (disabling)

foreach6'� �?XYO � ��[-�J�@[ � ��[��«�@[ | � Q �>`°Ô�m�`°Ü <
if 68�A| � 68��Õ�<µ�V� �.��`°Ô < project6 ×t[�a0O � �@[-�J�@[ � ��[��«�@[ | � Q e <2�
elsif 68�A| � 6+��Õ�<µ�!� �A��`lÜ < a`lÜÛX{`lÜRk � � �`°ÔÝX{`°Ô HÞ� � �e

project6 ×t[�a � �?X�O � ��[/�=�@[ � �@[�����[ | � Q ��`°Ô } �=� L ��e <2�`°ÔÝX�`5Ô�k£a#O � �@[/�=�@[ � �@[��«�@[ | � Q ��`°Ô } �=� L ��e ;` Ü X�` Ü k£a#O � � [/� � [ � � [�� � [ | � Q ��` Ü } � � XT�:��� � L ��e ;` Ô X�` Ô m�a#O � � [/� � [ � � [�� � [ | � Q ��` }~� � X���e ;
addrules(M, ` Ô );
advancetime(M);
recanonicalize(M);e

return( O�`°ÔD[ ��Õ [/×t[�`lÜ Q );e
Figure3: Procedurefor firing a rule.

enabled.Themaximumtime differencebetweenthe enablingtime of ��Ù andtheenablingtime of rule � ( � � ] ) is the negation
of the minimum time since � wasenabled.Note that × only needsto containinformationon the timing of the rulesthat are
currently in ` Ð � , not on the whole setof rules. This constraintmatrix representsa convex

3 ` Ð � 3 dimensionalregion. Each
dimensioncorrespondsto a ruleandthefiring timesof theenabledeventsfor therulescanbeanywherewithin thespace.

Whenan event fires andcausesnew rules to be addedto ` Ð � , the matrix needsto be updatedto reflect the new timing
information. Informationaboutthenewly enabledrulesmustbeaddedto theconstraintmatrix andinformationaboutrulesthat
areno longerin ` Ð � mustbe removed. The main operationusedto do this is recanonicalization. Recanonicalizationtakesa
matrix × wheresomeof the � �ß� ’s aregreaterthanmax6��26 enabling6w¯�<�< k �26 enabling6'��<�<�< andproducesa matrix whereall the� �Ú� ’s have their maximumallowed value. The assignmentof the � �ß� ’s so that they all have their maximumvalueis always
unique,so thealgorithmcandeterminewhena givenregion is equivalentto or containedin a region thathasbeenseenbefore.
Recanonicalizationis essentiallytheall pairsshortestpathproblemandcanbedonein à 6'��á=< timewith Floyd’salgorithm.When
thealgorithmis usedfor maintainingaregionmatrix,it canin factbedoneincrementallyin à 6'� K < time,sincemostof theentries
in thematrixalreadyhave their canonicalvalue[27].

In our versionof the geometricregionsalgorithm[18], timing informationis updatedwhenever a rule fires, andrulesare
allowedto fire independentlyof events.This approachis a generalizationof thegeometricregionstechniquepresentedin [27],
wheretiming informationonly changeswhenan event fires. Our algorithmeliminatesthe singlebehavioral rule restriction,
which requiresthateacheventhasonly a singlerule thatcontrolsits firing time. In ouralgorithm,a rule canalwaysfire whenit
is satisfied.Thefiring of arule,however, doesnotalwayscorrespondto thefiring of anactualevent.An eventonly fireswhenall
of therulesenablingit have fired. As rulesfire, they areprojectedout of theconstraintmatrix,andareremovedfrom ` Ô [�` Ð � ,
and `lÖ . They areaddedto a new setof “fired” rules, `lÜ , which is partof thetiming information.Sincethey have fired, timing
informationaboutthemis no longerneeded,but thefactthatthey have fired mustberecorded.Whena setof rulessufficient to
enableanevent � arein `lÜ , � canfire.

A depthfirst searchis usedto find thestatespaceof a TEL structure.Froma timedstate,̀5Ôxi ��Õ in×âi\`lÜ , thesearch
algorithmcalculatesthe `lÖ set. It thenchoosesa rule from `lÖ to fire, placesthe restof the rulesin `°Ö on thestackandcalls
the fire rule function shown in Figure3 to actuallyfire the rule. If the timed statereturnedby fire rule hasbeenseenbefore,



the algorithmpopsan unexploredtimed stateoff the stack. The fire rule function takesasinput the rule chosento fire anda
timedstate,andreturnsthetimedstatethatresultsfrom firing therule. Them index functionusedin thealgorithmtakesa rule
andreturnsits index in the constraintmatrix. The first stepof the function setsthe minimum time sincethe enablingof the
firing rule to be its lower bound,sincein order to fire, it musthave beenenabledas long as its lower bound. The matrix is
thenrecanonicalizedto producea new region that is constrainedby this firing time. Thetiming informationfor this rule is then
removedfrom thematrix by theproject operation.Projectionsimply removesthe rows andcolumnscorrespondingto a setof
rulesfrom the matrix. This stepis what allows the sizeof the constraintmatrix to remain

3 ` Ð � H d 3 insteadof growing with
thesizeof thespecification.Therule is alsoaddedto `lÜ andremovedfrom `5Ô . Next, thealgorithmchecksif firing this rule
hascausedany eventsto befired. An event is fired if all of therulesthatenableit areeitherin ` Ü or conflict with anotherrule
that is in ` Ü . If no eventcanfire, the algorithmis done. Otherwise,the algorithmupdatesthe statevector, usingthe s index
function to find the index of the signalin the statevector. If the event is a signalfiring, the appropriatebit of thestatevector
is updated.If theevent is $, thestatevectorremainsunchanged.Thenext stepis only necessaryif thesemanticsis disabling.
In this step,the algorithmchecksto seeif any ruleshave becomedisabledby the firing of the event. This would occurif the
eventfiring causedthebooleanfunctionassociatedwith therule to becomefalse.Timing informationfor any disabledrulesin`°Ô is projectedout of theconstraintmatrix andany disabledrulesin `°Ü areremovedandaddedbackto `°Ô . This is theonly
differencein thealgorithmbetweendisablingandnon-disablingsemantics.Next, thealgorithmremovesany rulesthatenablean
eventthatconflictswith thefiring eventfrom constraintmatrix × andsets̀°Ô and `lÜ . Additionally, it removesfrom `lÜ any
rulesthatenablethefiring event. Next, it addsto `°Ô any ruleswhoseenablingeventis thefiring event. Timing informationon
thenewly enabledrulesis thenaddedto thematrix. Whenarule is initially enabled,no timehaspassedsinceits enabling,sothe
entriesin thematrix for theminimumandmaximumtimessinceits enablingaresetto zero.Themaximumdifferencebetween
theenablingtime of a newly addedrule andany previousrule is just themaximumtime sincetheenablingof thepreviousrule.
Therefore,thenew row of thematrix is setto equalthe0th row. Theminimumdifferencebetweentheenablingtimesof a new
rule andanold rule is theminimumtime sincetheenablingof theold rule, so thenew columnis setto the0th column. Then,
in theadvancetimestep,themaximumsin the0th row aresetto theirmaximumspecifiedvalue(theupperboundson therules)
andthematrix is recanonicalized.We now have a constraintmatrix representingtheregion of possiblefiring timesfor therules
thatareenabledin thenew timedstate.

This variationon the geometricregionsapproachallows us to analyzespecificationscontaininglevels with no increasein
computationalcomplexity. Theonly additionalstepstaken to analyzespecificationswith levelsarechecksat variouspointsin
the algorithmto seeif the level is satisfied.Thesesimplebooleancheckstake very little time, andthe stateinformationthat
they requireneedsto becomputedfor synthesisanyway. Thereforethis algorithmincreasesthe flexibility of thespecification
languagewithout impactingsynthesistime.

5 Synthesisof sbuf-send-pkt2

We attemptedto synthesizethis circuit usingthe new timing analysisalgorithmfor TEL structuresin theATACS system,but
foundthatit wasinitially unsynthesizibledueto acompletestatecoding(CSC)violation[4]. TheCSCviolationcouldberesolved
in threeways.Thestandardmethodof addinga statevariableproduceda circuit, but it is somewhatcomplex andslow. Another
way to eliminatetheviolation is to usea rule to orderthetransitionson  #"%$1H and �������0�'�
��� k£ã~u sothat  #"%$1H transitionsfirst.
Thisproducedafasterandmoreefficientcircuit thanthestatevariablesolution.Thefinal methodis to makeatiming assumption
in thespecification.If wespecifythatthemaximumtimeboundon �������0�'�
���JH{(G #"%$1H is 4 while theminimumtimeboundon�����������+���JHY(7�����������
��� k£ãJu is 5, then  #"%$�H will alwaysoccurfirst, eliminatingthestatethatcausestheCSCviolation. This
timing assumptionyieldsthesmallestmostefficientcircuit, consistingof only onegeneralizedC-element[3] andonethreeinput
and gate.Thetiming assumptionwould,of course,needto beverifiedaftersynthesisto seeif it is valid.

This exampledemonstratesthe flexibility of TEL structuresin asynchronouscircuit synthesis.The extendedburst-mode
approachto specifyinglevel signalsdoesnot give thedesignerflexibility to make timing assumptionsor explicitly orderoutput
transitionswithout interveninginput signaltransitions.In thatapproachonly thestatevariablesolutionto theCSCproblemis
possible.TEL structuresgivedesignersmorechoicesandallow themto producebettercircuits.

6 Conclusionsand futur ework

Wehavepresentedanextensionto timedERstructuresthatallowsthespecificationof levelsignalsandatiminganalysisalgorithm
that allows circuits to be synthesizedfrom them. This extensionfacilitatesthe compilationof many new languagelanguage
constructswhichmakeasynchronoussynthesisfrom astandardhardwaredescriptionlanguagesuchasVHDL possible[19]. This



addedflexibility bringsasynchronoussynthesistoolsa stepcloserto thepower of synchronoustools. In thefuture,we planon
modifying thepartialordertechniquespresentedin [18] to work on TEL structuresandapplyingTEL structuresto problemsin
timing verification.
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