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Abstract

It isshovn how DiLL (Digital Logic in LoT0S) canbeusedo speify, verify andtestasynchronas
hardwaredesigns.Asynchronougunclocked)circuits area topic of active researctin the hardware
community It is illustratedhow DiLL canaddressomeof the key challenges.New relationsfor
(strong)conformancearedefinedfor assessing circuitimplementatioragainsits specification.An
algorithmis alsopresentedor generatin@ndapplyingimplementationestsasednaspecification.
Tools have beendevelopedfor automatedrerificationof conformanceandgeneratiorof tests. The
approachs illustratedwith threecasestudieshatexplorespeedndependencealelaysensitvity and
testingof sampleasynchronousircuit designs.
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1 Intr oduction

1.1 Background

DiLL (Digital Logic in Lotos, e.g.[9, 10)) is an approacha languageand a toolsetfor specifying,
analysingand testingdigital hardware designs. The authorshave developedan extensve library of

typical hardware componentsandmethodsfor dealingwith synchronougclocked) circuits. Although

DiLL haslanguagdacilitiesfor inclusionof standardtircuit componentsi is really justaveneemontop

of LoTtos. DiLL canthereforeexploit therich theoriesandtoolsfor LoTos. Therecentdevelopments
describedn this paperhave extendedDiLL to asynchronougunclocled) circuits.

Corventionaldigital circuits operateundercontrol of a masterclock that synchroniseshe major
componentsThedesignof suchsynchronousircuitsis well understood Theclocked natureof designs
avoids problemsdue to variationsin speedamongthe components. However, asynchronousircuit
designis increasinglyattractingattention. Thesecircuitsoperateat the speedf individual components,
without artificially limiting themto someclock rate. They may thus be capableof fasteroperation
thansynchronousircuits. Unfortunatelyasynchronousircuitsaremuchharderto designandanalyse.
Indeedtherearemary designstratgieswhich aimto achieve differentgoalssuchasindependencé&om
the delaysor speedof circuit elements.The challenges to allow eachcomponento operateasfastas
possiblewnhile preservinghe circuit function.

Verification of asynchronousircuits, especiallyspeed-independeiind delay-insensitie ones,is
an active researcttopic (e.g.[2, 4]). Rigoroustestingof asynchronousircuitsis still in its infang.
This paperpresentsolutionsfor verificationof asynchronousircuits andfor derving rigorousimple-
mentationtestsfrom their specifications.It thusmakesa contrikution to the evolving understandingf
asynchronousircuit design. The paperalsoshavs a navel applicationof protocoldesigntechniques
(LoTos, conformanceesting)to a nev domainthatis exciting industrialinterest.

1.2 RelatedWork

Formaltechniqueghat have beenusedfor asynchronousircuitsinclude CIRCAL [1], CSPandDelay-
Independenligebra. Of theseDiLL mostcloselyresemble€irRcAL in thatbothhaveabehaiouralbasis
in processalgebraandboth have beenusedin (a)synchronousircuit design. However, the integrated



datatypesin Lotos makesit muchmore expressie than CIRCAL. In the authors’experience LOTOS
canbeusedsuccessfullyat a variety of abstractioevelswhereasCIRCAL appeargo belesseffective at
higherlevels. It is very difficult to useCIrRcAL for specifyingrelatively complicatedoehaiour.

Like DiLL, mary otherasynchronouserificationapproachesdefinerelationsthatjudgecorrectness
of acircuitdesign.Therelationsconforandstrongconfordefinedn this paperesembleéhoseintroduced
by others,e.g.conformancg?2], decompositiorj4] and strong conformancg6]. It is not possibleto
detectdeadlocksandlivelockswith conformancenddecompositionAlthoughstrongconformancean
dothis, it requiresanimplementatiomotto producdessoutputsthanits specification.This excludesthe
possibilityof applyingtherelationto non-deterministispecificationsAs will beseenthe(strong)confor
relationsdefinedin this paperhave clearadvantagesver thosementionedabove.

Forvalidatinghardwaredesigs, testcasegrein practicananuwally definedor arerandomly gereraed
More rigorousapproachesisetraditional softwaretestingtechniqueor statemachinerepresentations.
[13] makesuseof higherlevel statemachinespecificationsbut cannothandlenon-deterministispeci-
fications. In the DiLL approachiestsarederived from higherlevel specificationsn a novel adaptation
of the conformanceestingtheorydevelopedfor protocols.

1.3 Structure of Paper

Section2 discussesariouskinds of asynchronousircuit component@andhow they canbe specifiedn
DiLL. Section3 thenexplainshow asynchronousircuit implementationganbe verified againsttheir
specificationsusingthe notion of conformancerelations. The theoryandtools alsoallow automated
derwation of testsfor asynchronousgircuits. Section4 shavs how an asynchronou$IFO (First-In
First-Outbuffer) canbe verified to exhibit livenessand speedndependenceAutomaticallygenerated
testsare also presented. The Or-And examplein section5 demonstrateshe subtletiesin verifying
speedndependencanddelayinsensitvity. Two plausibleimplementationgreshavn to have differing
properties.Finally, section6 usesheexampleof aselectoito demonstratbow theapproacktopeswith
specificationghatallow non-deterministigmplementations.

2 Specifying AsynchronousCir cuit Components

2.1 Classesf AsynchronousCir cuits

Asynchronougircuitsexhibit avarietyof formsdueto thedifferentdelayandervironmentassumptions
made.An asynchronousircuit canonly behae correctlywhentheseassumptionaremet. Someof the
betterknowvn designapproachescludethefollowing.

DI (Delay-Insensitive) circuitsarethe mostrobustclassin the asynchronousircuit family sincethey
take themostpessimisticview aboutdelaysandtheenvironment. Delaysin componentsindwires
areassumedo be unboundedbut finite). DI circuits canoperatecorrectlyregardlessof actual
delaymagnitudesMostmeaningfulDI circuitsrequiremorethanbasiclogic gatessospecialised
componentsredefined[11].

QDI (QuasiDelay-Insensitve) circuits augmentthe delay model of delay-insensitie circuits with
the useof isochronicforks. Theseare branchingconnectionsn which the differenceof delay
magnitudess ngyligible. Thisis a goodcompromisefor building practicalcircuits usingsingle-
outputgates.

Sl (Speed-Independent)circuits have gateswith unboundedielay but wires have zerodelay If all
gateshave justoneoutput,Sl andQDI areactuallyidentical.

Specifyingboundeddelaysneedsa formalismthat supportsquantitatve timing specification.This
paperstudiesthe classesabore sincethey assumeunboundeddelaysand so are suitablefor LoTos.
(Quasi) delay-insensitie designscan be easily changedto speed-independermircuits by inserting
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artificial delaycomponents.Sinceunboundedielayplus unboundedielayis still unboundedmostof
thewire delayscanbeabsorbednto the precedingcomponentsOnly forks andcomponentsvith more
thanoneoutputneedspecialtreatment.

The restof the paperthereforemainly discussespeed-independewtesigns. Happily theseare a
goodmatchto the DILL approactsincecomponentielaysareunboundedjustlike theinterval between
consecutie Lotos events. In DiLL, componentports are connectedby synchronisingtheir LOTOS
events. Thisactuallyassumethatdelayontheconnectingviresis negligible, anassumptiorthatis also
adoptedby speed-independentrcuits. Speedndependencés closelyrelatedto the conceptof semi-
modularity If new inputscannotcanchangeary pendingoutputs,the designis termedsemi-modular
Semi-modularitys commonlyusedasacorrectnessriterionfor speedndependencesincetheviolation
of semi-modularitycausespeed-dependebehaiour.

2.2 Modelling Speedindependence

In this section,basiclogic gatesare usedto illustrate how to modelspeedndependencéreally semi-
modularity)of asynchronousircuits. In [9, 10], the specificatiorof basiclogic gatesallows new inputs
to pre-empipendingoutputs. Someof theseinputtransitionsmay changehelevelsof pendingoutputs,
resultingin theviolation of semi-modularity Consideta Nand2gate(two-input‘not and’) whoseinputs
andoutputlpl, Ip2, Op areinitially 1, 1, 0. After Ip1 changego 0, its outputshouldchangeo 1. If Ipl
changebackto 1 beforeoutputhappenstheoutputmayeitherundego the 1 to O transitionor remainon
0. Thisdepend®on the speedf thegate. To respecsemi-modularitysuchinputshave to beforbidden.

procesdNand2[Ip1,Ip2,0p](dtlpl,dtip2,dtOp:Bit). noexit :=

let newOp:Bit = dtlp1 nanddtlp2in (* potentialoutput*)
(
Ip1 ?nevipl:Bit [(newlpl nedtlpl) and (* firstinputchangeg)
((dtOpeqnewOp) or (* nonew potentialoutput*)
((dtOpnenewOp)and (* thereis potentialoutput*)
((newlpl nanddtlp2) eqnewOp)))]; (* but no changds needed)
Nand2[Ip1,lp2,0p](newlpl,dtlp2,dtOp) (* continuebehaviour *)
~ 1p2 ?nevip2:Bit [(newlp2 nedtlp2) and (* secondnputchanges)
((dtOpeqnewOp) or (* nonew potentialoutput*)
((dtOpnenewOp)and (* thereis potentialoutput*)
((newlp2 nandnewlpl) eqnenOp)))]; (* but no changds needed)
Nand2[Ip1,Ip2,0p](dtlp1,nevip2,dtOp) (* continuebehaviour *)
Op 'newOp [dtOp nenewOp]; (* new outputproducect)
Nand2[Ip1,Ip2,0p](dtlpl,dtip2,nevOp) (* continuebehaviour *)
)
endproc

Note that the specificationis partialin thatinputsareforbiddenat certainpoints. An input offer can
happeronly whenthereis no potentialoutput,or whenthe new input cannotalterthe potentialoutput.

TheusualDILL specificatiorof alogic gate[9, 10] is input-receptie. But it possessegertial delay
i.e.thegatewill notreactto shortinput pulses.Themodelabove is stricterthanthatof [9, 10], andcan
beusedfor checkingif acircuit is semi-modulaor not.

2.3 Specifying AsynchronousCir cuit Components

Asynchronousgircuit designis aspecialisedlisciplinethatusesspecial-purposeomponent# addition
to basiclogic gates.Thesespecialcomponentsiretreatedasfundamentaleventhoughtheirimplemen-
tation may derived from simplerelements.The specialcomponentareassumedo exhibit properties



suchasspeedndependencer delayinsensitvity. To give a flavour of the approachandto shav that

their specificationsn DILL arestraightforvard, a samplingof the componentss specifiedbelon. For

brevity an abbreiated syntaxis usedfor processdefinitions. It is alsocommonpractice[3] to omit

signallevels whenspecifyingasynchronousircuits, sincethe levels strictly alternate.For examplethe

input sequencép !0, Ip !1, Ip !0 canberepresentedslp, Ip, Ip. Thefollowing outline specifications
respectherequiremenbdbf semi-modularity

Wires arethe simplestcomponents.In high-speectircuits suchasasynchronouslesigns,even con-
nectionscancontritute delays. They arenot neededor speed-independentrcuits sincedelays
onwiresareassumedo bezero. But whena (quasi)delay-insensitie circuit is transformedo a
speed-independedesign,delayson wiresmayhave to beexplicitly specified.

Wire [Ip,Op] = Ip; Op;Wire [Ip,0Op]

Fork componentsre also necessarywhentransforminga (quasi)delay-insensitie designto speed-
independentorm. A fork hasoneinput Ip andtwo outputsOpl,0p2 Thevalueoninputlp is
fannedoutto OplandOp2 Becaus®f delaysthetwo outputsmayoccuratdifferenttimes. New
input hasto wait until both outputshave beenproduced.

Fork [Ip,Op1,0p2] := Ip; (Opl;exit ||| Op2;exit) = Fork[Ip,0p1,0p2]

C-Elements arevery importantin asynchronouslesign. A C-Element(namedafterits corventional
outputC) is usedasa transitionsynchronisesinceits outputcanchangeonly after both inputs
have changed.For this reasonjt is sometimeslsocalleda join element.A C-Elementhastwo
inputsipl, Ip2 andanoutputOp. The outputchangedo 1 whenbothinputshave changedo 1,
andchangeso 0 whenbothhave changedo 0.

C-Elemen{lpl,Ip2,0p] = (Ip1;exit]|| Ip2; exit) = (Op; C-Elemen{lpl,ip2,0p])

Merge componentgopy inputsignalslpl, Ip2 to a singleoutputOp.

Merge[lp1,1p2,0p] = Ip1; Op;Merge[lpl,Ip2,0p]][ Ip2; Op; Merge[lp1,Ip2,0p]
Selectors take a singleinput Ip andnon-deterministicallyputputon Oplor Op2
Selectof[lp,0p1,0p2] := Ip; (i; Opl;exit D i; Op2;exit)= Selectorflp,Opl,0p2]

Sequencershave two datainputsipl, Ip2, a controlinput called C, andtwo dataoutputsOp1l, Op2
They wait for anlpl or Ip2 signalplus C, andthenproducethe correspondingutputsignal.
Sequencefipl,Ip2,C,0p1,0p2] := (S1[lpl,0p1]]|] S2[Ip2,0p2])|[Opl,0p2] S3[C,0pl,0p2]

where
S1[lpl,0pl] := Ipl;Opl;S1[lpl,0Opl]
S2[1p2,0p2] = Ip2; 0Op2;S2[Ip2,0p2]

S3[C,0p1,0p2] := C;(i; Opl;S3[C,0p1,0p2][] i; Op2;S3[C,0p1,0p2])
Latches are the storageelementsn asynchronousircuits. A latch hastwo datainputsIpl, Ip2, a
controlinput C, andtwo dataoutputsOp1,0p2 A latchwaitsfor exactly onelpl or Ip2 inputand
a C input, thenthe correspondingutputis produced.In contrasto a sequencetheernvironment
mustguaranteenutualexclusionof inputs.
Latch[lp1,Ip2,C,0p1,0p2]:=
((Ip1; exit ||| C; exit) = Op1;Latch[lp1,Ip2,C,0p1,0p2])

((Ip2; exit ||| C; exit) = Op2;Latch[lpl,Ip2,C,0p1,0p2])

RGD Arbiters arenamedaftertheir signals:RequestGrant,Done. They have four inputsR1,D1, R2,
D2 andtwo outputsG1, G2 If the arbiterrecevestwo simultaneousequestsit grantsexactly
oneof themanddelaystheother RequesR; is followed by grantG; andthenthedonesignalD;.
Thetimeintenals G1..D1andG2..D2areguaranteedo be mutually exclusie.

RGD[R1,G1,D1,R2,G2,D2]:= (S1[R1,G1]||| S2[R2,G2))|[G1,G3| S3[G1,D1,G2,D2]

where
S1[R1,G1] = R1;G1;S1[R1,G1]
S2[R2,G2] = R2;G2;S2[R2,G2]

S3[G1,01,G2,D2] = (i; G1;D1; S3[G1,D1,G2,D2])] (i; G2; D2; S3[G1,D1,G2,D2])
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2.4 Input (Quasi-)Receptveness

In LoTos, communicatiorbetweerprocessess basedn symmetricsynchronisatiormt a gate. Thusan
eventcanhapperonly whenall processesffer eventsat this gate. If oneof the processess notableto
doso,the otherprocessepistwait or participatein anotherventif possible.However, digital hardware
hasa cleardistinctionbetweeninputsandoutputs. Signalsareabsorbedat inputsandare producedat
outputs.A hardwarecomponentannever refuseaninputsignal,andthe outputsignalsit producesan
never beblocked by others.

A specificationis saidto beinput-receptie if every inputis allowedin every state.In sucha case,
the DiLL modelrepresentshe real circuit faithfully. However input-recepiie specificationgannotbe
written for mostasynchronousircuit componentsinceunexpectednputsarenot permitted.Analysing
suchpartialspecificationhasthedisadwantageof notbeingexactsincethe behaiour of aLotosmodel
is only a subsebf the behaiour of the real circuit. Oneway to addresghis is by explicit deadlockif
unexpectedinputsarrive.

If moreaccurateanalysisis required,input quasi-receptie specificationshouldbe written. Infor-
mally, aDILL specifications inputquasi-receptke if it canalwaysparticipatein all input eventsexcept
whendeadlockd. As anexample the specificatiorof awire is partialin thatinputis notallowedwhen
thewire wantsto produceits output. An inputquasi-recepiie specificatiorcanbe obtainedby addinga
choicewhenthereis a potentialoutput. A wire might thusbe specifiedas:

processiire [Ip,Op] (dtlp:Bit) : noexit ;=

Ip ?nevipl:Bit [dtip nenewlpl]; (* new input*)
(
_ Op!newlpl; exit (newlpl) (* new output*)
Ip ?nevip2:Bit [newlp2 nenewlpl]; (* forbiddeninput causes.. *)
stop (* forceddeadlock*)
)
=
acceptnewlp:Bit in Wire [Ip,Op] (newlp) (* continuebehaviour *)
endproc

It is not straightforvard to transforma specificationwith more than just sequenceand choice
operatorsnto input quasi-receptie form. In sucha case a partial specificationcanbe usedto generate
the correspondind.TS (Labelled Transition System). An LTS is actually a LoTos specificationin
the form of sequencendchoiceoperators.An input quasi-receptie specificationcanbe obtainedby
modifying the LTS. For a statethat cannotparticipatein all input events, outgoingedgesleadingto
deadlockareaddedfor missedinputs. This methodworks very well for LTSswithout internalevents.
But subtleproblemscanarisefor thosecontaininginternalevents. SupposestateSacceptsaninputipl,
performsaninternalaction,andendsup in stateS“wherelp2 canbeacceptedlt would beincorrectto
addatransitionto stateSthatacceptdp2 andleadsto deadlock.Thatis, Sacceptdp2 only throughan
internalaction.

When a specificationis consideredrom the point of view of input receptveness,nternal events
becomdessmeaningful.Internaleventsmeanthe environmenthasno effect on choices.In the context
of digital design,a circuit producesoutputswithout influencefrom its ervironment. Thereforeall
outputsshouldbe precededby internal events. If internal eventsare omitted, the ernvironmenthas
the opportunityto choosewhich outputsto acceptandwhich to refuse;this is not a propermodel of
real circuits. However if the ervironmentis input-receptie, it losesits selectve power: it will accept
whatever the circuit producesgventhoughthereareno internaleventsin the circuit specification.For
thisreasonL TSswith internaleventsaredeterminisedeforeoutgoingedgesareaddedto createinput
quasi-receptie specificationsAn LTSis inputquasi-recepike if, afterdeterminisationall statesxcept
terminalonescanacceptall inputs.



3 AsynchronousCir cuit Verification and Testing

3.1 Verifying AsynchronousCir cuit Designs

The characteristic®f asynchronousircuits have implicationsfor verification. As it is moredifficult
to specify componentsn an input (quasi-)receptie manney verification may still be basedon using
componentghat are not input-receptie. The verification may, however, not be exactin that some
problemsmay not be discovered. Input quasi-recepiie specificationgesultin alarger statespaceand
thusmale verificationmoredifficult.

A structuralimplementatior(a detaileddesign)normally hasmuchmorebehaiour thanits abstract
specification.This is notuniqueto DiLL andalsoappliesto mary otherdesignmethods.This makesit
unrealisticto useequialenceasthecriterionfor correctdesign.Equivalencerequireghataspecification
andits implementatiorhave samebehaiour underall possibleernvironments. This requirementvould
usuallybetoo strongsincepracticalcircuitswork correctlyonly in well-behaed ervironments.

Assumptionsaboutervironmentshave to be madesincetheseare oftennot givenfor asynchronous
circuits. Whenanervironmentis notexplicit, mary methodsimply assumehemirror of aspecification
astheervironmentof itsimplementation§?]. If Sistheabstracspecificatiorandl istheimplementation
specificationyerificationmeanscomparingS || | with Sor checkingif alogic formulaholdsfor S|| 1.
But verifying S|| | is notalwayssatishctory Whenanimplementatiorcanacceptmoreinputsthanits
specificatiordoes S|| | restrictsheinputsconsideredo only thosan thespecification.Thisassumethat
theervironmentdoesnot provide extrainputs,soinputsthatareaccepteanly by theimplementatiorare
ignoredwhenverifying thejoint behaiour. Thisisreasonabldyut permitsanimplementatiorio produce
more outputsthana specification. This is undesirablesincean implementatiorproducingunexpected
outputfor legitimateinputis normally erroneous.Moreover, whena specifications non-deterministic
this methodmay excludecorrectdeterministidmplementations.

Thekey pointhereis thedifferentrolesof inputsandoutputsin digital circuits. An implementation
passiely acceptsnputs,soonly thoseavailablefrom the ervironmentmalke sense An implementation
actively producesutputs ,overwhichtheervironmenthasnoinfluence.A Lotosspecificatiorhovever
doesnot distinguishinputs and outputs. When a LoTOS specificationis usedas an ernvironment, it
restrictsinputsandoutputsequally

Whenanimplementatioris specifiedn aninput(quasi-)receptie way, adistinctionis madebetween
inputsandoutputs. If its ervironmentis alsoreceptve, it will deadlockon unexpectedoutputsfrom
an implementation. However, it is very hardto extract an input quasi-receptie ervironmentfrom a
behaioural specification- especiallyif thisis complicatedor containsinternalevents. An alternatve
methodis thereforeadoptedfor verifying asynchronousircuits. Relationsare definedthat take into
accounthedifferencebetweerinputandoutput. Theserelationsdo notrequire(quasi-)receptienessof
theervironmentor theimplementationandareintuitive criteriafor correctnessf asynchronousircuits.

3.2 Input-Output Conformancefor AsynchronousCir cuits

Althoughmary relationshave beendefinedto characteris¢herelationshipbetweentwo LTSs,they are
not very helpful for verifying asynchronousircuits. This is especiallytrue whenthe ervironmentof a
circuit is not explicitly supplied. Two new relations,conforandstrongconfor arethereforedefinedto
assesgstrong)conformancef animplementationo its specification.Theserelationswereinspiredby
ioconfandiocoin [14] for conformancdestingof communicationprotocols.

SupposeSpecis an abstractspecificationof a circuit and Impl is its implementatiorspecification.
Specmay be partialin the sensehatin somestatesit doesnot acceptsomeinputs,i.e. it is notinput-
receptve. An inputis absenif the ervironmentof a circuit doesnot provide it, if the behaiour of the
circuit uponreceving theinputis not of interest,or if thebehaiour is undefined.Althoughall circuits



are potentially ableto acceptall inputsat ary time, mostspecificationsare partial to avoid too much
detail. Impl maybe partial or total in the senseof inputreceptveness.

Supposéghatspis astateof Specandthatim is the correspondingtatein Impl. To definetheconfor
relation, first considerthe input transitionsthat sp andim canengagen. If aninputip is acceptable
in sp it is reasonable&o requirethatip is alsoacceptedn im. Onthe otherhand,if im canacceptan
inputwhichis notacceptablén sp thisinputandall the behaiour afterwardscanbeignored. Sincethe
ervironmentwill never provide suchaninput, or evenif it is provided, suchbehaiour is not of interest.
In short,theinputsacceptablén spshouldbe a subsebf thoseacceptablén im.

As far as outputsare concernedjf sp canproduceop thena correctimplementationshouldalso
produceit. If spcannotproducea certainoutput, neithershouldits implementation.However whena
specifications allowedto benon-deterministicit is too strongto requireim to produceexactly thesame
outputsassp sincea deterministicimplementatiorcould producea subsetof the outputs. A suitable
relation shouldthus require outputinclusioninsteadof outputequality Unfortunatelya circuit that
acceptsverythingbut outputsnothingmayalsobe qualifiedasa correctimplementation The speciald
‘action’ overcomeghis weaknes®y indicatingtheabsencef output. Like any otheroutputaction,if &
belonggo theoutputsetof im it mustbein theoutputsetof spfor conformanceo hold. In otherwords,
im canproducenothingonly if spcando nothingaswell.

In the above discussionsp andim arenot actually LTS statesbut areall possiblesituationsthata
circuit may bein aftera certaininput-outputsequenceBecaus® is alsoinvolved in the sequencethe
statespacef both specificatiorandimplementatioraretransformednto automatahatareexplicitly
labelledwith 8. Theinput-outputsequenceareactuallytracesof thespecificatiorautomatonFormally,
letimplementatiori LT S(L; [CL1y) andspecificatiors LT S(L, [Lly). Then:

i confors —gef Lal[SIrace(s). out(i aftero) [Caut(s aftero)and
if i afterc & [in(safters) [Cinli aftero)
i strongconfols =g [al[Slrace(s). ouf(i aftero) = out(s afterog)and
if 1 aftero 8 [in(saftero) Lin[i aftero)
L, andLy referto the inputsandoutputsfrom the point of view of the implementation. The inputs
andoutputsof anautomatorafter sometracearecomputedoy in andout The after operatoryieldsan
automatorafterit hasexecuteda giventrace.STacegenerates suspensiotrace.

To definesuspensioriraces,the transitionrelationis extendedwith the refusalof outputactions:
self-looptransitionslabelledwith Ly indicatethat no outputactioncanoccur Refusalto outputcan
alsobeexpressedisingd, whichis regardedasanoutputactiondistinctfrom L, andLy. A suspension
tracethuscontainsordinaryactionsand? actions.If Ls denoted [&]asuspensiotracec [T

The conforrelationrequiresthat, after a suspensiortraceof s, the outputsthatanimplementation
i canproduceareincludedin whats canproduce.If i canfollow the suspensiotrace,theinputsthat
s canacceptarealsoaccepteddy i. strongconforhasa similar definition exceptthat outputinclusion
is replacedby outputequality Normally conforis usedwhena specificationand an implementation
are deterministic,while strongconforis usedwhen an implementationis more deterministicthan a
specification. The (strong)conforrelationsare more easily obsered if the LTSsof specificationsare
transformedo suspensioautomata.

A suspensiorautomaton, of anLTS p is obtainedby determinisingp andaddingthe necessary
d transitions. The suspensiorracesof p coincidewith the tracesof its suspensiorautomaton . In
addition,for all ¢ ED'?'out(rp after o) = out(p aftero); see[14] for the proof. Thereforechecking
(strong)conforcanbe easilyreducedo checkingtraceinclusionon suspensiomutomata.Only traces
withoutd transitionsarechecledfor confor, while all thetracesof a suspensiomutomatorarechecled
for strongconfor

A verification tool VeriConf hasbeendevelopedto checkthe (strong)conforrelationsusing the
programminginterface of CADP (CeaesarAldébaranDevelopmentPackage[5]). Briefly, CADP is
exploitedto generaté. TSsof bothspecificatiorandimplementation.Thentheverifieris usedto produce
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the suspensiorautomatarom the LTSsandto comparethe automataaccordingto the relations. The
verifierhasbeensuccessfullysedin analysingseseralasynchronousircuits,includingtheexamplesn
thefollowing sections.

3.3 TestingAsynchronousCir cuits

Conformanceestingrequiresseveralingredients:aformalspecificationanlUT (Implementatiornder
Test),atestsuite,andarelationthatcheckscorrectnessf theimplementatioragainsthe specification.
Thereshouldpreferablybe a testgeneratioralgorithmthat producedestsuitesautomatically An IUT
may be a product,a formal specificationor even aninformal specification.Presuminghatevery IUT
hasaformal modelis referredto thetesthypothesisNotethatonly theexistenceof amodelis assumed.
In this paperimplementationsremodelledasIOLTSs(Input OutputLabelledTransitionSystems).

An IOLTS p is anLTS whoseactionsL arepartitionedinto inputsL, andoutputsLy, andwhose
input actionsarealwaysenabledn ary state. This classof systemis denotedoy 1OLT S(L,,Ly) 1
LT S(L, [Ily). Specificationshowever, arestill modelledasan LTS to permitan abstractview of
behaiour. Suchspecificationareinterpretecasincompletelyspecified OLTSswheresomeinputsare
not specifiedin somestates. The intention of incompletenessnight be implementationfreedom,or
becauseheernvironmentwill notprovide undesirablenputs.

Several implementatiorrelationshave beendefinedby othersbetweenLTSsand IOLTSs. Some
of theserelations,suchas the one analogoudo testingpreorder are too strongin that they require
specificationgo be IOLTSs. This is obviously impracticalin mostcases.Theioco relationhasbeen
definedto supportconformanceesting. The ioco relationis very similar to confor. The difference
is that implementationsacceptedby confor may not be input-receptie, whereasioco assumeghat
implementationsare modelledas IOLTSs (and canthus always acceptall inputs). Consequentlythe
inputinclusionconditionrequiredby conforis alwayssatisfiedn the caseof ioco.

A testsuiteis a setof testcases. For practicalreasonstestcasesmusthave finite behaiour. In
additionthey shouldbe deterministicto allow atesterto have controlover testexecution. This requires
thattestcaseshave no choicesbetweenmultiple input actionsor betweeninput andoutputactions,as
both introduceundesirablenon-determinisnduring a test. As a resulta stateof a testcaseis either
terminal,offersoneinputto theimplementationor acceptsall possibleoutputsfrom theimplementation
(including the d action). The terminalstatesof a testarelabelledwith Passor Fail to yield a verdict.
Whenanimplementations tested,t will stoponly in a passor fail state.Sinceanimplementatiorcan
be non-deterministicdifferentterminal statescan be reachedwith differenttestrunsof the sametest
case.Only whenanimplementatiorpassesll possibletestrunsis it saidto passhetestcase.

A testcaseis modelledasan LT S(L, L}, [{d}). As before,0 meansa statecannotproduce
ary output. Testcasesareobtainedby a finite recursve applicationof the following non-deterministic
choices:terminatethetestcasegive anext input to theimplementationpr checkthenext outputsof the
implementation.Thefirst choiceterminateshegeneratiorprocedurdo ensurea teststopsat somepoint
even thoughthe specificationmay include infinite behaiour. The secondchoicewill never resultin
deadloclasinputsarealwaysenabled.Thethird choiceensuregailureif animplementatiorproducesn
outputnot belongingto out(I"). This testgeneratioralgorithmguaranteesoundtestcaseswith respect
to (strong)confor andthe setof testcaseghatcanbeobtaineds complete see[14] for the proof.

In theDiLL approachio testingdigital circuitdesignsacircuitis specifiedn Lotos(whosesemantics
is givenby anLTS). Theimplementatiorof the samecircuit is describedoy VHDL (VHSIC Hardware
DescriptionLanguagd8]). Thebehaiour of aVHDL programis presumedo bemodelledby anlOLTS
thatis merelyassumedo exist — it neednot beknown explicitly. Thetestsuitefor acircuitis generated
by an algorithm basedon that of [14]. The authorshave extendedCADP to generatehardware test
suitesautomaticallyfrom the suspensiormutomatorof the specification.A VHDL testbenchexecutes
andevaluateghetestcaseslf thereis aninconsisteng betweertheformal specificatiorandits VHDL



A possible test trace:
Ip, Op1(*S1), Op2, Opl(*S4), ...
Op3(*S4), Ip, Op2(*S1), Opl...

Figurel: TestTracefor Nodeswith Several Outputs

implementationtheimplementations regardedasincorrect.

Thetestcasegyeneratedn DILL approacthave theform of tracesratherthantrees. Thisallows easy
measurementf testcoverage andautomaticexecutionof testcases.A testsuitecannotusuallycover
the entirebehaiour of a specificationasthis is normally infinite. The stratgy is thereforeto cover all
transitiongn atransitiontourthataddressethe Chinesd?ostmarproblem. As suspensioautomatanay
notbestronglyconnectedit is notpossibleto make directuseof corventionaltransitiontour algorithms.
Insteadthe approachof [7] is usedbecausét is suitablefor all kinds of directedgraphs. Depth-first
searchis useduntil an urnvisited edgecannotbe reached.Breadth-firstsearchis thenemplgedto find
an urvisited edge,andthendepth-firstsearchrecommencesThe authorshave developedthe TestGen
tool thatrealiseghis algorithmusingthe CADP applicationprogrammingnterface.

The problemscausedyy non-determinisntanbe solved by markingcontradictoryoutputbranches
in a suspensiomutomata.This situationarisesif anoutputmay not be matchedby theimplementation
undertestsinceotheroutputsare permitted. This methodis not so effective whenthe behaiour of an
implementationis non-deterministic. The problemis thatwhenaninconclusve verdictis reacheda
testrunis abortedandothertestcasesareapplied. However, the testcasecould be still usefulif other
neighbouringoutputscanbefoundsothatthetestrun maycontinue.

Contradictorybranchesn the suspensiorautomatorare thereforemarked with * C_andthe corre-
spondingstatelabel. Obviously, outputswith the samemarksin a test suite are neighboursin the
correspondinguspensiorautomaton.In this way the branchingstructureof the automatortreeis re-
flectedin atestcase. The transitiontour algorithmis ableto cover all the transitionsin a suspension
automaton.If animplementatiordiffers from all the outputswith a certainmark, a fail verdictshould
berecorded.Thistechniquerequiresatestbenchhatis ableto searcithewholetestsuitefor marks.

Figure 1 is an exampleof this technique. If animplementatiorhasthe behaiour Ip, Op1, Op2,
Op3, ... it will follow Ip, Op1,0p2in atestrun. But whenoutputOp3fails at Op1(LSH) thetestbench
mustlook for anotheroutputwith the samemarkto seeif Op3canbematched.In this caseit canfind
Op3(LSk)andcontinuetesting.If animplementatiorbehaesaslp, Op3,... thentherewill beno output
markedwith (LSl)thatcanmatchOp3 theimplementatiorwould be regardedasincorrect.

The testbenchwould normally searchthe remainderof a testtracewhenan inconclusve pointis
metsothattestingcango forward. However suchmarkssometimesexist only in the previous part of
the trace,forcing the searchto go backward. This meansthatloops may ariseduring testing,so the
testbencineedsa stratgy to avoid this.

Thetestbenchalsoneedso maintainatimer. Realcomponentslo not have unboundedielays,so
whena transitionis encounteredhetestbenchmustrecordthetime thatelapses|f thereis no output
within a certainperiod,the d transitioncanberegardedashaving occurred;otherwisea failure verdict



mustbegiven. Thevalueof thetimer reflectsthedelaysin therealcircuit. A testbenclwill alsohaveto
decidewhento provide inputs. For testcaseT 1 in thelaterexampleof figure 3, if InF 10 is providedtoo
lateafterthefirstinputInF !'1 thenanoutputmayhave alreadybeenproduced.Thebehaiour shouldbe
fully exploredby othertestcasesuchasT2. Butthetestemightnotbe awareof theinterrelationships
amongtests.T1 might thereforebe usedat therisk of producingfaulty testresults.

4 CaseStudy: An AsynchronousFIFO

As a typical circuit, an asynchronou&IFO (First In First Out buffer) is specifiedandanalysed. The
FIFO hastwo inputsInT, InF andtwo outputsOutT, OutF. Its inputsandoutputsusedual-railencoding
in which onebit needstwo signallines. The pair of T/F (true/false)signalvalues1/0 correspondso
datavaluel, while thepair 0/1 correspond$o 0. A signalof 0 onbothlinesindicatesdle, whichmeans
thereis no valid data. Lines have to beresetto idle betweentwo transmissionsSuppose FIFO with
onestageis initially empty It canaccepteitherl or 0 on receiptof InT or InF. The datais delivered
to the outputlines. After onesuccessfutransmissionthe input andoutputlinesthat have beenraised
returnto O to wait for otherdata. The behaiour of onestagecanbe easilyspecified:

processStage{InT,InFOutT,OutF]:noexit := (* oneFIFO stage*)
INT 11; OutT!1; InT !0; OutT !0; (* input/outputl thenidle *)
Stag€[InT,InF,OutT,OutF] (* continuebehaviour *)
InF!1; OutF!1; InF !0; OutF!0; (* input/outputO thenidle *)
Stag€[InT,InF,OutT,OutF] (* continuebehaiour*)
endproc

A FIFO with sereral stagesanbe obtainedoy composingnstance®f this processFor example,a
FIFO with two stagesandinternalsignalsIntT, IntF is specifiedas:

processSpec[InT,InF,OutT,OutF] (* FIFO specificatiort)
hide IntT,IntFin (* internalsignals*)
Stag€[InT, Inf,IntT,IntF] (* first stage®)
[IntT,IntF]|
Stag€]IntT,IntF,OutT,OutF] (* secondstage®)
endproc

A possibleimplementatiorfor a FIFO stageis givenin figure 2 (a). Apartfrom the datapath,there
aretwo linesthatcontroldatatransmissionReqcomesfrom the environmentof a stage jndicatingthat
environmenthasvalid datato transfer The Adk line goesto the ervironment,indicatingthat the stage
is emptyandis thusreadyto receve new data. Both of thesecontrol signalsareactve whenl. The
implementatiorusetwo C-Elementgseesection2.3)andaNor2 gate(two-input‘not or’). Initially both
RegandAck arel. Whenthereis valid dataon InT or InF, it is passedo OutT or OutF. At the same
time, Regshouldberesetto 0 until InT or InF returnsto theidle state. A is resetto 0 afterreceving
dataon OutT or OutF, indicatingthatthe stagds full. Whenthedataon outputlinesis fetched thestage
returnsto theidle stateandis readyfor the next transmission.The correspondindiLL specificationof
this FIFO cell is asfollows:

procesLell [InT,InF,OutT,OutEReq,Ack]: noexit :=
(CElemen{InT,Req,0OutT]0,1,0)|[Red| CElemen{inF,Req,OuTF}0,1,0))
[[OutT,OutH|
Nor2 [OutT,0OutFAck] (0,0,1)
endproc
Theinputs/outpubf the C-Elementsareinitialisedto 0,1/Q while thosefor the Nor2 gatestartas0,0/1

To ensurea FIFO works correctly the environmenthasto be coordinated.For example,it should
provide correctinput dataaccordingto the dualrail encoding. To make thingseasieyit is corvenient
to think aboutthe environmentin two parts: EnvF (ervironmentfront-end)is a provider thatis always
readyto producedata,while ErvB (ervironmentback-end)s a consumethatcanalwaysacceptdata.
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InT_ \ outT

C INT —————— IntT OutT
Req) Ack EnvF Req Cell IntR Cell Ack | EnvB }
INF —— IntF N

C OutF
InF — OutF
@ (b)
Figure2: Implementatiorof A Two-Stagd-1FO from Individual Cells

processEnvF [Req,InTInF] : noexit := (* dataprovider*)

InT 11; Req!0; InT !0; Req!1; (* provide1¥*)

EnvF [Req,InTInF] (* continuebehaviour *)

InF!1; Req!0; InF 10; Req!1; (* provide0*)

EnvF [Req,InTInF] (* continuebehaviour *)
endproc
processEnvB [Ack,OutT,OutF]: noexit := (* dataconsumetr)

OutT!1; Ack !0; OutT !0; Ack !1; (* acceptl *)

EnvB [Ack,OutT,0OutF] (* continuebehaviour *)

OutF!1; Ack !0; OutF!0; Ack !1; (* accept0*)

EnvB [Ack,OutT,OutF] (* continuebehaviour *)
endproc

A two-stagd-IFO canthenbeimplementedasin figure 2 (b):

procesdmpl [InT,InF,OutT,OutF]: noexit = (* FIFOimplementatiort)
hide Req,IntTIntFIntR,Ackin (* internalsignals*)
ErnvF [Req,InTInF] (* dataprovider®)
|[Req,InTInF]|
Cell[InT,InFIntT,IntF IntR,Req] (* first cell *)
|[IntT,IntF,IntR]]|
Cell[IntT,IntF,OutT,OutRAck, IntR] (* seconccell *)
|[Ack,OutT,OutH|
EnvB [Ack,OutT,OutF] (* dataconsumetr)
endproc

When speedindependenca&eedsto be verified, eachbuilding block (including the environment)
shouldbe specifiedin the input quasi-recepiie style. ImpLQR is the correspondingmplementation
specification It canusetheDILL library for quasi-receptie specification®f thebasicbuilding blocks. It
alsoneedghecorrespondingjuasi-receptie specificationE€rnvF_QRandEnvB_QR. EnvF hasnoinputs
andsois identicalto EnvF_-QR EnvB_.QRhastheform:

processEnvB_QR[Ack,OutT,OutF]: noexit := (* receptve dataconsumer)
OutT!1; (* valuel outputby FIFO*)
(Ack'0; (OutT0; (Ack !'1; EnvB_ QR [Ack,OutT,OutF]

[| OutT!1; stop [| OutF!1; stop)
[] Ack !1; stop [] OutF!0; stop) (* incorrectackor FIFO output*)

[| OutT !0; stop [] OutF!0; stop) (* incorrectFIFO output*)
OutF!1; (* valueO outputby FIFO *)
(Ack '0; (OutF!0; (Ack !1; EnvB_ QR [Ack,OutT,OutF]

[| OutT 11; stop[] OutF!1; stop)

11



FIFO_Sus

T1 T2 T3

OutT 1

OutF 11 2T\ outT 11 Fail Fail

InF 10

Pass

OUutE ! OutT 1 Pass Fail Fail

Pass Fail Fail

Figure3: LTS, SuspensioutomatonandSeveral Testsof FIFO

[] Ack !1; stop|[] OutT !0; stop) (* incorrectackor FIFO output*)
[| OutT !0; stop[] OutF!0; stop) (* incorrectFIFO output*)
Ack 10; stop
endproc

Thespecificatiorshouldexhibit livenessUsing CADP, it wasverifiedthatthe specificatiorsatisfies
thefollowing propertyexpressedn ACTL (Action-basedComputationallreelLogic [12]). If thereis an
input of 1, thenoutputwill becomel eventually: AG([InT !1]A[trueueUounitrug]). Theformulafor
dataO is similar andwasalsoverifiedto betrue. It wasverifiedthatSpec= Impl || (ErvB|[- - -]| EnvF)
usingCADP, where= denotebsenrationalequivalence.

To checkspeedndependenceheinputquasi-receptie specificationsvereused.It wasalsoverified
thatSpec= Impl_.QR || (EnvB_.QR|[: - -]] EnvF_QR), which givesmoreconfidencen the designof the
FIFO. Theimplementationmpl_ QR|| (EnB_QR|[: - -]| EnvF_QR)alsosatisfieghe livenesgroperty

Figure 3 givesthe LTS for the FIFO (minimisedwith respectto obserational equivalence),the
suspensiomutomatorfor the LTS, andseveraltests. Becausehe LTS is deterministic the suspension
automatorhasalmostthesamestructuresxceptfor thed transitionswhichappeaascirclesin thefigure.
TestT1 providestwo inputsandthenchecksthe outputof animplementation.If outputOutF changes,
theimplementatiorpasseshetest. Howeverif OutTchange®r if thereis nooutput,theimplementation
fails the test. Similarly, testT2 checksoutputafteroneinputis provided. TestT3 checksoutputright
away. Forthistest,anoutputfrom theinitial stateis incorrectandresultsin afail verdict. Only afterad
transition,meaningthatno outputis producedgantestingcontinue.

It wasestablishedhatimpl_.QR|| (EnvB.QR][- - ]| EnvF_QR) strongconfSpedyy usingtheauthors’
\eriConftool. Theauthors'TestGertool producesa singletestcaseof length28 for the FIFO:

12



InF 11 InF !0 OutF!1 InF 11 OutF!0 OutF!1 InF !0

InT 11 OutF!0 InT 10 OutT!1 InT 11 OutT!0 OutF!1
0 InF 10 OutF!0 InT 11 OutT!1 InT !0 InT 11
OutT!0 OutT!1 0 InT 10 OutT!0 ) Pass

5 CaseStudy: An Or-And Circuit

This examplewas introducedin [3] to shav the differencebetweenspeedindependencand delay
insensitvity. Althoughsmall,it revealsthe necessityf usinginputquasi-receptie specificationsAs in
section2.3, eventsareabbre&iatedby omitting signalvalues!1 and!0. The circuit hasinputsipl, Ip2,
Ip3 andoutputsOp1,0p2 OutputOplis thelogical or of Ip1, Ip2, while outputOp2is thelogical and
of Ip2, Ip3.

The abstracftcircuit specificationis shavn in figure 4 (a). The componeniOr and And gatesare
specifiedin figures4 (b) and4 (c) respectiely. The proposedmplementationis in figure 4 (d). The
verification task is to checkif this implementationis delay-insensitie and speed-independen For
analysingdelay insensitvity, the circuit is transformedto figure 4 (e), wherethe isochronicfork in
figure 4 (d) is replacedby an explicit Fork element. (Referbackto section2.3 for an explanationof
these.)Theimplementationsn figures4 (d) andfigure 4 (e) arespecifiedasImpll andimpl2

procesdmpll [Ipl,Ip2,Ip3,0p1,0p2: noexit = (* isochronicfork implementatiorr)
Or2[lp1,lp2,0p1]|[Ip2]] And2[Ip2,Ip3,0p2] (* or plusandgates®)
endproc
procesdmpl2 [Ip1,Ip2,Ip3,0p1,0p2: noexit = (* ordinaryfork implementatiort)
hide Int1,Int2in
(Or2[Ip1,Int1,0p1]||] And2[Int2,Ip3,0p2]) (* orplusandgates... *)
|[Int1,Int2]|
Fork [Ip2,Int1,Int2] (* with fork input*)
endproc

The statespacesof Impll and Impl2 are much larger than that of Spec For example, both can
acceptip2 andIp3 from their initial statesbut Speccannot. Sinceno explicit ervironmentis given, a
direct verificationapproachs to comparelmpll || Specwith Spe¢i.e. assuminghat Specis alsothe
ervironmentof its implementationslt wasfoundthatIimpll || Spec= Specandimpl2 || Spec= Spec
by usingCADP. This suggestshatfigures4 (d) and(e) areboth correctimplementation®f Spec

However, to ensurehatbothimplementationsirereally speed-independgrthemoreaccuraténput
quasi-receptie modelis neededFigure5 shavs therevisedLTSs. Thecorrespondingmplementations
areimplL.QRandImpl2_QR. It wasdiscoseredthatimpl1 QR strongconfor Spedy usingtheauthors’
VeriConftool. Unfortunatelylmpl2 QR doesnot have the confor or strongconforrelationshipto Spec
Thetool givesadiagnostidrace:Ip1,0p1,Ip3,1p2,0p2,Ip2,1pl. By analysinghistraceit canbefound
thatafter Op2is producedthe specificationis ableto receve Ipl andIp2. But for the implementation
in figure4 (e), afterOp2is producedhefork componenmaystill bein theunstablestatesincelntl has
not beenproducedyet. In this unstablestate,anp2 input makesthe behaiour of the fork component
undefined. This meansthat figure 4 (e) is not speed-independenitg. the correctnes®f the circuit
dependon the speedof Fork. Figure4 (d) is thereforenot a delay-insensitie implementatiorof the
specification.

6 CaseStudy: A Selector

As afinal example,a selector(seesection2.3) allows non-deterministibehaiour in implementations.
After achangeoninputIp, eitherOplor Op2 maychangedependingdn theimplementation Figure6
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(b) Ipl
—_— Op1l
And2 or2
Ip2 Intl
002 Ip3 Int2
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Ip2 Ip3 And2———

(© (e)

Figure4: An Or-AndCircuit

givesits LTS (minimisedwith respectto obserational equivalence),the suspensiormutomatorof the
LTS, andoneof thetestcases.TestT4 shavs thatafterinputIp !1, animplementatiorproducingeither
Opl!1l or Op2!1 will passthetest.

The authors'TestGentool producesa singletestcaseof length 11 for the selector This example
shaws how contradictorybranchesaremarked. A selectorthatinsistson sendingits inputto Op1 can
follow teststepsl, 2, 3,4,5, 6, 2, 3, ... Thisis aloop thatthetestbenchmustbreak.

P11 Opl!1 ([Sh) Ip!o Op1!0 ([Sk) & Ip! 1
Op2!'1 ([sSh) 3 Ip !0 Op2!0 ([SR) Pass

7 Conclusion

An approacho verifying asynchronousircuits hasbeenpresented A key aim hasbeento modelreal
hardware effectively usingLotos. A rangeof typical asynchronousomponenthasbeenspecified,
demonstratinghe applicability of the approach.(Quasi)delay-insensitie circuits aretransformednto
speed-independedesigns.Violationsof speed-independenger really semi-modularity)arechecled
usinginput (quasi-)recepte specifications.

New relationsconforandstrongconforhave beendefinedto assesshe implementatiorof anasyn-
chronousircuit againstits specification.Therelationsprovide anintuitive interpretatiorof correctness
andoffer clearadvantagesomparedo otherapproachesThe VeriConftool hasbeendevelopedto sup-
portthem. Thetheoryof Input-Output_abelledTransitionSystemdasalsobeenadaptedor generating
testsof asynchronousircuitsbasednsuspensioautomataThe TestGeriool generatetestsuitesusing
transitiontoursof automata.This allows automaticgeneratiorof testsuiteswith reasonableoverage,
and facilitatesautomatictest execution. The testgenerationalgorithm also allows non-deterministic
implementationso betested.
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Or2_QR And2_QR

Ip2
op1 Ip3
Fork_QR
Int2 Intl
Ipl Ip

Figure5: Input Quasi-Receptie Specification®f Or-And Components

Selector Selector_Sus

T4
Ip 11
Opl!0/ s Op2 0
Op210 Op1l P Op1! op2 11
p 5 ps:

Pass  Fail Pass
Figure6: LTS, SuspensioMutomatonandOneTestof Selector
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