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1 Intr oduction

DiLL (Digital Logic in LoTos [2-8,13]) is anapproactfor specifyingdigital circuits
usingL oTos (LanguageOf TemporalOrderingSpecification1]). DiLL hasbeende-
velopedover six yearsto allow formal specificationof hardwaredesignsyepresented
using LoTos at variouslevels of abstractionDiLL addressesunctional andtiming
aspectssynchronousndasynchronoudesign.Thereis supportfrom alibrary of com-
moncomponentandcircuit designsAnalysisusesstandard. oTos tools.

LoTos is a formal languagestandardisedor usewith communicationsystems.
DiLL, whichis realisecthroughtranslationto L 0T0s, is a substantiallydifferentappli-
cationareafor this languageThe novelty of the paperis thusin the useof alanguage
fromthecommunication$ield in hardwaredesign.L 0TOS canbeusedto supportrigor-
ousspecificatiorandanalysisof hardware.L OTOS is neutralwith respecto whethera
specificationis to berealisedin hardwareor software,allowing hardware-softvareco-
design.LoT0s inheritsa well-developedverificationtheory from the field of process
algebraandhasatheoryfor testingandtestgeneration.

ThepaperuseseT-LoTos (Enhancedlimed L oTos [9]). Sincethereaderof this
paperareunlikely to befamiliar with (ET-)L 0TOS, a summaryof the notationusedin
the paperis givenin figure 1. BecauseET-L 0TOS tools are currently underdevelop-
ment,the authorshave alsousedTE-L oTos (Time Extended. oTos [12]) for valida-
tion.

The specificatiorandanalysisof communicationsystemswith LoTtos is well un-
derstood.The work reportedhereon hardwaretiming is new. To explain the method
clearlywithout the complicationof alarge problem,only a simplecasestudyis given.
However the methodis generallyapplicableto all sizesandlevels of hardwaredesign.



[LoTos [Meaning

proces< [gates](parameters) noexit :=|non-terminatingorocessefinition
B1where... endproc with subsidiarydefinition

P [gates](parameters) instanceof process

let var: sort= valuein local variabledefinition

i internalevent

gate?var: sort! value obserableeventat gatewith inputandoutput

event[condition] conditionon event

event{min, max} rangeof timesfor event

event @var recordtime of eventin variable

event; B eventthenbehaiour

delta(time) delay

[guard] > B conditionalbehaiour

B1[ B2 choiceof behaiours

Bl >> B2 behaioursin sequence

B1||| B2 parallelbehaioursinterleaved

B1 |[gates]| B2 parallelbehaiours synchronisen eventgates

exit successfulermination

stop deadlock

Fig. 1. Summaryof (ET-)LOTOS Syntax

In particular it is suitablefor giving very high level timing characteristicg¢say at the
level of a systemblock diagram)andrelatingtheseto timing characteristicatinterme-
diatelevelsof design.

It will beseenrhow TimedDiLL canbe usedto specifyandanalysedigital designs
that are time-sensitie. Tools supportingET-L oTos were underdevelopmentduring
thework reportedhere.The authorsthereforemadeuseof TE-LoLA (Time Extended
LoTos Laboratory[11]), which supportsTE-L oTos (Time Extended.oTos [12]).

It hasbeenpossibleto use TE-LOLA to analysethe specificationsgeneratedy
TimedDiLL. AlthoughET-LoTosandTE-L otos adoptdifferentsemantianodelsthe
equialencebetweenthemhasbeenestablished10]. It is thereforepossibleto trans-
late the generated=T-L 0TOS specificationdnto TE-L 0TOS syntax.Becauseof their
similarity, the translationis always possiblealthoughsomesubtledifferenceseedat-
tention.In orderto avoid confusion,the following specificationswill useET-LoTos
thoughthe actualanalysisvasmadewith TE-LOTOS.

2 Timed SpecificationApproach

2.1 ET-LoTOS

ET-LoTos is atimed L oTos thatallows the modellingof time-sensitie behaiour. It
supportshoth discreteand densetime domains.Threenew operatorgelevantto time
areintroducedin ET-LoT0S: delay life reducerandtime measuremenfThe formal
semanticof ET-LOTOS is givenby a labelledtransitionsystem.Therearetwo kinds



of transitions:discreteandtimed. A discretetransitioncorrespondso the executionof
anactionandtimedtransitionscorrespondo the passagef time.

Thedelayoperatodelta(time)meanghatthesubsequerttehaiour will bedelayed
by time In ET-LoTOs atime valueis relative to the instantwhenthe previous action
occurs.The behaviour e; delta (d); B will delayfor d after event e occursandthen
behaelike B. Thetime measuremerdperator@t is usedto measurghetime elapsed
betweertheinstantwhenthe eventhasbeenofferedandtheinstantwhenit occurs.The
time valueis storedin t.

Thelife reducemperatotasdifferentsemanticsvhenappliedto internalevents(i)
andobsenableevents(e). i {d} meansthati mustoccurnon-deterministicallywithin
thenext d time units.Necessityandnon-determinisnapplybecausénternalactionsare
not controlledby the ervironment;in particular the time of occurrencés decidedby
the system.n the caseof obsenablebehaiour e {d}; B, theeventmayhapperwithin
d time units. If sothe behaiour evolvesto B, otherwisethe processdeadlocksThe
defaultlife reduceffor internaleventsis 0, while for obsenableeventsit is themaximal
valueof thetime domain.

ET-LoTtos adoptsmaximal progressfor hidden actions,with important conse-
quencedor Timed DiLL. Maximal progresameansthat if a hiddenactioncanoccur,
it musthappenat once (unlessan alternative action occurs).In otherwords, hidden
actionsareurgentin ET-LoTo0s. In DiLL, eachdigital components modelledasa pro-
cesswhichis usuallyconnectedo others.Inputor outputportsaremodelledby LoTos
eventgatesPortswithin a designarehidden,sotheir eventsbecomeurgentunderthe
assumptiorof maximalprogress.

2.2 Modelling Timed Hardware

Beforedevelopinganabstractmodelto specifytimeddigital componentsthe required
timing characteristicsnustbe consideredThesedefinetiming relationshipsamongin-
puts,outputs,andinputs/outputsThe timing relationshipfrom input to outputis nor-
mally calleddelay. It is the time interval betweena signalchangeon aninput andthe
resultingsignalchangeonanoutput.A timing relationshipamonginputsis calledatim-
ing constaint, meaninghatthedigital circuit canwork correctlyonly if theconstraints
aremet. Thereis no needto specifythetiming relationshipsamongoutputsdirectly, as
they aredeterminedy delaysandtiming constraints.
Thereareseveralpossibleapproachet specifyingatimeddigital componentclas-
sified asintegrated methodsor combinedmethodsIn an integratedmethod,a digital
components specifiedin one procesgthat dealswith both functionality and timing.
Althoughtheintegratedmethodmay resultin compactpecificationsit is nota ‘struc-
tural’ methodandis hardto apply. The approachis not compositionain the sensehat
functionalandtemporalcharacteristicef a componentrenot merelycombined.lt is
alsoimportantto have untimedbehaviour asa simplecaseof timedbehaiour, i.e.to be
ableto isolatepurefunctionality. Attention hasthereforebeenfocusedon developing
combinedmethodsTheideais to separateéhe functionalityandthetiming characteris-
ticsinto differentprocessesandthento combinethemin anappropriatevay.
Themodeladoptedor TimedDiLL wasarrivedat after considerablexperimenta-
tion with differentideas.The selectecapproachis calledthe parallel-serial model.As
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Fig. 2. The SpecificatiorModel for a Timed Component

shavn in figure 2, the functionality is assumedo be specifiedwith zerodelay Timing
constraintgTC) areplacedin parallelwith thefunctionalspecificatiorto checkif input
requirementsrremet.Delaysareplacedin serieswith thefunctionalityto provide delay
for eachoutput. The sectionghatfollow explain eachaspecin moredetail.

Notethatthe Err eventgatesin thefigureareonly for analysisof errors;they have
no counterpartn a real physicalcomponentlf an Err actionis offered, it indicates
thatatiming constrainthasnot beenmet. However, the behaiour of the components
not influencedby errorssincethe functionality part always assumeshat inputs meet
the constraintsThe outputsof the componentrrethusalways‘correct’ in termsof the
componensfunction.

This modellingdecisionwas madeafter carefulconsiderationTheideais thatin-
steadof trying to specify behaiour underall kinds of input conditions,behaiour is
specifiedonly for correctinputs.Behaviour undererror conditionsis ‘wrong’ andthus
not very meaningful.Violation of timing constraintsneanghatthereis a designerror.
Realhardwarewill do somethingundertheseconditionsbut theresultis notreally in-
terestingor relevant.It is moreimportantto detectandcorrectdesignerrors,notmodel
thebehaiour of componentsindererroneousonditions.Theaim of analysigs to find
outwhetherthedesignis correct,particularlyin thepresencef timing conditions Dur-
ing asimulation theoccurrencef anErr offerisimmediatelyobvious.For verification,
theabsencef Err offerscanbe checledbeforeverifying otherproperties.

Finally, notethatif thetiming constraintsarevoid andthe delaysarebetweerzero
andarbitrarily large thenthe timed modelis equivalentto the untimedmodel.An un-
timed specificatioris thusjust a specialcase.

3 ComponentFunctionality

As shown in figure 2, the block dealingwith componenfunctionality is supposedo
have zerodelay This block canbe easily obtainedfrom its untimedcounterpartTo
changeanuntimedspecificatiorto onewith zerodelay alife reducer{0} is appended
to eachoutputeventoffer. Thefollowing illustratesa two-inputandgate:



processAnd2[lpl, Ip2, Op] (Datalpl,Datalp2,DataOp: Bit) : noexit :=

Ip1 ? NewDatalpl: Bit; (* input 1 change)

And2[Ip1, Ip2, Op] (NewDatalp1,Datalp2,DataOp) (* continue*)

I (*or..*

Ip2 ? NewDatalp2: Bit; (* input2 change)

And2[Ip1, Ip2, Op] (Datalpl,NewDatalp2,DataOp) (* continue*)

I (*or..*
(

let NewDataOp: Bit = DatalplandDatalp2in (* setnew output*)

Op! NewDataOp[NewDataOpne DataOp]{0}; (* outputatonce?*)
And2[Ip1, Ip2, Op] (Datalpl,Datalp2,NewDataOp) (* continue*)

)
endproc (* And2*)

4 Delays

4.1 BasicDelay Types

Becausehe physicalstructuref digital componentgliffer, their delaysareof differ-
enttypesandvalues.Therearetwo basicdelaytypes:pure delayandinertial delay.
Supposehe delayof a digital componenis D. If acomponenhaspuredelay all in-
put changeswill have aneffecton output.In otherwords,outputsfollows inputsafter
delayD. If thecomponenhasinertial delay outputwill respondnly to inputchanges
which have persistedor time D. In otherwords,input pulseswhosewidth is lessthan
D will be absorbedy the componentThis reflectsthe fact that shortpulsescontain
insufficientenegy to triggera statechangean arealcomponent.

Sometimesthe delay of a componentasa more generalform. Theremay exist
a thresholdT < D suchthatthe componentabsorbdnput pulseswhosewidth is less
thanT. However outputfollows inputif the pulsewidth is morethanT. In DILL thisis
termedgenerl delay. In fact,it couldbeconsideredsinertial delayT cascadedvith a
puredelayD — T. Figure3 shavs how inputsarerelatedto outputsfor differentdelay
types.Thescaleof thefiguretakesT as2 andD as4 time units.

4.2 DelayElementsin DiLL

TheDiLL library includethefollowing delayelementghatactlik e pseudo-components.
Unlike fixed delays,all delayshave a non-deterministicangefrom MinDel (the min-
imum delay) to MaxDel (the maximum delay). For generaldelay MinWdth corre-
spondsto the thresholdT in the lastsection.It is obvious thatthe assumptiorof non-
deterministicdelaysis morerealisticandflexible thanthatof fixed delays.Besideghe
basicdelaytypesthatfollow, Timed DiLL alsohandlesmorecomplex aspectsuchas
high-to-low, low-to-highandpin-to-pindelays[5].
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Fig. 3. BasicDelay Types

Inertial Delay A naive attemptat specifyinginertial delaywould usethe ET-LoTosS
generalisedife reducerIf the interval betweentwo input transitionsis lessthanthe
delay outputmustnotoccur Theexactdelaywould bedeterminedy theervironment
becausehe delay rangeis associatedvith an obsenable action.But in DiLL what
shouldreally be specifiedis that the delayis decidedby the componenttself. If the
delayis connectedo othercomponentsn a larger design,an output port might well
be hidden.This would meanthat the delaytime is exactly MinDel insteadof beinga
non-deterministiovaluesinceET-L 0T0s adoptsmaximal progressfor hiddenevents.
A betterspecificatiorof inertial delayis givenby:
procesPelaylnertial[lp, Op] (MinDel, MaxDel: Time) : noexit :=
DelaylnertialAux[Ip, Op] (MinDel, MaxDel, 0 of Bit, O of Bit)

where
proceselaylnertial Aux[Ip, Op] (* auxiliary definition*)
(MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=

Ip ? NewDatalp: Bit; (* inputchange)

Delaylnertial Aux[lp, Op] (MinDel, MaxDel, NewDatalp,DataOp)
(*or...%)
[Datalpne DataOp] > (* outputmustchange?)
i {MinDel, MaxDel}; (* allow delayto pass¥)
Op! Datalp{0}; (* outputchangestonce?*)

DelaylnertialAux[Ip, Op] (MinDel, MaxDel, Datalp,Datalp)
endproc (* Delaylnertial Aux*)
endproc (* Delaylnertial*)

The specificationtakes advantageof internal events. The internal eventi introduces
non-deterministicdelay which meansthe outputport canchangeits valueat ary time
betweenMinDel andMaxDel The exactdelayvalueis determinediy the component
itself andnotby theenvironmentMoreoverevenif thecomponents connectedo other
componentsthe delayis still non-deterministisinceonly hiddeneventsareurgent.

Pure Delay A puredelaymaybe specifiedwith:
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procesPDelayPure[lpOp] (MinDel, MaxDel: Time) : noexit :=
DelayPureAuxlp, Op] (MinDel, MaxDel, 0 of Bit, O of Bit)

where
procesDelayPureAuXlp, Op] (* auxiliary definition*)
(MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=
Ip ? NewDatalp: Bit; (* inputchange)
(
[NewDatalpeqDataOp]—> (* nooutputchange?)
DelayPureAuXlp, Op] (MinDel, MaxDel, NewDatalp,DataOp)
(*or...*)
[NewDatalpne DataOp]—> (* outputmustchange?)
(
i {MinDel, MaxDel}; (* allow delayto pass¥)
Op! NewDatalp{0}; (* outputchangesatonce?*)
stop (* delaybehaiour now done*)
[] (* interleavedwith ... *)
DelayPureAuXlp, Op] (MinDel, MaxDel, NewDatalp,NewDatalp)
)
)

endproc (* DelayPureAux)
endproc (* DelayPurer)

Becausealelayis assumedo benon-deterministicatherthanfixed,thepuredelayabove
may output‘strange’sequenceke Op! 0; Op! 0; Op! 1; ... In this sequencethe
secondOp! 0 overtalesOp ! 1 andresultsin the two consecutie Op ! 0 events.The
phenomenorf catch-uparisesif a laterinput changetakeslesstime to reachthe out-
put thanan earlierinput change Figure 4 illustratesthe reasonfor the phenomenon,
assuminghatthe delayis between3 and9 time units. If botheventsOp! 0 andOp!
1 happerwithin the overlappedegionthencatchup canhappenSupposeghewidth of
aninput pulseis W. A necessargonditionfor catch-upis W < MaxDel— MinDel.

Op!1 region Op!0 region
Input
AY \ \‘
\ \ \
Output < < %
Op!0 Op!0 Op!l
—_——— —— — — >

3 78 11 12 15 17 22 time

Fig. 4. Catch-UpPhenomenowith PureDelay



Catch-upmay exhibit variousformsin real hardwareif delaysvary significantly
However, digital componentgenerallyoperaten a stableervironmentsothevariation
in delaysis in anarrov range.Thusthe catch-upconditionis rarelymetin practice The
phenomenoexistsin ary delaymodelthatis basednpuredelay(e.g.thegenerabelay
componento bediscussedoon) Butit doesnotappeain theinertialdelaymodelsince
aninputchangewill preventary pendingoutput;it is thereforenot possibleto catchup
apendingoutput.

General Delay As mentionedbefore,generaldelay hasa thresholdMinWdth. Input
pulseswhosewidth is lessthan MinWidth will be absorbedby the componentThey
will appeamttheoutputif theirwidth is greatethanor equalto Min\WWdth. Thegeneral
delayelementin DiLL is specifiedsuchthatit canmodelnot only a generaldelaybut
alsoinertial or puredelay Thisis achievedby choosingappropriatdiming parameters.
The specificationof the generaldelaywill notbe givenin detailbecauset is just the
combinatiorof inertialandpuredelay Thefollowing givestherulesof usingthetiming
parameterdderelnf is themaximalvalueof thetime domain(takenasarbitrarily large):

0 < MinWdth < MinDel < MaxDel< Inf This describeggeneraldelay The general
delaymodelmeaningfulonly whenMinWdth is a positive numberlessthanMin-
Del.

MinWdth = 0, MinDel < MaxDel < Inf Thisis puredelay The differencebetweena
pureandageneraldelayis thatfor puredelay MinWdth is zerosothe component
doesnot absorba narrow pulse.

0 < MinDel < MaxDel < Inf, MinWdth > MinDel This is inertial delay It appliesif
the thresholdMinWdth is greaterthan MinDel. MinWdth is often setto Inf for
inertial delay

MinDel = 0, MaxDel= Inf, MinWdth > 0 Thisis equivalentto anuntimeddelaycom-
ponent.Usually MinWdth is giventhevaluelnf.

5 Timing Constraint Components

Timing constraintsn DiLL areusedto checkif theinputsof acomponensatisfysome
conditions.Commontiming constraintcomponents’have beenaddedto the DiLL li-
brary, includingthosefor setup,hold, pulsewidth andperiod.

Setupandhold timesarealwaysassociatedvith flip-flops. For a D flip-flop, setup
timeis thetimeinterval betweerachangean input D andthetriggerthatstoreshis data
(e.g.apositive-goingtransitionof theclock CK). Thedatasignalmustthenremainstable
for aminimumtime interval if correctoperatiorof theflip-flop is to be guaranteedr-or
aflip-flop, theholdtimeis theinterval in whichinputdatamustremainunchangedfter
triggeringby the clock. Again, this minimum mustbe respectedor correctoperation.
A timing diagramshaowing setuptime andhold time is givenin figure5.

The setuptime constraintis specifiedas follows, assumingthat the active clock
transitionis positive-going.A similarapproachs usedto specifyaholdtime constraint,
to checkthe minimuminput pulsewidth, andto checkthe periodof clock signals.
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Fig. 5. SetupandHold Timesfor D Flip-Flop

processSetupDelD, Ck, Err] (SetupTme: Time): noexit :=

D ? NewDatalp:Bit; (* new datainput *)
AfterD [D, Ck, Err] (SetupTme, SetupTme) (* checksetuptime *)
I (*or..*
Ck ? NewClock: Bit; (* new clockinput*)
SetupDelD, Ck, Err] (SetupTime) (* nosetuptime to check*)

endproc (* SetupDeF)

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

delta(SetupRem); (* enforcemin. setuptime *)
SetupDelD, Ck, Err] (SetupTime) (* restartsetupcheck*)
ll (*or...%)
Ck ? NewClock: Bit @t; (* new clockinput*)

(
[NewClockeqO] > (* negative-goingclock?*)
AfterD [D, CK] (SetupTme, Setupime-t) (* checksetuptimeleft *)
[ (*or...*)
[NewClockeql] > (* positive-goingclock*)
Err! SetupError; (* min. setuptime violated*)
SetupDelD, Ck, Err] (SetupTime) (* restartsetupcheck*)

)
ll (*or...*)
D ? NewDatalp:Bit; (* new datainput *)
AfterD [D, Ck, Err] (SetupTme, SetupTme) (* restartsetupcheck*)

endproc (* AfterD *)

6 Timed DiLL Example: 2-to-1 Multiplexer

As an example,a 2-to-1 multiplexer will be specifiedand analysedThis component
hastwo datainputsA andB, a selectioninput SandanoutputC. A selectionnputof 0
or 1 choosesnputA or B, which appearst C aftersomedelay Thedelaysusedin the
exampleareinertial, mainly becausehey areeasyto handlebut aregeneralenoughto
representlelayin mostdigital circuits.



The multiplexer is specifiedat two levels. The higherlevel specifiesthe required
behaiour andtiming performanceThe lower level specifieghe structureof the com-
ponentby connectingbasiclogic gates.The lower level implementsthe higherlevel.
Thetimedspecificationsvereanalysedhroughsimulationandtesting.

6.1 Behavioural Specification

Thebehaioural specificatiorof the 2-to-1 multiplexerin DiLL is asfollows:

defingMinDel, 10) # min. delayvalue
defingMaxDel, 15) # max.delayvalue
include(dill.m4) #includeDILL library
circuit( # circuit description
Multiplexer2to1 BB [A, B, S,C], # circuit nameandports
hide InCin # internalgateto delay
Multiplexer2to1 BB_0[A, B, S, InC] # multiplexerinstance
[[InC]| # syncwith delay
Delay[InC, C] (Inf, MinDel, MaxDel) # delayinstance
where
Multiplexer2tol BB_0. Decl # multiplexer from library
)

DiLL providesa veneeron top of LoTos — mainly a library of componentghat
can be combinedusing LoTos operators.The circuit declarationnamesthe overall
specificationandits parameterslt thengivesa LoTos behaiour expressionfor the
whole circuit. Library componentsare declaredand automaticallyincludedby giving
theirnamegComponentDecl). In theabove, Multiplexer2tol BB_0 is a 2-to-1 multi-
plexerin behaioural style (BB = blackbox) thatexhibits zerodelay(0). It wasderived
from the correspondinggcomponentusing the approachin section3. The behaioural
specificatiordefinesaninertial delaybetweerMinDel (10) andMaxDel (15).

Thebehaioural specificatiorwasvalidatedusingthe TE-L OLA step-by-stegimu-
lator. Basically thebehaviour of themultiplexeris simulatedor eachinputcombination
to seeif it is asexpected.The resultsof simulationareregardedasthe criteriaagainst
which simulationof the lower-level specificatiorshouldbejudged.

Becauseestresultsfrom TE-LoLA becomenconclusveif testshave actionswith
intervalssuchasi {5,7}, it is possibleto useonly singledelayvaluesin theteststhem-
seles. For a higherlevel specificationlike the behaioural one, suchan assumption
would be unrealistic.Thereare several pathsfrom theinputsto a output,so the delay
associateavith the outputhasa rangeof values.

6.2 Structural Specification

The structureof the 2-to-1 multiplexeris shavn in figure 6. Thelogic gatesin the dia-
gramaretimedgatesEachof themconsistof zero-delayogic andadelaycomponent.
Theinsetin thefigure showvs the structureof theandgateG2; 0_D in thefiguremeans
zerodelay Othergateshave the samekind of structure.The designof the multiplexer
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Fig. 6. Structureof 2-to-1 Multiplexer asTimedLogic Gates

canbe foundin a standardextbook. However, aswill be seenlater this designcon-

tainshazardsAssumingthe delayof eachgateis 5 time units,the correspondinddiLL
specifications:

defingDelayData/nf, 5, 5) # MinWdth, MinDel, MaxDel
include(dill.m4) #includeDILL library
circuit(

# circuit description
timed, # declaretimeddesign
Multiplexer2tol[A, B, S,C], # circuit nameandports
hide Aln, BIn, Sinin #internalgates

Inverter[S, Sin] # inverterinstance

I[S,SIn)| # syncwith selectionsignals
(
And2[SIn, A, Aln] # two-inputandinstance
1l
And2[S, B, BIn] #two-inputandinstance
)
[[Aln, BIn]| # syncwith inputs
Or2[Aln, Bin, C] # two-inputor instance
where
Inverter_-Decl #inverterfrom library
And2_Decl # two-inputandfrom library
Or2_Decl

# two-inputor from library

)

This specificationfirst definesthe delay of the basiclogic gates Herethe delayis
fixed at 5 andis inertial becauseMinWdth is Inf. The first parameteiof the circuit
declarationis optional.In this exampleit is timed, indicatingthatbasiclogic gatesuse
the delaydatadefinedby the specifier The logic family name(e.g. CMOS) may also
be given,asdelaysfor suchfamiliesarepre-definedn TimedDiLL. Thedefaultvalue
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for acircuitis untimed, which appenddnf, O, Inf to every instantiationof a basiclogic
gate For ahigherlevel specificatiorik e the onein section6.1thereis noneedo define
the delay parameterbecauséasiclogic gatesare not used.But this doesnot means
thatthe components untimed.

Timedbehaiour wasinvestigatedisingthe TestExpandunctionof TE-LoLA that
automaticallyexploresatestin parallelwith a specificationTestingwasdoneby com-
posingtestprocessein parallelwith the specificationlIf the testprocesscan be fol-
lowed for all executionsof the composedspecification the result of testingis must
pass If the testprocesscan be followed only for someexecutions the resultis may
pass Otherwisethetestis consideredo berejected

Firstly, the functionality of the multiplexer wastested.Testprocesseweredefined
to checkif the outputcorrectlycorrespondso eachpossiblenput combination For ex-
ample,for A=1, B=1, S=0theoutputshouldbe C=1 after10 or 15 time units (because
theinput-outputpathscontain2 or 3 levels of basicgate).Thusthe correspondindest
processs asfollows. The testsuccessfullypassedsexpected.The otherinput combi-
nationsweretestedn a similar way.

processTestl1Q1[A, B, S,C, OK] : noexit := (* inputs110,outputl *)
A!1{0};B!1{0};S!0{0}; (* accepinputs®)
C!1@t[t =10]; OK; stop (* outputattime 10%)
I (*or...*)
C!1@t[t=15]; OK; stop (* outputattime 15%)

)

endproc (* Test11Q1 %)

Secondly therewereteststo seeif the designhad a timing hazard.Hazardsare
unwantedtransitionsthat appearon the outputsof digital circuitsin responsdo the
changen inputs. For example,supposédhatthe outputshouldstaythe same(e.g. 1)
afterthe input statechangedrom I, to I,. However, in anactualimplementatiorthe
outputmaychangerom 1 to 0 andbackagainafteraninputtransition.Theconsecutie
unwantedtransitionsl to 0 and0 to 1 arehazardsFigure7 illustrateskinds of common
hazardsn circuitsandtheir correspondind. oTOs specificationsCasega) and(b) are
calledstatichazardswhile (c) and(d) arecalleddynamichazardsThe 1-0-1 example
correspondso (b) in thefigure.

() (b) (c) (d)

Op!1; Op!0; Op!0; Op!1;
Op!o Op!1 Op!1 Oop!o

Fig. 7. Hazardsandtheir L oTOS Specifications
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[Transition| Type of Hazard|Changedinputs]|
000to 101 staticO 2
010to 101 staticO
011to 100 staticl
011to 110 staticl
111to 100 staticl
111t0 110 staticl

RIN| N W w

Fig. 8. Hazardsgn the 2-to-1 Multiplexer

The multiplexer has 3 input ports and thus 8 input states.Eachinput statemay
changeo oneof theother7 input statessothereare56 possibleinput transitiong(8 x
7) in total. Thesetransitionswere checled with teststhat deliberatelyrisked hazards.
If the designof the multiplexeris hazard-freethenthe hazardtestsshouldberejected.
Unfortunately6 of the 56 transitionspassthe tests,i.e. they exhibit hazardsFigure 8
liststhesedransitionsandthe correspondindnazardsThetestresultsindicatethatwhen
thedelaysof eachgatesarefixed,the circuit exhibits statichazardsOneof thehazards
happensvhenthereis asingleinputchangetheothersoccurwhenmorethanoneinput
changesimultaneously

Thetestcorrespondingo the transitionfrom ABS111to 110lookslike:

processTestl11110HazardA, B, S, C, OK] : noexit :=(* inputs110to 110%*)

A'11{0};B!1{0};S!1{0}; (* accepinputs?*)
(
~ Cl1@t[t=10]; exit (* outputattime 10*)
Il (*or..*
C!'1@t[t=15];exit (* outputattime 15%)
)
) (* now statel11¥)
> (* continuewith ... *)
(
Slo@t[t=2]; (* inputchangestate110*)
(
C!lo@t[t=10]; (* hazard)
C!1@t[t=5]; OK; stop
I (*or...*)
Clo@t[t=15]; (* hazard)
C!'1@t[t=5]; OK; stop
)
)

endproc (* Testl1ll110Hazard)

The outputtransitionsC ! 0 andC ! 1 in the processindicate a hazardbecausehe
outputshouldremainat 1 for the transition111to 110. By simulatinga passedest
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sequencethe reasonfor the hazardds discovered:the inputsfollow differentlengths
of pathto reachthe output.Figure9 is a corvenientsolution,althoughperhapsot the
bestone.Threeredundantepeatersare usedto guaranteghat eachinput-outputpath
hasexactly threegatedelays.lt is obviousthatthe delay of eachrepeatesshouldalso
beb5 time units. Thetotal delayof thenew designis 15time units,which complieswith

thetiming constraintexpressedy the behaioural specification.

s Sin
‘ >_, Bin
B_>J C
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Aln

Fig. 9. TheHazard-Fredultiplexer

7 Conclusion

DiLL allows formal specificatiorandanalysisof digital hardware.It hasextendedthe

experiencewith LoTos in the communicationdield. Timed DiLL offersa numberof

importantbenefitslt cancheckwhethertiming requirementsirerespectedby adesign,
makinguseof timing constraintcomponentsPotentialtiming errorslike hazardscan

bediscovered,asin the multiplexer example.Timed DiLL canalsobe usedto analyse
performanceuchasminimum/maximundelaysandtiming on critical paths Although

the paperhasdeliberatelybeenillustrated with only a small example,the approach
is applicableto muchlarger problems.A future goal is supportof Timed DiLL with

verificationbasecdbn KRONOS, HY TECH or timed automata.
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