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Abstract

A timed extensionto DILL (DIgital Logic in LOTOS) is discussed.The extensionis basedon ET-
LOTOS (EnhancedTimedLOTOS) andis usedto specifytimeddigital logic. Theapproachplacestiming
propertiesin two categories: timing constraintsanddelays. A parallel-serialmodelis usedto form a
timed specificationby composingthe functionality of a digital componentwith timing constraintsand
delays.A varietyof commontiming constraintsanddelayshavebeenspecified,addingtheseaspseudo-
componentsto theDILL library for subsequentreuse.Thecharacteristicsof othertimedcomponentsin
theDILL library arealsodiscussed.Theapproachto timedspecificationandanalysisis illustratedusing
a standardmultiplexer component.

Keywords: Digital Logic,DILL (DIgital Logic in LOTOS), ET-LOTOS(EnhancedTimedLOTOS),HDL
(HardwareDescriptionLanguage),LOTOS (Languageof TemporalOrderingSpecification),TE-LOTOS

(TimeExtendedLOTOS)
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1 Intr oduction

In this paper, a timed extensionis presentedfor DILL (DIgital Logic in LOTOS)[19], an approachanda
languagefor specifyingdigital hardwaredesignsin LOTOS. Extensionsto theoriginal versionof DILL are
describedin [11].

Timing characteristics,suchas the propagationdelay of a logic gate,are an importantpropertyof
digital components.They arecritical for logic designsin two senses.First, the timing propertiesof each
individual componentin a logic circuit maydetermineif thecircuit canfunctioncorrectly. For example,
potential raceconditionsand hazardsin a digital circuit causedby the delaysof componentswithin a
circuit couldresultin misoperation.Second,thetimedcharacteristicsof a digital circuit determinesif the
circuit satisfiesrequirementsfor timing performanceandthusits usabilityin somecircumstances.In recent
yearsmany hardwaredescriptionlanguages,like VHDL [6] andVerilog [7], havebeenextendedwith more
effective methodsfor handlingtiming. The correspondinglanguagesVITAL (VHDL Initiative Towards
ASIC Libraries[8]) andSDF (StandardDelay Format[9]) arebecomingIEEE standards.For DILL it is
alsodesirableto be ableto specifytiming propertiesso that the timed behaviour of logic designscanbe
analysed.

UntimedDILL is the previous work on DILL [11, 19]. It assumesthat an event offer (which models
the changein a digital signal) can happenat any time. Timed DILL is basedon ET-LOTOS (Enhanced
Timed LOTOS [13]) andis usedto specifythe behaviour in time of digital logic. ET-LOTOS waschosen
asthe foundationof Timed DILL mainly becauseET-LOTOS is closelyrelatedto the timed semanticsof
the future ISO standardE-LOTOS (Enhancementsto LOTOS [10]). It is hopedthat Timed DILL will be
easilytransferableto E-LOTOS oncethestandardis mature.BecauseE(T)-LOTOS toolsarecurrentlyunder
development,theauthorshave usedTE-LOTOS (TimeExtendedLOTOS[17]) for validation.

Thepaperisorganisedasfollows. Section2briefly introducesET-LOTOS. Section3givesaspecification
modelfor timedcomponents.Sections4 and5 discussdelaysandtiming constraintsrespectively. Section6
explainsthecharacteristicsof componentsspecifiedin differentstylesusingTimedDILL . Section7 shows
how touseTimedDILL tospecifyandanalysedigital logicusingamultiplexerasexample.Finally, section8
reviews thework andindicatessomefutureplans.

2 ET-LOTOS in Brief

This sectionbriefly presentsET-LOTOS –a timed LOTOS that allows the modellingof time-sensitive be-
haviour. A good tutorial introduction is found in [14], while a more theoreticalbasisis presentedin
[13].

2.1 Time Specification

ET-LOTOS supportsbothdiscreteanddensetime domains.Informally, a discretedomainmeansthat time
progressesin discretesteps.In a densedomainit is alwayspossibleto find a time valuebetweenany two
given time values. The discretetime domainis representedby the naturalnumbers,andthe densetime
domainby the real or rationalnumbers.However, for ET-LOTOS, only countabletime domains(suchas
rationalnumbers)arepermittedin orderto giveoperationalsemanticsusingLabelledTransitionSystems.

Threenew operatorsrelevant to time areintroducedin ET-LOTOS: delay, life reducerandtime mea-
surement.

Delay: ThedelayoperatorDelta(time)meansthat thesubsequentbehaviour will bedelayedby time. In
ET-LOTOS a time value is relative to the instantwhen the previous actionoccurs. The behaviour
a; Delta(P)will delayfor d aftereventa occursandthenbehave like P.

Time Measurement: Thetimemeasurementoperator@t is usedto measurethetimeelapsedbetweenthe
instantwhentheevent hasbeenofferedandthe instantwhenit occurs.Thetime valueis storedin
t. In ET-LOTOS, timemeasurementcanbeusedfor bothobservableactionsandinternalactions.For
observableactions,thetimemeasurementvariablet canappearin selectionpredicates.For example
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a @t [t ≤ 5]; P denotesa processwhich canperforma only within the first 5 time unitsandthen
behave like P. Otherwise,it will behave like stop.

Life Reducer: Applying the life reducerto the internal event, i {d}, meansthat i must occur non-
deterministicallywithin thenext d timeunits. Necessityandnon-determinismapplybecauseinternal
actionsarenot controlledby the environment; in particular, the time of occurrenceis decidedby
the system. Nonetheless,an alternative actionmay pre-emptthe occurrenceof an internalaction.
If the life reduceris omitted,it is regardedasequivalentto i {0}. As in standardLOTOS, selection
predicatescannotbeusedwith theinternalactioni. However, ET-LOTOS introducesthelife reducer
for internalactions.For behaviour i @t{d}; P thesystemmustperformi within thenext d timeunits
andthenbehave like P. Thetimeof theinternaleventwill bestoredin timevariablet.

TheaboveoperatorsareprimitivetoET-LOTOS. Besidesthese,ET-LOTOSalsoprovidessomeshorthand
notationsfor flexibility andconvenience.Basically, threekindsof shorthandsareoffered:

Life Reduceron ObservableActions: The life reducermay be usedwith an observableaction,suchas
g {d}; Q. This is ashorthandfor g @t [t ≤ d]; Q providedt doesnotappearin Q. In thisexample,g
mayhappenwithin d timeunits. If sotheprocessevolvesto Q, otherwisetheprocessperformslike
stop. If life reduceris omitted,this meansthatg mayoccurat any time.

GeneralizedLife Reduceron ObservableAction: g@t[d1≤ t≤d2]; Pcanberewrittenasg{d1,d2}; P
provided that t doesnot appearin processP. Actually, the generalizedlife reducercan also be
expressedas:Delta(d1)g d2-d1;P.

GeneralizedLife Reduceron Internal Actions: Thebehaviour Delta(d1)i @t {d2}; P canberewritten
asi {d1,d1+d2}; [t-d1/t] P, wheret-d1/tmeansevery t appearingin processP is replacedby t-d1.

2.2 Semanticsof ET-LOTOS

The formal semanticsof ET-LOTOS is given by a labelled transitionsystem. Thereare two kinds of
transitions:discreteandtimed. A discretetransitioncorrespondsto theexecutionof anaction. P a

→ P ′

meansthatP mayperformactiona andthenbehave like P ′. Timedtransitionscorrespondto thepassage

of time. If d is a variableof sortTime, thenP d
→ P ′ meansthatP mayidle for d thenbehave like P ′. The

semanticswill notbediscussedin detailheresinceit is foundin [13].
ET-LOTOS adoptsmaximalprogress[22] for hiddenactions. This hassomespecialimportancefor

Timed DILL . Maximal progressmeansthat if a hiddenactioncanoccur, it musthappennow (unlessan
alternative actionoccurs)andshouldnot be postponed.In otherwords,hiddenactionsareurgentin ET-
LOTOS. In theDILL approach,eachdigital componentis modelledasa processwhich is usuallyconnected
to others. Input or outputportsaremodelledby LOTOS gates.Portsusedinsidea designarehiddenand
theireventsbecomeurgentundertheassumptionof maximalprogress.

For otheri eventsin ET-LOTOS, urgency is notalwayavailable.In thebehaviour i {d}; stop theinternal
actioncan be postponeduntil d time units. But after that, it musthappen(unlessan alternative action
occurs).An internaleventis thusurgentonly at its uppertimebound.

3 SpecificationModel for Timed Digital Components

Beforedevelopinganabstractmodelto specifytimeddigital components,it is necessaryto considerwhich
timing characteristicsneedto bespecifiedfor a digital design. It is possibleto think of characteristicsas
timing relationshipsamonginputs,amongoutputs,andamonginputsandoutputs.Thetiming relationship
from inputto outputis normallycalleddelay. It is thetimeintervalbetweenasignalchangeonaninputand
theresultingsignalchangeon anoutput.A timing relationshipamonginputsis calleda timingconstraint,
meaningthat thedigital circuit canwork correctlyonly if theconstraintsaremet. In TimedDILL thereis
no needto specifythe timing relationshipsamongoutputsdirectly, asthey aredeterminedby delaysand
timing constraints.
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Figure1: TheSpecificationModel for a TimedComponent

Thereare several possibleapproachesto specify a timed digital component,classifiedas either an
integratedmethodor a combinedmethod. In an integratedmethoda digital componentis specifiedin one
processthatdealswith bothfunctionalityandtiming. Althoughtheintegratedmethodmayresultin compact
specifications,it is nota ‘structural’methodandis hardto apply. Theapproachis notcompositionalin the
sensethat functionalandtemporalcharacteristicsof a componentareinterwoven. It is alsoimportantto
have untimedbehaviour asa simplecaseof timedbehaviour, i.e. to beableto isolatepurefunctionality.

Attention hasthereforebeenfocusedon developingcombinedmethods. The ideais to separatethe
functionalityandthetimingcharacteristicsintodifferentprocesses,andthencombinethemin anappropriate
way. This makesit possibleto reusethe componentlibrary developedfor UntimedDILL [11] sincethis
mainlydealswith functionality. More importantly, thetiming work to bediscussedin thenext two sections
canbeappliedto existingUntimedDILL specifications.Circuit designerscanconcentrateonspecifyingthe
functionalityof a logic design,andthenincorporatetiming characteristicswith appropriateparameters.

Theinitial intentionwastousetheconstraint-orientedstyle[18, 21] to combinefunctionalandtemporal
aspects.Thefunctionalitypartwouldtakeadvantageof theuntimedcomponent,with thetiming constraints
anddelaysin parallel.Thesewouldconstrainwhether, whenandwhatoutputsshouldoccur, corresponding
to timing constraints,delaysandfunctionalityrespectively. Placingthedelaycomponentsin parallelwith
thefunctionality is unfortunatelyunworkablein theauthors’experience.This is mainly becauseanevent
in DILL modelschangesin signallevelsbut not thelevelsthemselves.Delayscannotsimplyholdup input
signalsasit hasto bedeterminedwhetherthey causechangesin outputs.Thiscannotbeachievedwithout
knowing thefunctionalityof thecomponent.

The modeladoptedfor Timed DILL wasarrived at after considerableexperimentationwith different
approaches.The selectedapproachis calledthe parallel-serial model. As shown in figure 1, the func-
tionality is assumedto be specifiedwith zerodelay. Timing constraints(TC) areplacedin parallelwith
the functionalspecificationto checkif inputsrequirementsaremet. Delaysareplacedin serieswith the
functionalityto provide delayfor eachoutput.

Note that theErr(or) gatesin thefigurearefor analysispurposesonly; they have no counterpartin a
realphysicalcomponent.If anErr actionis offered,it indicatesthata timing constrainthasnot beenmet.
However, the behaviour of the componentis not influencedby errorssincethe functionality part always
assumesthatinputsmeettheconstraints.Theoutputsof thecomponentarethusalways‘correct’ in terms
of thecomponent’s function.

This modelling decisionwas madeafter careful consideration. The idea is that insteadof trying
to specify behaviour underall kinds of input conditions,behaviour is specifiedonly for correct inputs.
Behaviour undererrorconditionsis ‘wrong’ andthusnot verymeaningful.Violationof timing constraints
meansthat thereis a designerror. Realhardwarewill do somethingundertheseconditions,but theresult
is not really interestingor relevant. It is moreimportantto detectandcorrectdesignerrors,not modelthe
behaviour of componentsundererroneousconditions.Theaimof analysisis to find outwhetherthedesign
is correct,particularlyin thepresenceof timing conditions.During a simulation,theoccurrenceof anErr
offer is immediatelyobvious. For verification,theabsenceof Err offerscanbecheckedbeforeverifying
otherproperties.
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Finally, notethatif thetiming constraintsarevoid andthedelaysarebetweenzeroandarbitrarily large
thenthe timed modelis equivalentto the untimedmodel. An untimedspecificationis thusjust a special
case.

4 Delays

4.1 BasicDelayTypes

Becausethephysicalstructuresof digital componentsdiffer, their delaysareof differenttypesandvalues.
Accordingto [20] therearetwo basicdelaytypes: pure delayandinertial delay. Supposethedelayof a
digital componentis D. If a componenthaspuredelay, all input changeswill have aneffect on output. In
otherwords,outputsfollows inputsafterdelayD. If thecomponenthasinertial delay, outputwill respond
only to inputchangeswhichhavepersistedfor timeD. In otherwords,inputpulseswhosewidth is lessthan
D will beabsorbedby thecomponent.This reflectsthefact thatshortpulsescontaininsufficientenergy to
triggera statechangein a realcomponent.

Sometimes,thedelayof acomponenthasamoregeneralform. Theremayexist athresholdT< D such
that thecomponentabsorbsinput pulseswhosewidth is lessthanT. However outputfollows input if the
pulsewidth is morethanT. In DILL this is termedgeneral delay. In fact, it couldbeconsideredasinertial
delayTcascadedwith apuredelayD-T. Figure2 showshow inputsarerelatedto outputsfor differentdelay
types.Thescaleof thefiguretakesT as2 andD as4 time units. Eachinput transitionhasbeennumbered.
As shown in thefigure,thepuredelaycomponentcopiesinput to outputaftersomeinterval. Theinertial
delaycomponenthowever retainsonly pulse5–6becausepulses1–2,3–4,6–7and7–8areall lessthanD
time units. For thegeneraldelaycomponent,pulses1–2are6–7areabsorbedsincethey arelessthanT
timeunits.

4.2 DelayElementsin DILL

This sectionintroducesthe delayelementsthat have beenincludedin the DILL library. Although these
arecomponentsin the senseof building blocks,they arenot componentslike mostof the library (gates,
flip-flops, counters,etc.). They shouldperhapsbe calledpseudo-components.Unlike the fixed delays
discussedin thelastsection,all delayshave a non-deterministicrangefrom MinDel (theminimumdelay)
to MaxDel (themaximumdelay). For generaldelay, MinWidth correspondsto the thresholdT in the last
section.It is obviousthattheassumptionof non-deterministicdelaysis morerealisticandflexible thanthat
of fixeddelays.

4.2.1 Inertial Delay

The following is a naive attemptat specifyinga delay. Theexamplerevealssomeinterestingproperties
of ET-LOTOS which have to be takeninto account.Thespecificationusesthe ET-LOTOS generalisedlife
reducerto modelinertial delay. If theinterval betweentwo input transitionsis lessthanthedelay, output
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will notoccur. Theexactdelaywill bedeterminedby theenvironmentbecausethedelayrangeis associated
with anobservableaction. But in DILL whatshouldreally be specifiedis that thedelayis decidedby the
componentitself. If thedelayis connectedto othercomponentsin a largerdesign,theOp portmight well
be hidden. This would meanthat the delaytime is exactly MinDel insteadof beinga non-deterministic
valuesinceET-LOTOS adoptsmaximalprogressfor hiddenevents.

processDelayNaive [Ip, Op] (MinDel, MaxDel : Time) : noexit :
DelayNaiveAux [Ip, Op] (MinDel, MaxDel,0 of Bit, 0 of Bit)

where
processDelayNaiveAux [Ip, Op]
(MinDel, MaxDel : Time,DataIp,DataOp: Bit) : noexit :
Ip ? NewDataIp: Bit;
DelayNaive[Ip, Op](MinDel, MaxDel,NewDataIp,DataOp)

[DataIpneDataOp] >
Op! DataIp{MinDel, MaxDel};
DelayNaiveAux [Ip, Op] (MinDel, MaxDel,DataIp,DataIp)

endproc (* DelayNaiveAux *)
endproc (* DelayNaive *)

Thefollowing is a betterspecificationof inertial delay:

processDelayInertial[Ip, Op] (MinDel, MaxDel: Time) : noexit :
DelayInertialAux[Ip, Op] (MinDel, MaxDel,0 of Bit, 0 of Bit)

where
processDelayInertialAux[Ip, Op]
(MinDel, MaxDel : Time,DataIp,DataOp: Bit) : noexit :
Ip ? NewDataIp: Bit;
DelayInertial Aux [Ip, Op] (MinDel, MaxDel,NewDataIp,DataOp)

[DataIpneDataOp] >
i {MinDel, MaxDel}; Op ! DataIp{0};
DelayInertial Aux [Ip, Op] (MinDel, MaxDel,DataIp,DataIp)

endproc (* DelayInertial*)

The specificationtakesadvantageof internal events. The internal event i introducesnon-deterministic
delay, which meansthe outputport canchangeits valueat any time betweenMinDel andMaxDel. The
exactdelayvalueis determinedby thecomponentitself andnot by theenvironment.Moreover evenif the
componentis connectedto othercomponents,thedelayis still non-deterministicsinceonly hiddenevents
areurgent.

4.2.2 Pure Delay

A puredelayis specifiedasfollows. After an input transition,the puredelaycomponentcommitsitself
to outputthe transitionafteranappropriatedelay;at thesametime it preparesto dealwith thenext input
transition. The interleaving operatorensuresthat eachinput transitionwill have a correspondingoutput
transitionno matterif thenext input transitionappearsbeforetheoutputtransition.

processDelayPure[Ip,Op] (MinDel, MaxDel : Time) : noexit :
DelayPureAux[Ip, Op] (MinDel, MaxDel,0 of Bit, 0 of Bit)

where
processDelayPureAux[Ip, Op]
(MinDel, MaxDel : Time,DataIp,DataOp: Bit) : noexit :
Ip ? NewDataIp: Bit;
( [NewDataIpeqDataOp] >

DelayPureAux[Ip, Op] (MinDel, MaxDel,NewDataIp,DataOp)

5
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Figure3: Catch-UpPhenomenonwith PureDelay

[NewDataIpneDataOp] >
( i {MinDel, MaxDel}; Op ! NewDataIp{0}; stop
|||

DelayPureAux[Ip, Op] (MinDel, MaxDel,NewDataIp,NewDataIp)
))

endproc (* DelayPureAux*)
endproc (* DelayPure*)

Becausedelayis assumedto be non-deterministicratherthanfixed, thepuredelayabove mayoutput
‘strange’sequenceslike Op ! 0; Op ! 0; Op ! 1; . . . giventheinput sequenceIp ! 0; Ip ! 1; Ip ! 0; . . . . In
thesequence,thesecondOp ! 0 overtakesOp ! 1 andresultsin thetwo consecutive Op ! 0 events. The
phenomenonof catch-up arisesif a later input changetakeslesstime to reachthe outputthanan earlier
input change.Figure3 illustratesthe reasonfor thephenomenon,it assumesthat thedelayis between3
and9 time units. As onecansee,if botheventsOp ! 0 andOp ! 1 happenwithin theoverlappedregion
thencatchup mayarise. Supposethewidth of a input pulseis W. A necessaryconditionfor catch-upto
occuris W≤MaxDel-MinDel.

Catch-upmay exhibit variousforms in real hardwareif delaysvary significantly. However, digital
componentsgenerallyoperatein astableenvironmentsothevariationin delaysis in anarrow range.Thus
thecatch-upconditionis rarelymetin practice.Thephenomenonexistsin any delaymodelthatis basedon
puredelay, includingthegeneraldelaycomponentin thenext section.But it doesnotappearin theinertial
delaymodelsinceaninput changewill preventany pendingoutput;it is thereforenot possibleto catchup
a pendingoutput.

4.2.3 GeneralDelay

As mentionedbefore,generaldelay hasa thresholdMinWidth. Input pulseswhosewidth is lessthan
MinWidth will beabsorbedby thecomponent.They will appearat theoutputif their width is greaterthan
or equalto MinWidth. The generaldelayelementin DILL is specifiedsuchthat it canmodelnot only a
generaldelaybut alsoinertial or puredelay. This is achievedby choosingappropriatetiming parameters.
Thefollowing specifiesthedelaycomponent.

ProcessDelay[Ip,Op] (MinWidth, MinDel , MaxDel : Time) : noexit :
DelayAux[Ip,Op] (MinWidth, MinDel, MaxDel,0 of Bit, 0 of Bit)

where

processDelayAux[Ip,Op]
(MinWidth, MinDel, MaxDel : Time,DataIp,DataOp: Bit) : noexit :
Ip ? NewDataIp: Bit;
DelayAux[Ip,Op](MinWidth,MinDel,MaxDel,NewDataIp,DataOp)

6



[(DataIpneDataOp)] >
(

[MinWidth lt MinDel] > (* generaldelay*)
(

Delta(MinWidth) i; (* inputholdsat leastMinWidth *)
(

i {MinDel −MinWidth, MaxDel− MinWidth};
Op ! DataIp{0};
Stop

|||
DelayAux[Ip,Op] (MinWidth, MinDel, MaxDel,DataIp,DataIp)

)
)

[MinWidth geMinDel] > (* inertial delay*)
(

i {MinDel, MaxDel} ;
Op ! DataIp{0};
DelayAux[Ip,Op] (MinWidth, MinDel, MaxDel,DataIp,DataIp)

)
)

endproc (* DelayAux*)
endproc (* Delay*)

Therulesfor timing parametervaluescanbeobtainedfrom theabovespecification.Inf in thefollowing
is themaximalvalueof thetimedomain(takenasarbitrarily large):

0< MinWidth< MinDel≤MaxDel< Inf Thisdescribesgeneraldelay. OnlywhenMinWidth isapositive
numberlessthanMinDel is thegeneraldelaymodelmeaningful.

MinWidth = 0, MinDel≤ MaxDel< Inf Thisis puredelay. Thedifferencebetweengeneraldelayandpure
delayis thatfor thelatter, MinWidth is zerosothecomponentdoesnotabsorba narrow pulse.

0≤ MinDel≤ MaxDel< Inf, MinWidth> MinDel This is inertial delay. It appliesif the thresholdMin-
Width is greaterthanMinDel. MinWidth is oftensetto Inf for inertial delay(Thisdoesnot meanthat
signalsareabsorbedtotally, but justanimplementationtrick.).

MinDel = 0, MaxDel= Inf, MinWidth> 0 This is equivalentto theuntimeddelaycomponentin thepre-
viousversionof DILL . UsuallyMinWidth is giventhevalueInf.

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

All thedelaymodelsdescribedsofar assumethesamedelayvaluefor transitionsfrom high-to-low (eb) or
low-to-high (cd) outputs. Actually, mostdigital componentshave differentvaluesfor them. (This arises
becausethedirectionof currentflow dependson the transition,andthephysicalprocesseshave different
delays.)If thedifferencebetweenthesedelaysinfluencesthecorrectnessor performanceof adigital circuit,
they shouldbedistinguished.In TimedDILL thereis adelayelementthatdealswith differenteb or cd delays.

If a componentexhibits puredelay, the catch-upphenomenoncanstill occur. Even if the delaysare
fixed,thedifferencebetweenthehigh-to-low andlow-to-highvaluescouldresultin thefasteronecatching
up theslower one. However, thespecificationof thedelayavoidscatch-upfor fixeddelays.Fixeddelays
reflectanenvironmentthatis stable,socatch-uprarelyhappensin practice.It is assumedthatif a laterbut
fasterchangecatchesup with anearlierbut slower change,bothchangesareabsorbedby thecomponent.
Thespecificationof thedelaywill not bepresentedin detailfor reasonsof space.

Tri-statecomponentsareusedparticularlywith buses.They haveahigh-impedancestatewhenthey are
not enabledso thatseveral tri-statesoutputscanbeconnected.Tri-statecomponentscanexhibit 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 thesameoutputaredifferent.Typically
this happensin a high-level specificationsincethe internaldatapathscouldwell bedifferent. Considera
simple2-bit counterwith asynchronousreset.Its twooutputsQAandQBrepresentatwo-bit binarynumber.
If Resetis notbeingrequested,thebinaryoutputwill beincrementedaftereachactive clock transitionCk.
It is setto 00 aftera Resetrequest,irrespective of theclock. Thetimedversionof thecounteris shown in
figure4. Supposethat a resetis not beingrequested.Whentheclock hasa positive-goingtransition,the
outputwill be incrementedaftersomedelay(say, 20–30ns). If a resetis requestedtheoutputwill change
to 00 asynchronously, thedelayfrom clock to outputalwaysexceedsthedelayfrom resetto output(say,
10–15ns).

Whena changeoccursat theinputof any kind of delay(for exampleInQA), thedelaycomponentdoes
not know the sourceof the change(the clock transitionor the reset). Thereforeit doesnot know which
delayvalueshouldbeapplied(20–30nsor 10–15ns). TheTimedDILL 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 partmustoffer InQA ! 0 ! 10 ! 15, andthedynamicdelaycomponentextractsthe
delayvaluefrom theoffer to ensuretheappropriatedelayoccurs.

As onemight expect,becausedifferentdelayvaluesareappliedto onedelaycomponentthecatch-up
phenomenonwill ariseif thecomponentis basedon puredelay. Thedynamicdelaycomponentin DILL

library is basedonly on inertial delay.

5 Timing Constraint Components

Timing constraintsin DILL areusedtocheckif theinputsof acomponentsatisfysomeconditions.Common
timing constraint‘components’have beenaddedto theDILL library, includingthosefor setup,hold,pulse
width andperiod.

Setupandhold timesarealwaysassociatedwith flip-flops. For a D (delay)flip-flop, setuptime is the
timeintervalbetweenachangein inputD andthetriggerthatstoresthisdata(e.g.apositive-goingtransition
of theclockCk). Thedatasignalmustthenremainstablefor aminimal timeinterval if correctoperationof
theflip-flop is to beguaranteed.For aflip-flop, theholdtimeis theinterval in whichinputdatamustremain
unchangedaftertriggeringby theclock. Again, this minimummustberespectedfor correctoperation.A
timing diagramshowing setuptimeandhold time is givenin figure5.

Thesetuptimeconstraintis specifiedasfollows. Thehold timeconstraintis specifiedin a verysimilar
way. Thespecificationsupposesthat theactive clock transitionis positive-going. Thewidth timing con-
straintdefinestheminimumwidth thataninputpulsecanhave. A call of theprocessWidth [Ip, Err] (Min-
Width, 1) checksthat the input Ip staysat 1 for at leastMinWidth in eachcycle. The period timing
constraintis the minimum periodfor an input signal,andis alwaysusedfor a clock signal. For process
Period [Ck, Err] (MinPeriod) theminimuminterval betweentwo consecutive positive-going(or negative-
going)transitionsshouldbeat leastMinPeriod. Figure6 illustratesthetwo constraints.

processSetupDel[D, Ck, Err] (SetupTime: Time) : noexit :
D ? NewDataIp: Bit; (* new datainput *)
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AfterD [D, Ck, Err] (SetupTime,SetupTime) (* checksetuptime*)

Ck ? NewCk : Bit; (* new clock input *)
SetupDel[D, Ck, Err] (SetupTime) (* no setuptime to check*)

endproc (* SetupDel*)

processAfterD [D, Ck, Err] (SetupTime,SetupRem: Time) : noexit :
Delta(SetupRem)i; (* enforcemin. setuptime*)
SetupDel[D, Ck, Err] (SetupTime) (* restartsetupcheck*)

Ck ? NewCk : Bit @ t; (* new clock input *)
([NewCk eq0] > (* negative-goingclock?*)
AfterD [D, Ck] (SetupTime,SetupTime− t) (* checkremainingsetuptime*)

[NewCk eq1] > (* positive-goingclock *)
Err ! SetupError; (* min. setuptimeviolated*)
SetupDel[D, Ck, Err] (SetupTime)) (* restartsetupcheck*)

D ? NewDataIp: Bit; (* new datainput *)
AfterD [D, Ck, Err] (SetupTime,SetupTime) (* restartsetupcheck*)

endproc (* AfterD *)

6 The Timed DILL Library

Thenew delaycomponentscanbeusedalongwith theuntimedcomponentsin theDILL library. Noneof
thelibrary componentsgive timing constraints,sotheusermustintroducetheseto checkinput timing.

Section6.2 and6.3 are relatedto componentsin differentspecificationstyles. The structuralstyle
specifiesacomponentastheconnectionof lower-level components.It thusindicateshow adigital circuit is
constructed.Thedataflow styledescribeshow inputsignalsflow throughthecircuit toproducetheoutputs.
Normally, eachoutputcanbespecifiedby anexpressionusingtheLOTOS let . . . in operator. Finally, the
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behavioural styledefinescomponentsthroughtheir input-outputresponse.It specifiesa black-boxdigital
componentwhoseinputsandoutputsinteractwith theenvironment.More informationon thesestylescan
befoundin [11].

6.1 BasicLogic Gates

For Timed DILL , the basiclogic gates(including tri-stateones)arebuilt from a zero-delayfunctionality
partanda generaldelaypart. The zero-delayfunctionality is easilyobtainedfrom thecomponentin the
UntimedDILL : a life reducer{0} is appendedto eachoutputeventoffer. Becausethebasiclogic gatesare
verycommonin logicdesign,generaldelaywaschosensothattimedcomponentscouldbeusedin different
designswith differentdelayassumptions.The actualtiming characteristicsareobtainedby definingthe
timing parametersmentionedin section4.2.3.

Mostactualdesignsusebasiclogicgatesfromthesametechnologyfamily,e.g.CMOS(Complementary
Metal-OxideSilicon). Thismeansthattiming parametersaredefinedby thechoiceof technology. It would
beclumsyto haveto specifytiming parametersfor eachlogic gateindividually. Thetechnologyis therefore
specifiedatagloballevel in DILL . Timing parametersarethensuppliedautomaticallyfor basiclogic gates.
Evenfor componentswhich arespecifiedabstractly, whentheir specificationis expandedto thegatelevel
by DILL , the timing parametersareaddedby default. However, DILL specifierscanalsospecify timing
characteristicsdirectly if required.

6.2 ComponentsSpecifiedin Structural Style

Componentsin the structuralstyle aredefinedby combininglower-level components.This determines
timing characteristicsarederived from the timing characteristicsat a lower level. For this reason,timed
componentsin the structuralstyle do have not timing parametersassociatedwith them. This doesnot,
however, meanthatthecomponentis untimed:its timing propertiesaredeterminedat thegatelevel.

6.3 ComponentsSpecifiedin Abstract Style

Data-flow stylecomponentshave theiroutputsdescribedby anexpression.Supposethatanoutputvalueis
calculated.Thestyledoesnot 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. Thedelaycomponentassociatedwith eachoutputport hasto usea commondelayrange,i.e. all
pathsfrom theinputsto thatoutputhave to betreatedashaving thesamedelayvalue.

The pin-to-pin delay can,however, be definedfor behaviourally specifiedcomponents.In order to
specifysuchdelay, thefunctionalspecificationneedssomechanges.After eachinput offer thatmaylead
to output,eachoutputis checkedto seeif its valuehasbeeninfluencedby theinput transition.If so,there
shouldbeaneventoffer with thespecificdelayfrom this input to this output. As for thecounterexample
in section4.2.5,dynamicdelaysshouldbeusedin thiscase.

7 Timed DILL Example: A 2-to-1 Multiplexer

7.1 2-to-1Multiplexer

As anexample,the2-to-1multiplexer in theDILL library will bespecifiedandanalysed.This component
hastwo datainputsA andB, a selectioninput SandanoutputC. Thebehaviour is suchthatif theselection
input is 0, thedataat A will appearat C aftersomedelay. Alternatively if theselectioninput is 1, thedata
at B will appearat C. Thedelaysusedin theexampleareinertial,mainly becausethey areeasyto handle
but aregeneralenoughto representdelayin mostdigital circuits.

Themultiplexer canbe specifiedat two levels. Thehigherlevel specifiesthe requiredbehaviour and
timing performance.The lower level specifiesthe structureof the componentby connectingbasiclogic
gates. The lower level implementsthe higher level. The timed specificationswere analysedthrough
simulationandtesting.
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7.2 Timed LOTOS Tools

This sectionshows how Timed DILL can be usedto specify and analysedigital designsthat are time-
sensitive. Theobjective is to discover andcorrecttiming hazards.Alternatively thenatureof thehazards
canbeusedto determinethesettlingtime requiredbeforetheoutputsof a designarestable.

In principle, all the examplesdevelopedfor Untimed DILL [11] can be reworked for Timed DILL .
Unfortunately, toolssupportingET-LOTOSarecurrentlyunderdevelopment.Thetoolavailabletotheauthors
wasTE-LOLA (TimeExtendedLOTOSLaboratory[16]), whichsupportsTE-LOTOS(TimeExtendedLOTOS

[17]). However, ChristianHernalsteen(Universityof Brussels)alsokindly investigatedthe feasibility of
analysingTimedDILL specificationsusingthemodelandtool hehasunderdevelopment[5]. This looks
like a promisingapproachin future.

It hasbeenpossibleto useTE-LOLA to analysethespecificationsgeneratedby TimedDILL . Although
ET-LOTOS andTE-LOTOS adoptdifferentsemanticmodels,the equivalencebetweenthemhasbeenes-
tablished[15]. It is thereforepossibleto translatethe generatedET-LOTOS specificationsinto TE-LOTOS

syntax. Becauseof their similarity, the translationis alwayspossiblealthoughsomesubtledifferences
needattention.For example,i {d} in ET-LOTOS meansi will happennon-deterministicallybetween0 and
d time units, but in TE-LOTOS it meansthat i will occurat exactly time d. The correcttranslationfrom
ET-LOTOSshouldbeto i {0..d} in TE-LOTOS. In orderto avoid confusion,thefollowingspecificationswill
useET-LOTOS thoughtheactualanalysiswasmadewith TE-LOTOS.

7.3 Behavioural Specification

7.3.1 DILL Description

The behavioural specificationof the 2-to-1 multiplexer in DILL is as follows. DILL provides a veneer
on top of LOTOS – mainly a library of componentsthat can be combinedusing LOTOS operators. The
circuit declarationnamesthe overall specificationand its parameters.It thengivesa LOTOS behaviour
expressionfor the whole circuit. Library componentsareautomaticallyincludedby giving their names
(ComponentDecl). Here,Multiplexer2to1 BB 0 is a 2-to-1 multiplexer in black-boxform that exhibits
zero delay. It wasderived from the correspondingcomponentin Untimed DILL using the approachin
section6.1. Thebehavioural specificationdefinesaninertial delaybetweenMinDel (10)andMaxDel(15).

define(MinDel, 10) # min. delayvalue
define(MaxDel, 15) # max. delayvalue
include(dill.m4) # includeDILL library
circuit( # circuit description

‘Multiple xer2to1 BB [A, B, S,C]’,‘ # circuit nameandports
hide InC in # internalgateto delay

Multiplexer2to1 BB 0 [A, B, S, InC] # multiplexer instance
|[InC]| # syncwith delay

Delay[InC, C] (Inf, MinDel, MaxDel) # delayinstance
where

Multiplexer2to1 BB 0 Decl # multiplexerfrom library
’)

7.3.2 Validation

The behavioural specificationwas validatedusing the TE-LOLA step-by-stepsimulator. Basically, the
behaviour of themultiplexer is simulatedfor eachinput combinationto seeif it is asexpected.Theresults
of simulationareregardedasthecriteriaagainstwhichsimulationof thelower-level specificationshouldbe
judged.Asanexample,thetraceaftersimulatingthebehaviour correspondingto inputstateA=1,B=1, S=0
is asfollows:

[1] − A ! 1 {0};
[2] − B ! 1 {0};
[3] − S! 0 {0};
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[4] − i {0}; (* InC ! 1 *)
[4] − i @ t [10<= t <= 15];
[4] − C ! 1 {0};

Here,internaleventInC is theinput to thedelaycomponent.This traceindicatesthatfor theinputstate
110, theoutputC shouldbe1 afteradelaybetween10to 15timeunits. Otherinputstatescanbesimulated
in thesameway.

Becausetest resultsfrom TE-LOLA becomeinconclusive if testshave actionswith intervals suchas
i {5,7}, it is possibleto useonly fixed delaysduring testing. For a higher-level specificationlike the
behavioural one,suchan assumptionwould be unrealistic. Thereareseveral pathsfrom the inputsto an
output,sothedelayassociatedwith theoutputhasa rangeof values.

7.4 Structural Specification

7.4.1 DILL Description

The structureof the 2-to-1 multiplexer is shown in figure 7.1 The logic gatesin the diagramare timed
gates. Eachof themconsistsof zero-delaylogic anda delaycomponent.The inset in the figure shows
thestructureof theandgateG2; 0 D in thefiguremeanszerodelay. Othergateshave thesamekind of
structure.Thedesignof themultiplexer is ‘classical’andcanbefoundin textbookslike [12]. However, as
will beseenlaterthisdesigncontainstiming hazards.

Assumingthe delayof eachgateis 5 time units, the correspondingDILL specificationis as follows.
Thespecificationfirst definesthedelayof thebasiclogic gates.Herethedelayis fixedat 5 andis inertial
becauseMinWidth is Inf. The first parameterof thecircuit declarationis optional. In this exampleit is
timed, indicatingthatbasiclogic gatesusethedelaydatadefinedby thespecifier. Otherpossiblevalues
of theparameterareCMOS, ECL andTTL . Delaydatafor theselogic families is pre-definedin Timed
DILL . The defaultvaluefor a circuit is untimed, which appends(Inf, 0, Inf) to every instantiationof a
basiclogic gate. For a higher-level specificationlike theonein section7.3 thereis no needto definethe
delayparametersbecauseit doesnot usebasiclogic gates.But this doesnot meansthatthecomponentis
untimed.

define(DelayData,‘(Inf, 5 of Time,5 of Time)’) # delayvalues
include(dill.m4) # includeDILL library
circuit( # circuit description

timed, # declaretimeddesign
‘Multiple xer2to1[A, B, S,C]’,‘ # circuit nameandports
hide AIn, BIn, SIn in # internalgates

Inverter[S, SIn] # inverterinstance

1Thetrianglewith acircle is aninverter, the‘D’ shapesareandgates,theshieldshapeis anor gate.
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|[S,SIn]| # syncwith selectionsignals
(

And2[SIn, A, AIn] # two-inputand instance
|||

And2[S, B, BIn] # two-inputand instance
)
|[AIn, BIn]| # syncwith inputs

Or2 [AIn, 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 behaviour was investigatedusing the TextExpandfunction of TE-LOLA. Testing was doneby
composingtest processesin parallel with the specification. If the test processcan be followed for all
executionsof the composedspecification,the result of testingis mustpass. If the test processcan be
followedonly for someexecutions,theresultis maypass. Otherwisethetestis consideredto berejected.

First, the functionality of the multiplexer wastested.Eight testprocessesaredefinedto checkif the
output correctlycorrespondsto eachpossibleinput combination. For example,for A=1, B=1, S=0 the
outputshouldbeC=1 after10or 15timeunits(becausetheinput-outputpathscontain2 or 3 levelsof basic
gate).Thefollowing testprocesscorrespondsto thethe110state.

processTest110 1 [A, B, S,C, OK] : noexit :
A ! 1 {0}; B ! 1 {0}; S ! 0 {0};
(C ! 1 @ t [t = 10]; OK; stop

C ! 1 @ t [t = 15]; OK; stop)
endproc (* Test110 1 *)

TheOK eventis usedto denotesuccessin theTextExpandfunctionof TE-LOTOS; it is notaninputor output
of thecircuit. The testsuccessfullypassedasexpected.Theother7 input combinationsweretestedin a
similar way.

Second,therewere teststo seeif the designhada timing hazard. Hazardsareunwantedtransitions
that appearon theoutputsof digital circuits in responseto the changeson inputs. For example,suppose
that the outputshouldstaythe same(e.g.1) after the input statechangesfrom I1 to I2. However, in an
actualimplementationthe outputmay changefrom 1 to 0 andbackagainafter an input transition. The
consecutive unwantedtransitions1 to 0 and0 to 1 arehazards.Themultiplexerhas3 input portsandthus
8 inputstates.Eachinputstatemaychangeto oneof theother7 inputstates,sothereare56possibleinput
transitions(8 × 7) in total. For eachtransition,a testprocessis usedthat riskshazards.If thedesignof
themultiplexer is hazard-free,theneachtestprocessshouldberejected.Evaluatingthe56 testprocesses
showedthat6 of thempassthetest,i.e thecircuit is not hazard-free.Table1 lists thesetransitionsandthe
correspondinghazards.The testresultsindicatethat whenthe delaysof eachgatesarefixed, thecircuit
exhibits statichazards.Oneof thehazardshappenswhenthereis a singleinput change;theothersoccur
whenmorethanoneinput changessimultaneously.

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

processTest111 110Hazard[A, B, S,C, OK] : noexit :
(A ! 1 {0}; B ! 1 {0}; S ! 1 {0};
(C ! 1 @ t [t = 10]; exit

C ! 1 @ t [t = 15]; exit)) (* state111*)
>>

(S ! 0 @ t [t = 2]; (* inputchange,state110*)
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Transition Typeof Hazard ChangedInputs

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

Table1: Hazardsin the2-to-1Multiplexer

(C ! 0 @ t [t = 10]; (* hazard*)
C ! 1 @ t [t = 5]; ok; stop

C ! 0 @ t [t = 15]; (* hazard*)
C ! 1 @ t [t = 5]; ok; stop))

endproc (* Test111 110Hazard*)

TheoutputtransitionsC ! 0 andC ! 1 in theprocessindicatea hazardbecausetheoutputshouldremainat
1 for thetransition111to 110.

By analysingthe passedtestsequencesit is discoveredthat hazardsarecausedby inputs following
differentlengthsof pathto reachthe output. Figure8 is a hazard-freedesignof the 2-to-1 multiplexer.2

Threeadditionalrepeatersareusedto guaranteethateachinput-outputpathhasexactly threegatedelays.
It is obviousthat thedelayof eachrepeatershouldalsobe5 time units. Thetotaldelayof thenew design
is 15 timeunits,whichcomplieswith thetiming constraintexpressedby thebehavioural specification.
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Delay

Figure8: TheHazard-FreeMultiplexer

8 Conclusionand Futur eWork

A timed extensionof DILL hasbeenpresented.First, the timing characteristicsof digital circuits were
investigatedandcategorisedastiming constraintsanddelays.Thentheparallel-serialmodelwasusedto
specifytimedcomponents.To makeTimedDILL morepracticalfor digital design,severalcommonlyused
timing constraintsanddelaytypeshave beenintroducedinto theDILL library. Thecharacteristicsof these
pseudo-componentshave beenexplained. Finally, a multiplexer examplehasbeenusedto illustratethe
specificationandanalysisof timeddigital logic.

Timed DILL offers a numberof importantbenefits. First, it can be usedto checkwhethertiming
requirementson a digital designarerespected.This canbedoneusingthetiming constraintcomponents.
Second,it canbeusedto discoverpotentialtiming errorslike hazards,asin themultiplexerexample.Third,
it canbeusedto analysethetiming propertiesof a logic designsuchasits minimal andmaximaldelays.

2Thetriangleis a repeaterwhoseoutputalwaysfollows its input.
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To gain thesebenefitsreally needsthe help of tools. A future goal is to useverification tools with
TimedDILL . Onepossibility is KRONOS[2], which checksif thesystemdescribedby a timedautomaton
satisfiesa requirementexpressedasa formulaof TCTL (TimedComputationalTreeLogic [1]). A method
for transformingET-LOTOSspecificationsto timedautomatahasalreadybeenimplementedby others[3, 5].
Verificationof aTimedDILL specificationmaythusbepossible.However, asKRONOSisatool thatsupports
only specificationswithout statevariables,it maybenecessaryto resortto otherverificationtoolssuchas
Hytech[4] whichsupportsvariables.Thiswouldneedtranslationof ET-LOTOS into aHytechautomaton–
work thatis currentlybeingundertakenby others[5].
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RichardL. Tenney, Paul D. Amer, andM. Ümit Uyar, editors,Proc. Formal DescriptionTechniquesVI, pages
483–500.North-Holland,Amsterdam,Netherlands,1994.

15
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A Delayand Timing Constraints in the Library

Thissectionsummarisesthepseudo-componentsfor timing thathavebeenplacedin theDILL library. Some
of the componentsareredundantsince,for example,Delay Inertial andDelay Pure are includedin the
Delay. But usingthesecomponentsis moreconvenientin somespecifications.

In table 2, value parametersEdgeand LevelOfPulseare of sort Bit; they indicate the active clock
transitionandthe level of thecheckedpulserespectively. 1/0 representsa positive-going/negative-going
transitionor a 1/0 level pulse.Theothervalueparametersareof sortTime.

Pseudo-Component Meaning

Delay[Ip, Op] (MinWidth, MinDel, MaxDel) Generaldelay
Delay Dyn [Ip, Op] (MinDel, MaxDel) Dynamicdelay
Delay Inertial [Ip, Op] (MinDel, MaxDel) Inertialdelay
Delay HL [Ip, Op] (MinWidth, MinT01, MaxT01,MinT10, MaxT10) cdandebdelay
Delay HL Inertial [Ip, Op] (MinT01, MaxT01,MinT10, MaxT10) Inertialcdandebdelay
Delay Pure[Ip, Op] (MinDel, MaxDel) Puredelay
HoldDel [D, Ck, Err] (HoldTime,Edge) Hold time constraint
Period[Ck, Err] (MinPeriod) Periodconstraint
SetupDel[D, Ck, Err] (SetupTime,Edge) Setuptimeconstraint
Width [Ip, Err] (MinWidth, LevelOfPulse) Width constraint

Table2: Timing Pseudo-Components
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