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Abstract

A timed extensionto DiLL (Dlgital Logic in LoT0S) is discussed.The extensionis basedon ET-
Lotos (Enhancedlimed LoTos) andis usedto specifytimeddigital logic. The approactplacestiming
propertiesin two categories: timing constraintsand delays. A parallel-seriaimodelis usedto form a
timed specificationby composingthe functionality of a digital componentwith timing constraintsand
delays.A variety of commontiming constraintanddelayshave beenspecified addingtheseaspseudo-
componentso theDiLL library for subsequenteuse. The characteristicef othertimed componentsn
theDILL library arealsodiscussedThe approacho timed specificatiorandanalysiss illustratedusing
astandardnultiplexer component.

Keywords: Digital Logic, DiLL (Dlgital Logicin LoTtos), ET-Lotos(EnhancedimedLotos), HDL
(HardwareDescriptionLanguage) L otos (Languageof TemporalOrderingSpecification), TE-LoTOS
(Time Extended_oT0S)
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1 Intr oduction

In this papey a timed extensionis presentedor DiLL (Dlgital Logic in LoToS)[19], an approachanda
languagdor specifyingdigital hardwaredesigngn Lotos. Extensiongo the original versionof DILL are
describedn [11].

Timing characteristicssuchasthe propagationdelay of a logic gate, are an importantproperty of
digital components.They arecritical for logic designsn two sensesFirst, the timing propertiesof each
individual componentin a logic circuit may determinef the circuit canfunction correctly For example,
potentialrace conditionsand hazardsin a digital circuit causedby the delaysof componentswvithin a
circuit couldresultin misoperation.Secondthetimed characteristicef a digital circuit determinesf the
circuit satisfiegequirementgor timing performancendthusits usabilityin somecircumstancesin recent
yearsmary hardwaredescriptiorlanguagedijke VHDL [6] andVerilog [7], have beenextendedwith more
effective methodsfor handlingtiming. The correspondindanguages/ITAL (VHDL Initiative Towards
ASIC Libraries[8]) and SDF (StandardDelay Format[9]) are becominglEEE standards.For DILL it is
alsodesirableto be ableto specifytiming propertiesso thatthe timed behaiour of logic designscanbe
analysed.

UntimedDILL is the previouswork on DiLL [11, 19]. It assumeghat an event offer (which models
the changein a digital signal) can happenat ary time. Timed DiLL is basedon ET-Lotos (Enhanced
Timed LoTtos [13]) andis usedto specifythe behaiour in time of digital logic. ET-LOTOS waschosen
asthe foundationof Timed DILL mainly becauseéET-LOTOS is closelyrelatedto the timed semanticof
the future ISO standarde-LoTos (Enhancementto Lotos [10]). It is hopedthat Timed DiLL will be
easilytransferabldo E-LoTos oncethe standards mature.Becausd=(T)-LoTos toolsarecurrentlyunder
developmentthe authorshave usedTE-LoTtos (Time Extended_otos[17]) for validation.

Thepapeiis organisedsfollows. Sectior? brieflyintroduce€ T-LoTos Sectior givesaspecification
modelfor timedcomponentsSectiongt and5 discusslelaysandtiming constraintsespectiely. Sectioné
explainsthe characteristicef componentspecifiedn differentstylesusingTimedDiLL. Section7 shovs
how touseTimedDiILL to specifyandanalyseigital logic usingamultiplexerasexample.Finally, sectior8
reviews thework andindicatessomefuture plans.

2 ET-Lotosin Brief

This sectionbriefly presentET-LoTos —atimed LoTos that allows the modelling of time-sensitve be-
haviour. A good tutorial introductionis found in [14], while a more theoreticalbasisis presentedn
[13].

2.1 Time Specification

ET-Lotos supportshothdiscreteanddensetime domains.Informally, a discretedomainmeanghattime
progressefn discretesteps.ln adensedomainit is alwayspossibleto find a time valuebetweenary two
giventime values. The discretetime domainis representedy the naturalnumbers,andthe densetime
domainby the real or rationalnumbers.However, for ET-LOTOS, only countabletime domains(suchas
rationalnumbersyarepermittedin orderto give operationasemanticsisingLabelledTransitionSystems.

Threenew operatorgelevantto time areintroducedin ET-Lotos. delay life reducerandtime mea-
surement.

Delay: The delayoperatorDelta(time)meanghatthe subsequenbehaiour will be delayedby time. In
ET-LoTtos a time valueis relative to the instantwhen the previous action occurs. The behaiour
a; Delta(P)will delayfor d aftereventa occursandthenbehae like P.

Time Measurement: Thetime measuremerdperator@tis usedto measurehetime elapsedetweerthe
instantwhenthe event hasbeenofferedandthe instantwhenit occurs. Thetime valueis storedin
t. In ET-LOTOS, time measuremerdanbe usedfor bothobsenableactionsandinternalactions.For
obsenableactionsthetime measurementariablet canappeaiin selectionpredicatesFor example



a @t [t < 5]; P denotesa processwvhich canperforma only within thefirst 5 time unitsandthen
behae like P. Otherwisejt will behae like stop.

Life Reducer: Applying the life reducerto the internal event, i {d}, meansthati mustoccur non-
deterministicallywithin thenext d time units. Necessityandnon-determinisnapplybecausénternal
actionsare not controlledby the ervironment;in particular the time of occurrences decidedby
the system. Nonethelessan alternatve actionmay pre-emptthe occurrenceof aninternalaction.
If thelife reduceris omitted, it is regardedasequialenttoi {0}. Asin standard_oTOS, selection
predicatesannotbe usedwith the internalactioni. However, ET-LoTtos introduceghe life reducer
for internalactions.For behaiouri @t {d}; P the systemmustperformi within thenext d time units
andthenbehae like P. Thetime of theinternaleventwill bestoredin time variablet.

Theabove operatorareprimitiveto ET-Lotos Besideghese ET-LoTosalsoprovidessomeshorthand
notationsfor flexibility andcornvenience Basically threekinds of shorthandsireoffered:

Life Reduceron ObservableActions: Thelife reducemay be usedwith an obsenableaction,suchas
g {d}; Q. Thisis ashorthandor g @t[t < d]; Q providedt doesnotappeain Q. In this example,g
mayhappenwithin d time units. If sothe processvolvesto Q, otherwisethe procesgperformslike
stop. If life reduceris omitted,this meanghatg mayoccuratary time.

GeneralizedLife Reduceron ObservableAction: g@t[d1 <t=<d2]; Pcanberewrittenasg{d1,d%; P
provided that t doesnot appearin processP. Actually, the generalizedife reducercan also be
expresseds: Delta(d1)g d2-d1;P.

GeneralizedLife Reduceron Internal Actions: Thebehaiour Delta(dl)i @t{d2}; P canberewritten
asi {d1,d1+dZ; [t-d1/t] P, wheret-d1/tmeanseveryt appearingn process is replacedoy t-d1.

2.2 Semanticsof ET-LoToSs

The formal semanticsof ET-LOTOS is given by a labelledtransition system. There are two kinds of
transitions: discreteandtimed. A discretetransitioncorrespondso the executionof anaction. P & P&
meanghat P may performactiona andthenbehae like P Y Timedtransitionscorrespondo the passage

of time. If d is avariableof sortTime, thenP 4 pOmeanghatP mayidle for d thenbehae like P The
semanticsvill notbediscussedn detailheresinceit is foundin [13].

ET-Lotos adoptsmaximal progresg22] for hiddenactions. This hassomespecialimportancefor
Timed DiLL. Maximal progresameansthat if a hiddenactioncanoccut it musthappennow (unlessan
alternatie actionoccurs)andshouldnot be postponed.In otherwords,hiddenactionsareurgentin ET-
Lotos. IntheDiLL approacheachdigital components modelledasa processhichis usuallyconnected
to others. Input or outputportsaremodelledby LoTos gates. Portsusedinside a designare hiddenand
their eventsbecomeurgentundertheassumptiorof maximalprogress.

For otheri eventsin ET-LOTOS, urgeng is notalwayavailable.In thebehaiour i {d}; stoptheinternal
action can be postponeduntil d time units. But after that, it musthappen(unlessan alternatve action
occurs).An internaleventis thusurgentonly atits uppertime bound.

3 SpecificationModel for Timed Digital Components

Beforedevelopinganabstracmodelto specifytimeddigital componentsit is necessaryo considemwhich

timing characteristiceieedto be specifiedfor a digital design. It is possibleto think of characteristicas
timing relationshipsamonginputs,amongoutputsandamonginputsandoutputs.Thetiming relationship
from inputto outputis normallycalleddelay It is thetimeinterval betweerasignalchangeonaninputand
theresultingsignalchangeon anoutput. A timing relationshipamonginputsis calleda timing constaint,

meaningthatthe digital circuit canwork correctlyonly if the constraintaremet. In TimedDILL thereis

no needto specifythe timing relationshipsaamongoutputsdirectly, asthey aredeterminedy delaysand
timing constraints.
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Figurel: The SpecificationModel for a Timed Component

There are several possibleapproacheso specify a timed digital componentclassifiedas either an
integratedmethodor a combinedmethod In anintegratedmethoda digital componentis specifiedin one
processhatdealswith bothfunctionalityandtiming. Althoughtheintegratedmethodmayresultin compact
specificationsit is nota ‘structural’ methodandis hardto apply Theapproachs notcompositionain the
sensehat functionalandtemporalcharacteristice®f a componentreinterwoven. It is alsoimportantto
have untimedbehaiour asa simplecaseof timedbehaiour, i.e. to beableto isolatepurefunctionality.

Attention hasthereforebeenfocusedon developing combinedmethods. The ideais to separatehe
functionalityandthetiming characteristiceito differentprocessesindthencombinethemin anappropriate
way. This makesit possibleto reusethe componentibrary developedfor UntimedDiLL [11] sincethis
mainly dealswith functionality. More importantly thetiming work to bediscussedh the next two sections
canbeappliedto existing UntimedDILL specificationsCircuit designerganconcentrat®n specifyingthe
functionality of alogic designandthenincorporateiming characteristicsvith appropriatgparameters.

Theinitial intentionwasto usetheconstraint-orientedtyle[18, 21] to combinefunctionalandtemporal
aspectsThefunctionalitypartwouldtakeadwantageof theuntimedcomponentyith thetiming constraints
anddelaysin parallel. Thesewould constrainvhetherwhenandwhatoutputsshouldoccug corresponding
to timing constraintsgdelaysandfunctionalityrespectiely. Placingthe delaycomponentsn parallelwith
thefunctionality is unfortunatelyunworkablein the authors’experience.This is mainly becauseanevent
in DILL modelschangesdn signallevelsbut notthelevelsthemseles. Delayscannotsimply hold up input
signalsasit hasto be determinedvhetherthey causechangesn outputs.This cannotbe achieved without
knowing thefunctionality of thecomponent.

The modeladoptedfor Timed DiLL was arrived at after considerablexperimentationwith different
approaches.The selectedapproachis calledthe parallel-serial model. As shown in figure 1, the func-
tionality is assumedo be specifiedwith zerodelay Timing constraintgTC) are placedin parallelwith
the functional specificationto checkif inputsrequirement@aremet. Delaysareplacedin serieswith the
functionality to provide delayfor eachoutput.

Notethatthe Err(or) gatesin thefigure arefor analysispurposesnly; they have no counterparin a
realphysicalcomponentIf anErr actionis offered,it indicatesthata timing constrainthasnot beenmet.
However, the behaiour of the componenis not influencedby errorssincethe functionality part always
assumeshatinputsmeetthe constraints.The outputsof the componenarethusalways‘correct’ in terms
of thecomponeng function.

This modelling decisionwas made after careful consideration. The idea is that insteadof trying
to specify behaiour underall kinds of input conditions,behaiour is specifiedonly for correctinputs.
Behaviour undererrorconditionsis ‘wrong’ andthusnot very meaningful.Violation of timing constraints
meanghatthereis adesignerror. Realhardwarewill do somethingundertheseconditions,but the result
is notreally interestingor relevant. It is moreimportantto detectand correctdesignerrors,not modelthe
behaiour of componentsindererroneougonditions. Theaim of analysiss to find outwhetherthedesign
is correct,particularlyin the presencef timing conditions.During a simulation,the occurrenceof anErr
offer is immediatelyobvious. For verification,the absencef Err offers canbe checkedbeforeverifying
otherproperties.
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Finally, notethatif thetiming constraintsarevoid andthe delaysarebetweerzeroandarbitrarily large
thenthetimed modelis equivalentto the untimedmodel. An untimedspecificationis thusjust a special
case.

4 Delays
4.1 BasicDelay Types

Becausehe physicalstructureof digital componentdliffer, their delaysareof differenttypesandvalues.
Accordingto [20] therearetwo basicdelaytypes: pure delayandinertial delay. Supposehe delayof a
digital components D. If acomponenhaspuredelay all inputchangewill have an effect on output. In
otherwords,outputsfollows inputsafterdelayD. If the componenhasinertial delay outputwill respond
only to inputchangesvhich have persistedor time D. In otherwords,inputpulsesvhosewidth is lessthan
D will beabsorbedy thecomponentThis reflectsthefact thatshortpulsescontaininsufficientenegy to
triggera statechangen arealcomponent.

Sometimesthedelayof acomponenhasamoregeneraform. Theremayexist athresholdl < D such
thatthe componentibsorbsnput pulseswhosewidth is lessthanT. However outputfollows input if the
pulsewidth is morethanT. In DILL thisis termedgeneal delay In fact, it could be consideredsinertial
delayT cascadeavith apuredelayD-T. Figure2 shavs how inputsarerelatedto outputsfor differentdelay
types. The scaleof thefiguretakesT as2 andD as4 time units. Eachinput transitionhasbeennumbered.
As shown in the figure, the puredelay componentopiesinput to outputafter someinterval. Theinertial
delaycomponenthowever retainsonly pulse5—6 becauseulsesl—2,3—4,6—7and7-8areall lessthanD
time units. For the generaldelay componentpulsesl—2 are 6—7 areabsorbedsincethey arelessthanT
time units.

4.2 DelayElementsin DiLL

This sectionintroducesthe delay elementghat have beenincludedin the DiLL library. Althoughthese
arecomponentsn the senseof building blocks, they are not componentdike mostof thelibrary (gates,
flip-flops, counters,etc.). They shouldperhapsbe called pseudo-componentsUnlike the fixed delays
discussedn thelastsection,all delayshave a non-deterministicangefrom MinDel (the minimum delay)
to MaxDel (the maximumdelay). For generaldelay MinWidth correspondso the thresholdT in the last
section.lIt is obviousthattheassumptiorof non-deterministicelaysis morerealisticandflexible thanthat
of fixeddelays.

4.2.1 Inertial Delay

The following is a naive attemptat specifyinga delay The examplerevealssomeinterestingproperties
of ET-LoTos which have to be takeninto account. The specificationusesthe ET-LOTOS generalisedife
reducerto modelinertial delay If theinterval betweenwo input transitionsis lessthanthe delay output



will notoccur Theexactdelaywill bedeterminedy theervironmentbecaus¢hedelayrangeis associated
with anobsenableaction. But in DiLL whatshouldreally be specifieds thatthe delayis decidedby the
componenttself. If thedelayis connectedo othercomponentsn alargerdesign,the Op port might well
be hidden. This would meanthat the delaytime is exactly MinDel insteadof being a non-deterministic
valuesinceET-LoTtos adoptsmaximalprogresdor hiddenevents.

procesdDelayNaie [Ip, Op] (MinDel, MaxDel: Time): noexit :=
DelayNaveAux[Ip, Op] (MinDel, MaxDel, 0 of Bit, O of Bit)
where
procesDelayNaiveAux[Ip, Op]
(MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=
Ip ? NewDatalp: Bit;
DelayNave[lp, Op](MinDel, MaxDel, NewDatalp,DataOp)
1
[Datalpne DataOp] =
Op! Datalp{MinDel, MaxDel};
DelayNaiveAux[Ip, Op] (MinDel, MaxDel, Datalp,Datalp)
endproc (* DelayNaiveAux *)
endproc (* DelayNave *)

Thefollowing is a betterspecificatiorof inertial delay:

procesDelaylnertial[lp, Op] (MinDel, MaxDel: Time): noexit :=
DelaylnertialAux[lp, Op] (MinDel, MaxDel, O of Bit, O of Bit)
where
procesDelaylnertial Auxlp, Op]
(MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=
Ip ? NewDatalp: Bit;
Delaylnertial Aux [Ip, Op] (MinDel, MaxDel, NewDatalp,DataOp)

[Datalpne DataOp]=
i {MinDel, MaxDel}; Op! Datalp{0};
Delaylnertial Aux [Ip, Op] (MinDel, MaxDel, Datalp,Datalp)
endproc (* Delaylnertial*)

The specificationtakesadwantageof internal events. The internaleventi introducesnon-deterministic
delay which meansthe outputport canchangeits valueat ary time betweenMinDel andMaxDel The
exactdelayvalueis determinedy the componenttself andnot by the ernvironment. Moreover evenif the
components connectedo othercomponentsthe delayis still non-deterministisinceonly hiddenevents
areurgent.

4.2.2 PureDelay

A puredelayis specifiedasfollows. After aninput transition,the pure delay componentommitsitself
to outputthe transitionafter an appropriatedelay;at the sametime it preparedo dealwith the next input
transition. The interleaving operatorensureghat eachinput transitionwill have a correspondingutput
transitionno matterif the next inputtransitionappeardeforethe outputtransition.

procesDelayPure[lpOp] (MinDel, MaxDel : Time): noexit :=
DelayPureAuxlp, Op] (MinDel, MaxDel, 0 of Bit, O of Bit)
where
procesDelayPureAuXlp, Op]
(MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=
Ip ? NewDatalp: Bit;
([NewDatalpegDataOp]=
DelayPureAuXlp, Op] (MinDel, MaxDel, NewDatalp,DataOp)
[
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[NewDatalpne DataOp]—=
(i {MinDel, MaxDel}; Op! NewDatalp{0}; stop
Il
DelayPureAuXlp, Op] (MinDel, MaxDel, NewDatalp,NewDatalp)
)
endproc (* DelayPureAuxt)
endproc (* DelayPure)

Becausalelayis assumedo be non-deterministicgatherthanfixed, the pure delayabose may output
‘strange’sequenceBke Op! 0; Op! 0; Op! 1; ... giventheinputsequencép ! O; Ip! 1;1p!0;.... In
the sequencethesecondOp! 0 overtakesOp! 1 andresultsin thetwo consecutie Op! 0 events. The
phenomenorof catth-up arisesif a laterinput changetakeslesstime to reachthe outputthanan earlier
input change.Figure 3 illustratesthe reasonfor the phenomenonit assumeshatthe delayis between3
and9 time units. As onecansee,if botheventsOp! 0andOp! 1 happernwithin the overlappedegion
thencatchup may arise. Supposehe width of a input pulseis W. A necessargonditionfor catch-upto
occuris W < MaxDel-MinDel

Catch-upmay exhibit variousformsin real hardwareif delaysvary significantly However, digital
componentgenerallyoperatan astableervironmentsothevariationin delaysis in anarrav range.Thus
thecatch-upconditionis rarelymetin practice. Thephenomenouxistsin ary delaymodelthatis basen
puredelay includingthegeneraldelaycomponentn the next section.But it doesnot appeaiin theinertial
delaymodelsinceaninput changewill preventary pendingoutput;it is thereforenot possibleto catchup
apendingoutput.

4.2.3 GeneralDelay

As mentionedbefore, generaldelay hasa thresholdMinWidth. Input pulseswhosewidth is lessthan
MinWidth will be absorbedy the component.They will appeamtthe outputif their width is greaterthan
or equalto MinWidth. The generaldelayelementin DILL is specifiedsuchthatit canmodelnot only a
generaldelaybut alsoinertial or puredelay This is achieved by choosingappropriatdiming parameters.
Thefollowing specifieghe delaycomponent.

Proces®elay[lp,Op] (MinWidth, MinDel , MaxDel: Time): noexit :=
DelayAux[lp,Op] (MinWidth, MinDel, MaxDel, 0 of Bit, O of Bit)

where

processDelayAux[Ip,0p]
(MinWidth, MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=
Ip ? NewDatalp: Bit;
DelayAux[lp,Op](MinWidth,MinDel,MaxDel,N&vDatalp,DataOp)

[



[(Datalpne DataOp)]=
(

[MinWidth It MinDel] = (* generaldelay*)
Delta(MinWidth) i; (* inputholdsatleastMinWidth *)
(

i {MinDel — MinWidth, MaxDel — MinWidth};
Op! Datalp{0};

Stop
Il
DelayAux[lp,Op] (MinWidth, MinDel, MaxDel, Datalp,Datalp)
)
)
[
[MinWidth geMinDel] = (* inertial delay*)
(

i {MinDel, MaxDel} ;

Op! Datalp{0};

DelayAux[lp,Op] (MinWidth, MinDel, MaxDel, Datalp,Datalp)
)

)
endproc (* DelayAux*)
endproc (* Delay*)
Therulesfor timing parametewvaluescanbe obtainedrom theabove specification.Inf in thefollowing
is themaximalvalueof thetime domain(takenasarbitrarily large):

0 < MinWidth < MinDel = MaxDel < Inf Thisdescribegenerabtielay Only whenMinWidthis apositive
numbenressthanMinDel is thegeneradelaymodelmeaningful.

MinWidth = 0, MinDel < MaxDel< Inf Thisis puredelay Thedifferencebetweergenerabelayandpure
delayis thatfor thelatter, MinWidth is zerosothe componentioesnot absorba narrov pulse.

0 < MinDel < MaxDel < Inf, MinWidth > MinDel This s inertial delay It appliesif the thresholdMin-
Width is greatethanMinDel. MinWidth is oftensetto Inf for inertial delay(Thisdoesnot meanthat
signalsareabsorbedotally, but justanimplementatiortrick.).

MinDel = 0, MaxDel= Inf, MinWidth > 0 This is equivalentto the untimeddelaycomponenin the pre-
viousversionof DILL. Usually MinWidth is giventhevaluelnf.

4.2.4 High-to-Low and Low-to-High Delays

All the delaymodelsdescribedso far assumehe samedelayvaluefor transitionsfrom high-to-low (Dor
low-to-high (Ddoutputs. Actually, mostdigital component$ave differentvaluesfor them. (This arises
becausehe directionof currentflow depend®on the transition,andthe physicalprocessebave different
delays.)If thedifferenceébetweerthesedelaysinfluenceghecorrectnessr performancef adigital circuit,
they shouldbedistinguishedIn TimedDILL thereis adelayelementhatdealswith differentCdr Cdelays.

If a componenexhibits puredelay the catch-upphenomenoranstill occur Evenif the delaysare
fixed,thedifferencebetweerthehigh-to-low andlow-to-highvaluescouldresultin thefasteronecatching
up the slower one. However, the specificatiorof the delayavoids catch-upfor fixed delays. Fixeddelays
reflectanenvironmentthatis stable socatch-uprarelyhappensn practice.lt is assumedhatif alaterbut
fasterchangecatcheaup with anearlierbut slower changeboth changesareabsorbedy the component.
Thespecificatiorof thedelaywill notbepresentedn detailfor reason®f space.

Tri-statecomponentsireusedparticularlywith buses.They have ahigh-impedancestatewhenthey are
not enabledso that several tri-statesoutputscanbe connected.Tri-statecomponentganexhibit different
delayswhenenteringor leaving the high-impedancestate(Z). As a modellingdecisionthereis no high
impedancestatein DILL (see[11]), TimedDiLL doesnothave to allow for suchdelays.
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4.2.5 Dynamic Delay

Dynamicdelayis usedwhenthedelayvaluesfrom severalinputsto the sameoutputaredifferent. Typically

this happensn a high-level specificationsincethe internaldatapathscould well be different. Considera

simple2-bit countemwith asynchronouseset.lts two outputsQA andQBrepresenatwo-bit binarynumber
If Reseis notbeingrequestedthe binaryoutputwill beincrementedhftereachactive clock transitionCk.

It is setto 00 aftera Resetequestjrrespectve of theclock. Thetimed versionof the counteris shavn in

figure 4. Supposehata resetis not beingrequested Whenthe clock hasa positive-goingtransition,the
outputwill beincrementedafter somedelay(say 20—-30ns). If aresetis requestedheoutputwill change
to 00 asynchronouslythe delayfrom clock to outputalwaysexceedsthe delayfrom resetto output(say

10-15ns).

Whena changeoccursattheinputof ary kind of delay(for examplelnQA), thedelaycomponentioes
not know the sourceof the change(the clock transitionor the reset). Thereforeit doesnot know which
delayvalueshouldbe applied(20-30nsor 10-15ns). The TimedDiLL solvesthis problemby providing
the dynamic delay componentspecific for such cases. The delay componentrequiresthe functional
specificationto give the delayrangewhenit offers an outputchange. For example,whenthe counteris
reset,the functionality part mustoffer INnQA! 0! 10! 15, andthe dynamicdelaycomponentextractsthe
delayvaluefrom the offer to ensurethe appropriatedelayoccurs.

As onemight expect,becausdifferentdelayvaluesareappliedto onedelay componenthe catch-up
phenomenomvill ariseif the componenis basedon puredelay The dynamicdelaycomponenin DiLL
library is basednly oninertial delay

5 Timing Constraint Components

Timing constraintsn DILL areusedo checkif theinputsof acomponensatisfysomeconditions.Common
timing constraintcomponentshave beenaddedo theDiLL library, includingthosefor setup,hold, pulse
width andperiod.

Setupandhold timesarealwaysassociatedvith flip-flops. For a D (delay)flip-flop, setuptime is the
timeinterval betweerachangen inputD andthetriggerthatstoreghisdata(e.g.apositive-goingtransition
of theclock CK). Thedatasignalmustthenremainstablefor aminimaltimeintervalif correctoperatiorof
theflip-flop is to beguaranteedFor aflip-flop, theholdtime is theinterval in whichinput datamustremain
unchangedhftertriggeringby the clock. Again, this minimummustbe respectedor correctoperation.A
timing diagramshawing setuptime andhold time is givenin figureb.

Thesetuptime constrainis specifiedasfollows. The hold time constrainis specifiedn a very similar
way. The specificationsupposeshatthe active clock transitionis positive-going. The width timing con-
straintdefinesheminimumwidth thataninput pulsecanhave. A call of the procesaMdth [Ip, Err] (Min-
Width, 1) checksthat the input Ip staysat 1 for at leastMinWidth in eachcycle. The period timing
constraintis the minimum periodfor aninput signal,andis alwaysusedfor a clock signal. For process
Period [Ck, Err] (MinPeriod)the minimuminterval betweertwo consecutie positive-going(or negative-
going)transitionsshouldbe atleastMinPeriod. Figure6 illustratesthetwo constraints.

processSetupDelD, Ck, Err] (SetupTime: Time): noexit :=
D ? NewDatalp: Bit; (* new datainput *)
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Figure6: Width andPeriodtiming constraints
AfterD [D, Ck, Err] (SetupTme, SetupTme) (* checksetuptime *)
[
Ck? NewCk : Bit; (* new clockinput*)
SetupDelD, Ck, Err] (Setupime) (* nosetuptime to check?*)

endproc (* SetupDel)

processAfterD [D, Ck, Err] (SetupTme, SetupRem Time) : noexit :=

Delta(SetupRemi (* enforcemin. setuptime *)
SetupDelD, Ck, Err] (SetupTme) (* restartsetupcheck®)
[
Ck? NewCk: Bit @t; (* new clockinput*)
([NewCk eq0] = (* negative-goingclock? *)
AfterD [D, CK] (SetupTme, Setupime — t) (* checkremainingsetuptime *)
[NewCkeql] = (* positive-goingclock *)
Err! SetupError; (* min. setuptime violated*)
SetupDelD, Ck, Err] (SetupTme)) (* restartsetupcheck?®)
D ? NewDatalp: Bit; (* new datainput *)
AfterD [D, Ck, Err] (SetupTme, SetupTme) (* restartsetupcheck*)

endproc (* AfterD *)

6 TheTimedDiLL Library

The new delaycomponentganbe usedalongwith the untimedcomponentsn the DiLL library. Noneof
thelibrary componentgjive timing constraintssothe usermustintroducetheseto checkinputtiming.
Section6.2 and 6.3 are relatedto componentsn differentspecificationstyles. The structuralstyle
specifiesacomponenastheconnectiorof lower-level componentslt thusindicateshow adigital circuitis
constructed Thedataflow styledescribesiow input signalsflow throughthecircuit to producetheoutputs.
Normally, eachoutputcanbe specifiedby an expressiorusingtheLotoslet ... in operator Finally, the



behaioural style definescomponentshroughtheir input-outputresponselt specifiesa black-boxdigital
componentvhoseinputsandoutputsinteractwith the ervironment. More informationon thesestylescan
befoundin [11].

6.1 BasicLogic Gates

For Timed DiLL, the basiclogic gates(including tri-stateones)are built from a zero-delayfunctionality
partanda generaldelaypart. The zero-delayfunctionality is easily obtainedfrom the componenin the
UntimedDiLL: alife reduce0} is appendedo eachoutputevent offer. Becausehe basiclogic gatesare
verycommonin logic design generablelaywaschosersothattimedcomponentsouldbeusedn different
designswith differentdelay assumptions.The actualtiming characteristicare obtainedby definingthe
timing parametersentionedn section4.2.3.

Mostactualdesignsisebasicogic gatefrom thesameechnologyfamily, e.g.CMOS(Complementary
Metal-OxideSilicon). Thismeanghattiming parameteraredefinedby the choiceof technology It would
beclumsyto have to specifytiming parameterfor eachogic gateindividually. Thetechnologyis therefore
specifiedatagloballevel in DILL. Timing parameterarethensuppliedautomaticallyfor basiclogic gates.
Evenfor componentsvhich arespecifiedabstractlywhentheir specificationis expandedo the gatelevel
by DiLL, the timing parametersre addedby default. However, DiLL specifierscan alsospecifytiming
characteristicglirectly if required.

6.2 ComponentsSpecifiedin Structural Style

Componentsn the structuralstyle are definedby combininglower-level components.This determines
timing characteristicarederived from the timing characteristicat a lower level. For this reasontimed
componentsn the structuralstyle do have not timing parameter@ssociatedvith them. This doesnot,
however, meanthatthe components untimed: its timing propertiesaredeterminedat the gatelevel.

6.3 ComponentsSpecifiedin Abstract Style

Data-flav stylecomponent$iave their outputsdescribedy anexpression.Supposehatanoutputvalueis
calculated.The style doesnot uniquelydistinguishwhich input (or output)resultsin thetransition. This
meansit is not possibleto statea precisepin-to-pin delay the delay from a specificinput to a specific
output. The delaycomponentssociatedvith eachoutputport hasto usea commondelayrange,i.e. all
pathsfrom theinputsto thatoutputhave to betreatedashaving the samedelayvalue.

The pin-to-pin delay can, however, be definedfor behaiourally specifiedcomponents.In orderto
specifysuchdelay the functionalspecificationeedssomechanges After eachinput offer thatmaylead
to output,eachoutputis checkedo seeif its valuehasbeeninfluencedby theinputtransition.If so,there
shouldbe an eventoffer with the specificdelayfrom this input to this output. As for the counterexample
in section4.2.5,dynamicdelaysshouldbe usedin this case.

7 TimedDiLL Example: A 2-to-1 Multiplexer
7.1 2-to-1Multiplexer

As anexample,the 2-to-1 multiplexerin the DiLL library will be specifiedandanalysed.This component
hastwo datainputsA andB, a selectioninput SandanoutputC. Thebehaiour is suchthatif theselection
inputis 0, thedataat A will appearat C aftersomedelay Alternatively if the selectioninputis 1, thedata
atB will appeamt C. The delaysusedin the exampleareinertial, mainly becausehey areeasyto handle
but aregeneraknoughto representlelayin mostdigital circuits.

The multiplexer canbe specifiedat two levels. The higherlevel specifiesthe requiredbehaiour and
timing performance.The lower level specifiesthe structureof the componenby connectingbasiclogic
gates. The lower level implementsthe higherlevel. The timed specificationswvere analysedthrough
simulationandtesting.
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7.2 Timed LoTtos Tools

This sectionshavs how Timed DiLL canbe usedto specify and analysedigital designsthat are time-
sensitve. The objective is to discorer andcorrecttiming hazards.Alternatively the natureof the hazards
canbeusedto determinehe settlingtime requiredbeforethe outputsof a designarestable.

In principle, all the examplesdevelopedfor Untimed DiLL [11] can be reworked for Timed DILL.
Unfortunatelytoolssupportinge T-L oTosarecurrentlyunderdevelopment.Thetool availableto theauthors
wasTE-LoLA (Time Extended_oTos Laboratory[16]), which supportsTE-LoTos (Time Extended_oT0S
[17]). However, ChristianHernalsteer{University of Brussels)lsokindly investigatedhe feasibility of
analysingTimed DILL specificationausingthe modelandtool he hasunderdevelopment5]. This looks
like a promisingapproachn future.

It hasbeenpossibleto useTE-LOLA to analysethe specificationgeneratedy TimedDiLL. Although
ET-Lotos and TE-LoTtos adoptdifferentsemanticmodels,the equivalencebetweenthem hasbeenes-
tablished[15]. It is thereforepossibleto translatethe generatedET-LoTOS specificationsnto TE-LOToOS
syntax. Becauseof their similarity, the translationis alwayspossiblealthoughsomesubtle differences
needattention.For example,i {d} in ET-Lotos means will happemon-deterministicalljpetweerD and
d time units, but in TE-LoTOS it meansthati will occurat exactly time d. The correcttranslationfrom
ET-Lotos shouldbetoi {0..d} in TE-LoTos. In orderto avoid confusion thefollowing specificationsvill
useET-LoTtos thoughthe actualanalysisvasmadewith TE-LoTos.

7.3 Behavioural Specification
7.3.1 DiLL Description

The behaioural specificationof the 2-to-1 multiplexer in DiLL is asfollows. DiLL providesa veneer
on top of Lotos — mainly a library of componentghat can be combinedusing LoTos operators. The
circuit declarationnamesthe overall specificationand its parameters.It then givesa LoTos behaiour
expressionfor the whole circuit. Library componentsare automaticallyincludedby giving their names
(ComponentDecl). Here,Multiplexer2tol BB_0 is a 2-to-1 multiplexerin black-boxform that exhibits
zerodelay It wasderived from the correspondingcomponentin Untimed DILL using the approachin
section6.1. The behaioural specificatiordefinesaninertial delaybetweerMinDel (10) andMaxDel (15).

defingMinDel, 10) # min. delayvalue
defing(MaxDel, 15) # max. delayvalue
include(dill.m4) #includeDILL library
circuit( # circuit description
‘Multiple xer2tol BB [A, B, S,C].! # circuit nameandports
hide InC in #internalgateto delay
Multiplexer2to1 BB_0 [A, B, S, InC] # multiplexerinstance
[[InC]| # syncwith delay
Delay[InC, C] (Inf, MinDel, MaxDel) # delayinstance
where
Multiplexer2to1l BB _0_Decl # multiplexerfrom library
)

7.3.2 Validation

The behaioural specificationwas validatedusing the TE-LoLA step-by-stepsimulator Basically the
behaiour of the multiplexeris simulatedfor eachinput combinatiorto seeif it is asexpected.Theresults
of simulationareregardedasthecriteriaagainstwhich simulationof thelower-level specificatiorshouldbe
judged.As anexample thetraceaftersimulatingthebehaiour correspondingp inputstateA=1, B=1, S=0
is asfollows:

[1] — A 1{0};
[2] —B ! 1{0};
[3] —S!0{0};

11
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Figure7: Structureof 2-to-1MultiplexerasTimedLogic Gates

[4] —i {0} (* InC!1%)
[4] —i @t[10 <=t <=15];
[4] — C! 1{0};

Here,internaleventInC is theinputto the delaycomponentThistraceindicateshatfor theinputstate
110, theoutputC shouldbe 1 afteradelaybetweerl0to 15time units. Otherinput statescanbesimulated
in thesameway.

Becauseestresultsfrom TE-LoLA becomeinconclusie if testshave actionswith intervals suchas
i {5,7}, it is possibleto use only fixed delaysduring testing. For a higherlevel specificationlike the
behaioural one,suchan assumptiorwould be unrealistic. Thereare several pathsfrom the inputsto an
output,sothedelayassociatedvith the outputhasa rangeof values.

7.4 Structural Specification
7.4.1 DiLL Description

The structureof the 2-to-1 multiplexer is shavn in figure 71 The logic gatesin the diagramare timed
gates. Eachof them consistsof zero-delaylogic anda delaycomponent. The insetin the figure shovs
the structureof the and gateG2; 0_D in thefigure meanszerodelay Othergateshave the samekind of
structure.Thedesignof the multiplexeris ‘classical’andcanbefoundin textbookslike [12]. However, as
will be seenaterthis designcontaingtiming hazards.

Assumingthe delay of eachgateis 5 time units, the correspondindiLL specificationis asfollows.
The specificatiorfirst definesthe delayof the basiclogic gates.Herethe delayis fixed at 5 andis inertial
becauseMinWidth is Inf. The first parametef the circuit declarationis optional. In this exampleit is
timed, indicatingthatbasiclogic gatesusethe delaydatadefinedby the specifier Otherpossiblevalues
of the parameteare CMOS, ECL andTTL . Delay datafor theselogic familiesis pre-definedn Timed
DiLL. Thedefaultvaluefor a circuit is untimed, which appendgInf, 0, Inf) to every instantiationof a
basiclogic gate. For a higherlevel specificationlike the onein section7.3 thereis no needto definethe
delayparameterbecausét doesnot usebasiclogic gates.But this doesnot meanghatthe components
untimed.

defingDelayData, (Inf, 5 of Time, 5 of Time)’) # delayvalues
include(dill.m4) #includeDILL library
circuit( # circuit description
timed, # declaretimeddesign
‘Multiple xer2to1[A, B, S,CT’, # circuit nameandports
hide Aln, Bin, Sinin #internalgates
Inverter[S, SiIn] # inverterinstance

1Thetrianglewith acircleis aninverter the‘'D’ shapesreandgatestheshieldshapes anor gate.
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[[S,SIn]| # syncwith selectiornsignals

And2[SIn, A, Aln] # two-inputandinstance
Il
And2[S, B, Bin] # two-inputandinstance
[[Aln, BIn]| # syncwith inputs
Or2[AlIn, Bin, C] # two-inputor instance
where
Inverter. Decl #inverterfrom library
And2_Decl # two-inputand from library
Or2_Decl # two-inputor from library

7.4.2 Validation

Timed behaiour was investigatedusing the TextExpandfunction of TE-LOLA. Testingwas done by
composingtest processesn parallel with the specification. If the test processcan be followed for all
executionsof the composedspecification,the result of testingis mustpass If the testprocesscanbe
followedonly for someexecutionstheresultis maypass Otherwisethetestis consideredo berejected

First, the functionality of the multiplexer wastested. Eight testprocessesre definedto checkif the
output correctly correspondgo eachpossibleinput combination. For example,for A=1, B=1, S=0 the
outputshouldbe C=1 after10 or 15time units(becaus¢heinput-outputpathscontain2 or 3 levels of basic
gate). Thefollowing testprocessorrespondso thethe 110state.

processTest1101 [A, B, S,C, OK] : noexit :=
A!11{0};B!1{0};S!0{0};
(C'1@t[t =10]; OK; stop

C!1@t[t =15]; OK; stop)
endproc (* Test11Q1 %)

TheOK eventis usedto denotesucces the TextExpandfunctionof TE-LOTOS; it is notaninputor output
of the circuit. Thetestsuccessfullypassedasexpected. The other7 input combinationsveretestedin a
similarway.

Secondtherewereteststo seeif the designhada timing hazard. Hazardsare unwantedtransitions
thatappearon the outputsof digital circuitsin responseéo the changen inputs. For example,suppose
thatthe outputshouldstaythe same(e.g. 1) after theinput statechangedsrom I, to 1,. However, in an
actualimplementatiorthe outputmay changefrom 1 to 0 and backagainafter aninput transition. The
consecutre unwantedransitionsl to 0 andO to 1 arehazards.The multiplexer has3 input portsandthus
8 input states.Eachinput statemay changeo oneof the other7 input statessothereare56 possibleinput
transitions(8 x 7) in total. For eachtransition,a testprocesss usedthatrisks hazards.If the designof
the multiplexer is hazard-freetheneachtestprocessshouldbe rejected. Evaluatingthe 56 testprocesses
shavedthat6 of thempassthetest,i.e thecircuit is not hazard-freeTable1 lists thesetransitionsandthe
correspondindhazards. The testresultsindicatethat whenthe delaysof eachgatesarefixed, the circuit
exhibits statichazards.One of the hazardshappensvhenthereis a singleinput changethe othersoccur
whenmorethanoneinput changesimultaneously

Thetestcorrespondingo thetransition111to 110(A=1, B=1, S=1to A=1, B=1, S=0) lookslike:

processTestl11110HazardA, B, S,C, OK] : noexit :=
(A11{0};B!1{0};S!1{0};
(Cl1@t[t =10]; exit

1
C!1@t[t=15]; exit) (* statel11%)
>

(Sto@tft=2]; (* inputchangestate110%)
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Transition | Typeof Hazard | ChangedIinputs |

000to 101 static-0 2
010to 101 static-0 3
011to 100 static-1 3
011to 110 static-1 2
111to 100 static-1 2
111to 110 static-1 1

Tablel: Hazardgn the 2-to-1 Multiplexer

(Clo@t[t=10]; (* hazard)
C!1@t[t=05]; ok;stop

Clo@t[t=15]; (* hazard)
C!1@t][t=5]; ok; stop))
endproc (* Testl11110Hazard)

TheoutputtransitionsC ! 0 andC'! 1 in theprocessndicatea hazardbecausehe outputshouldremainat
1 for thetransition111to 110.

By analysingthe passedestsequencet is discoveredthat hazardsare causedby inputs following
differentlengthsof pathto reachthe output. Figure 8 is a hazard-freedesignof the 2-to-1 multiplexer.
Threeadditionalrepeaterg@re usedto guaranteghat eachinput-outputpathhasexactly threegatedelays.
It is obviousthatthe delayof eachrepeateshouldalsobe5 time units. Thetotal delayof the new design
is 15time units,which complieswith thetiming constraintexpressedy the behaioural specification.

Sin
S
Dela Bin
G2
B —]Delay H G C

A —Pea— ),

Figure8: TheHazard-FreéMultiplexer

8 Conclusionand Futur e Work

A timed extensionof DILL hasbeenpresented.First, the timing characteristicof digital circuits were
investigatedand categorisedastiming constraintsanddelays. Thenthe parallel-seriaimodelwasusedto
specifytimedcomponentsTo makeTimedDiLL morepracticalfor digital design,severalcommonlyused
timing constraintsanddelaytypeshave beenintroducedinto the DILL library. The characteristicef these
pseudo-componentsave beenexplained. Finally, a multiplexer example hasbeenusedto illustrate the
specificatiorandanalysisof timed digital logic.

Timed DiLL offers a numberof importantbenefits. First, it can be usedto checkwhethertiming
requirement®n a digital designarerespectedThis canbe doneusingthetiming constrainttomponents.
Secondit canbeusedto discover potentialtiming errorslike hazardsasin themultiplexerexample. Third,
it canbe usedto analysethetiming propertiesof alogic designsuchasits minimal andmaximaldelays.

2Thetriangleis arepeatewhoseoutputalwaysfollows its input.
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To gain thesebenefitsreally needsthe help of tools. A future goalis to useverification tools with
TimedDILL. Onepossibilityis KRONOS[2], which checksif the systemdescribedy a timedautomaton
satisfiesarequiremenexpressedisa formulaof TCTL (Timed ComputationallreeLogic [1]). A method
for transformingeT-L OTOS specificationso timedautomaténasalreadybeenimplementedy otherq3, 5].
Verificationof aTimedDiLL specificatiormaythusbepossible.However, asK RONOSis atool thatsupports
only specificationavithout statevariablesjt maybe necessaryo resortto otherverificationtools suchas
Hytech[4] which supportsvariables.This would needtranslationof ET-LoTos into a Hytechautomaton-
work thatis currentlybeingundertakerby others[5].
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A Delayand Timing Constraints in the Library

Thissectionsummarisethepseudo-componentsr timing thathave beenplacedn theDILL library. Some
of the componentsareredundansince,for example, Delay_Inertial and Delay_Pure areincludedin the
Delay. But usingthesecomponent$s morecorvenientin somespecifications.

In table 2, value parameter€dge and LevelOfPulseare of sort Bit; they indicatethe active clock
transitionandthe level of the checkedpulserespectiely. 1/0 represents positive-going/ngative-going
transitionor a 1/0level pulse. The othervalueparameterareof sort Time

| Pseudo-Component | Meaning |
Delay[lp, Op] (MinWidth, MinDel, MaxDel) Generaldelay
Delay Dyn [Ip, Op] (MinDel, MaxDel) Dynamicdelay
Delay Inertial [Ip, Op] (MinDel, MaxDel) Inertial delay

Delay HL [Ip, Op] (MinWidth, MinT01, MaxT01,MinT10, MaxT10) | [ahd [dElay
Delay HL _Inertial [Ip, Op] (MinTO1, MaxT01,MinT10, MaxT10) Inertial [ahd [dEklay

Delay Pure[lp, Op] (MinDel, MaxDel) Puredelay

HoldDel [D, Ck, Err] (HoldTime, Edge) Hold time constraint
Period[Ck, Err] (MinPeriod) Periodconstraint
SetupDelD, Ck, Err] (SetupTme, Edge) Setuptime constraint
Width [Ip, Err] (MinWidth, LevelOfPulse) Width constraint

Table2: Timing Pseudo-Components
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