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Abstract

Thethesisdiscussesising SO standardormal languagel oTos (Languageof TemporalOrdering
Specificationfor formally specifyingandanalysingdigital circuits. The studysenestwo-fold: it exam-
inesthe possibility of extendingapplicationsof L oTOS outsideits traditionalareasandprovidesa new
formalismto aid designingcorrecthardware.

Digital circuitsareusuallyclassifiednto synchronougclocked) andasynchronougun-clocled) cir-
cuits. Thethesisaddressebothof them. L oTos modelsfor signals,wires,componentandcomponent
connectionareestablishedtogethemwith the behaioural modelsof digital componentsn synchronous
andasynchronousircuits. Theseformal modelshelpto build the rigorousspecificationf digital cir-
cuits, which are not only valuabledocumentationbut alsothe basedfor further analysis. The inves-
tigation of the thesisshaws that LoTOs is suitablefor specifyingdigital circuits at variouslevels of
abstraction.Comparedwith otherformalisms,it is especiallyefficient on higherlevel modelling. But
thereis alsoa gap betweenL oTos modelsandreal world hardware, which is the resultof the differ-
encebetweeninputs and outputsof systemsbeing abstractedway in LoTos. The gapis bridgedby
introducinginput receptve or input quasi-receptie specifications.

Two analysisapproachesareinvestigatedn the thesis,namelyformal verificationandconformance
testing.Verificationintendsto checkthe correctnessf theformal modelof a circuit, it is exhaustve and
canensurghecorrectnessf themodelbeingchecled. While testingis appliedto a physicalproductor a
formal or informal model,it cannever be exhaustve but arevery usefulwhenaformal modelis difficult
to build.

CurrentL oTos verificationtechniquesupporthethreecommonverificationtasks,.e. requirements
capture implementationverificationand designverification. In this thesis,model checkingis usedto
fulfill thetasks. It is found that verification of synchronousgircuitsis relatively straightforvard since
LoTos tools canbe directly used. For verifying asynchronousircuits, two conformanceelationsare
definedto take the differentroles of inputs and outputsinto account. Comparedwith other hardware
verificationapproacheshe approachpresentedn this thesishasthe advantageof finding bugsat early
stagesof development,becausd.oTos canbe usedin higherlevel modelling. Moreover, LoTOS is
supportedby variousverification techniqueswhich are complementaryto eachothersand give more
chancedo detectdesignfaults.

Thethesisexploresa new directionof applyingformal methodsto digital circuit design. The basic
ideais to combineformal methodswith traditionalvalidationapproachesL oTos conformanceesting
theoryis emplgyedto generatéestcasesrom higherlevel formal specificationsThetestcasesarethen
appliedto commercialVHDL (VHSIC Hardware DescriptionLanguagesimulatorsto simulatelower
level circuit designs. Casestudiesrevealsthatthe approachs very promising.For example,it candetect
bugswhich cannotbe capturecby examiningaformal model.

Timing characteristicareimportantfactorsin digital design.To beableto specifyandanalysdimed
circuits, ET-LoTOs is exploited. Two importanttiming characteristicin digital circuits, namelydelays
andtiming constraintareidentified. Timed specification®f digital circuitsarethe compositionof these
timing characteristicand functionality Basedon the formal specificationsrigorousanalysiscan be
applied. The methodis valuablein discorering subtledesignbugsrelatedto timing, suchashazardyace
conditions,andcanalsobe usedfor analysingspeedberformancef digital circuits.
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1 Intr oduction

1.1 Motivation

This thesisis concernedwith using ISO standardiormal languagel oTos (LanguageOf TemporalOr-
dering Specification[ISO89) to formally specifyandanalysedigital circuits. It hasa two-fold purpose:
examiningthe possibility of applying LoTos outsideits traditionalarea,and providing new theoriesand
toolsto aid designingcorrecthardware.

LoTos hasbeenwidely and successfullyusedto specify communicationsystemssuchas standards
for OSI (OpenSystemdnterconnectiorflISO94]). This is not surprisingsinceL oTos wasdevelopedfor
this purposelt hasalsobeenusedin relatedareasuchasOpenDistributedProcessindlSO95. However,
LoTtos mightclaimto beageneral-purposknguagdor specifyingconcurrensystemssoit is valuableto
investigatethe applicability of the languageoutsideits original field. Digital circuitsarecomplec systems
whichinvolve intensive concurreng. The applicationof LoTOS in this new areawill helpto discover the
strengthsandlimitations of thelanguage.

Althoughdigital logic designis well understoodguaranteeinghe correctnessf acircuit is still avery
hard problem. Formal methodsprovide a solution by systematicallyand exhaustvely analysingcircuit
behaiour to prove the correctnessr pinpointthe bugs. Many formalismshave beenusedto modeldig-
ital circuits,includingHOL (Higher OrderLogic [MGG93, SRI9]], processalgebralMM92], automaton
[HHK96, BCMT92], functions[O'D95] and Petri Nets[Rei85 YK98]. As aninternationallystandard-
isedformal languagel oTos shouldbe moreeasilyacceptedy industry It is moreexpressve thanmost
formalismsdevelopedfor academiaesearchandis supportedwith theoryandtools that allow various
analysismethods someof which arenot possiblewith otherhardwarespecificatiomapproachesThe use
of LoTos is alternative andcomplementaryo the existing methodsfor designingcorrecthardware.

Following the initial investigationof the subjectin [TS94], the approachpresentedn this thesisis
namedDiLL (Dlgital Logicin LOTOS).

1.2 Context of the Reseach
1.2.1 DesignProcedurefor Digital Circuits

Designof digital circuitsis a complicatedorocesshich involvesmary differentsteps.Figurel depictsa
typical designflow [GDKW92] usedin industry

Designstartswith aninitial idea,which is abstracandmay be recordedn diagramsor a naturallan-
guage Humandesignerfiaveto build aspecificatiorof theideain somehigherlevel descriptionanguage,
suchasVerilog [IEE95], VHDL [IEE93], LoTOS, or otherformalismsuchasfinite statemachinesetc.

This higherlevel circuit specificationis thenrefinedto aregistertransferlevel (RTL) specificatiorby
humandesigner®r high level synthesigools. Typically anRTL specificatiorcontainstwo parts:datapath
andcontrollogic. The datapaths built from elementsuchasregisters, multiplexers,addersmultipliers,
etc. Thecontrollogic providesnecessargontrol signalsandtiming for the datapath.

Logic synthesistools are then appliedto generatea descriptionof the control logic in the form of
a netlist of gates. Thesegatescorrespondo a setof logic equationsand may not be physicallyimple-
mentable.

Giventhesegatestechnologymappingreplacegshemwith theimplementableatesn acertainlibrary.
It alsocombinessmallgateso make largeronesaslong asthey areavailablein thelibrary. Componentén
datapathareusuallymappednto thedescriptionattransistotevel directly, usingthetool calledamodule
generatar

The lowestlevel descriptionis the layout of the circuit. Modulesandgatesare placedandconnected
by usingplacemenaindroutingtools. Thelayoutcanbe sentfor fabricatingto getthefinal product.

The designprocedurdnevitably involvesiterations,eitherbecausgerformanceequirementsare not
met or errorsappearafter a transformation. Human mistales contritute most of the errors, but other
sourcesare alsopossible,suchasdeficienciedn synthesisalgorithmsor software bugs. Although mary
stepsin thedesignflow canbe doneautomaticallyhumandesignis unavoidable.For example,high level
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synthesigs still anareaof currentresearchand not widely usedin industry Logic synthesiss a well-
establishedechniquebut is not suitablefor regularblockssuchasRAM (Random-Accessemory), PLA
(Programmablé.ogic Array) andcompletemicroprocessorbecaus@f the speedandareainefficiency.

Validationtoolsarethereforenecessarfor detectingdesigrerrors.Checkingthecorrectnessf ahigher
level circuit specificationagainstan initial designideais termedspecificationvalidation, and examining
thecorrectnessf thedesignat RTL andgatelevel (includingthenetlistdescriptiorandtheimplementation
netlist)is termedcircuit validation. Layoutvalidationtools arededicatedo the circuit specifiedat layout
level. While testingusuallyrefersto the activity of detectingfabricationdeficienciesn final products.

At presentsimulationis still the predominan@pproactof validatingdigital designsin industry Test
vectorsarefed into an executabledescriptionof the circuit; the behaviour of the circuit is comparedvith
that of a referencemodel, or simply analysedby observingthe outputs. The procedurefor obtaining
testvectorsis calledtestgenemtion. Most testvectorsfor simulationare createdby experiencedesting
engineersTestvectordor testingfabricationbugsareusuallygenerateéutomaticallywith theassumption
thatonly certainkinds of faultsmayoccurin the processf manufcturing.

The thesissupportsearlier stagesof the designprocedure. More preciselyit mainly concernsthe
correctnes®f logic designsratherthanthe correctnes®f layout or fabrication. Automatic synthesisof
circuitsis excludedfrom the scopeof the thesiseither but somerelatedwork of hardwaresynthesifrom
L oTos specificationcanbe foundin [HYKT94]. The shadedpartsin figure 1 arethereforein the scope
of the thesis. In otherwordsthe thesisinvestigatediow to specifycircuits at behaioural, RTL, andgate
levels. With respecto validation,it coversspecificationvalidation,circuit validationandtestgeneration.

1.2.2 Formal Methodsin Digital Cir cuit Design

Today's digital circuitsaresolargeandcomple thattestingengineercanno longercreateall the vectors
requiredin orderto examinecircuits adequatelyvith simulationapproachMoreover simulationrun time
hasincreasedeven fasterthancircuit size. For larger chips, it is measuredn daysor evenweeks. The
iterationsin the designprocesgequirethatevery changeshouldbe checledthoroughly but time pressure
forcesonly a subsebf testvectorsto be usedfor eachrevision. This exposeghe designto a greatrisk of
errors.

The weaknesf simulationspursresearchin applying formal methodsin digital designs. Formal
methodsrefersto “mathematically-basethnguages, techniquesand tools for specifyingand verifying
systemfCW96]. In otherwords, it containstwo aspects:formal specificationand formal verification
(or verificationfor short). Formalspecificatiorusesa languageor notationwith a mathematically-defined
syntaxandsemanticqdo describea systemandits desiredproperties.Formal verificationis the approach
to prove the correctnes®f the specification. The advantagesof verification over simulationare that it
is exhaustve in the sensehatall the behaiour of the model of a systemwill be checled, andthatit is
fasterthansimulationin mary casesincetheresultmight be obtainedafterasinglerun of theverification
program.

Although formal verification hasbeenthe main themeof usingformal methodsin hardware design,
it is not possiblewithout properspecifications.But formal specificationis not just the basefor verifica-
tion; writing thingsdown preciselyitself is valuable: a deeperunderstandingf the specifiedcircuit can
be obtained,and the inconsistenciesambiguitiesor flaws in the initial idea can be discosered. These
incompletenessesill becomevery difficult andexpensve to detectwhenthey aretransformedo lower
level designs.Specificationalsosenesasa permanentocumentatiorof the requirementsthe behaviour
andthe implementatiorof a circuit. It is a preciseand corvenientbridge betweerthe variouspartiesin-
volving in the design,implementatioranduseof the circuit. Sofar mary formalismshave beenusedto
specifydigital hardware,includingHOL, processlgebraautomatafunctions,andPetriNets. Apart from
specifyingcircuitsin aformal languageor notation,analternatve approachs to provide formal semantics
for anordinaryhardwaredescriptionanguaggHDL), but usuallyonly a subsebf anHDL is suitablefor
formalization. The mostpopularindustryHDLs, namelyVHDL, Verilog andELLA [MC93], have been
studiedusingthis method[KB95, Gon95 BGMW95].

Thereareessentiallytwo approacheso formal verificationof digital circuits: modelcheckingandthe-
oremproving. Model checkingis a techniquethatis basedon constructinga finite modelof a systemand
checkingthat whethera desiredpropertyholdson the model. The checkis performedby an exhaustve



statespacesearch Sincethemodelis requiredto befinite, modelcheckingis guaranteetb terminate Two
stylesexist for modelchecking. In tempoal logic modelcheding, propertiesare specifiedin a temporal
logic [Pnu77 andacircuit is modelledasa finite statetransitionsystem.Efficient searctprocedurehiave
beendevelopedto seeif temporallogic formulaehold on the model. In conformancecheding, both de-
siredpropertiesandtheimplementatiorof a circuit aremodelledasautomataor labelledtransitionsystems
(LTS). Thenthe two modelsare comparedo determinewhetheror not the implementationrconformsto
thepropertiesVariousnotionsof conformancéave beeninvestigatedsuchaslanguagenclusion[FK97]
andobsenationalequivalencgMil89]. Theadwantage®f modelcheckinglie in thatit is completelyauto-
maticandfast,andthatit producesountere&amplesvhenverificationfails, whichis particularlyusefulin
practice.Thedisadwantageof modelcheckingis the statespaceexplosionproblem.Many approachebave
beenproposedo tacklethis problem,suchasBDD (Binary DecisionDiagrams[Bry92]) andlocalization
reduction[FK97].

Verification by theoremproving relies on expressingboth the systemand propertiesas formulaein
somemathematicalogic. This logic is given by a setof axiomsandinferencerules. Theoremproving
is the proces=f finding a proof of a propertyfrom the axiomsandinferencerules. The benefitsof this
approacharethatit is generalandcandealwith systemswith infinite statespace.But generatinga proof
automaticallyis very difficult in theoryandin practice. In addition, theoremproving is ableto prove
correctnesdut is unableto pinpoint the errorsin incorrectdesigns. Thesetwo limitations prevent this
methodfrom beingusedwidely in industry

Although substantiaprogresse# formal verificationhasbeenachieved over the lastdecadethe size
of the circuit which can be successfullyanalysedby verificationis still considerablysmallerthan the
size of the circuit which canbe manufctured. Simulationis still the mostbroadly adoptedapproachin
industry One of the new researchareasis to combinethe traditional simulation-basedalidation with
formal methods,as suggestedn [Dil98]. An approachproposedn this thesisis in line with the idea.
Unlike in the currentdesignflow, wheretestvectorsare written by experiencedestengineersthey are
generatecutomaticallyfrom a formal specificatiorof the behaviour of the circuit. Thesetestvectorsare
thenusedasstimuli in a corventionalsimulationervironment. Comparedo the traditionalmethod,the
approactsaszeshumanresourcendtimein designingestcasesandguaranteeseasonableoverageof the
generatedestvectors.Comparedo formal verification,it avoids building the statespaceof a lower level
specificationof the circuit, which is muchlargerthanthe statespaceof a higherlevel specification.This
malesit possibleto find bugswhich cannotbe foundby checkingsomeformal models.lt is hopedthatthe
resultsof thesiswill encouragenoreresearchn asimilararea.

1.3 Advantagesof UsingLoTos in Digital Circuit Design

Comparedo traditionalHDLs, the formal basisof L 0TOS supportsigorousspecificatiorandanalysisin
away thatsemi-formallanguagege.g.VHDL) do not. Thesemantic®of currentHDLs usedin industryis
basedon simulation,which offerslittle helpfor thoroughanalysisof a circuit behaiour. Althoughformal
semantichasheendefinedfor someof thesdanguagest usuallycoversonly asmallsubsebf alanguage,
andthe subseis muchlessexpressie thanthe original one.

LoTos canbe usedin a wide-spectrummannerat a numberof levels of abstraction. This allows
a consistenformalismto be usedduring hardware design,from the high-level architecturedown to the
componenbr gatelevel. Refinementdetweenevels canbe checled usingstandard. oTos verification
techniques.

Designedfor industry usage,L 0TOS is more expressve than mostformalismscreatedfor research,
suchasCSP(CommunicatingSequentiaProcessefiHoa89), CCS(Calculusof CommunicatingSystems
[Mil89]), CircAL (Circuit CalculusfMM92, Mil95]). In fact,theresearchieportedhereis inspiredby the
succes®f CIRCAL, aprocesslgebradesignedor specifyingandanalysingdigital circuits. Comparedo
CIRCAL, LoTos specifiedigital circuitsnot only at relatively lower levels (e.ggatelevel, RTL level) but
alsoat higherlevels, suchasalgorithmicor systemrequirementevel. LoT0s is thereforemoresuitable
for specifyingreal-world circuits.

Theformal basisof L oTos allows verificationof hardwaredesigns.L oTos inheritsa well-developed
theoryof equivalencesandrelationsfrom thefield of processalgebraandhasa well-developedtheory of
testingandtestderivation(e.g.[Bri87]). Thisoffersinterestingalternatvesto othervalidationapproaches.



Being aninternationalstandardL oTos is well supportediy general-purposolsetssuchas CADP
(Ceesar/AlébaranDevelopmentPackage[FGM192]), LOLA (LoTos Laboratory[QPF89) and LITE
(LotoSpherelntegratedTool Environment[van9]). All thesetools can be directly usedfor hardware
verificationor simulation,thereforeefforts on tool developmentanbe substantiallyreduced.

LoTos is neutralwith respecto whethera specificatioris to berealizedin hardwareor software. At a
high level of abstractionthe samespecificatiormay ultimately beimplementedn eitherway. This allows
LoTos to be usedfor hardware-softwareco-designNSLM*+96]. LoTos is thusmoregeneralthana pure
hardwaredescriptionanguage.

1.4 ThesisStructure

Chapter 2 compriseswo parts. It first briefly introducesthe specificationanguagel otos. Thengives
anoverview of DILL. Thisincludessomegenerakonsideration$or DiLL systemandthebasicmodelling
techniquesised,e.g. how to represensignals,wires, componentsandhow to write specificationf the
behaiour andstructureof a circuit. This chaptersenesasa startingpoint for the remainingchaptersn
thethesis.

Chapter 3 presentshespecificatiorof digital circuitsin DiLL. Synchronousircuitsandasynchronous
circuits areboth considered For specifyingsynchronougircuits, their typical structureis describedirst,
then the modelsof the componentdn the structureare presented. The chapteralso illustrateshow to
specify circuits at differentlevels of abstraction. For specifyingasynchronougircuits, differenttypes
of asynchronousircuits areintroduced. In this chapteronly thosewhich assumainboundedielaysare
consideredBesideshasiclogics gates,othercommoncomponentsisedin asynchronousircuits arealso
specified.Finally the chapterintroduceshe conceptof input receptivenesandinput quasi-receptiveness
which areimportantfor faithfully modellingthe behaiour of asynchronousircuits.

Chapter 4 goesonestepbeyond specification.It presentshe DiLL approacho verifying digital cir-
cuits. Threecommonverificationtasks,i.e. requirmentsapture, implementatiorverificationanddesign
verificationare introduced. In DiLL, equivalenceand preordercheckingof two LTSsare employed for
implementationverification,and ACTL (Action basedComputationTree Logic [DV90]) temporallogic
modelcheckingis usedfor theothertwo tasks.A synchronoudenchmarlcircuit, the BusArbiter, is spec-
ified andverifiedto illustratethe approach.The chapteralsodiscusseshe differencesetweenverifying
asynchronouandsynchronousircuits. Two novel relationsbetweern.TSsarethendefinedfor implemen-
tationverificationof asynchronousircuits. As will be discussedtheserelationsprovide intuitive criteria
of correctnessf asynchronousircuits. A verifier VeriConfis alsoimplementedor checkingtherelations.
Part of this chaptethasbeenpublishedn [JT994.

Chapter 5 exploresa new directionin applyingformal methodgo digital circuit design.The founda-
tion of the chapteris the theoryof testinginput-outputtransitionsystemgIOLTSs)[Tre94, anextension
of traditional LoTOS testingtheory Following the introductionof the theory the chapterillustratesthe
suitability of applyingit to generatingestcasedor digital circuits. To achieve satishctorycoverageof the
testcasesanalgorithmbasedon a transitiontour of the statespacegraphis developedandimplemented
in a testgenerationtool TestGen A testbenchs alsodevelopedto supplytheseteststo a corventional
VHDL simulatorautomatically Finally a benchmarlcircuit, the BlackJadk Dealer, is studiedto examine
theapproachPart of this chaptethasbeenpublishedn [JT993.

Chapter 6 usesET-LoTos (EnhancedTimed-LoTos [LL94]) to write circuit specificationswvhich
containquantitatie timing magnitudes.Timing informationis abstractedgway in the previous chapters,
but it is a critical factorin decidingthe correctnes®f circuits aswell astheir performance.This chapter
first identifiestheimportanttiming characteristicin digital circuits,namelytiming constaintsanddelays
Varioustiming constraintsand delaysare then specifiedin ET-LoT0s, including setuptime, hold time,
periodof clock, puredelay inertial delay etc. The chapteralsodevelopsa modelfor timed specification
of circuits,which hasa nice propertythatthe untimedcomponentsn previouschaptersarea specialcase
of thetimed ones. This chapterusesthe tool TE-LOLA (Time ExtendedL oTos Laboratory[PLR95)to
specifyandanalysdimed specification®f circuits.

Chapter 7 summarizeshethesisandpresentsomeoverall conclusions.

Appendix A containghe glossary

Appendix B summarizeéhe componentsn DiLL library.



Appendix C containgthe syntaxof LOTOS.
Appendix D containgthe syntaxof ET-LOTOS.



2 LoTtosandOverview of DILL

Thischaptetbriefly introducegheformal specificatiolanguagd. oTos andgivesanoverview of theDiLL
approach.Generalconsiderationgn the DiLL approachareexplained,followed by the discussiorof the
basicmodellingapproachadopted.This includeshow to modelsignals,wires anddigital componentsas
well ashow to specifythe behariour andstructureof circuits.

2.1 A Brief Intr oductionto LoTos

LoTtos is aformal languagestandardisedy ISO in 1989 (1SO 8807)for the designof OSI servicesand

protocols. The namereflectsthe fact that LoTos describesa systemby definingthe orderin which the

eventsof the systemmay occur LoTos is madeup of two parts. Thefirst partis usedto specifysystem
behaiour andis derivedfrom processlgebramainly from CCSandCSP Thesecondartdefinesabstract
datatypesandis basednthelanguageACT ONE [EM85]. Theprocesslgebraaspecbf LoTos s called

basic LoTos, the combinationof basicLoTos with datatypesis termedfull LoTos. The following

sectiongresentheaspect®f thelanguagewvhich arerequiredin thethesis.

2.1.1 BasicLoToOS

In LoTos asystemandits componentarerepresentedsprocessesA processnteractswith its erviron-
mentthroughgates anddisplaysits behaiour in termsof permittedsequencesf actions. Theseactions,
termedeventsin theL oTos terminology aretheresultsof theinteractionof aprocessandits ervironment.
Eacheventis associatedvith a gate,namelythe gateat which the eventhappens.

The behaiour of a systemis describedn LoT0os by a behaviourexpression a languageconstructin
which the sequencesf allowed eventsaredefined.Behaviour expressionganbeillustratedasbehaviour
trees In thesetrees,a noderepresents stateof a system.An arc betweenmodesrepresents transition
which causeghe systemto move from onenodeto anotheyandis labelledwith the correspondingvent.
For clarity, arrovs may be addedto arcsto indicatethe beginning andthe end statesof transitions. See
figure 2 for an exampleof a behaiour tree,which is a two-key systemdesignedby QuemanddTur93.
LoTos providesthefollowing basicoperatorgo build languageconstructs:

¢ Inaction(stop)
Inactionmodelsa situationwhereaprocesss unableto interactwith its environment.lt is alsocalled
deadlo&. In behaviour trees inactioncorrespond$o a nodethatdoesnotleadto ary arcs.

o Action Prefix(;)

Action prefixis usedwhenaneventmustoccurbeforeotherbehaiour expressionslf a is anevent
andB is abehaiour expressiona; B denoteghata musthapperbeforebehaiour B. In behaiour
trees,actionprefixis illustratedwith two nodesandanarcwhichis labelledwith theaction.

e Choice([])

Thechoiceoperatordenoteghattwo alternatve andexclusive behaiiourscanhappenlif B1,B2 are
behaiour expressionsB1[] B2 beharesasB1 or B2 dependingn whetherthe next eventprovided
by the ervironmentis the initial oneof B1 or B2. If thetwo have the sameinitial event,the system
behaesnon-deterministicallyChoiceis representetdy branchesn behaviour trees.

¢ InternalEvents(i)
Internaleventi is a specialL 0TOs eventwhich representshe actionsthat areinternalto a system
andthereforeinvisible to its ervironment.Internaleventsmay alsointroducenon-determinism.

¢ Termination(exit)

Exit modelsthe successfuterminationof processes.The interpretationof exit is that a special
succesgvent(calledd) takesplacebeforestop.



hide In2, Out2 in

In1; in2; Access; i In1

(Outl; Out2; stop [] Out2; Outl;stop ) Access
1

In2; In1; Access;

(Outl; Out2; stop [l Out2; Outl;stop ) [

Access

Out

Figure2: A LoTtos behaiour expressiorandits behaviour tree

e ParallelComposition(|[] )

If B1,B2arebehaiour expressionandgl, g2, - - -, gnrepresengatesthenBl| [gl,g2,---,gn] |

B2 representshateventsat the gatesthatbelongto g1, g2, - - -, gn canoccuronly with the partici-
pationof bothB1 andB2. Othereventstake placewith the participationof B1 or B2 alone.In other
words,g1, g2, - - -, gn arethegatesatwhich B1, B2 synchronize For examplea; b; stop| [b] | c; b;

stop caneitherbehae asa; c; b; stopor c; a; b; stop.

Therearetwo specialcasedor parallelcompositionnamelypure interleaving(|||) andfull syndro-
nization(||). ||| is the shorthandor | [] |, i.e. no synchronisatioris required,eachsystembehaes
atits own pace.While || is the shorthandor | [g1,g2,---,gn] |, wheregl, g2, - - -, gn areall the
gatesappearingn B1 andB2; this meanghatB1 andB2 have to synchronizeatall the gates.

L oTos supportanulti-waysyndironisation meaningthatmorethantwo processesansynchronize
atagate.If P[a, b, c], Q[a, c], R[a, b] arethreeprocessesepresentinghreecomponentof a

systemthenP [a, b,c] | [a] | Q[a, c] | [a] | R[a, b] saysthateventsat gatea canhapperonly with

theparticipationof processe®, Q andR.

¢ Hiding (hide)
otosThehide operatormprovidesthe mechanisnof abstraction.If B is a behaiour expressionhide

gl,92,---, gnin B makesgatesgl, g2, - - -, gninvisible to the ervironment. Interactionson these
gateshereforebecomenternalevents.

e SequentiaComposition(>>)

Sequentialcompositionrepresentgemporalordering of behaiour. If B1, B2 are behaiour ex-
pressionsthenB1 >> B2 expresseghat B2 occursafter B1, providedthatthe specialevent$ has
appearedn B1l. Recallthatactionprefix is usedto representhe temporalorderingof events(not
behaiour expressions).

e Disabling([>)

Disablingrepresentshatthe behaiiour of a systemis disruptedby an exceptionalcircumstancelf
B1,B2arebehaiour expressionsthenB1[> B2behaeslike B1luntil theinitial eventof B2happens,
thenit behaveslike B2. If B1terminatesuccessfullyB2 doesnotapply.

Figure2 givesanexampleof a behaiour expressiorandits behaiour tree,quotedfrom [Tur93.

A procesdeclamationcanthenbewritten basednthesdanguageonstructdo representhebehaiour

of asystem.lt is delimitedby theresenedwordsprocessandendproc. A processs madeup of aname,
a possibleformal gatelist, a possibleformal parametetist, anda behaiour expression.In the behaiour

expressionof a processiit is allowed to declarenestedprocesseso introducesub-systemswhich are
precededy the resenedword where. Resered wordsexit or noexit areusedto indicateif the process
canterminatesuccessfullyor not. Thefollowing is anexampleof processleclaration.

processP[a, b, c] : noexit := 1
P1[a, b] 2



[l
P2[a, c]

where
processP1[aa,bb]: noexit :=
aa;bb;P1[aa,bb]

© 0 N O 0~ W

enproc
10

processP2[aa,cc]: noexit := 11
aa;cc;P2[aa,cc] 12
endporc 13
endproc 14

Whena processs instantiatedactualgatesandparametershouldbe provided. For exampleP1[a, b]
in line 2 is theinstantiatiorof thedeclaratiorP1[aa, bb] in line 7. NotethatP1 andP2 referto themseles
respectiely, this is away to expressrecursve behaiour in LoTos. This exampledoesnot illustratethe
parametelists sincel 0TOS datatype arerequiredto introduceformal andactualparameters.

A specificationis aspecialprocessvhichrepresenthewholesystemmoredetailsaboutspecifications
will bepresentedn section2.1.3.

2.1.2 DataTypes

L oTos modelsdataasabstiact datatypes(ADT). Theword abstact refersto thefactthatpropertiesof a
datatype aredefinedby the specifierratherthanpredefinedn the language.In otherwordsno particular
implementatiorof datatypesareimplied by the language.

A datatypeis definedby threeparts:sortsdefinethe setsof valuesof the datatype, operationsdeclare
the operatorgo manipulatehe datavalues andequationslefinethe semantic®f the operationgdy stating
which expressionareconsideredgqual.ln LOTOS, atypemaybeextendedo definea new oneby adding
new sorts,operationr equationsandsereraltypesmay alsobe combinedo form amorecomplec one.

Thereare effectively no predefineddatatypesin LoTtos. But commonlyrequireddatatypescanbe
includedfrom the standad library definedin ISO 8807. ThesestandarddatatypesincludeBoolean Bit,
NaturalNumber, SetandString etc. Thefollowing is a smallexamplewhich definestwo constantand
two logic operationslt is anextensionof thedatatype Bit definedin the standardibrary. NotethatL oT0OS
allows overloadingof operators(* *) introducescommentsn LOTOS.

library
Bit (* includingthetypeBit in library *)
endlib
type BitOp is Bit (* defineanew typeBitOp *)
sorts BitOp (* thenew sortis calledBitOp *)
opns (* declareoperations)
and : > BitOp (* andis a constanbf sortBitOp *)
or : > BitOp (* oris aconstanbf sortBitOp *)
_and., _or_: Bit > Bit (* and,or arebinary;, infix operators)
eqgns (* definethe equationg?)
forall b: Bit (* variableb hasthe sortBit *)
ofsort Bit (* therangeof the equationsasthe sortBit *)
band0=0;
bandl=b;
bor0O=b;
borl=1,

endtype

(* endof thetypedefinition*)



2.1.3 Full LoTos

Thecombinationof basicL oTos with datatypesmalkesL oTos moreexpressive. Thefollowing lists some
of thelanguageconstructsvhich areofferedby full LoTos.

Action prefix may be associatedvith experimentoffers andselectionpredicates Therearetwo kinds
of experimentoffers: valueoffers arein theform ! v wherev is a valueexpressionwhile variableoffers
arein theform ? x: swherex is avariableof asorts. A selectionpredicatemayfollow experimentoffers
to imposeconditionson the value beingoffered. For exampleG ? x : Bit [x = 0]; is anactionprefixin
which ? x: Bit is theexperimentoffer and[x = 0] is theselectionpredicatemmeaninghananeventoccurs
atgateG andit offersavariableof sortBit which shouldbe equalto O.

An eventcantake placeonly whenthe experimentoffers provided by eachpatrticipatingprocesscan
matcheachother The mostcommonmatchingusedin DiLL is valuepassingwhereavalueoffer matches
avariableoffer. Consequentlyhevariablerecevesthe valuesuppliedby thevalueoffer. For exampleG ?
x: Bit canmatchG ! 0 andx receivesvalueO.

Apartfrom the selectionpredicatesnentionecabove, Guardsalsoimposeconditionson the behaiour
of a system.For example[x = y] — > B indicatesthatbehaiour B occursonly if xis equaltoy.

Parameteriseéxit andsequentiatompositionallow valuesto be corveyedfrom onesuccessfullyter-
minatingbehaiour expressiorto the subsequentne.In thefollowing behaiour expressiontheinputx is
eitherdeliveredto the outputor not dependingn the valueof x. The parametepf exit may alsobe any,
in which caseary valueof the sortis allowedto be corveyed.

(input? x : Bit; exit (x))
>
(accepty : Bitin
[y = 0] > output! y; exit

[y =1] > exit
)

A local valuedefinitionassociatesalueswith freevariablesn abehaiour expressionlt resembleshe
assignmenstatemenin ordinaryprogrammindanguageskor example let x : Bit = newlpin B associates
variablex with the expressiomewlp in behaviour expressiorB.

A specificatiormaycomprisetwo parts.In theoptionalglobal typedefinitionpart,datatypedefinitions
which are accessibleo the overall behaiour expression,other datatype definitionsand processesre
specified. The resened word behaviour introducesthe behaiour part of a specificationwhich is made
up of abehaiour expressiorandsomeotherpossibleprocesdeclarationsthe later beingreferredin the
former. Thedifferencebetweena specificatioranda processs actuallyonly syntactic for example,there
is no global datatype definitionsin a processanda specifications endedby the reserned word endspec
insteadof endproc. Thefollowing is a sketchof acompletel 0TOS specification.

specificationSpec[a, b, ¢ ,d] : noexit

type typelis (* begin theglobal datatype definitions*)
sorts - - -
opns-- -

eqns: -
endtype (* typel*)

type type2is
endtype (* type2*)
behaviour (* begin thebehaiour part*)

Pl[a,b,c]
el

10



P2[a, b, d]

where
processP1[a,b,c]---

procesP2[a,b,d]---
endsped* spec)

2.1.4 Semanticsof LoTOS

Theoperationabemantic®f L oTos is definedin termsof LabelledTransitionSystemgLTSs).Informally
eachLoTOS processanbe seenasa setof stateswith arcsconnectinghem. Thesearcsaretransitions
betweenthe statesand are labelledwith actions. For basicLoTos actionsare simply the gatenames.
While for full LoTos they arepairsconsistingof a gatenameanda string of datavalues.

Definition 2.1 (Labelled Transitions System)
An LTSis a quadruple(S, L, T, s0) whee S is a setof states,L is a setof observableactions,T C
S x (LU {r}) x S isthetransitionrelation,and s0 € S is theinitial state Theclassof transitionsystems
with actionsin L is denotedoy LT S(L).

A transitionin T is alsodenotedas s % s’ if (s, u,s') € T. Thespecialactionr ¢ L representsan
unobservabléor internal) action. In LoTos syntax,thisunobservablectionis named.

To translatea LoTos specificationto a LTS, LoTos inferencerules areapplied. The inferencerules
actuallydefinethe meaningof L OoTOS operatorsn termsof LTSs. For example,behaiour B = i; B' has
thefollowing inferencerule, meaningthe procesB canmake a transitionof i thenbehaelike B'. HereB
andB' arebehaiour expressions.

B4 B
More complicatednferenceruleshastheform:
p,---,P,
Q
meaningthat given P; upto P,, Q may be derived. For example,the choiceoperatorof LOTOS B =
B[] B, is definedby two rules,whereBy, B, andB arebehaiour expressionsainda is anaction.
B3 B By3B
B4B BB
In therestof the section,commonnotationswhich areemployedin thethesisaredefined.

Definition 2.2 Letp = (S, L, T, s0) beanLTSwith s,s" € S, letu; € LU {7},a; € L. L* denoteghe
setof all finite actionsequencesf L ando € L*. Thefollowing definitionsthenapply:

s g =4er Fso,...,8n 18 =80t s L. s, =8
g Hrign =def Jg' . g Hlin o
22 BEXEW 22 ’ M1l g
PR =gey NOtds' :s" ="
' ! T ot T !
Sés :def s=80rs — s
Sésl :def 381,82:5$SI$82$8,
s U= 8! =4ep 380...8n:15=80 > 51 ... 25, =5
a ! % !
s = =def ds' i s> s
37%, =def nOtHS' :SZU>
o K
init(p) =qey {p€LU{r}|p=}
tracegp) =sef {0€L*|p>}
f = pS
p after o =aes {P'|p=>7p"}
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2.2 Overviewof DILL
2.2.1 General Consideration

A completecircuit designinvolvesconsiderationsf all requirementsuchasfunctionality, timing, power
consumptionjayout, etc. DiLL is designedo addresgunctionality andtiming only, which arethe most
essentiabspectshatdeterminehe correctnessf a circuit andwhich arespecifiablen LoTos.

Digital logic circuits canbe divided into two cateyories: synchronougircuits and asynchronousir-
cuits. The main differencebetweenthemis whetherclock signalsareemployed. Underthe control of a
global clock signal, synchronougircuits are relatively easyto designso they arethe mainstreanof to-
day's digital devices. But asynchronousircuits are attractinggrowing interestbecauseof the potential
adwantage®ver their synchronougounterpartL 0T0S is generakenoughto specifybothkindsof circuits,
thereforeDiILL addressebothof them.

The procedureof designingdigital circuits can be divided into several steps,as hasbeenshawn in
figurel in chapterl. Designsat eachstepcanberegardedasa specificatiorat a distinctabstractiorievel.
In mostcasesa lower level specificationis the structuralimplementatiorof the oneat the level above it.
This requiresDILL to supporttwo stylesof specifications:behaioural and structuralspecifications.A
behavioual specificationooks at a systemasa blackbox; it specifieghe behaiour of a circuit exhibited
onits interfaceto the ervironment. Comparatrely, a structuial specificationprovidesthe inner structure
of acircuit; it specifieshow acircuit is built by connectingcomponents.

Eachcomponenin a structuralspecificatiormay alsobe decomposedhto smallercomponents But
thisdoesnotmeancomponentganbedecomposedhfinitely. In factthelowestlevel componentspecified
in DILL arebasiclogic gates,suchasAnd, Or andInverter gatesetc. In otherwords, basiclogic gates
have only behaioural specificationsn DiLL andcannotbe decomposedhto, for example,the netlist of
transistors.

DiLL is intendedto be usedin real hardwaredesignpractice. Thereforeit shouldbe easyfor design
engineergo useit. Becaus¢hesyntaxandsemantic®f L oTos arequitedifferentfrom thoseof traditional
programmindanguagesmary new usersfind it is difficult to write L oTOs specificationsDiLL hasathin
layerabove L oTos which makesthe specificatioreasier The layeris writtenin the m4 macroprocessing
languagdTur94.

Componenteusehasbeena majorthemein softwareengineeringor mary years.However, in formal
methodgherehasbeenlittle identificationof usefulspecificationcomponentsisingthese.A component-
basedstyle allows componentdo be specifiedand verified individually. Larger combinationsof trusted
componentganthenbeverifiedmoreeasily This architecturaview of a systemis elaboratedn [Tur93,
andhada greatinfluenceduring the developmentof the DiLL project. DiLL comeswith a large library
which containsthe specificationsof commondigital componentssuch as basiclogic gates,flip flops,
registers,addersetc. Thesespecificationdave beencarefully validatedandcanbe directly usedin spec-
ificationsby referringto the namesof the components.Tables8, 7 and9 in appendixB summariseshe
componentén thecurrentDILL library.

2.2.2 Underlying Modelling Approach

This sectiongivesthe underlyingmodelling approachof DiLL. Many of the models,including those
of signals,wires, components.were developedin [TS94. Thesemodelsare re-presentedherefor the
completenessf thethesis.

Ports

Everydigital circuit hasportsthroughwhich it acceptsnputsandproduceoutputs.The portsactasthe
interfaceof the circuit to its outsideervironment. DILL abstract¢hemasL oTos gatest Normally each
LoTos gaterepresenta physicalport, but it is alsopossiblethata groupof portsaremodelledasa single
LoTos gate,especiallyin higherlevel modelling.

Componentsand Cir cuits

A components abehaioural unit. It couldperhapsemodelledasanADT operatioroninputvalues.
However, thedynamicbehaiour of alogic circuit is oftenimportant,soit is betterto useL oTos behaiour

1Since gate' hasbotha hardwaremeaninganda L oTos meaningthetermis qualifiedwhennecessaty
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expressions.More importantly the ‘wiring up' of componentspecifiedusing ADTs would not be easy
In DiLL, componentare modelledby LoTos processdeclarationghat have formal gateparametersor
ports. Specificcomponentsarethenprocessnstances.

Realcomponenthiave a fan-out(the maximumnumberof inputsthatcanbe connectedo anoutput).
Thisis atechnologyrestrictionthatis bestignoredin a specification(thougha staticanalysiscould deter
minewhetherfan-outlimits have beencompliedwith). Realcomponentslsohave afan-in(the maximum
numberof outputsthatcanbe connectedo aninput) thatis alsotechnology-dependén

A circuit canbe seenasa specialcomponentth onethatis at the highestlevel of specifications.

Signals

In reality, digital signalstake on a rangeof analoguevalues(e.gfrom 0 to 5 volts) but thresholdsare
setsothatthey maybetreatedaslogic O or 1. As a signalchangegrom onevalueto anotheyit maypass
throughanintermediatestatethatis neitherlogic 0 nor 1. It mightthereforeseemthatan’ill-defined' state
shouldbe allowedfor signals.This, however, is not necessarnasanill-defined signallevel shouldalways
be transientand thereforeshouldbe ignored. As a workableabstractionsignalsare regardedstrictly as
bits.

Logic designproceed®n the basisof binary signals.As animplementatiormatterthereis a choiceof
how logic 0 and1 correspondo electricalsignals.Normally 0/1 correspondso low/high, calledpositive
logic. However, negative logic may alsobe used,with 0/1 correspondingo high/low. Thisis animple-
mentationdecisionthatdepend®nthe componentswvailable.DiLL only concerndogic valuesof signals,
thuslogic 0 and1 may correspondo eitherlow or highlevel in realcircuits.

Signalsarerepresenteds L OTOS events. Thereis a choiceof whethera continuoussignal (a level)
or a discretechangein signal(an edge)shouldbe modelledasa LoTos event. LOTOS, like mostspec-
ification languagesopnly dealswith discreteevents. Theinitial considerations thatonly signalchanges
aremodelled.To be a goodreflectionof real hardware,the directionof a changes explicitly specifiedby
giving the newly establishedevel (e.g.g!1 for atransitionfrom 0 to 1 on portg). As will bediscussedn
chapter4, modellingsignalchangesproducedifficultiesfor verifying synchronougircuits. For this kind
of circuit, it is assumedhat,for eachsignal,in eachclock cycle thereis just onestablelevel andthis stable
signallevel is modelledasa L oTOS event.

In DiLL, input signalsare usually modelledas eventswith variable offers while output signalsare
modelledas eventswith value offers. For example,lp ? newip : Bit is regardedasan input signalthat
occursat input port Ip, while Op! 1 is an outputsignalwhich takesplaceat port Op. In fact, LoTos
doesnot differentiatenputsandoutputssotherearemorepossibilitiesin specificationsOp ? newop: Bit
[newop= 1] is thesameoutputsignalastheabove, thoughit is a variableoffer thatis used.

Wires

Wires or tracksbetweencomponentsare not normally representeaxplicitly in DiLL. In mostcases,
transmissiomelaysonwiresarenegligible sorepresentingviresexplicitly wouldunnecessarilgomplicate
a circuit specification. To “wire up' two portstheir LOTOS gatesare merely synchronized — eventsat
connectegortsarematched.

Thecasewherewiresaregroupede.g.abus)is socommonthatDiLL providesthe MWre (multi-wire)
short-handhotationfor this. For example,MWre(8,D)representsan 8-bit databus D. However sinceonly
the portsof componentandnot the wires are specified this really standsfor the eightportsD7, D6, - - -,
DO.

Bit and BitArray

To representhe valuesof signals,datatypeshave to be defined.The L oT0s standarddatatype Bit is
exploited,with theextensionof commonogic operationsuchasand,or, exclusiveor, etc. A new datatype
BitArray is alsoprovidedin the DiLL library to representhe signalvalueson multi-wires Operationsof
BitArrayincludeconcatenatiorpgical functionsandcomparisorfunctions.A multi-bit signalrepresented
by BitArray canalsobetreatedasa setof individual one-bitsignals. Furtheroperationscould be defined
by for specificcircuits.

ConnectingComponents(Structural Specification)

Connectingcomponentss modelledassynchronisatioof sub-componentat the connectegorts. As
pointedoutin sectior2.1.1,L OTOS supportsnulti-way synchronisationsoit canmodelthesituationwhere
morethantwo portsareconnected.If Inverter[lp, Op] is the LoTos processamodellinganinverter, and
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Figure3: ConnectingAndgateswith two Inverters

And2[lp1,1p2, Op] is the processnodellinga 2-inputand gate,the structurein figure 3 is thenspecified
as:

And2[A, B, C] |[C]| (Inverter[C,D] |[C]| Inverter[C,E])

Note that LoTos gateC, which modelsthe connectingport C, synchronizeshreeprocessesThis is
impossiblein otherprocessalgebrasuchasCCSwheresynchronisatiolis strictly two-way.

In this circuit, C is a port which hasno connectionwith the outsideervironment. In otherwords, if
the behaviour of the circuit is examinedby just looking at its interface(the input andoutputports),what
happen®n Cis notvisible. In LOTOS, sucheventsareabstracte@sinternaleventsi by hidingthem.This
helpsto definea new processhatcanbereusedoy othercircuits. For example,figure 3 canbedefinedas
anew 2-input,2-outputnandgate.

procesNand2[A, B, D, E] : noexit :=

hide Cin

And2[A, B, C]|[C]| (Inverter[C,D] |[C]| Inverter[C,E])
endproc

If morethanoneoutputport of componentss connectedthe real hardwareandits DiLL modelmay
behaiour differently. In realhardware whenusedproperly connectingseveralcomponentsanimplement
thelogic functionsand or or, dependingon the technologyusedto build the componentsThisis termed
wire-andandwire-or. Butin LOTOS, connectingoutputswill almostalwaysresultin deadlock.In DiLL
wire-andandwire-or haveto betransformednto explicit andandor gates.This doesnotimposetoo much
restrictionssinceconnectingoutputsis often prohibitedin digital designto avoid damagingdevices.

Multiple Components

MComp(multi-component)s similarto MWre andsenesasashort-handor agroupof relatedcompo-
nents.Thisis usefulwherearegularstructureof identicalcomponentss required asin modellingregisters
or memoriesMComptakesa count,alist of portsconnectingcomponentnstancesanda componentefi-
nition. Theuseof arithmeticoperatorsafterport namess particularlynecessaryo ensurghatcomponents
areconnectecatorrectly

Supposéhatthe LoTos procesDFlipFlop[D,C,Q,QBar] modelsa D (delay)flip-flop. (Corvention-
ally D isthedatainput, C is theclockinput, Q is theoutputandQbaris the negatedoutput.)MComp(4,C=,
"DFlipFlop[D,C=,Q,QBar]) represents 4-bit registerwith a clock signalcommonto eachof the flip-
flops. (The =" after C meansthat this port nameshouldbe usedliterally without indexing.) In LoTos
terms,this short-handstanddor:

DFlipFlop[D3,C,Q3,QBar3]
Cl|
DFlipFlop[D2,C,Q2,QBar2]
Cl|
DFlipFlop[D1,C,Q1,QBarl]
icl
DFlipFlop[D0,C,Q0,QBar0]

MComp togetherwith MWire andBitArray resultin compactdescriptionsof repeatedstructureghat
helpDiLL to beusedin practice.

Behavioural Specification
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Figure4: Structureof ResetSetLatchandits truth table

A behavioural specificationspecifieswhat a componenshoulddo ratherthanhow it is constructed.
Writing a behavioural specificationof a circuit is comparableio writing an applicationprogramusing
ordinary programminglanguages.Roughly speaking thereare two ways of specifyingbehaiour. One
takesadwantageof ADTs andthe otherusesbehaiour expressionslin the sequelthe formerapproachs
referredto asthedataorientedstyle andthelateris the behaviourorientedstyle. Eithercanbe usedat the
specifiers corvenience.In the dataorientedstyle, datatypesare definedfor the functionsrequired(e.g.
addition, subtraction, shift, etc.),thenin the behaioural partof the specificationa local valuedefinition
(let - - - in) is usedto referto the dataoperations.Specificationsn the data orientedstyle usually have
shortercodesandsmallerstatespacesbut ascanbeimagined,definingequationsn abstractdatatypesis
very difficult for mary operationsin the behaviourorientedstyle no extra datais required.Functionality
of acircuit is directly specifiedin the behaioural part of its specification.Guards areintensvely usedto
distinguishdifferentstatesof a circuit, sothatthe propervaluesof outputscanbe decided.The behaviour
orientedstyle may producelongerspecificationsandlarger statespacesbut it canbe usedfor all kinds of
circuits. Thefollowing givesthe fragmentsf two specificationof an RS latch (Reset-Selatch, figure 4).
Notethatthe examplessene asillustration of the two differentspecificatiorstylesandarenot necessarily
perfect.

Thespecificatiorin thedataorientedstyle:

let newQ:Bit = R nor QBar, nevQBar:Bit=SnorQin
(Q! newQ; exit ||| Qbar! newQbar;exit)

Thespecificatiorin the behaiour orientedstyleis asfollows:

[(R eq0)and(Seq0)] >
(Q! oldQ; exit ||| Qbar! oldQbar;exit)

[(R egl) and(Seq0)] >
(Q! 0; exit ||| Qbar! 1; exit)

[(R eg0)and(Seql)] >
(Q! 1; exit ||| Qbar! 0O; exit)

[(Regl)and(Seql)] >
Error; - - -

2.3 Conclusion

This chapterintroducedL oTos and gave an overview of the DiLL approach.Generalconsiderationsn

DiLL wereexplained,togethemwith the underlyingmodellingapproachadoptedn DiLL. It canbeseen
that LoTos canbe usedto model digital circuitsin a very naturalmanner dueto the clear correspon-
denceshetweenthe conceptdn LoTos andthe elementsn digital circuits. For examplethereareclose
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correspondencdsetweenL OTOS gatesandcircuit ports,LOTOS eventsanddigital signals,processeand
componentsFor theillustration purposethe circuit specifiedin this andthe following chaptersarerela-
tively small. But this doesnot meanthatDiLL canonly copewith smallcircuits. Somecomponentsn the
DiLL library (seeappendixB) aremuchlargerthanthoseillustratedin thethesis.In [JT97, thereis alsoa
casestudy of specifyinga CPUin both behaiioural andstructuralstyles. The CPUis madeup of several
sub-partsncludinginstructiondecoder ALU (Arithmetic andLogic Unit) andregisters. This casestudy
revealsDiLL's capabilityof dealingwith largecircuits.
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3 Specificationof Digital Logic Cir cuits

This chapterdescribesDiLL modelsof digital componentsn synchronousand asynchronougircuits.
Backgroundknowledgeis first introduced,including the differencesbetweenthe two kinds of circuits,
somepotentialadvantage®f asynchronousircuits,andthe delayandernvironmentmodels.It is followed
by a presentatiorof the modelof basiclogic gatesdevelopedin [TS94], which wasthe first component
model developedin the DiLL approach. The chapterthenfocuseson how to specify synchronousand
asynchronousgircuits respectrely. Synchronousircuits are typically madeup of combinationallogic
componentsand storageelementswith the basiclogic gatesandD flip flop beingthe representaties of
them. It is discoveredthatthe modelof basiclogic gatesin [TS94] is not suitableto be usedin modelling
synchronousircuits. A new modelis thereforedesigned Themodelfor storageslementsarealsogivenin
thechapter Thesetwo modelsmake it possibleto specifyany synchronougircuitsin the structuralstyle.
The chapteralsodiscusseshe guildlinesfor specifyingthe behaiour of synchronougircuits. For speci-
fying asynchronousircuits, differentclasseof asynchronousircuits arefirst introduced. SinceLOTOS
abstractsaway timing characteristicof systemsbeing specified,only thoseclasseswvhich assumeun-
boundedielaymodelsareaddressem this chapter Basiclogic gatesareagainemployedastheillustrative
examples.Towardsthe endof the chapterit is revealedthatwhenL 0TOS eventsmodelsignaltransitions
in digital circuits, thereis a gapbetweerthe behaiour of L 0T0S specificationsndthe behaiour of real
circuits. As aresult,LoTos specificationgepresenbnly partof possiblebehaiour thatthe real circuits
may exhibited. A solutionfor the problemis proposedy introducinginput quasi-receptie specifications.
Throughouthe chapterexamplesandcasestudiesarepresentedo illustratethe approach.

3.1 Background
3.1.1 SynchronousCir cuits and AsynchronousCir cuits

Beforedefiningsynchronousindasynchronousircuits,theconcept®f combinationatircuitsandsequen-
tial circuits arerequired. A circuit whoseoutputsare purely determinedoy its currentinputsis termeda
combinationalcircuit. If outputsare decidednot only by currentinputs but also previous inputs, it is a
sequentiakircuit. Sequentiakircuits containstorage elementsuchaslatchesor flip flopsto remember
informationrelatedto previousinputs. This is mainly achieved by feedingbackoutputsto inputs. The RS
(Reset-Setlatchin figure 4 is onesuchstorageslement.

Basically two kinds of sequentiakircuits exist. In a syndronoussequentialcircuit (syndronous
circuit for short), thereis a global clock which controlsall storageelementsn the circuit. Only when
particularpointsof the clock cycle comecanstorageelementhangetheir statesandconsequentlgause
changesof outputs. Input changeshefore suchpoints cannotdirectly influencestatesof a circuit. An
asyntironoussequentialcircuit (or asyndironouscircuit for short), on the otherhand,doesnot have a
globalclock, soarny new inputmayresultin change®f statesandoutputs.Cloded andunclodedcircuits
arealternatve namedor thesetwo kinds of circuitsto clearlyreflecttheir maindifference.

But this differenceis not alwaysevidentsincesomecircuits combinebothfeatureslt is notrarethata
circuit canbe controlledby morethanoneclock signal. As aresultits storageslementchangets statesat
differenttimes. This is normally regardedasa synchronougircuit. But in this thesis,only thosecircuits
with oneglobalclock areconsideredSomeothercircuitsmayhave severallocal clockscontrollingseveral
partsof the circuits, but otherpartsandtheir connectiongrestill asynchronousAgain this kind of circuit
is notin the scopeof thethesis.

The mainstreamof today's digital device is synchronous.Controlledby a global clock signal, the
behaiour of a synchronougircuit is actuallydiscrete:the circuit is assumedo have a finite numberof
statesandafter oneor moretime units, it changests statefrom oneto the other This effectively filters
out the influenceof transientsignaltransitionsbetweentwo time instants. As a consequencejesigning
synchronougircuits is substantiallysimplified sincethereis no needto considerhazads the transient
signaltransitionswhich arecausedy the propagatiordelayof digital components.

Asynchronougircuit design,ontheotherhand,is morecomplicatecbecausénazardhave to be com-
pletely eliminatedbeforea designis completed.This is unfortunatelya very hardtaskandpreventsasyn-
chronouscircuits from beingwidely used. Neverthelesstherehasbeena resugenceof interestin asyn-
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chronougddesignmethodologyecentlydueto severalpotentialbenefitsof removing globalclocks. Among
othersthefollowing aresomeof the benefitsof asynchronousircuits [DN95]:

Absenceof clock skew: The differencein arrival timesof a clock signalat differentpartsof a circuit is
referredto asclock skew. Typically, clock skew is accommodatetby longer clock cycles, which
resultsin reducedmaximumclock frequeng. As VLSI systemsbecomesmaller denserandfaster
clockskaw becomesncreasinglysevereanddeslewing becomefiarderandmoreexpensve [DN95].
Asynchronougircuitsgetrid of this problemby eliminatingthe concepif globalclocks.

Potential for low power: Power consumptionis a major concernin the marketsfor portableequipment,
wherebatterylife is crucial. In synchronousystemsthe global clock togglesclock lines,chaging
anddischaging capacitancéhroughouthesystemgvenin portionsunusedn currentcomputations.
In asynchronousystemsgircuit componentareactivatedonly whennecessaryandremainidle at
othertimeswithout dissipatingsignificantpower.

Potential for high performance: Synchronougircuitshave to be designedor worst-casesonditionsbe-
causeclock cycles are adjustedaccordingto the slowest operationsthat might be required,even
thoughin mostcasesperationscompletein muchshortertime thanthe worst case.Asynchronous
systemscan be optimizedfor the average-caseonditions,with eachoperationtaking aslong as
requiredfor any particularsituation.

Better technologymigration potential: Asynchronouslesignapproacheallow a systemto bedesigned
asasetof sub-systemsommunicatingria interfaces.Sincethereis no globalsynchronizationgom-
ponentdn anasynchronousircuit canbe easilysubstitutedy fasterones(aslong asinterfacesare
compatible),without changingfunctionalitiesof the original onesbut improving the performance
dramatically By contrast,in synchronoussystems,overall performancedependson worst-case
conditionsandthereforeit is often the casethatin orderto improve the speedpotentialof a new
technologyreomanizationof the whole systemis requiredto dealwith newv worst-caseconditions.

The recentactive study of asynchronougircuits hasresultedin very large scaledesigns,including
asynchronouprocessorsuchas AMULET [FPJ"94] by ManchestetUniversity, Counterflav pipeline
processor[SSM34y SUN Labs, TITAC [NUK *+94] by Tokyo Instituteof TechnologyandSTRiP[Dea9]
by StanfordUniversity.

3.1.2 Delay and Environmental Models

Delay modelsarethe abstraction®f delaycharacteristicef componentgomprisinga circuit. A compo-
nenthasboundeddelayif anupperandlower boundfor the delaymagnitudeis known. Otherwiseit has
unboundedlielay, which meanso boundis known exceptthatit is finite. Theunboundedielaymodelis
morerobustthanthe boundedone. Thatis to say a circuit designedunderthe assumptiorof unbounded
delaycanusuallywork correctlywhentheactualdelaymodelis boundedput notvice versa.

Delayscanalsobecharacterizedspure or inertial [Ung69. Supposehedelayof adigital component
is D. If acomponenhaspuredelay all inputchangesvill have aneffecton output.In otherwords,outputs
followsinputsafterdelayD. If thecomponenhasinertial delay outputwill respondnly to inputchanges
which have persistedor time D. As aresult,input pulseswhosewidth is lessthanD will be absorbedy
the component.This reflectsthe factthat shortpulsescontaininsufficient enepy to trigger a statechange
in a real component.Figure5 givesthesetwo basicdelay models,ascanbe seen,pure delay doesnot
altera waveform, while inertial delaymay do so by eliminatingshortglitches,i.e. the narrov pulsesin a
waveform.

A usefuldigital circuit shouldinevitably have interactionswith its outsideworld. A circuit andits
environmentforms a closedsystem,calleda completecircuit. If the environmentmustwait for a circuit
to stabilize before providing new inputsto the circuit, the two interactin fundamentaimode[Ung69.
Otherwisetheinteractionis termedinput/outputmode meaninghatthe stability of acircuit is notrequired
beforeit is allowedto receve furtherinputs. Input/outputmodeis morerobustthanfundamentamode.

The conceptof delayandervironmentmodelareespeciallyimportantfor asynchronousircuits, be-
causeanasynchronousircuit designedvith certaindelayandernvironmentassumptionsiormally cannot
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work correctlywith others. In contrast,synchronousircuits tendto have more unified delay and ervi-
ronmentmodels.Becauseclock cyclesarecalculatedaccordingto the maximaldelayof componentsall
synchronousircuitsareactuallybasedntheboundedielayassumptionTheenvironmentof synchronous
circuitscanberegardedasfor thefundamentamodesincethe effectsof inputsbeforestabilizationof cir-
cuitsarefilteredout or delayedby meansof clock signals.

3.2 The First Model of BasicLogic Gates

Specifyingbasiclogic gatesis very importantin DILL not only becausehey arethe mostbasicbuild-
ing blocksof both synchronousndasynchronousircuits, but alsobecausehey arerepresentatie. Be-
havioural specification®f otherhigherlevel components$ollow the samespecificatiormethod.

In this section,the modelof basiclogic gatesdevelopedin [TS94 waspresente@ndexamined.This
is the first componenmodeldevelopedin DiLL approach.Theinitial ideawasto have acommonmodel
thatcouldbe usedin both synchronousindasynchronousircuits. Althoughthis appearstraightforvard,
the modelwasobtainedafter considerabléhought. The main difficulty is thatsincethe modelis intended
to begenerallittle canbeassumedboutthe environment.Theresultanimodelis a faithful representation
of logic gatesin therealworld. The following takesasexamplea 2-inputgateNand2 Specificationof
otherlogic gatesarealmostidenticalexceptthatdifferentlogic operatorsareusedin thelet expression A
Nand2gatewith bothinitial inputsof 0 andoutputof 1 canbeinstantiatecasNand2[lp1, 1p2, Op] (0, 0,
1).

procesNand2[Ipl, Ip2, Op]: (dtipl,dtip2,dtOp: Bit) noexit :=

Ip1 ? newdtlpl: Bit [newdtipl nedtlpl]; (* oneinputis changed*)
Nand2[Ip1, Ip2, Op] (newdtlpl,dtip2, dtOp) (* repeatbehaiour *)
0
Ip2 ?navdtip2: Bit [newdtlp2 nedtlp2] (* otherinputis changed)
Nand2[Ip1, Ip2, Op] (dtip1, newdtip2, dtOp] (* repeatehaiour *)
0
let newdtOp: Bit = Apply (Nand,dtlp1,dtlp2)in (* new Output*)
[newdtOpnedtOp] > Op! newdtOp; (* OutputChange)
Nand2[Ip1, Ip2, Op] (dtlpl, dtlp2, newdtOp) (* repeatbehaiour *)

endproc (* Nand2*)

Thereareseveralkey pointsimpliedin this process:

In lines 2, 5, and8, eventsoccuronly whenthey have valuechangeq achiesed by LoTOS selection
predicatesandguards).This impliesthat L oTos eventsmodelsignaltransitions.L 0TOS eventscanonly
dealwith discreteactions. Modelling continuoussignal levels would resultin infinite eventsin a finite
period.
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Becauseahe threesub-behgiour expressiondn the processare combinedby the choiceoperator(],
inputsandoutputcanoccuratary time aslongastherearevaluechangesThatinputsarealwaysallowedto
changas termedinputreceptivenesis someliterature[Dil89]. As will seenin section3.4.5,receptveness
is very importantfor correctlymodellingcomponentsn asynchronousircuits.

In thismodel,aninputchangemaypre-empftapendingoutput. For example,if initially Ip1, I[p2,Opare
0,1, 1. After Ip1 change$rom 0to 1, Op canchangdo 0. However, if Ip2 changeso 0 beforeOp changes,
the newestvalueon Opwill still bel. In otherwords,thepotentiall to 0 changeon Opis pre-empted.

Pre-emptingpotentialoutputindicatesthat an input changecomesearlierthanthe propagatiordelay
allows. This actuallyfollows theassumptiorof theinertial delaymodeldiscussedn section3.1.2.

In short,thefirst modelof basiclogic gatesmodelssignaltransitionsasL oTOs events. It is specified
in theinputsreceptve mannerandassumeshe componenthave inertial delaymodel,which impliesthat
pendingoutputsmaybe pre-empted.

3.3 Specifying SynchronousCir cuits
3.3.1 Structur e of SynchronousCir cuits

The generalstructureof a synchronousircuit is shovn in Figure6. It is madeup of two parts: combi-
nationallogic andstorage elements The former partdoeslogic calculation,andthe latter storesstatesof
acircuit. Combinationalogic providesthe primary outputsandinternaloutputsaccordingto the primary
inputsandinternalinputs. Internaloutputsarethenfed into storageelementgo produceinternalinputs.
Sincethesestorageelementsarecontrolledby a clock signal,changef theinternalinputsare synchro-
nisedwith theclock, in otherwordsthey arechangednly atparticularmomentof theclock cycle (usually
its transitions).This allows internaloutputsto settledown, filtering out transientsignaltransitionscaused
by propagatiordelaysof the combinationalogic. Consequentlyprimary outputsare not influencedby
thesetransientignalseither

It is easyto seethatfor a synchronougircuit operatingcorrectly designersnustensurehatthe clock
cycle is slower thanthe slowest combinationallogic so that the whole circuit can settledown beforeit
changests state.This canbe doneby analysingtiming characteristicef the componentsisedin circuits.
The untimedversionof DiLL cannotof courseconfirmif this clock constraintis met or not. However
asdiscussectlsavhere (chapter6), timed LoTos can specify such constraints. Instead,sections3.3.3
and 3.3.5will show that properly modelling storagecomponentsand the ervironmentcan ensurethat
synchronousircuits specifiedn DiLL fulfill theclock conditionautomatically

In the practiceof synchronouslesign,primary inputs are usually synchronisedvith a clock signal.
Thismakesdesigningandanalysingsynchronousircuitsmucheasier DILL incorporateshis practiceinto
its synchronousircuit model,assuminghatprimaryinputshave alreadybeensynchronisedvith theclock
signal.

Apart from this, the DiLL synchronousnodelhastwo morerestrictions. It is importantthat there
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is no cyclic connectionwithin the combinationallogic, and storageelementshave to be specifiedin a
behaioural style. Theserestrictionsare relatedto the way componentsare modelled,for otherwisea
DiLL specificatiormight deadlockwhile areal circuit could still work. This will be discussedurtherin
sections3.3.2and3.3.3.

3.3.2 BasicLogic Gatesin SynchronousCir cuits

In this sectionthe DiLL specificationof basiclogic gatesis re-investigatedn the context of synchronous
circuits. Althoughit is agoodrepresentationf real-world logic gatesthe modeldiscussedn section3.2
malesit very difficult to analysethe behaiour of synchronousircuits.

Supposéhe examplein figure 7 is a combinationaktageof a certaincircuit. Initially Ip1, Ip2, Op are
0,0, 1. After theinputsequencépl!l, Ip2!1, Ip1!0, Op mayeitherremainat 1 or changeto 0 thenbackto
1, which depend®n whetherlp1!0 comesbeforeor afterthe outputint of the And2gate,i.e. whetherthe
changeon Ipl is fasteror slower thanthe propagatiordelayof the And2gate.In thefirst caseJplis afast
input changesothe pendingoutputis pre-emptedconsequentlOp staysat 1. While in the secondcase,
theoutputof the And2gateoccursbeforelpl!0, soit is possiblefor the Inverterto changeto 0 thenbackto
1. If theclock cycle of asynchronousircuit is slow enoughto allow the Nand2gatesettledown, the 1, O,
1is only atemporarytransition. Thetwo differentbehaiour doesnot necessarilyo be distinguishedsince
only the settledsignallevel caninfluencethe behaiour of thewholecircuit. The problematichingis that
thereappearsio way to 'sense'whenthe combinationalogic hassettleddown, which makesautomatic
analysisof circuitsalmostimpossible.This suggestshata new modelof basiclogic gatess neededvhich
takesthe characteristicef synchronousircuitsinto account.

As discussedin eachclock cycle only the settledlevel of eachsignalis of interest.Considerfigure 6
again.Supposehatthereis anervironmentwhich offerseachprimaryinput aneventonceandonly once
within a clock cycle. (Thisis reasonabléecausdiLL assumeshatthe primaryinputsaresynchronised
with the clock.) Supposdurtherthat storageelementgproducean outputoncein eachclock cycle either
(seesection3.3.3). Underthis condition,if abasiclogic gateis modelledin suchaway thatoutputevents
happeronly afterall inputsoccur, theneachoutputeventhappengxactly onceaswell. Moreoverif input
eventsmodelsettledsignals sodotheoutputevents.In thisway, transiensignaltransitionsresultingfrom
differentarrival timesof differentinput eventscanbefilteredout.

Note that this modelrequireseachsignalto appearoncein a clock cycle. In otherwords,no matter
if thevalueof this signalchangesr not, thereshouldbe an eventoffer in the correspondinglock cycle.
L oTos eventsthusno longermodelsignaltransitionson wires, but rathersignallevels. For instancethe
LoTos eventlp!0 meanghatin acertainclock cycle thesignallevel onwire Ip is 0. (A similar argument
appliesfor Ip!1). Thelevel on the samewire duringthe previouscycle couldbe0 or 1, but the eventitself
doesnot give ary informationaboultits previouslevel.

Following the way that basiclogic gatesare modelled,every wire in a synchronousircuit hasjust
one associateavent offer during a clock cycle. This answersvhy thereis no needto worry aboutthe
infinitenesgesultingfrom modellingL oTOS eventsassignallevels. Usuallyif aneventrepresentasignal
level, therewill be an infinite numberof eventsduring an arbitrary time interval becausehe level is a
continuousvariable. However for the caseof synchronougircuits, whoseprogresss actuallyin discrete
stepssettledsignallevelsconstitutediscretevariables.

To illustrate the above idea, a re-specificationof Nand2 gateis given belov. Note that inputs are
interleaved, i.e. they canoccurin ary ordet It might appearthatthe orderof input eventscould be fixed
sinceit doesnot influencethe functionality of a component. This would resultin a smallerstatespace
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whencircuits areverified. Unfortunatelythis could causedeadlockwhencomponentsre connected For
example,supposehat component#\ andB eachhave two inputs. Imaginethat the fixed orderof inputs
is IpAl beforelpA2, andIpB1 beforelpB2. This would leadto deadlockif the componentshareinputs,
with IpAlconnectedo IpB2 andIpA2 connectedo IpB1. For thisreasonDiLL insistsonfully interleaved
inputs.

procesdNand2[Ipl, Ip2, Op] : noexit :=

(Ip1 2dtlpl: Bit; exit (dtip1, any Bit) (* allow oneinput*)
[l
Ip2 ?dtlp2: Bit; exit (any Bit, dtIp2)) (* allow otherinput ™)
>> acceptdtipl,dtip2: Bitin (* accepthothinputs?*)
( Op!(dtIP1 nanddtlp2); (* outputnandof inputs*)
Nand2[Ip1, Ip2, Op]) (* repeatehaiour *)

endproc (* Nand2*)

In contrasto the specificationin section3.2,theabove processloesnot concerndelayaspect®f logic
gates. A signal propagatinghroughan inertial delay componentr a pure delay one canhave only the
samestablelevel, andonly this stablelevel is of interestin synchronousgircuits. Detailsof the delaytypes
arethereforebetterto be abstractedway. Anotherdifferenceis thatinputsareno longerreceptve. This
appearsinrealisticbut in the context of synchronousircuits, every input hasonly onestablelevel during
aclockcycle, soit is not necessaryo make it receptve.

Becausenputs and outputsalternatein this model, there shouldbe no cyclic connectionwithin a
combinationalstage,for otherwisea DiLL specificationwould deadlock. This arisesbecausdeedback
connectiongnake inputs and outputsdependenbn eachother Figure 8 givesexamplesof suchcyclic
connectionswith theright handonebeinga commonbuilding block of latchesandflip-flops. This is why
storageelementsannotbe specifiedn the structuralstyle.

3.3.3 Specifying StorageElements

A storageelementcan storeonelogic value (1 or 0). The storedvalueis decidedby the inputs of the
elementduring the effective instantof a clock cycle (for example,a positive transitionof the clock) and
remainsunchangedintil the next effective instantcomes. Temporaryinput changesetweenthesetwo
effectiveinstants, which areregardedashazardsgdo nothave effectsonthevalueheldin storageslements.

Storageelementsare modelledin the behaioural style. The following takes as exampleone of the
simplerstorageclements:a D flip flop (DFF). A DFF (Delay Flip-Flop) hasinput D, clock input Clk and
outputQ (somemayalsohavetheinvertedoutput). Herethe DFF is assumedo bepositiveedge triggered,
which meanghatoutputQ changego the samelevel asD afterthe Clk changedrom 0 to 1. Unlike the
specificatiorof basiclogic gates storageelementshave statesassociatedvith them,which is reflectedin
valueparametersitD.

procesdDFF[D, CIk, Q] (dtD, dtCIk : Bit) : noexit :=
D ? newdtD : Bit; DFF[D, Clk, Q] (newdtD, dtCIk) (* inputnew data*)
I

Clk ? newdtClk : Bit; (* inputclock pulse*)
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([(dtClk egl) and(newdtClk eq0)] > (* ignore-ve pulse®)

DFF[D, CIk, Q] (dtD, newdtClk) (* continuebehaviour *)
[(dtClk eq0) and(newdtClk eq1)] > (* reactto +ve pulse®)
Q! dtD; (* outputstoreddata®)
DFF[D, CIk, Q] (dtD, newndtClk)) (* continuebehaviour *)

endproc (* DFF*)

Supposehereis aninternaloutputfeedinginto this flip-flop. If the clock signalis not constrainedit
is possiblethat the clock movesto the next cycle beforethe combinationalogic hassettleddown. The
modelof a synchronousircuit mustexcludethis possibility. After a positive-goingtransitionof the clock
signal,if the D input of the flip-flop hasnot occurredyet thenthe next positive-goingtransitionof clock
signalmustnotoccur Thisis ensuredy thefollowing constrainton the D flip-flop specification Process
Cons DFF dealswith the initial stateof the flip-flop, wherethe D input and CIk input canoccurin ary
order However, after thefirst positve edgeof the Clk signal,the next positive edgehasto wait for the D
signalto ensureits previous combinationaktagehassettle. This is specifiedin processCons DFF_Aux.
The returnof Clk to 0 is allowed either beforeor afterthe D event. Thustherearetwo possibilitiesin
ConsDFF_Aux. It is attractie to specify ConsDFF in the sameway asConsDFF_Aux, i.e. it appears
reasonabléo assumehatthe clock arrivesafter the datainput D hassettleddown from theinitial state.
However, thiswill resultin specificatiordeadlockwhentwo DFFs areconnectedn series.In otherwords,
whenthe Q outputof thefirst DFF is the D input of the second.Supposehis sharedportis calledQD,
thenQD shouldwait until Clk hashappenedor thefirst DFF, while it shouldhapperbeforeClk for the
secondone. Deadlockis thereforeinevitable. The full specificationof a D flip-flop combinesDFF and
Cons DFF, i.e. DFF | [ D, CIk] | ConsDFF [D, CIK].

processCons DFF[D, CIK] (dtClk : Bit) : noexit :=

D ?nevdtD : Bit; (* inputnew data*)
Cons DFF[D, CIK] (dtCIk) (* continuebehaviour *)
[
Clk ?nevdtClk : Bit; (* inputclock pulse*)
([(newdtClk eql) and(dtClk eq0)] > (* reactto +ve pulse®)
Cons DFF_Aux [D, CIK] (newdtCIk) (* afteroneclock pulse®)
I [(newdtClk nel) or (dtclk ne0)] > (* ignoreotherpulses¥)
Cons DFF[D, CIK] (newdtCIk)) (* continuebehaviour *)
where
processCons DFF_Aux [D, CIK] (dtClk : Bit) : noexit :=
D ?nevdtD : Bit; Clk !0; Clk !1; (* input before-ve pulse*)
Cons DFF_Aux [D, CIK] (1) (* continuebehaviour *)
I
Clk '0; D ?nevdtD : Bit; CIk !1; (* inputafter-ve pulse*)
Cons DFF_Aux [D, CIK] (1) (* continuebehaviour *)

endproc (* Cons DFF_Aux *)
endproc (* Cons DFF*)

3.3.4 Specifying Cir cuit Behaviour

Specifyingbehaiour of a whole circuit usesa clock cycle-by-gscle basis. In eachclock cycle, output
behaiour is specifiedaccordingo inputsandinternalstates Essentiallya synchronougircuit is a storage
elementbut may have morecomplicatedogic andmoreinternalstates.Clock signalscanbe implicit at
the highestlevel of specificationbecausao connectionis requiredat this level. In fact, it is foundthatit
is moreconvenientto make clock signalsimplicit during high-level specification Moreover, smallerstate
spacesesultdueto implicit clocks.
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3.3.5 CaseStudy: Specifyinga Single Pulser

In this sectiona smallsynchronousircuit calledthesinglepulseris specifiedn behaiouralandstructural
styles.Thesinglepulseris a standardhardwareverificationbenchmarldocumentedh [SK96]. Thesimple
behaiour andsmallsizeof its designmalke it agoodexamplefor illustratingthe DiLL approach.

A SinglePulseris a clocked-sequentiallevice with a one-bitinput P_In anda one-bitoutputP_Out. It
dealswith a debouncedwitchthatis on (true)in thedown positionandoff (false)in theup position. The
goalis to devisea circuit to sensehe switch beingturnedon, assertingan outputsignallastingoneclock
cycle. The systemshouldnot allow additionaloutputsuntil the userhasturnedthe switch off.

Thedescriptiondoesnot make clearwhenthe outputpulseshouldbe assertedon pressinghe switch
(P-In from falseto true), or releasingthe switch (P_In from true to fals@? For corveniencethefirst case
is termedpositivetriggered andthe otheroneis negativetriggered

In thefollowing, theinput P_In is assumedhitially in the off positionandthe clock signalis implicit.
In eachclock cycle, if thereis anactive edge?on signalP_In, P_Outis assertedOtherwise if P_In does
notchangeor is notgoinganactive edge,P_Out shouldbe 0. This ensure_Outis asserteanly atactive
edgesf P_In, andlastsfor justoneclock cycle.

processSP[lp, Op]: noexit := (* SinglePulser*)
i; SP.P[lp, Op] (0) (* +vetriggeredimplementatiorr)
i; SP-N[lp, Op] (0) (*-vetriggeredimplementatiorr)
where
processSP.P [Ip, Op] (dtl: Bit) : noexit :=
Ip ?newl : Bit; (* getnew input*)
(Op!1 [(dtl eg0) and(newl eql)]; (* outputl on0=>1input*)

SP.P[lp, Op] (newl)

Op !0 [not ((dtl eq0) and(newl eql))]; (* elseoutput0 *)
SP.P|[lp, Op] (newl) )
endproc (* SP.P*)
processSP-N [Ip, Op] (dtl: Bit) : noexit :=
Ip ?newl : Bit; (* getnew input*)
(Op!1 [(dtl eql) and(newl eqO)]; (* outputl on1>0input*)
SP.N [Ip, Op] (newl)

Op!0 [not ((dtl eql) and(newl eq0))]; (* elseoutput0 *)
SP-N [Ip, Op] (newl) )
endproc (* SP.N *)
endproc (* SP*)

Figure 9 shavs a designfor the single pulserthatis givenin the benchmark.The clock is hiddenin the
structuralspecification:

hide Inp, N_Find, Find, Clk in

((DFF |[N_Find, Inp]| (Inverter|[Find]| And2)) [[CIKk, Inp]| DFF)
|[P_In, Clk, P_Ouf|
Env [PIn, Clk, P-Out]

TheEnv processenesasthe ervironmentalconstrainton thecircuit. It permitsP_ In to comebeforeeach
positive-goingclocktransition,andallows the next clock cycleto comeonly afterP_Outhasoccurred.The
constraintbetweenP_In andClk ensureghatP_In is synchronisedvith Clk, andthe constraintboetween
Clk andoutputrespectshe slow-clock requirementP_Outmustsettledown beforethe next positive going

clock transition. Theseassumptionsirenot automaticallyguaranteedby the circuit specificationput they

arerequiredby the DiLL synchronousgircuit model.In outline,Env is specifiedasfollows:

2For positive triggeredsingle pulser the active edgeis the positive edgeof the P_In, it is the negative edgeof P_In if thesingle
pulseris negative triggered.
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Figure10: An isochronicfork

processEnv [P_In, Clk, P_Out] : noexit :=
(P_In ?dtPIn: Bit;

Clk '1;

(CIk 10; exit ||| P-Out?dtPOut Bit; exit)
) > Env [P_In, Clk, P_Out]
endproc

3.4 Specifying AsynchronousCir cuits
3.4.1 Classexf AsynchronousCir cuits

Unlike synchronousircuits, which have a unified structure,asynchronousircuits exhibit a variety of
forms dueto the differentdelay and ervironmentassumptionsnade. An asynchronousircuit canonly
behae correctlywhentheseassumptionsremet.

Delayinsensitive circuits (DI): DI circuits[Udd86 arethemostrobustclassin theasynchronousircuit
family sincethey take the most pessimisticview aboutdelaysand the ervironment. Delayson
both componentandwires are assumedo be unboundedandthe ervironmentis in input/output
mode(seesection3.1.2). DI circuits canoperatecorrectlyregardlesof delaymagnitudesn wires
andcomponentsaslong asthey arefinite. Martin [Mar90] hasprovedthatthe classof purely DI
circuitsdesignedisingsingle-outpugatess limited, which meanghatmostmeaningfulDI circuits
cannotjust be built purelyfrom basiclogic gates.Somespecialcomponent$MFR85] aretherefore
designed.

Quasidelay insensitive circuits (QDI): QDI circuits augmentthe delay model of DI circuits with the
isochronic forks assumptior{Mar9Q]. Isochronic forks are forking wires on which the difference
of delaymagnitudess negligible, asshawn in figure 10 wheredelayson w1l andw?2 areregarded
asequal. This seemghe wealestcompromiseto pure DI circuits to build practicalcircuits using
single-outpugategMar90]. QDI circuitsassumeénput/outputmodeervironment.

Speed-independentircuit (S1): Designof Sl circuits was pioneeredoy Muller [MB59]. In this class
of circuits, gatesare assumedo have unboundeddelay while wires have zerodelay If all gates
have just oneoutput,SI andQDI areactuallyidentical,seesection3.4.2for moredetail. Sl circuits
assumenput/outputmodeernvironment.
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Fundamental mode Huffman circuits: A Huffmansequentiatircuit[Ung69 canbemodelledasacom-
binationallogic block with a subsebf outputsfeedingbackto inputsto hold states Gatesandwires
areassumedo have boundeddelay andthe ervironmentis in fundamentamode. In its mostbasic
form, only oneinputis allowedto changesachtime, andthe next input changehasto wait until the
circuit is stable.Obviously this kind of circuit is not sousefulin realdesignsasthe speedf circuits
canbevery slow.

Burst modecircuits: Burst-modecircuits [DCS93) are an extensionof fundamentaHuffman circuits.
They allow oneor moreinput burststo occurat eachstate.lnputsin aburstmayoccurin ary order,
andthecircuit doesnotreactuntil theentireinput bursthasfinished. The next input burstcancome
only afterthespecifiedoutputbursthascompletedandthecircuit hasbeenstable.In factburst-mode
systemsstill requirethe fundamentamodeassumptionbut only betweerdifferentinputbursts.

Micr opipeline: IvanSutherlandntroducedhe concepof micropipelinein his 1988 Turing Awardlecture
[Sut89. A micropipelinecanbedividedinto two parts:a controlpartwhich assumesnunbounded
delaymodelandthuscould beimplementedfor example,in DI circuits; anda datapattpartwhich
adoptsa boundeddelaymodel. Betweentwo stagesf a micropipeline,a bundleddata protocolis
applied:thedelayondatawiresmustbelessthanthatoncontrolwiressothatstabledatais transfered
from onestageto the otherbeforethe correspondingontrol signalsoccur

Specifyingboundeddelay needsa formalismwhich supportsquantitative timing specification. This
chaptermainly studiesthoseclassesassumingunboundeddelays,namelythe DI, QDI and SI circuits.
Chapter6 dealswith specifyingboundedielaysusingET-LOTOS.

3.4.2 DiLL and SpeedindependentCir cuits

Among differentclasseof asynchronousircuits, speedndependentircuits matchthe modellingtech-
niguesof DiILL mostclosely: in speedindependentircuits, propagationdelaysof componentsare un-
boundedIn LoTos theinterval betweerthe occurrencef two concatenatedventsis alsounboundedin
DiLL wiring up two portsis doneby synchronisinghe L oT0s events,which actuallyassumeshatdelay
ontheconnectingwiresis negligible, anassumptiorwhich is alsoadoptedy Sl circuits.

The othercircuitswith unboundedlelaymodels,namelyDI (delayinsensitve) andQDI (quasi-delay-
insensitve), can be easily changedo Sl circuits by insertingartificial delay components.In figure 11,
a DI circuit(figure 11 (A)) canbe remodelledasan Sl circuit (figure 11(B)) by insertingartificial delay
componenteneachwire. Notethatin thefigurelowercasdettersrepresentlelaysonwiresor components.
Actually, asunboundedielayplus unboundedielayis still unboundedsomostof the wire delayscanbe
accumulatedvith their precedingcomponents.Only forks and componentsvith morethanone outputs
shouldbeotherwisetreated asshavn in figure11(C).Figurel11(D)is the Sl representatioof figure 11(A)
whenit is regardedas a quasidelay-insensitie circuits. Sinceh = ¢ andk = [, only wires from the
componentsvith multi-outputsareinsertedwith additionaldelay componentsFigure 11(D) alsoshows
thatif every componenhasasingleoutput,QDI andSlI areidentical.

Speedindependencés closely relatedto the conceptof semi-modularity Underthe delay model of
speedndependentircuits, if no componentsn a circuit canever receive aninput which canchangethe
level of pendingoutputs,thecircuit is termedsemi-modulafBM91, BZ97]. For instance suppose two-
input And2gatehasa pendingoutputl. If it recevesa 0 input on oneof its inputsbeforethe outputl is
producedthe And2gateis not semi-modulasincethis 0 input might changethe pendingoutputfrom 1 to
0. Non-semi-modularityndicatesthatat leastonecomponentn a circuit hasspeeddependenbehaiour.
In theabove example afterreceving theinput 0, the outputof the And2gatedepend®nits speed:afaster
gatecanproducel followed by 0, while a slower one canonly produce0. Semi-modularityis usually
regardedasa basiccharacteristiof speedndependentircuits[BBM94, KKTV94].

3.4.3 BasicLogic Gatesin SI Cir cuits

Unlike the caseof modellingsynchronougircuits, modellingasynchronousircuits requiresthat L oT0S
eventsrepresensignaltransitionssinceevery transitionmayinfluencethe behaviour of circuits.
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Figurell1: Modelling DI, QDI asSl

The specificationin section3.2 is oneof the possiblemodelsof the basiclogic gatesin Sl circuits. It
is only suitablefor thosegatesexhibiting inertial delay sinceit allows new inputsto pre-emptpending
outputs.If inputswhich mayresultin the pre-emptionare prohibited,it becomes modelwhich satisfies
the requiremenbf semi-modularity Take the exampleof the Nand2gate. Supposets inputsand output
Ip1, Ip2, Op areinitially 1, 1, 0. After Ip1l changego 0, its outputshouldchangeto 1 accordingly If,
beforethe outputhappensipl changedackto 1, thenthe new outputwill eventuallybe 0. The modelin
section3.2allowsthechangeon Ip1, resultingin speeddependenbehaiour. If thisinputis notallowed,a
new modelof basiclogic gateswhich respectsemi-modularitycanthenbe obtained:

procesdNand2[lpl,lp2, Op] ( dtlpl,dtip2,dtOp: Bit) : noexit :=

let newOut: Bit = dtlp1 nanddtlp2in (* potentialoutput*)

(Ip1 ? newl: Bit [(newl nedtlpl) and (* signaltransition®)

((dtOpegnenOut) or (* nonew potentialoutput*)

((dtOpnenenOut) and (* thereis potentialoutputs*)

((newl nanddtip2) eqnewnOut)))]; (* butit won't bechanged)

Nand2[lp1,lp2, Op] (newl, dtlp2, dtOp) (* continuebehaviour *)

Ip2 ? new2 : Bit [(new?2 nedtlp2)and (* signaltransition*)

((dtOpegnenOut) or (* nonew potentialoutput*)

((dtOpnenewOut) and (* thereis potentialoutput*)

((new2 nandnew1l) eqnenOut)))]; (* butit won't bechanged)

Nand2[lp1,lp2, Op] (dtlp1, new2, dtOp) (* continuebehaviour *)
I

Op! newOut[dtOp ne newOut]; (* new outputproduced)

Nand2[lp1,Ip2, Op] (dtlpl, dtip2, nenOut)) (* continuebehaviour *)

endproc

Comparedo the specificatiorin section3.2,theonly differences theselectiorpredicatedehindinput
events. Herethe constraintof semi-modularityis required. An input offer canonly happenwhenthereis
no potentialoutput,or eventhoughthereis suchoutput,the new inputwill notalterit ((newl nanddtip2)
egqnewOut).

A questionis raisedastherearetwo modelsof basiclogic gatesfor Sl circuits: which oneis better?
Theonein section3.2is afull specificatiorof logic gatesin the sensehatit specifieshe behaiour under
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all possiblenputsituationgi.e. it is inputreceptie). But it requireghatthe specifiechardwarehasinertial

delay characteristicsWhenthe assumptiorcannotbe guaranteedthe modelmay not be a suitableone.
As for the modelabove, it is a partial specificationin the sensahatit doesnot allow certaininput events
to happenat sometimes. More precisely thoseinputswhich may alter potentialoutputsare prohibited.
Thisis thestrictermodelof thetwo, andcanbe usedfor checkingif acircuitis really semi-modulaor not.

For somecomponentssuchasthe otherbasicbuilding blocksof SI which will beintroducedin the next

section,full specificationsare not available sincethesecomponentsrenot yet asstandardasbasiclogic

gates. Differentimplementation®f the componentsnay have differentbehaiour underthe unexpected
inputs,in which casepartial specificationsarethe only choice.

3.4.4 Other BasicBuilding Blocks of Sl Cir cuits

Besidesbhasiclogic gatesthereare other basic' building blocksfor constructingSI circuits. Theseele-
mentsare “basic'in the sensethatthey arenormally not decomposeéhto smallerunitsin logic designs,
althoughtheirimplementatiormaybebasedn smallerunitssuchasbasiclogic gatesor transistorsThese
elementsare assumedo satisfy somepropertiessuchas speedindependencer delay insensitvity by
themseles. Thefollowingsgave afew of themandtheir DiLL specifications.

Wir es aremostsimplestcomponentsThey arenot neededor Sl circuitsasdelayon wiresareassumed
to bezero.ButwhenDI or QDI circuitsaretransformedo Sl, someof thewiresshouldbe explicitly
specifiedto introducedelays. Supposehe input of a wire is A andoutputis B, Whena wire is not
stable,i.e. thereis a pendingoutput, the input hasto wait until the outputchangesptherwisethe
componenwill notbespeedndependent.

processiire [A, B] (dtA : Bit) : noexit :=

A ?newA : Bit [dtA nenewA]; (* acceptinput?*)
B! newA; (* output*)
Wire [A, B] (newA) (* continue*)

endproc (* Wire *)

For the rest of the componentsa shorthandnotationis exploited to save space. In the notation
a processdefinition is prefixed with :=', and every LOTOS gate can representither positive or
negative signaltransitions.For example,the Wire componentiow lookslik e:

Wire [A, B] := A; B; Wire [A, B]

Fork componentarealsonecessarywhenaDI or QDI circuit is transformedo Sl. A fork hasoneinput
Ip andtwo outputOpl,0Op2 Thevalueoninputlp is fannedoutto Opland Op2 Becausef the
delayonwires,thetwo outputsmayoccurat differenttimes. New input hasto wait until bothoutputs
have beenproduced.

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

C-Elements are very importantelementsin asynchronouslesign. A C-Elementsenesas a transition
synchroniseiin asynchronousliesignbecausehe output can only changeafter both inputs have
changed.For this reasonjt is sometimealsocalled Join Element Precisely a C-Elementhastwo
inputsA, B andanoutputC. C changedo 1 whenbothinputshave changedo 1, andchangego 0
whenbothof themhave changedo 0.

C-ElemenfA, B, C] := (A; exit ||| B; exit) >> (C; C-Elemen{A, B, C])

Merge componentsmerges' signalson the input portsto the output. Eachmerge componenthastwo
inputslpl, Ip2 andoneoutputOp.

Merge[lpl, Ip2, Op] :=
Ip1; Op; Merge[lpl, Ip2, Op] [] Ip2; Op; Merge[lpl, Ip2, Op]
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Selectors nondeterministicallyproduceoutputon eitherOplor Op2afterreceve aninput. A selectohas
oneinput Ip andtwo outputslpl, Ip2.

Selectoflp, Op1,0p2] :=
Ip; (i; Opl;exit [] i; Op2;exit)>> Selectoflp, Opl,0p2]

Sequencershavethreeinputsipl, Ip2, N andtwo outputsOp1,0p2 They wait for asignalonatleastone
of thelpi (i=1, 2) inputs.Having receivedinput signalson Ipi (i=1, 2) andN, thesequenceproduces
asignalon outputOpi (i=1, 2).

Sequencefipl, Ip2, N, Op1,0p2] :=

(S1[ip1, Op1] ||| S2[Ip2, Op2]) |[Op1,0pZ| S3[N, Op1,0p2]

where

S1[lpl, Opl]:= Ip1; Opl;S1[ipl, Opl]

S2[Ip2, Op2] := Ip2; Op2;S2[Ip2, Op2]

S3[N, Op1,0p2] := N; (i; Op1;S3[N,0p1,0p2] [ i; Op2;S3[N, Op1,0p2])

Latches arethe storageelementsn asynchronousircuits. A latch hasthreeinputsipl, Ip12, C, andtwo
outputsOplandOp2 It waitsfor asignalonexactly oneof thelpi (i=1, 2) inputsandasignalonthe
C input. In contrasto a Sequencetthe ervironmentmustguaranteenutualexclusionof the inputs
Ipi (i=1, 2). Having recevedinput signalson Ipi (i=1, 2) andC, alatchproducesa signalon output
Opi (i=1, 2).

Latch[Ip1,1p2, C,Opl,0p2] :=
((Ip1; exit ||| C; exit) > Op1;Latch[lpl, Ip2, C, Op1,0p2])

((Ip2; exit ||| C; exit) >> Op2;Latch[lpl, Ip2, C, Op1,0p2])

RGD Arbiters have four inputsrl, di, r2, andd2 andtwo outputsgl andg2. For eachi in 1,2, signal
startswith ri, followedby anacknavledgmenof gi, thenconcurrentlydi andri. Theintervalsfrom
glto d1landfrom g2to it d2 aremutually exclusive. RGD standsfor Requestri), Grant (gi), and
Done(di).

Whena RGD Arbiter receivestwo requestsit will grantexactly oneof them(anddelaythe other).
Thespecificatiorieavesthe choiceopen.

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

(i: G2; D2; S3[G1,D1, G2, D2])

3.4.5 Input Receptiveness

For corveniencethe thesishasso far usedthe termsinput eventsand outputevents The moreaccurate
phraseshowever shouldbe eventscorrespondingto input ports (or output ports). Since LOTOS never
males a differencebetweeninput and outputeventsin its semanticsall eventsare treatedequally In
LoTos, communicatiorbetweerprocesseis basedn symmetricsynchronisatiommt agate. Thusanevent
canhapperonly whenall processesffer eventsat this gate. If, however, oneof the processess not able
to do so, otherprocessegust wait there,or participatein othereventsif possible.In the secondcase the
eventdoesnotoccut

As is well known, digital hardwaremalkesa cleardifferencebetweerninputsandoutputs.Signalscome
to inputsandareproducedon outputs.A componentannever refuseinput signals,andoutputsignalsit
producesannever beblockedby others.
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Figurel2: Two wiresin series

If LoTos eventsmodelphysicalsignaltransitions,ashasbeendonefor specifyingasynchronousir-
cuits,aDiLL specificatiorandthereal circuit may have differentbehaviour wheninputsareallowedto be
refused.In section3.4.3,behaiour of basiclogic gateswasdefinedfor only desirablenput situations.It
is assumedhatundesirablénputsarenot allowedin orderto respecthe requiremenof semi-modularity
This follows the corventionof writing LoTos specificationghat only desirablebehaiour is specified.
Thereis no needto specifyundesirablédbehaiour becausét cannothappereventhoughproposeddy en-
vironment. Whenthis corventionis usedin the contet of digital circuits, aninput transitionwhich will
definitelyhapperin realworld but will nothapperin aDiLL specificationConsequentlthebehaiour of
a DiLL specifications just a subsef realbehaiour, so analysisbasedon the specifications not exact.
Especiallyif no problemis foundin a DiLL model,it doesnot necessarilymeanthatthereis no problem
in therealcircuit.

To bemoreconcretethink abouta very simplecircuit which just hastwo wires connectedn seriesas
shawvn in figure 12(a). The specificatiorof wiresis accordingto section3.4.4,whichis a partial specifica-
tion. Thecircuitis notspeedndependentindertheervironmentshovnin figure 12(b),becausé asecond
a comesbeforethefirst wire producests outputb, thebehaiour of thecircuitis undefined Howeverfrom
experiencethereis no way to highlightthis speeddependeng sincethe circuit behaiour (figure 12(c))is
obsenationallyequivalentto figure 12(b). Thereasoris thatthe DiLL specificatiorcanrefusethe second
inputa whenthefirst wire is notreadyto accepit, while therealcircuit cannot.

Whena specificationis input receptve, in otherwordswhenevery input is allowedin all statesthe
DiLL modelcanrepresentherealcircuit faithfully. Howeverinput receptve specificatioris not available
for mostof the basicbuilding blocksof SI circuitsasbehaiour with unexpectednputsis unknavn. One
way to shortenthe gapis by explicitly introducingstop behaiour whenunexpectedinputshappen.Here
unexpectedinputsareregardedas "evil' andtheir appearanceneanssomethingis wrongin the circuits,
which is indicatedby deadlock. Another possibleway is to treatan unexpectedinput as “benign'. For
example ,whenit happens circuit doesnothingbut just staysin the samestate.For Sl circuits,theformer
solutionseemdetterconsideringhat unexpectedinputsare usuallyundesirableones. Thusthis solution
is adoptedn DiLL whenpartial specificatiorcannotmeetvalidationrequirements.

Finally, it shouldbe pointedout thatinput receptvenesss not so importantin synchronousircuits
becausén mostcasesthe ervironmentcanguaranteghereis no unexpectednput.

3.4.6 Input Quasi-Receptveness

Analysing Sl circuits basedon partial specificationf building blockshasthe disadwantageof not being
exact. If moreaccuray of analysisis sought,nput quasi-receptivespecificatiorof theseblocksshouldbe
used.

Informally, a DiLL specificationis input quasi-receptivdf it canalwaysparticipaten all input events,
exceptwhenit is in a deadlockstate. Before a formal definition of input quasi-receptienesss given,
considerthe simpleexampleof thewire component.

Apparently specificatiorof wire in section3.4.4is partialin thatinput A is not allowedwhenthewire
wantsto produceits output. An input quasi-receptie specificatiorcanthusbe obtainedby addinga choice
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optionwhenthereis a potentialoutput. The choiceoptionis madeup of forbiddeninput eventsfollowed
by a deadlockstate.

processiire [A, B] (dtA : Bit) : noexit :=

A ?newA : Bit [dtA nenewA]; (* new input™)

(B! newA; exit (newA) * new output*®)
I (* or®)
A ?newnewA : bit [newnewA nenewA]; (* forbiddeninput *)
stop) (* deadlock)

>

acceptnewA : Bit in

Wire [A, B] (newA) (* continue*)

endproc (* Wire *)

However, for thosecomponentsvhich cannot be simply specifiedusing sequence;) andchoice([])
operatorssuchasSequenceor Latch in section3.4.4,writing aninput quasi-receptie specificatioris not
straightforvard. In this casea partial specificationis usedto generatehe correspondind TS (Labelled
TransitionSystem).An LTS is actuallya L oTos specificationin form of sequenc@ndchoiceoperators,
thereforeinput quasi-receptie specificationcan be obtainedby modifying the LTS. Precisely for each
statewhich cannotparticipatein all input events,outgoingedgesareaddedwhich arelabelledwith these
missednputsandwhich leadto deadlockstate.An exampleis shavn in figure 13(a)and(b). Notethatin
thefiguretheinputsetis Ip1, Ip2.

This methodworks very well for LTSswithout internaleventsi. But for thosecontainingi events,
thingsbecomevery subtle.For examplein figure 13(c),states1 cannotengagen eventlp2, but onecannot
simply think thatIp2 is rejectedin this state,asthe componenmay decideto accepit at states2 through
aninternalevent. Suchkinds of peculiarsituationmay not bethe intentionof specifiershbut canappeaiin
anLTS throughhide operations.

Notice thatwhena specificationis understoodrom the point of view of input receptvenessijnternal
eventsseemgo losetheir necessityTake the exampleof the RGD arbiter Internaleventsareusedto indi-
catethatthecomponentwill decidewhich outputs(gl or g2) shouldbe producedandthatits ernvironment
hasno influenceon this decision. If the internal eventsare omitted, the ervironmentcan choosewhich
outputto acceptandwhich oneto refuse.However, if the ervironmentis input receptve, which meanst
canalwaysreceve all inputs(the outputsof the RGD), it losesits selectie power. Whichever the output
producedy the RGD, the ervironmentjust acceptst. In otherwords,no matterif theinternaleventsare
specifiedor not, the ervironmentcannotaffect the decisionmadeby the RGD.

Basedon this obsenation,LTSswith internaleventsaredeterminisedeforeoutgoingedgesareadded
(figure 13(d))to obtaininput quasi-receptie specifications

Definition 3.1 (Deterministic LTS) AnLTSp =< S, L, T, s0 > is deterministicif Vs € S, s 7Z> andV
a € L, saftera containsat mostl element.
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Definition 3.2 (Determinization of LTS) Letp =< S,L,T,s0 > beanLTS.P(S)is the powesetof S.
Thedeterministidc TSpy =< Sq4, L, T4, s04 > canbeobtainedby:

Sa  =aer P(S)\{0}
Ti  =def {qi>q’|a€L,q,q’€Sd,q’:{s’€S|Hseq:s:a>s’}}
$04 =gqef {8’ €S |so=s'}

Now, the formal definition of input quasi-receptie canbe given.

Definition 3.3 (Input Quasi-Receptie) LetL bepartitionedinto L; and Ly, andletc =< S, L, T, s0 >
be a deterministidabelledtransitionsystemc is input quasi-teceptivef for everystates € S, eitherfor
alla € LiULy,s #,0r Ly C {a| s =}. If cis nota deterministicLTS, it shouldbe determinised
accoding to the previousdefinition.

Fromtheabove definition,anLTS s inputquasi-receptieif afterdeterminizationall its statesexcept
theterminalones,canengagedn all theeventsin L;.

3.4.7 CaseStudy: Specifyinga FIFO

In this section,anasynchronou&IFO (First In First Out) is specified. The FIFO hastwo inputsInT, InF
andtwo outputsOutT, OutF. Its inputandoutputdataconformto dual rail encodingn which representing
onebit needgwo signallines. WhenInT (OutT) is 1 andInF (OutF) is 0, the transmittedreceved) data
is 1. Similarly whenInT (OutT) is 0 andInF (OutF) is 1, thetransmitted(receved) datais 0. Whenthe
signalon bothlinesis 0, it indicatesidle, which meanso valid dataonthelines. Lineshave to beresetto
idle betweertwo transmissions.

Suppose FIFO with onestage(figure 14(a))is initially empty It canaccepteitherl or 0 by raising
InT or InF. The accepteddatacanbe deliveredto its environmentby outputports. After one successful
transmissiontheraisedinputandoutputportsreturnto 0 to wait for otherdata. Thebehaiour of onestage
canbeeasilyspecified:

processStaggInT, InF, OutT, OutF]:noexit :=

InT ! 1 of bit; OutT! 1 of bit; (* transmitl *)

InT ! 0 of bit; OutT! 0 of bit; (* gotoidle *)

Stagd[InT, InF, OutT, OutF] (* continue*)
I

InF! 1 of bit; OutF! 1 of bit; (* transmit0 *)

InF! 0 of bit; OutF! 0 of bit; (* gotoidle®)

Stagd[InT, InF, OutT, OutF] (* continue*)
endproc

The behaiour of a FIFO of morethanone stagecan be obtainedby composingseveral stages.For
simplicity, a FIFO with two stageqfigure 14(b))is specifiedwith:
processSpecFIFJINT, InF, OutT, OutF]
hideil,i2in
StagdInT, Inf, i1, i2]
i1, i2)
Stagd|il, i2, OutT, OutF]
endproc
A possibleimplementationof one stageis given in figure 15. Apart from the datapath, thereare
anothertwo linescontrollingthedatatransmissionRegcomesrom theervironmentof a stageijt indicates
that environmenthasvalid datato transfer The Adk line goesto the environment, indicating that the
stageis emptyandis thusreadyto receve new data. Both of thesecontrol signalare high active. The
implementatiorusetwo C-Element@anda Nor2 gate.Initially bothRegandAdk arel. Whenthereis valid
dataonInT or InF, it is passedo OutT or OutF. At thesametime, Regshouldberesetto O until InT or InF
returnsto the idle state. After receving dataon OutT or OutF, the Adk resetto 0 indicatesthatthe stage
is full. Whenthe dataon outputlinesis fetched,outputreturnsto theidle stateandis readyfor the next
transmissionThecorrespondindiLL specificatiorof this cell is asfollows:
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INnT —— OutT InT — i1 ——— OutT
Stage Stage Stage
N - J
InF OutF InF i2 OutF
(@) (b)
Figure14: FIFO with onestageandwith two stages
InT__ outT
C N InT - N XaT ~—— OutT
Req{ Ack {EnvF Red | onecell FX1R— onecell A< EnvB
c ~ InF - XIF — OutF
InF  ~—~ OutF
(a) One Cell (b) Implementation of FIFO with two stages

Figure15: Implementatiorof a cell of FIFO

procesOneCell[InT, InF, OutT, Outk Req,Ack] : noexit :=
(CElementInT, Req,OutT] (O of Bit, 1 of Bit, O of Bit)

|[Req]|
CElemen{InF, Req,OuTF] (0 of Bit, 1 of Bit, 0 of Bit)

)
[[OutT, OutH|

Nor2 [OutT, OutF Ack] (0 of Bit, O of Bit, 1 of Bit)
endproc

To ensurea FIFO works correctly the ervironmenthasto be coordinated. For example, it should
provide correctinput dataaccordingto the dualrail encoding. To make thingseasiey it is corvenientto
think aboutthe ervironmentin two parts: EnvF andEnvB. EnvF is a dataprovider which is alwaysready
to producedata.EnvB is a dataconsumervhich canalwaysaccepidata.

processEnvF [Req,InT, InF] : noexit :=
InT ! 1 of bit; Req! 0 of bit; InT ! 0 of bit; Req! 1 of bit;
EnvF [Req,InT, InF]

InF! 1 of bit; Req! 0 of bit; InF! 0 of bit; Req! 1 of bit;
EnvF [Req,InT, InF]
endproc

processEnvB [Ack, OutT, OutF]: noexit :=
OutT! 1 of bit; Ack ! 0 of bit; OutT! 0 of bit; Ack ! 1 of bit;
EnvB [Ack, OutT, OutF]

0
OutF! 1 of bit; Ack ! 0 of bit; OutF! 0 of bit; Ack ! 1 of bit;

EnvB [Ack, OutT, OutF]
A two-stageFIFO canthenbeimplemented:

processTwoStage$InT, InF, OutT, OutF]: noexit :=
hide Req,X1T, X1F, X1R, Ack in
EnvF [Req,InT, InF]

[[Req,InT, InF]|
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(* continue*)

(* provide 0 *)
(* continue*)

(* acceptl *)
(* continue*)

(* accept0®)
(* continue*)



OneCell[InT, InF, X1T, X1F, X1R, Req]
[[X1T, X1F, X1R]|

OneCell[X1T, X1F, OutT, Outk Ack, X1R]
[[Ack, OutT, OutH|

EnvB [Ack, OutT, OutF]
endproc

In the next chaptey the implementationwill be verified againstits specification. When speedinde-
pendencaeedso be verified, eachbuilding block, including the environment,shouldbe specifiedin the
inputquasi-receptiestyle. The DiLL library alreadycontainssuchspecification®f basicbuilding blocks.
EnvB_QR is the input quasi-receptie specificationof ErvB. EnvF hasno inputs so thereis no needto
modify it.

procesEnvB_QR[Ack, OutT, OutF]: noexit :=
OutT! 1;(Ack! 0; (OutT! 0; (Ack ! 1; EnvB_QRJAck, OutT, OutF]
[JOutT! 1; stop
[JOutF! 1; stop)
[JAck! 1; stop
[JOutF! 0; stop)
[JOutT! O; stop
[JOutF! O; stop)

OutF! 1; (Ack! O; (OutF! 0; (Ack ! 1; EnvB_QR [Ack, OutT, OutF]
[JOutT! 1; stop
[JOutF! 1; stop)
[JAck! 1; stop
[JOutT !0; stop)
[JOutT! O; stop
[JOutF! O; stop)

Ack! O; stop
endproc (* EnvB_QR*)

3.5 RelatedWork

Hardware DescriptionLanguagegHDLSs) wereinitially designedo copewith theinefficiency of circuit
diagramswhenthe size of circuits becamemoreandmorelarge. They weresubsequentlyisedin simu-
lation, synthesisandverificationof digital logics. The mostpopularHDLs usedin industry are perhaps
VHDL, VerilogandELLA. Theselanguagesrevery expressive andcangive very detailedmodelsof real
hardwarecircuits. But circuits describedn theselanguagesannotbe formally analysedecausehereis
no formal semanticassociateavith them.

Someformallanguagesirespecificallydesignedor specifyingcircuits,suchasRuby[JS9(, CIRCAL,
Synchronoudransitions[Sta97, Dl-algebra[JU93 andsoon. Many othergeneralpurposeformal lan-
guager notationsarealsoappliedin the areaof hardwarespecificationsTo namea few, theseincludes
HOL [HG92], CSP[Hoa83, Occam[TTW97], andtracetheory[Dil89]. Someof themcanjust dealwith
synchronousircuits,suchasRubyandHOL. Othersaremainly employedto tackleasynchronousircuits,
suchasDI-algebraandCSP CIRcAL andSynchronoudransitionhave beenusedin both areas.Among
theseformalisms,DiLL mostcloselyresemble<CIRCAL in thatboth have a behavioural basisin process
algebra,and both have beenusedin synchronousand asynchronousircuit designs. In fact, DILL was
inspiredby the succes®f CIRCAL. However, the integrateddatatypesin LoTos makesit much more
expressvethanCIiRCAL. In theauthors'experienceDiLL canbe usedsuccessfullyat a varietyof abstrac-
tion levels. However, CIRCAL appeardo be lesseffective at higherlevels. For example,describingthe
behaiour of asynchronougircuitin CIRCAL requireshecorrespondindvealy or Moore machinego be
definedmanually andthentranslatednto the CIRCAL notations.This makes CIRCAL almostimpossible
to specifyrelatively complicatecbehaviour.
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3.6 Conclusion

This chapterprovidesthe LoTos modelsof synchronousindasynchronousircuits. The modelsarethe
basisof furtheranalysisof digital circuits.

Specificationof basiclogic gatesrepresentshe basicmodellingtechniquefor DiLL. In this chapter
therewerefour differentmodelsdevelopedfor basiclogic gates.Initially a unified modelwaspreferred
becausé& canbeusedn bothsynchronousindasynchronousircuits. Thisidearesultedn thespecification
in section3.2. However, laterinvestigatiorrevealedthatthe samecomponentsnay needdifferentmodels
in differentervironments.Oneof the suchexamplesarethe modelsin 3.2 and3.4.3,with thelatterbeing
speciallydevelopedfor validatingsemi-modularityof asynchronousircuits. As will be seenin chapters,
a timed model of basiclogic gateswill alsobe provided for analysingbehaviour relatedto quantitatve
timing.

Processlgebra,suchas CCS,CSR Circal, and LoTos have beenusedin specifyingand analysing
digital circuitsfor mary years.However, thethesisis thefirst onewhich clearlypointsoutthegapbetween
the behaviour modelledby processalgebrasandthe behaiour of real circuits. Moreover, it revealsthat
whenan event modelsa signaltransition, the behaiour of a LoTOS specificationis just a subsetof the
behaiour of arealcircuit, resultingthe analysisbasecon L otos modelsbeinginaccurate Theauthorof
[Gop93, who usedCCSto modelasynchronousircuits, alsorealisedthe gap, but the solutionproposed
is notcompleteto geta specificatiorwhich is similar to theinput quasi-receptie style employedhere all
componentsirestill specifiedn normalstyle but theirinputsare precededvith an artificial wire whichis
inputquasi-receptie. This solutioncannotealwith all theunexpectednputsituationsandthushaslimited
usage.ln [CT97], CCSalsousedto specifyandanalyseasynchronousircuits. The authorssuggestedo
usethe 'quenching’ specificationgo bridgethe gap. This solutionis actuallyidenticalto the first model
of basiclogic gatesdiscussedn section3.2, wherethe pendingoutputscanbe pre-emptedy new inputs.
Their solutionis thereforecoveredby this thesis.

In this thesis,in orderto discover violationsof speed-independencer really semi-modularity) com-
ponentsarespecifiedn inputquasi-receptie styleor if possiblejnputreceptve style. Exceptfor explicitly
usingstop, thereis an alternatve solutionwhich is similar to the oneusedin chapterg, thatis usingan
extra gateErr to indicateviolation. This unfortunatelywould resultin muchbiggerstatespacecomparing
with the solutionadoptechere,simply becausevery componenshouldhave an extra Err gateandthese
gatesinterleave with eachother In chapter6, analysisis mainly achiezed by simulationandtesting,state
spacds nota severeproblemin thesetwo validationmethods.
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4 Verification of Digital Logic Cir cuits

This chapterappliesformal verificationtechniqueso verifying DILL specificationf digital circuits. In
sectiord.1,backgrouncknowledgeaboutformal verificationof L oTOs specificatinosvasintroducedwith
thefocusonthetemporalogic ACTL (Action basedCTL [DV90]) andrelationsbetweerL, TSs. ACTL will
be usedto expresspropertiesof circuits, andrelationswill be usedto comparespecificationsat different
abstractiorlevels. The following sections section4.2 and section4.3, presenthow the DILL specifica-
tionsof synchronousndasynchronousircuits areverifiedrespectiely. Verifying synchronousircuitsis
straightforvard,thanksto the DiLL modeldevelopedin section3.3. Corventionalverificationtechniques,
suchasmodelcheckingandequialencechecking canbeconductedisinggeneral oTos tools. Verifying
asynchronousircuits needsmore considerationsuchas the input receptvenessf componentsandthe
importanceof the ervironmentof asynchronousircuits. Theseextra considerationgrenecessarynainly
becausénput andoutputsignalsaredifferentin real circuitsbut aretreatedequallyin the LoTos model.
In section4.3.3,new relationsbetweerL TSsaredefinedby taking the differencebetweerinputsandout-
putsinto account. Throughoutthe presentatiorof the chaptey examplesandcasestudiesareprovidedto
illustratetheapproaches.

4.1 Background

This sectiongivesthe preliminaryknowledgerequiredto verify DILL specifications.

4.1.1 What is to be verified

Formalverificationcomprisesechniquesisedto prove the correctnessf the modelsof areal-world sys-
tem. Accordingto [Sta93 therearemainly threedifferentverificationtaskswhentalking aboutverification
of circuits:

1. Verifying thata circuit specificationis whatit shouldbe,termedrequirmentsaptuie

2. Verifying thatagivenimplementatiorbehaesidenticallyto agivenspecificationtermedimplemen-
tation verification

3. Verifying importantpropertieof a givenimplementationtermeddesignverification

In the phaseof requirrmentsapture, higherlevel specification®of circuits areanalysedo seeif they
satisfysomerequirementsRequirementsapturecanbe performedeitherformally or informally, depend-
ing on how the requirementsre expressed.n figure 1, it is alsotermedspecificationvalidation. Imple-
mentationverificationinvolvescomparingwo specification®f thesamecircuit. By corvention,thehigher
level specificationis termedthe specificatiorof a circuit, while the lower level oneis the implementation
of thecircuit. A relationhasto be definedin orderto comparetheimplementatiorwith the specification.
Althoughtask2 emphasisethe identity, wealer relationsarealsousedin practice.Like implementation
verification,designverificationalsoaimsto verify the correctnes®f lower level implementation®f cir-
cuits, but it focuseson the propertiesof implementationsatherthantheir relationshipswith higherlevel
specifications.

The propertiesthat differentcircuits possessnay vary. For corveniencethesepropertiesaredivided
into differentcategories,suchasfreedomfrom deadlockfreedomfrom livelock, safetyandliveness.In-
formally:

deadlockmeanghata systemcanevolve into a statefrom which no furtheractionis possible.

livelockmeanghata systemmaygetinto aninternalloop andmake no further progressn termsof
visible inputsandoutputs.

asafetypropertymeanghatnothingbadwill happerduringthe progresof asystem.

alivenesgpropertymeanghatsomethinggoodwill eventuallyhappen.
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To formally expresstheseproperties formal specificationsarerequired. Many hardware verification
systemdormulatepropertiesin atemporallogic or modallogic suchasCTL (ComputationallreeLogic
[CES8Q), ACTL, HML (Hennessy-Milnet.ogic [HM80]) or u-calculus[Lar90]. Otherformalismsare
alsoavailable.For example to verify L oTOS specifications|. TSsaresometimesisedo expresproperties.

Themethodof formally verifying whetherafinite-statemodelsatisfiessomepropertiess termedmodel
cheding. Efficientalgorithms[BCM+92] have beendevelopedfor modelcheckingtemporallogic formu-
lae.

Forimplementatiorverification,arelationshouldbe formally definedto indicatethatin whatsensean
implementations correctwith respecto a specification.L 0TOS inheritsabundantrelationsfrom process
algebra.Most of thembelongto threecateayories: preordeyequivalenceandcongruence An equivalence
holdswhentwo specificationdhave exactly the samebehaiour. A congruenceelationrequiresthat not
only aretwo specificationgquivalent,but alsoonecansubstitutefor the otherin all circumstancesBased
on the way behaiour is obsered, eachcategory containsa spectrumof relations. Choosinga suitable
relationfor verificationis sometimesot easy It needsreasonabl&nowledgeof both specificationand
implementationandalsodepend®n the intentionof verification. As arule of thumb,if a specifications
non-deterministicthena preorderrelationshouldbe usedwhenverifying one of its deterministicimple-
mentations.If animplementatioris a refinemenbf a specificationg.g. by giving moredetailabouthow
to build the systemanequivalencerelationmight be preferred.If theimplementatioris to be usedwithin
alargersystemthena congruenceelationhasto be considered.

Propertiesandrelationsarealsorelated. Somerelationsrespectcertainpropertieswhile the othersdo
not. For example,traceequivalencedoesnot presere deadlockireedom,while obsenationalequivalence
does.Obsenationalequivalencepntheotherhand,doesnotpreserelivelockfreedom.Thisfactorshould
alsobetakeninto accounwhenconductingverification.

Theexisting LoTos verificationtechniguesndtools supportall the threeverificationtasksmentioned
at the beginning of this section. For example,temporallogic model checkingcanbe employed to fulfil
task1 andtask3. Verificationof equivalenceor preorderelations,which hasbeenintensiely studiedfor
LabelledTransitionSystemsganbe usedto solve task2. Whena propertyis expressedn theform of an
LTS, relationcheckingcanalsobe usedfor task1 andtask3. Thefollowing two sectionsintroducethe
temporallogic ACTL andseveralrelationsusedfor verifying DILL specifications.

4.1.2 Temporal Logic and ACTL

In the precedingsection,it was mentionedthat modalandtemporallogics are usedto specifyproperties
of circuits. Modal logic is an extensionof propositionalcalculus. In additionto the usualpropositional
operatorsh, V, —, etc. thereare alsomodalitieswhich expressthe *‘modes'of truth, suchasnecessarily
true or possiblytrue. Temporallogics extendmodallogicswith timing operatorswhich indicateswhena
statemenis true. Four temporaloperatorsarecommonlyusedin varioustemporallogics: X (is trueatthe
next time instant),F (is eventuallytrue), G (is alwaystrue from now on) andU (is trueuntil - - -).

Traditionally the propertiesof systemanodelledin processalgebraare expressedn the modallogic
HML andy-calculus.Both logicsareinterpretedover labelledtransitionsystemqLTS), whichis alsothe
semantianodelof processlgebra.

However, becauseahe expressve power of HML is limited, and u-calculusrequiresexponentialtime
for model checking,this thesisemplgys the temporallogic ACTL to specify properties. It is shovn in
[DV9(Q] that ACTL is moreexpressve thanHML, andthetime compleity of ACTL modelcheckingis
linearin boththelengthof formulaeandthe sizeof themodelsto beanalysed.

Most temporallogics developedso far are state-based.Theselogics are interpretedover a Kripke
Structue. The structureis essentiallya finite state-transitiorsystemof which eachstateis labelledwith
a setof atomic propositions. All formulaerefer to the statesin Kripke Structure. Among suchlogics,
the mostpopularoneis perhapsCTL, which haslineartime for modelcheckingandis adoptedn mary
well-known hardwareverificationtools suchasSMV [McM93], VIS [BHT96], etc. But thesestate-based
temporallogics cannotbe usedto expressthe propertiesof LTSs, becausen LTSsonly transitionsare
labelledandthereis no propositionassociatedvith states. ACTL wasdevelopedin [DV90] to overcome
theproblem.Therestof this sectiondescribest.
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Definition 4.1 (Path)
LetL € LTS <S,A, T, s0>, asequencés0,a0,sl),(s1,al,s2),... is calleda pathfromsO0if there is
s0%8 s1% s2.. ., of whicha;(i = 0,1,...) € AUT.

ACTL is analogougo CTL but interpretecoveractions.In orderto expresshe predicate®veractions,
asmallauxiliary logic of actionsis neededlf Ais thesetof actionsthentheactionformulaea € AU {7}
3 aredefinedby:

az=true|la| ~alaAa

The usualderived booleanoperatorsare alsoallowed: therearetrue for —(a A —a), falsefor —true,
a V a for =(—a A —a) andsoon.

Action formulaea areinterpretedover the actionsa (a € AU {7}) of anLTS modelM = <S,A, T,
sO>. Thesatisfactionof anactionformulaa by anactiona (a € AU {7}), denoteddya =y a (0ra |E
whenmodelM is understood)is definedinductively by:

a |= true always

afEb iff a="b;
a -« iff a fE a;
alEand iff a|Eaanda E o

Thesyntaxof anACTL formula is definedby thefollowing grammar:

e u= true| o |oAp| EXap | AXap
| EleaUg] | Elpalay] | AlpaUg] | AlpaUay]

Thesatishctionof anACTL formulayp by astates € S of anLTSM = <S,A, T, sO>, writtens s ¢
(or s = ¢ whenM is understood)canbe definedinductively:

s |= true always
sk iff s g
sEeAY iff s pands E ¢;
s EXap iff Js 5 s’ € T suchthata = cands’ = ¢;
skEAXap iff Vs 3 s € T,a | aands' | ¢;
s k= ElpaUg]  iff 3s(=s0) B 513 ... € path(s)
3k > Osuchthatsy, |= ¢’ andvi € [0;k — 1], s; |= panda; | o
s |E ElpaUa¢] iff ds(= s0) W14 € path(s)
3k > Osuchthats, = ¢' andvi € [0;k — 1], s; = pand
Vi €[0;k —2],a; E aandar—1 = o;
sk AlgalUy']  iff Vs(=50) 23 5123 ... € path(s)
3k > Osuchthats, |= ' andvi € [0;k — 1], s; = panda; E o
s AlpaUa @] iff Vs(=s0) 28 512 ... € path(s)

3k > Osuchthatsy |= ' andvi € [0; k — 1], s; = pand
Vi €[0;k —2],a; E aandar_1 E o;

Besidegheusualderivedbooleanoperatorsthefollowing aresomeusefulmodalities:

() = EXap
[alp = —(a)-ep
EF,p = E[true,Uey]
AF.p = AltrueaUy]
EGap = -AFy-p
AGop = -EF,-p

Likein CTL, all thelegal ACTL formulaearestateformulae which aretrueif thecurrentstatesatisfies
theformulaor falseif otherwise.ln the ACTL formulae,A andE arepathquantifieswhich definewhether
apropertyof currentstateshouldbetruefor all its possiblepaths(A) or only for somepath(E). Thebasic
temporaloperatorof ACTL areX andU; F andG arederived operatorsThefollowing givestheintuitive
meaningof severalcommonACTL formulae:

3Theoriginal ACTL doesnotincluder in theactionset.
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e EX,p (i.e. {(a)y) is true of a stateif it hasan actionsatisfyinga andthe actionleadsto a state
satisfyingy. Thisis alsothe diamondoperatorin HML.

e AX,p istrue of a stateif the statecanonly do actionssatisfyinga andthe actionsleadto states
satisfyinge.

o [a]p istrueof astateif all its actionswhich satisfya leadto statessatisfyingy. Thisis alsothe Box
operatofin HML.

e EF,p istrueof astateif someof its pathscanbegin with aseriesof actionssatisfyinga thenreach
a statesatisfyingyp. If the stateitself satisfiesp, thentheformulais alsotrue.

e AF,pistrueof astatef all its pathscanbegin with aseriesof actionssatisfyinga thenreacha state
satisfyingyp. If the stateitself satisfiesp, thentheformulais alsotrue.

e EGy istrueof astateif thereexistsoneor morepathsonwhich all statessatisfyy.
e AGy is true of a stateif all the stateson all its pathssatisfy p. It is alsosaidthat ¢ is satisfied
globally.
4.1.3 RelationsbetweenLTSs

Theoperationabemantice®f L oTos is definedbasedn labelledtransitionsystemsin this section several
commonrelationsbetweerl TSsarepresentedMorerelationscanbefoundin [Gla90, Gla93 and[Nic87],
wherea spectrunof equivalentandcongruentelationsarecomparedn termsof distinguishingoower.

Definition 4.2 (Strong Equivalence)
Arelation,R C LT S(L) x LTS(L) is a stongbisimulationif (P, Q) € R implies,Va € L U 7, that:

e if 3P : P 5 P'thendQ’ : Q = Q' with(P',Q') € R, and
e if3Q': Q 3 Q'then3P’ : P 5 Q' with(P', Q') € R.
Two processe®, Q are strongly equivalentwritten P ~ Q if there existsa strong bisimulationR suc

that (P, Q) € R. Therelation~ is definedto bethelargeststrongbisimulation,i.e. theunionof all strong
bisimulations.

Strongbisimulationequivalencecan distinguishmore processeshan ary other equivalentrelations.
However it is usuallytoo strongto be usedin practicesinceit requirestwo processe$o matcheachother
evenon internalbehaiour. For exampleprocessa,; i; i; b; stopis not stronglyequialentto processa; i;
b; stop Internaleventsareunseerto externalobseners,andthusaremeaninglesin mostcircumstances.

Definition 4.3 (Obsewational Equivalence)
Arelation,R C LT S(L) x LTS(L) is aweakbisimulationif (P, Q) € R implies,VYa € L U T, that:

o if3P': P % P'thendQ’ : Q 2 Q' with(P',Q') € R, and

e if3Q': Q5 Q'thendP’ : P £ Q' with(P',Q") € R.
Two processe®, Q are observationallyequivalentwritten P & Q if there existsan weakbisimulationR
sudthat (P, Q) € R. Therelation= is definedto be the largestweakbisimulation,i.e. the union of all

weakbisimulations.

In the above definition, P = @Q hasthe samemeaningwith P = Q whena is not aninternalevent.
Otherwiseit meanghesameasP = Q. Recallthat P = Q is definedasP = Q or P == @Q, andfor
a € L, P = Qisdefinedas3sy, sy : P = s; — so = Q. Fromthedefinition, theinternaleventsr may
beignoredwhendeterminingf two processeareobsenationalequivalentor not. As anobsenerinteracts
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with a systemthroughits externalinterface, obsenational equivalenceis often usedfor characterizing
systems.

Obsenationalequivalencels not a congruencePreciselyit is not presered by the choiceoperatorof
LoTos. For example,althoughi; b; stop= b; stop it is nottruethata; stop[] i; b; stop= a; stop[] b;
stop Theconsequencis thatif i; bisreplacedy b; stop thenew systems notobsenationallyequivalent
to the original one.

It is known thatobsenationalequivalences a congruencavith respecto otherL oTOS operatorsuch
asprefix (), parallel(|||, | [---] |) andhide [ISO89 Mou94. In the DiLL approachgcomposingcompo-
nentsis doneby puttingthe processem parallel,thenhiding the internalconnectingports. Obsenational
equivalencecanbe usedasa congruencen this circumstanceln otherwords,if two component# andB
areprovedbe obsenationally equivalent,thena circuit which containsthe A componentanbe changed
to aneaw oneby substitutingA for B. Theresultantircuit is still obsenationallyequivalentto the original
one.

Obsenationalequivalencecanpresere deadlockfreedom.If two processeareobsenationally equiv-
alent,they areboth free from deadlocksor both possessingleadlocks.However, this equivalencecannot
presere livelockfreedom,or livenesgproperties.

Definition 4.4 (Branching Bisimulation Equivalence)
ArelationR C LTS(L) x LTS(L) is abranchingbisimulationif (P, Q) € R implies,Va € L U 7, that

e if 3P’ : P 5 P'theneithera = rand(P',Q) € R, or
JapathQ = Q: > Q2 = Q' with(P,Q1) € R, (P',Q2) € R,(P',Q") € R, and

¢ if3Q" : Q 5 Q' theneithera = rand(P,Q’) € R, or
JapathP = P, 3 P, = P'with(P,,Q) € R, (P,Q') € R,(P',Q') €R

Two processe$, Q are branching bisimulationequivalent,written P ~;, Q if there exists a brancing
bisimulationR sudh that (P, Q) € R. Therelation=s, is definedto bethelargestbrancing bisimulation,
i.e. theunionof all branching bisimulations.

BranchingbisimulationequivalencgGla9( is strongeithenobsenationalequivalencebut wealerthan
strongequivalence.Essentiallythe definitionis the sameas obsenationalequivalence.The differenceis
thatit compareghe statesnot only at the startandfinish of a 7 sequencebut alsothe statesalongthe v
sequencesBranchingbisimulationequialenceis a congruenceand presereslivenesgropertieswhen
bothprocessearelivelockfree [DV9Q]. In otherwords,if two LTSsarefreefrom livelockandarerelated
by branchingbisimulationequivalencethey satisfyexactly the samesetof livenesgproperties.

Definition 4.5 (Simulation Preorder and Simulation Equivalence)
ArelationR C LTS(L) x LTS(L) is asimulationif (P, Q) € R implies,Ya € L U T, that:

e if3AP': P 5% P'thendQ’ : Q 3 Q' with(P',Q') € R.

Thesimulationpreorder <; is definedasthelargestsimulation.
Thesimulationequivalence-, is definedoy ~, =<, N(>,) 1.

Definition 4.6 (Safety Preorder and Safety Equivalence)

ArelationR C LT S(L) x LTS(L) is asafetysimulationif (P, Q) € R impliesforVa € LU T
e if IP': P % P'thendQ’ : Q = Q' with(P',Q’) € R.
Thesafetypreorer < is definedasthelargestsafetysimulation.
Thesafetyequivalencey, is definedby ~,=~<, N(>,) L.

Safetyequivalenceis namedafterits importantfeature:it preseresall safetypropertyi.e. if two LTSs
arerelatedby safetyequivalencethey satisfythe exactly samesetof safetypropertiedBFG91].

To verify hardware testingequivalence/preordeandtraceequivalence/preordearealsoused.Because
they arenotusedn theDiLL approachtheformal deldfinitionsarenotgivenhere.Intuitively, two LTSsare
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Figurel16: Differentequivalencerelationswith differentstrengths

testingequivalentif ary possibleobsenrer, whichis alsomodelledasanLTS, cannotdistinguishthemafter
interactingwith thetwo LTSs. This relationis wealer thanobsenationalequivalence.Traceequivalence
is thewealestequivalentrelationbetween_TSs;it only requireghattwo LTSshave thesametraceset.

Figure16 givestherelative strengthof theserelations.In thefigureR1 — R2meanghatR1is afiner
relationthanR2, i.e. R1is ableto differentiateat leastasmary specificationasR2is. Thusaccordingto
thisfigure,if two relationsarestrongbisimulationequivalentthey mustalsobe observationakquivalent
but notvice visa.

NotethatwhenLTSsaredeterministicall theequialencerelationsin the above figure coincide.

4.1.4 CADP

CADP (CeesaAldébararDevelopmentPackaggdFGK*96]) is anautomatedoolsetfor analysingconcur
rentsystemsexpressedn LoTos or otherformalismswhosesemanticarebasedon LTSs. It is perhaps
the mostcomprehensie tool availableto supportL oTos currently CADP includesseveraltools eachof
which fulfil a specificfunctionality. CeesaADT and Caesarcompilethe datapartandthe behaiour part
of a LoTos specificatiorrespectiely. Theresultis afinite stategraph(i.e. anLTS) which describeghe
exhaustve behaiour of the correspondingpecification. Aldébaranperformsverificationusingthe LTS
or a network of LTSs(i.e. afinite statemachineconnectingsereral LTSsby LoTos paralleland hiding
operators).t is ableto eithercompareor minimize LTSswith respecto bisimulationor simulationrela-
tions. XTL (ExecutableTemporalLanguage)s a functional-like programminglanguagethat allows the
implementatiorof temporallogic operators.Severaltemporallogics suchasACTL have beenembedded
in XTL. Thetool with the samenamecanbe usedto performmodelcheckingXTL formulaeagainstLTS
models. To partially resole the problemof statespaceexplosion, CADP incorporatesadvancedverifi-
cationtechniguessuchas compositionalgeneration on-the-fly comparisonand BDD (Binary Decision
Diagram)symbolicrepresentatiomf LTSs. Thesetechniquesmake it possibleto verify relatively large
specifications.

CADP alsosupportscustomizedrerificationtools. It providesa programmingnterfacethroughwhich
the LTSsof LoTos specificationsanbe manipulated.This interfaceis usedto implementa verifier for
asynchronousircuitsin chapterd andatestgeneratiortool in chapters.
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4.2 Verification of SynchronousCir cuits

In this section,the benchmarlcircuit single pulserwill be investigatedo demonstratédiow synchronous
circuits areverified. The behaioural and structuralspecificationf this circuit have beengivenin sec-
tion 3.3.5.

As mentionedin section3.3.5, the behaioural specificationis non-deterministisinceit allows two
differentimplementations:one assertsan output pulsewhenthe button is pressedthe otherassertshe
outputwhenthebuttonis releasedThestructuraimplementatiorgivenin thebenchmarks deterministic;
in particularit producegheoutputpulsewhenthebuttonis pressedin thesequelpropertiesaswell asthe
relationsbetweerthetwo levelsof specificatiorwill beverifiedby CADP.

4.2.1 Verifying Properties

Firstof all thebasicpropertiesi.e. freedomfrom deadlockandlivelock,arechecledafterthe LT Ssof both
specificatiorandimplementatioraregeneratedit is foundthatthey both satisfythe properties.

The implementations alsorequiredto fulfil otherproperties. Two of themandtheir corresponding
ACTL formulaearelistedbelow. In theseformulae,aneventwith ellipsismeanshe correspondingignal
caneitherbe 1 or 0. For example,Op... representdothOp! 0 andOp! 1. To make theformulaemore
readable[r*a]y is usedasa shorthanchotationfor the weakform of the Box (O) operator meaningthat
afterthe pathof [7*a], formulay shouldhold. Its equivalentACTL formulais - E[true. U, (—¢)].

Property 1: If thereis arising edgeoninput P_In, eventuallythe outputP_Outbecomedrue.

AG[PIn!0][7*P-Out. . ]J[T*P.In!1] A[tru€ e Up_ous trug

A rising edgeon P_In refersto two clock cycles. In thefirst cycle it is O, thenit changedo 1 in the
seconctycle. Theabove formulacanbereadas: for every statein the statespaceafterarising edge
onP_In, P_Out! 1 will beeventuallyreached.

Property 2: Whenerer P_Outis 1 it becomes) in the next cycle; andit remains0 at leastuntil the next
rising edgeon P_In.

Although thereis the explicit expressionof until in the above property it cannotbe written in one
until formula becauseACTL is unfair. The 1Up2 operatorin ACTL is known as strong until,

meaninghattheformulais trueonly if ©2 really takesplacein apath.SinceP_In is aninputsignal,
it is possiblethatit remainsat 0 forever. Suchbehaviour resultsn unfair pathsin amodel.Unfairness
of ACTL meanghatit cannotexpressassertion®nly on fair paths.ln otherwords,aformulahasto

beanalysedn bothfair andunfair paths,althoughthe behaiour on unfair pathsis not of interest.

Two formulaeareusedto capturethis property Thefirst saysthatif P_Outis 1 in aclock cycle,then
it mustbe0 in the next cycle atleastuntil thethird clock cycle. The secondormulasaysthatif the
P_Outis 0, it cannotchangéeo 1 unlessP_In changego 1.

AG[P-Outll][7*P.In .. JA[true,up_outoUp_in...trud

Theaboveformulacanberead:for every statein the statespaceafterthepathP_Out! 1, 7*P.In. . .,
thereis P_Out! O or 7 until thenext P_in....

AG[P_OUI!O] ﬁE[tru&p_Inll Up_ouﬂltl'ud

Theabove formulacanberead:for every the statein the statespaceafterP_Out! 0, theredoesnot
exist a pathsuchthatafteractionswhicharenotP_In ! 1, P_Out! 1 canbereached.

Thesetwo propertiesareverifiedto betrueby CADP, takingjust secondgor eachof theformula.
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Figure17: TheLTSsof singlepulserspecifications

4.2.2 Verifying RelationsbetweenTwo Levels

Most hardwareverificationtools provide the featureof modelcheckingtemporallogics. But circuits spec-
ified in DILL canalsobe analysedby checkingthe relationsbetweenspecificationsat differentabstract
levels. This providesanalternative or complemento thetemporallogic modelcheckingapproach.

Figure 17 shavs the LTSswhich are obsenationally equivalentto the DiLL specifications.The LTS
which is strongly equivalentto the lower level specificationhas97 statessoit is not feasibleto draw it
here.Sincethe higherlevel specifications morenon-deterministi¢hanthelower one,a preorderrelation
insteadof equivalenceis considered.CADP cancheckonly two preorderrelations: simulationpreorder
and safetypreorder It is revealedthat the lower level specificationsatisfiesthe safetypreorderbut not
the simulationpreorderwhen comparedwith the higherlevel specifications.Intuitively fulfilling safety
preordercanguarante¢hatall theexternalbehaiour of animplementations allowedby the specification.
Althoughsafetypreorderdoesnotin generapresere deadlockandlivelock,theimplementatiorhasbeen
verifiedfreefrom them.

To gain more confidencdn the circuit, considerthe following verificationapproach.Becausét has
alreadybeenknown that the designof the circuit intendsto implementa positive edgetriggeredsingle
pulser a behaioural specificationwhich dealswith the negative edgetriggeredsituationcanbe extracted
from the non-deterministicspecification. The stategraph of this specification,not surprisingly is the
SpP, which is partof the left branchof the SpBeha(figure 17). It is evidentthatthe implementationis
obsenationally equivalentto this deterministicspecification. Thereforeit is ensuredhatthe circuit is a
correctimplementatiorof the deterministicspecification.

4.2.3 CaseStudy

In this section,the DiLL approachs evaluatedusinganotherbenchmarlkcircuit in [SK96], a bus arbitet
The purposeof the Bus Arbiter is to grantacceson eachclock cycle to a single clientamonga number
of clientsrequestinghe useof a bus. The inputsto the arbiterarea setof requestsignals,eachfrom a
client. The outputsare a setof acknavledgesignals,indicatingwhich client is grantedaccessduring a
clock cycle. The documentatioralsodefinessomepropertieghatthe Bus Arbiter mustrespect.They are
giveninformally andalsoin CTL (ComputationalreelLogic). Besidedisting the propertiego befulfilled,
the benchmarldocumentatioralsogivesan arbitrationalgorithmin plain English. Finally the gatelevel
implementatiorof the Bus Arbiter is providedasa circuit diagram.

Higher-Level Specificationin LOTOS

LoTos supportsspecificationat variouslevels of abstraction. Although the benchmarkcircuit has
beenstudiedby mary researchersapparentlytherehasnot beena formal specificationof the arbitration
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Figure18: A busarbiterwith threecells

algorithmusedin thedesign.With LOTOS, it is possibleto provide sucha higherlevel specificationThere
aretwo clearbenefitsof this formalization. Firstly, betterunderstandingf the algorithm canbe gained
from rigorousspecification.Secondlycorrectnessf the algorithmitself canbe ensureeforethe circuit
is built andverified. Flaws in the algorithmwill be moretime-consumingdo correctif they arediscovered
only aftertheimplementation.

Thearbitrationalgorithmembodiedn the designis around-robintokenschemewith priority override.
Normally the arbiter grantsaccesdo the highestpriority client: the one with the lowestindex number
amongall the requestingclients. However asrequestdecomemore frequent,the arbiteris designedo
fall backon a round-robinschemeso that every requesteis eventuallyacknavledged. This is doneby
circulatingatokenin aring of arbitercells, with onecell per client. The token movesonceevery clock
cycle. If aclient'srequespersistdor thetime it takesfor thetokento make a completecircuit, thatclient
is grantedmmediateaccesgo the bus.

Translatingthe algorithmto LoTos is quite straightforward. It is realizedmainly by LoTos value
expressionsFor exampleeachcell hastwo variablesassociatedvith it: tokenthatindicatesf thetokenis
in thecell, andwaitingthatindicatesf therequesbf thecorrespondinglienthaspersistedor acompleted
tokencycle. Circulatingthe token, (re)settingthe waiting variableandso on correspondo LoTos value
expressionsFor anarbiterwith threecells,the L oTOS specificatiorhas79lines(includingcommentsfor
thebehaioural specification.

Lower-Level Specificationin DiLL

Thedesignof the arbiterconsistsof repeatectells. Eachcell is in chage of acceptingequessignals
from aclient,andsendingoackacknavledgmentdo thesameclient. Figure18 shovs anarbiterwith three
cells. Figure19 shows the designof eachcell. Thefirst cell is slightly differentbecausét is assumedhat
thetokenis initially in thefirst cell.

The principle of the circuit will not be explainedin detailhere. Briefly, theti (tokenin) andto (token
out) signalsarefor circulationof the token. Theto outputof the lastcell is connectedo theti input of
thefirst cell to form atokenring. Thegi (grantin) andgo (grantout) signalsarerelatedto priority. The
grantof celli is passedo cell i+1, andindicatesthatno client of index lessthanor equalto i is requesting.
Hencea cell may asserits acknavledgeoutputif its grantinput is asserted The oi (overridein) andoo
(overrideout) signalsareusedto overridethe priority.

Becausehe componentof eachcell arein the DiLL library, it is very easyto specify the process
describinga cell. The specificationof an arbiter with threecells is obtainedby connectingthree such
processesAs for the SinglePulserthereis alsoanernvironmentconstraintin the structuralspecificatiorto
meetthe conditionsof the synchronougircuit modeldiscussedn section3.3.

After both levels have beenspecified,it is time to verify the circuit. In the following section,all the
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threeverificationtasksmentionedn section4.1.1will be carriedout. Thatis to say the specificatiorand
implementatiorarechecled againstseveral propertiesandthe equivalencebetweerthe two levelsis also
examined.

Verification

The benchmarlkdocumentatiorprovidesthreepropertiesthe bus arbiter shouldfulfil. The following
threeformulaereferto client 0; the formulaefor otherclientshave a similar form. Similar to the weakbox
formulain the exampleof the singlepulser < 7*a > ¢ is the weakdiamondoperator the shorthandof
Eftrue,U,y].

Property 1: No two acknavledgeoutputsareassertedn the sameclock cycle (safety).

AG—(EX gep1n (< 7°Ack0!1 > trueu < 7*Ack2! 1 > true))

Thisformulais read:for every statein the statespacesit is not the casethatthereexists anaction
AO0!1 which canbefollowedby Ack1!1 or Ack2!1.

Property 2: Every persistentequesis eventuallyacknavledged(liveness).

AG([Rer' 1]A[truetrue URer!OUAckO!ltruq)

Thisformulacanberead:for every statein the statespaceaftertheactionReq0!1, eventuallyAdkO
11 will bereachedunlessthereis Req0!0.

Property 3: Acknowledgeis not asserteavithoutrequestsafety).

AG([Req0! O]=E[true- reqo11 Uackon true))

This formulacanbe read: for every statein the statespace after the actionReq0! 0, it is not the
casethatthereexistsa pathsuchthatafteranactionwhichis notReq! 1, AkO! 1 canbereached.

To verify thehigherlevel specificatioragainsthetemporalogic formulae theL TS of thespecification
wasproducedirst. Ceesageneratesn LTS with 3649statesand7918transitions. Aldébararreduceghis
to 379 statesand 828 transitionswith respecto strongbisimulation. Both generatiorandreductiontake
secondsThetemporallogic formulaearethenchecled againstthe minimisedLTS. Eachis verifiedto be
truewithin 1 minute.

The real challengecomeswhenthe lower-level DiLL specificationis verified. The statespaceis so
largethatdirectgeneratiorof the LTS from the L 0TOS specificatioris impractical. As mentionedbefore,
thereareseveraladvancedechniquesmplementedn CADPto tackletheproblemof statespacesxplosion.
Neverthelessysingon-the-flyverificationof the arbiteralsofails afterconsiderableun-time. CADP does
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Signal | Cyclel [ Cycle2 | Cycle3 | Cycle4 ]

Req0 |1 1 1 0
Reql | O 0 0 1
Reg2 | 0 0 0 0
AckO |1 1 1

Ackl | O 0 0 Oorl
Ack2 | O 0 0

Tablel: A counterexamplegeneratedby Aldébaran

not currently supportthe direct generatiorof BDDs from LoTOs specificationsjnsteadBDDs areonly
usedin severalalgorithmsafterthe LTSsof L oTos specificationsareobtained.

Compositionalgenerationwastried out to verify the arbiter Basicallythe ideais that of “divide and
conquer'. A LoTos specificationis divided into several smaller specificationso make surethat it is
possiblefor Ceesarto generatean LTS for eachof them. Then Aldébaranis usedto reducetheselLTSs
with respecto a suitableequivalencerelation. The minimisedLTSsarethencombinedusingthe LoTos
paralleloperator{andalsothe hide operatorif necessaryo form a network of communicatind_TSs(the
CADPterm). At thisstageanLTS mightbe producedrom thenetwork, or on-the-flyverificationmightbe
performedagainsthe network. In orderto getvalid verificationresults specialattentionmustbe givento
the equivalencerelationthatis used.Therelationmustbe a congruencevith respecto the compositional
operatorsherethe LoTos parallelandhide operators Therelationmustalsopresere the propertieso be
verified. This ensureghatthe resultingnetwork of communicatind-TSswill respecthe sameproperties
astheoriginal LoTos specification.

Among the threepropertiesproposedor the benchmarkthe first andthe third are safetyproperties
while the secondis a livenessproperty Safetyequivalence[BFG191] preseresall safety properties,
while branchingbisimulationequivalencelvW89] presereslivenesgropertiesvhenthereis no livelock
in specificationsBoth of theseequivalencesrecongruencewith respecto theparallelandhideoperators.
Thesetwo equivalencesrethusappropriatdo compositionafgeneration.

The designof the arbiterwasdividedinto threepieces,oneper cell of the arbiter After aboutseven
minutesin total,anLTS whichis safetyequivalentto the L oTos specificatiorof thedesignwasgenerated.
Thetwo safetypropertiesvereverifiedto be true againstthis LTS, implying thatthe designalsosatisfies
thesesafetyproperties Verificationof theformulaetakesjust secondsHowevergeneratinghe LTS which
is branchingequivalentto thedesigntakesa muchlongertime. To tackletheproblem,anernvironmentpro-
cesswhich restrictsthe orderof input signalsReq1,Req2,Req3is appliedto bothlevelsof specifications.
This helpsto reducethe statespacegiramatically It makesit possibleto verify thattheimplementatioris
freefrom livelockandalsosatisfieghelivenesgproperty

Obsenational equivalenceis chosenfor the implementationverification. As before,compositional
generatiorwasexploitedto generatehe LTS for the design.This time eachcell wasreducedwith respect
to obsenationalequivalencesinceit is a congruencdor the parallelandhide operators After abouteight
minutesin total, the LTS wasgeneratedit wasexpectedhatthis LTS would be obsenationallyequialent
to the onerepresentinghe higherlevel specification. However Aldébarandiscoseredthat they are not!
Table 1 is one of the sequencegiven as a counterexample. (The Aldébaranoutputhasbeenrendered
morereadablehere.) This sequencéndicatesthatin thefirst threeclock cyclesonly client O requestghe
bus;boththehigh-level specificatiorandthelow-level designgrantaccesso this client. In thefourthcycle,
clientO canceldts requesbut client 1 beginsto requestccessAt this pointthetwo levelsof specifications
aredifferent:thelower-level specificatioroffers0 for Adk1, whereaghe higherlevel specificatioroffers 1
for Akl

After step-by-stesimulationof the counterexample,it wassoondiscoveredthatthe circuit doesnot
properlyresettheoo (overrideout) signalto 0 in thefollowing situation.Suppose cell hasbeenrequesting
accesssoits W registeris setto 1. However the cell cancelsthe requestin the very clock cycle thatthe
token happengo arrive. In this situation,becausehe client hasalreadycancelledts requesit shouldbe
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possiblefor anotherclient to getthe bus. However, the designsetsthe oo signalto overridethe priority as
if this clientwerestill requestingThis preventsary otherclientfrom accessinghebusin this clock cycle.

Fixing the problemwasmucheasierthanfinding it. The correctionwasto connectthe Regsignalto
the Andgatethatfollowsthe W register The outputof the Andgateguaranteethatthe oo signalis always
correctlysetor resetaccordingto the requessignalin the currentclock cycle. This modifieddesignwas
verifiedto be obsenationallyequivalentto the higherlevel algorithmicspecification.

As mentionedn section3.3,in DILL theinputsareassumedo be synchronizedvith the clock signal.
If the Regsignalin figure 19 is not synchronizedvith theclock. In this casethe problemdiscussedbore
might not happen. As the benchmarkdocumentatiordoesnot stateif inputsare synchronizedvith the
clockor not, it is believedthatthe modifieddesignis morerobust.

4.3 Verification of AsynchronousCir cuits

Although the methodof verifying asynchronousircuits bearsmary similaritiesto that of synchronous
circuits,therearesomedifferenceslueto the natureof asynchronousircuitsandthemodellingtechniques
adoptedoy DiLL. This sectionfocusesonthedifferencesatherthanthe similarities

4.3.1 Extra Considerationsfor Verifying AsynchronousCir cuits

The main differencein modellingsynchronougndasynchronousircuitsis how to representigital sig-
nals. In asynchronousircuits, L 0TOS eventsmodelphysicalsignaltransitions.As hasbeendiscussedn
chapter3, the consequencef modellingsignaltransitionsis thatthe behaiour of structuralspecifications
may not modelasynchronousircuitsfaithfully if thecomponentén the specificationsarenot specifiedn
theinputreceptveway. In otherwords,the behaiour of suchspecificationss only the subsebf all possi-
ble behaiiour thata real circuit may exhibit. To solve the problem,input quasi-receptie specificationsire
proposedn section3.4.6.

Sofar, only thoseasynchronousircuitswhich assumeinboundedielaymodelsarespecifiedn DILL.
In particular DiLL specificationshave a directmappingto speed-independenircuits. Recallthatspeed-
independentircuits assumezero delay on wires and unboundeddelay on components. Thereforethe
correctnessf thiskind of circuitis irrespectve of thedelaymagnitude®f componentsln practice speed-
independentircuits areregardedasthe sameas semi-modularcircuits, whereno input shouldpre-empt
pendingoutputs. To pinpointif a circuit is speedindependenbr not, eachof its componentshouldbe
specifiedaccordingo therequiremenbf semi-modularityi.e. whenaninput canpotentiallypre-empbone
of its pendingoutputs theinputleadsto the deadlockstop, indicatingthaterroneoudbehaiour occurs.

Thecorrectnessf asynchronousircuitsis very sensitve to their environment. Supposenewantsto
know if a Repeatecanbeimplementedy two Invertergatesn series.A straightforvardway of verifying
the ideais to write boththe specificationandthe implementatiorof the repeaterandthencomparetheir
stategraphs.Therehave beensereralmodelsof logic gatesdevelopedin chapter3, andmary equivalence
relationshave beendiscussedn section4.1.3. But whichever gatemodelis used,it is discoveredthatthe
implementatiorhasmorebehaiour thanthe specificationjn particularit canreceve moreinputsthanits
specificationdoes. As shown in figure 20. The Inverterin the figure is modelledaccordingto the gate
modelin section3.2,which assumeshatpendingoutputscanbe pre-emptedThetwo level specifications
arenotequialentevenin termsof traces.In fact,trace(S)C trace(l), i.e. they arerelatedby tracepreorder
Intuitively thisrelationmeanghattheimplementatiortando whatthe specificatiordictatesbut it canalso
dowhatis notgivenin the specificationIn generathisrelationis too weakto bea goodcriterion.

It is a very commonphenomenorthat a structuralimplementationhas much more behaviour than
the correspondindehaiour of its specification. This doesnot just happenin the DiLL approach but
alsohappensn mary othermethodologiesuchasthosebasedon processalgebraandtracetheory The
phenomenomakesit unrealisticto setthe equivalencebetweerspecificationandimplementationgssthe
correctnesgriterion. In factan equivalencerelationbetweentwo LTSsrequiresthatthey have the same
behaiour underall possibleervironments.This requirements usuallytoo strongsincepracticalcircuits
only operatdn someexpectecdernvironments.ln mostcasegnimplementations only requiredto becorrect
in theseassumeervironments.
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Figure20: LTSsof the Specificatiorandimplementatiorof Repeater

The DiLL modellingtechniquefor synchronousircuits assumes natural ervironmentfor all syn-
chronougircuits. The environmentprovidesall inputsonceduringeachclock cycle andit providesclock
cycle slowly enoughto let all outputssettledown. Asynchronousircuits, on the otherhand,canaccept
ary inputsatary time, soit is impossibleto provide a unifiedenvironmentfor all circuits.

The featuresof asynchronousircuits have someimplicationsfor verification. As it is moredifficult
to specifycomponentsn aninput receptie or input quasi-receptie manner verificationof asynchronous
circuitsmay still be basedon usingcomponentsvhich arenot input-receptie. But oneshouldawarethat
theresultof theverificationmaynotexact;in particulartheresultcouldbe over optimisticin thesensehat
somebugscannotbe discovered. Using componentsvhich areinput quasi-receptie, on the otherhand,
will resultin alarger statespaceandthusmale verificationmoredifficult. Sincefor mostasynchronous
circuits no explicit ervironmentis given, assumptionsaboutenvironmentshave to be made. The next
sectionelaborateshis point.

4.3.2 Environmentof AsynchronousCir cuits

Whenanenvironmentis not explicitly given,following the approactadoptedby David Dill [Dil89] mary
methodologiesimply assumehatthe mirror of aspecificationss theervironmentof its implementations.
The mirror of a specificationS hasthe samebehaiour as S but its inputs are the outputsof S andits
outputsarethe inputsof S. Moreover, it tendsto be the mostliberal ervironmentanimplementatiorcan
expect. Thereasorbehindthisis thata behavioural specificatioractuallyindicatesthe ernvironmentof the
circuits. For instance the specificationof the Repeaterexpectsits ervironmentfirst to provide Ip, then
waits until Op hasbeenproducedby the circuit. David Dill' s ideahasbeenappliedin approachedased
on tracetheoryandprocesslgebrasuchasin [ESB95 Gop93. If theideais to be adoptedn the DiLL
approachsincethereis no differencebetweerinputsandoutputsin LoTos, themirror of the specification
is the specificationitself. SupposeS standsfor the specificationand| representsheimplementationthe
verificationtaskthenbecomesomparingS || | with S (becauses || Sis still S), or checkingif a logic
formulaholdson S|| I.

But verifying S|| | is not alwayssatistctory S|| | representshe joint behaiour of Sandl. When
animplementatiorcanacceptmoreinputsthanits specificatiordoes,S|| | restrictsthe considerednputs
only to thosespecifiedin the specification. This actuallyassumeshatthe ervironmentdoesnot provide
extrainputs,sothe inputswhich areonly acceptedy the implementatiorareignoredwhenverifying the
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Figure22: Input quasi-receptie ervironment

joint behaviour. This is reasonableBut it alsopermitsanimplementatiorto producemore outputsthan
a specification sincethe extra outputsproducedby the implementatiormay alsobe filtered out. This is
however not reasonablainceunderlegitimateinputs,animplementatiorproducingan unexpectedoutput
is normally regardedaserroneousMoreover, whena specificationis non-deterministicthis methodmay
exclude correctdeterministicimplementation. Figure 21 illustratesthe intuitive effect of composinga
specificationwith its implementation.S1andl1 arethe specificationandthe implementatiorof a circuit
respectrely. If Slis regardedasthe ervironmentof I1, thenS1|| 11 is the procesgo be verified. It can
be seenthatthe Ip2 branchwill beignoredduringverification. Sowill the Op2branch.AlthoughS1|| 11
= S}, 11 is normally regardedasan erroneousmplementatiordueto the extra Op2 transitions. The rest
of the LTSsin thefigureillustratethe situationwherea specificationis non-deterministicl2 is a correct
deterministicimplementatiorof S2 But thereis deadlockin S2|| 12. S2andS2|| 12 areonly relatedby
tracepreorderbut in generathis relationis too weakto be usedin verification.

The key point hereis the differentrolesof inputsandoutputsin digital circuits. An implementation
passiely acceptsanputs so only thoseinputs available from the ervironmentmake sense. At the same
time it positively producesoutputs,thereforethe environmenthasno influenceon the outputs.A LoTos
specificationhowever doesnot distinguishinputs and outputs. Whenit is usedas the ervironment, it
restrictsthemequally

Whenanimplementatioris specifiedin aninput receptve or input quasi-receptie way, the difference
betweerinputsandoutputsis actuallymade.If its ervironmentis alsoreceptie, thenit is possibleto detect
the extra outputsproducedby animplementation:if an unexpectedoutputis producedthe ervironment
will goto deadlockafterreceving it. Figure22 appliesthisideato S1landll in figure21. E1lis theinput
guasi-receptie ervironmentobtainedfrom S1 11_QRis theinput quasi-receptie form of I11. As seenthe
unexpectedoutputOp2canbedetectedsinceEl || I1_QRleadsto deadlockafterthis output.

However, it is very hardto gettheinputquasi-receptie ervironmentfrom abehaiour specificationgs-
peciallywhenthe specifications complicatedor containsinternalevents. Thethesisthereforeprovidesan
alternatve methodfor verifying asynchronousircuits. In section4.3.3,relationswhich take into account
thedifferencebetweernnputsandoutputswill be defined.Theserelationsdo notrequirethereceptiveness
(or quasi-receptienesspf the ervironmentor theimplementationandareintuitive criteriaof correctness
of asynchronousircuits.
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4.3.3 Conformanceand Strong Conformance

Althoughtherehave beenmary relationsdefinedto characteris¢he relationshipbetweenwo LTSs,they
arenot very helpful for verifying asynchronousircuits, especiallywhenthe ervironmentsof a circuit is
not explicitly provided. In this section,two new relations,termedconfor andstrongconforare definedto
compareanimplementatiorwith its specification Theserelationstake into accounthedifferenceof inputs
andoutputsof a circuit, andarein factinspiredby theioco relationsuggestedby JanTretmangTre9q
(University of Twente)for testingcommunicatiorprotocols.In chapters, moredetailsaboutioco will be
given.

Supposea circuit hasinput set L; andoutputset Ly;. Specand Impl are the specificationand the
implementationof the circuit respectiely. Specmay be partial in the sensethatin somestatesit does
not acceptsomeinputs,i.e. it is not input receptive. As discussedn chapter3, aninputis absentin a
stateof a specificationf the environmentof the circuit doesnot provide this input, if the behaviour of the
circuit uponreceving theinputis not of interestor if thebehaviour is undefined Althoughall circuitsare
potentiallyableto acceptall theirinputsatany time, mostspecificationarepartialto avoid gettinginto too
muchdetails. Theimplementationmpl may eitherbe partial or total in the sensef inputreceptieness.

Supposespis a stateof Spe¢ andthe correspondingtatein Impl is im. To definethe conforrelation,
first considerthe input transitionsthat sp andim canengagen. For corvenienceijt is alsosaidthatthey
aretheinputswhich sporim canaccept.If aninputip is acceptablén sp, it meanghatthe ernvironment
may provide this inputin thatstate. Thereforeit is reasonabléo requirethatip is alsoacceptedn im, for
otherwisethe behaiour of the implementatioruponreceving the input will be undefined.On the other
hand,if im canaccepaninputwhichis notacceptabldy sp, thisinputandall thebehaiour afterwardscan
beignored. Sincethe ervironmentwill never provide suchaninput, or evenif theinputis provided,such
behaiour is not of interest.In short,the input setacceptablén spshouldbe a subsebf thatacceptablén
im.

As far asoutputsare concernedintuitively if sp canproduceop, it is expectedthata correctimple-
mentationshould also be able to produceit. If sp cannotproducea certainoutput, neithershouldits
implementation However, whena specificationis allowedto be non-deterministicrequiringthatim pro-
ducesexactly the sameoutputsassp doestendsto be too strong,sinceary deterministicimplementation
is only ableto producea subsebf the outputsdictatedby its non-deterministispecification.In this case,
a suitablerelationshouldallow outputinclusioninsteadof outputequality The problemis thatsincean
emptysetis includedin ary set,acircuit whichacceptgverythingbut doesnothing' mayalsobequalified
asacorrectimplementationasshavnin figure23,whereboth| andl' areregardedascorrectimplementa-
tionsof S. To overcomehis weaknessa specialactiond, whichis neitherin L; norin Ly, is introducedo
indicatethe absenc®f outputs.d is seenasanoutputactionand,lik e any otheroutputaction,if 6 belongs
to the outputsetof im, it mustbein the outputsetof sp for therelationto hold. In otherwords,im can
producenothingonly if spcandoso. Whenthe is consideredl' is nolongeralegitimateimplementation
of S

In the above discussion stateim is comparedwith sp. sp andim are not the statesin the LTSs of
the specificationand the implementationput all the possiblesituationsthat the circuits may be in after
a certaininput-outputsequence.Becausé) is alsoinvolved in the sequencethe statespacesof both
specificatiorandimplementatioraretransformednto automatavhich areexplicitly labelledwith §. The
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input-outputsequenceareactuallythetracesof theautomatorof the specificationIf theautomatorof the
implementatiorcannotfollow the sequenced, e. the sequencés notthetraceof the automatonim will be
theemptyset.

After discussingheinformal meaningof therelation,therestof thesectiongivestheformal definitions.
Definition 4.7, definition4.8 anddefinition4.10comesfrom [Tre9q.

Definition 4.7 (QuiescentTrace and QuiescentState)
Letp € LTS (L] U LU),L] NLy = ]

e Astatesof pis quiescent denotedby §(s), if Vu € Ly U {7} : s A=

e Aquiescenttrace of p is atraces which mayleadto a quiescenttate:
I’ € (p after o) : 6(p’)

e out(s) =45 {x €Ly |sSYU{d]|d(s)}

o out(S) =4er UJ{out(s)|se€ S}

. in(S) =def {l‘ € L | S i)}

o in(S) =qer U{in(s) | s € S}

A gquiescenstateis onethatcannotperformary outputtransitionor aninternaltransition.out(s)defines
all theoutputactionsthata statecanproduce.Thisincludesthe quiescentaction' 6 which meanghe state
cannotproduceary output.in(s) definesall theinput actionsthata statecanaccept.

Definition 4.8 (SuspensiorTrace)
Letpe LTS(Lz U Ly),LrNLy =10

L ' , I
o p3p =45 p=pandVue LyU{r}:pA
e Thesuspensiotraceof p are: Straces(p)=4.; {¢ € (LU Ly)* | p =}

To definesuspensiortraces,the transitionrelation — is extendedwith the refusalof outputactions:
self-looptransitionslabelledwith Ly expressinghatno actionin the outputsetcanoccur Therefusalof
outputactionscanalsobe expressedy ¢ transitions.A suspensiottrace,consequentlynot only contains
ordinaryactions but alsods. If Ls denotes. U §, thenasuspensiotraces € L.

Definition 4.9 (Conformanceand Strong Conformance)
Leti € LTS(Lz, Ly),ands € LTS(Lz U Ly), L1 N Ly = D then

i confors =45 Vo € Straces(s) ouf(z after o) C out(s after o) and
if i aftero # @ : in(s aftero’) C in(:aftero)

1 strongconfors =4y Vo € Straces(s) out(z after o) = out(s after o) and
if i aftero # 0 : in(s aftero) C in(zaftero)

As will beseenin chapterb, conforis quite similar to the ioco relationexceptthatioco assumeshe
input receptvenesf implementationssoinputinclusionis alwayssatisfied.

Theconforrelationrequiresthataftera suspensiotraceof s, the outputsthatanimplementatiori can
produceareincludedin whats canproduce andif i canfollow the suspensiotrace,theinputsthats can
accepftarealsoacceptedby i. strongconforhasthesimilardefinitionexceptthatoutputinclusionis replaced
by outputequality

The conforandstrongconforrelationsare moreeasilyobsenedif the LTSsof specificationsretrans-
formedto suspensioautomatawhered is explicitly labelled.

Definition 4.10(SuspensionAutomaton) LetL bepartitionedinto L; and Ly, andletp =< S, L, T, s0 >€
LTS (L) bea labelledtransitionsystem;P(S) denoteghe powesetof S, i.e. the setof the subsetof
S; thenthe suspensiomutomatorof p, T, is the labelledtransitionsystem(Ss, Ls, Ts, qo) € LT S(Ls),
whee
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S5 =aer P(S)\{0}
T6 —def {qiql|a€LIULU7q7qI6557ql:{8l65|386q:‘9:a>sl}}

)
We—=d |a,d €Ss,d ={seq]|d(s)}}
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An importantpropertyof a suspensiomutomatoris thatit is deterministicandthe suspensioitraces
of asystemp coincidewith thetracesof its suspensiomutomatori’, (the proof canbefoundin [Tre9q).
Moreover, for all o € L*, out(T',, afters) = out(p aftero) andin(T', afters) = in(p aftero). Therefore
checkingtheconforandstrongconforrelationscanbeeasilyreducedo checkingthetraceinclusionrelation
on the suspensiormautomata.The key to generatinga suspensiormutomatorfrom an LTS is to build the
transitionrelationTs. Fromthedefinition,thefirst termof Ts determinise4 TS, andthe secondermadds
¢ transitiongo the statesSs which containsa quiescenstateof S,

As an example,the suspensiorautomateof the LTSsin figure 23 areillustratedin figure 24. Since
the LTSsaredeterministic their suspensiomutomataare almostidenticalto themseles,exceptfor the o
transitions.As canbe seen,out(SSpafter Ip) = {Op1,0p2}, out(l_Spafter Ip) = {Op1}, andout(l'_Sp
afterlp) = {4}, thereford conforShutnot I' conforS. Thereis alsonot | strongconforS. Normally confor
is usedwhena specificationand an implementatiorare deterministic,and strongconforis usedwhenan
implementatioris lessnon-determinisitichana specification.

A verifier VeriConfdevelopedby theauthorwhich checksthe conforandstrongconforhasbeenimple-
mentedn the C languageThis verifierwasdevelopedusingthe programmingnterfaceof CADP. Briefly,
CADP is exploited to generatd_TSsof both specificatiorandimplementation.Thenthe verifier is used
to producethe suspensiorautomatafrom the LTSsandto comparethe automataaccordingto the rela-
tions. This verifierhasbeensuccessfullyusedin verifying severalasynchronousircuits,includingthetwo
examplesggivenin the next section.

4.3.4 CaseStudies
4.3.5 AsynchronousFIFO

In chapter3, anasynchronoufirst-in-first-outbuffer wasspecified.Designedor dual-rail datapathsthis
buffer hastwo inputsInT, InF andtwo outputsOutT, OutF. It is assumedo be emptyinitially. When1
appear®n InT or OutT, thedataon thedatapaths 1. When1 appear®n InF or OutT, thedatais 0. Lines
shouldbe resetto 0 betweentwo transmissionsThe specificatiorwill not be repeatechere. Specis the
behaioural specificationof a FIFO with two stages.In the following, TwoStaesrepresentshe imple-
mentationusingcomponentsvhich arenotinput receptie, EnvF, EnvB is the ervironmentof TwoStaes
EnvF_QRandEnvB_QRaretheenvironmentspecifiedn input quasi-receptie mannerandTwoStaes QR
is the implementationwhich replacesall the componentsn TwoStayes with their correspondingnput
guasi-receptie componentsNote that EnvF_QRis actuallyidenticalwith EnvF sinceEnvF hasno input.
For this circuit, thefollowing verificationmethodsareapplied:

e Thelivenessropertyis specifiedin ACTL andit is verified thatthe specificationsatisfiesthe fol-
lowing property
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Property: If thereis aninputdatal, thenoutuptwill becomel eventually:

AG([InT ! 1] AftrueryeUownitrue)

Theformulafor dataO is similar andis alsoverifiedto betrue.

e In this example,the ervironmentis explicitly given. It wasverifiedthatSpecx TwoStaes|| (EnvB
| [- -] | ErvF). Recallthata denoteghe obsenationalequivalence.

¢ For checkingspeed-independenciaput quasi-receptie componentareused. It wasalso verified
that Specx TwoSt@esQR || (EnvB.QR| [---] | EnvF_QR), which givesmore confidencen the
designof the FIFO.

e TheimplementationfwoStayesQR || (EnvB_QR| [- -] | EnvF_QR) alsosatisfieghe livenesgprop-
erty.

e Using \eriConf it wasestablishedhat TwoStagyesQR || (EnvB.QR| [- - -] | EnvF_QR) strongconf
Spec

A Circuit with two Components

This circuit is an examplein [Ebe9], whereit is usedto showv the differencebetweenspeedinde-
pendenceanddelayinsensitvity. Although small, it revealsthe necessityof usinginput quasi-receptie
specifications.Following the specificationstyle of that paper valueoffers! 1 and! 0 areomitted. As
a matterof fact, for asynchronousircuits, value offers are not necessarnaslong asthe initial statesof
signalsareknown. For instancejf signallp isinitially O, thenlp,---, Ip,-- -, Ip,- - - istheshortform of Ip !
1,,-Ip!0,-- Ip!1,---. Apparently keepingthe valueoffer is helpful only for readability

Thebehaioural specificationis shovn in figure 25(a). The behaviour of thetwo componentss shavn
in figures25(b)and25(c)respectiely. In factElelachiesesthe Or functionof signaltransitionsandEle2
achieresthe Andfunction. Theproposedmplementatiorns in figure25(c). Theverificationtaskis to check
if this implementatioris speed-independeiand delayinsensitve. For analysingdelayinsensitvity, the
circuitis transformedo figure25(e) ,wheretheisochronicork in (d) is replacedy anexplicit fork element.
An alternatve transformatioris to addtwo delayelementsasexplainedin figure 11 of section3.4.2. The
two methodshave the sameeffect.

Theimplementatiorof thefigure 25(d)is specifiedasimpll, andfigure 25(e)is specifiedasimpl2:

procesdmpll[IA, IC, ID, OB, OE]: noexit :=
Elel[lA, IC, OB]

[gel
Ele2[IC, ID, OE]

endproc

procesdmpl2[IA, IC, ID, OB, OE]: noexit :=
hide x, y in
( Elel[IA, x, OB]
Il
Ele2[y, ID, OE])
%]
Fork[IC, x, V]
endproc

Thestatespace®f Impll andimpl2 aremuchlargerthanthatof Spec For example bothcanacceptiC
andID fromtheirinitial statesput Speacannot.Sinceno explicit ervironmentis given,adirectverification
approachs to comparempll|| Specwith Spec¢with theassumptiorthat Speds alsothe environmentof
its implementations Accordingto CADP, they are obsenationally equivalent. The sameresultholdsfor
Impl2,i.e.Impl2|| Specx Specandimpll|| Specx Spec This suggestshatbothfigure 25(d)and(e) are
correctimplementatiorwith respecto Spec
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Figure25: A circuit with two elements

However, to ensurehatboth of thecircuitsarereally speed-independeirhplementation®f the spec-
ification, a moreaccuratemodelof the componentsi.e the input quasi-receptie model, shouldbe used.
Figure 26 shaws the LTSsof theseinput quasi-receptie components.Supposehe implementationsare
ImplL.QR and Impl2_.QR, using VeriConfit is discoseredthat althoughthereis Impl1_.QR strongconfor
SpecImpl2.QRdoesnotrelateto Speawith respecto boththe conforandstrongconforrelations.A diag-
nostictraceis givenby theverifier: 1A, OB, ID, IC, OE, IC, IA. By analysinghistrace,it canbefoundthat
afterthe OE is producedthe Speds ableto receive IA andIC. But for theimplementatiorin figure 25(e),
after OE is producedthe Fork elementmay still be in the unstablestatesincex hasnot beenproduced
yet. In this unstablestate the IC input from the ervironmentmakesthe behaiour of the Fork component
undefinedwhich meanghatfigure 25(e)is not speed-independenilore preciselythe correctnessf the
circuit dependon the speedof Fork. Figure25(d)is thereforenot a delayinsensitve implementatiorof
Spec

4.4 RelatedWork

Formalverificationof digital circuitshasbeeninsensitvely investigatedluringthelastdecadesThereare
essentiallytwo approachew formal verification: modelcheckingandtheoryproving. Severalmaturetools
havebeendevelopedsuchasSMV (SymbolicModel Verifier[McM93]), VIS (Verificationinteractionwith

SynthesigBH196]), and CospanHHK96]. Thesetools are mainly basedon modelcheckingto enable
automaticverification. But generabpurposetheoremprovers,suchasHOL [Mel93] andPVS[SRC96]are
alsoemployedin verifying digital circuits,especiallythe datapathes.

CADP belongsto modelcheckingtools sois similar to SMV, VIS etc. But unlike thesetools which
only provide thetemporallogic modelchecking,CADP supportgelationchecking(equivalence preorder
etc) andthereforeprovides more verificationapproacheslt is well known thattemporallogic formulae
aredifficult to write evenfor experiencedusers. Many negative verificationresultsare actually because
of improperformulaeinsteadof erroneoushardware designs. Relationcheckinghelpsto getrid of this
problem,andmoreover, is ableto point out more errorsthantemporallogic modelchecking,ashasbeen
discoveredin the casestudyof thebus arbiter The reasoris thata higherlevel specificationof a system
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containsmoredetailsthana formulawhich expressesnabstracproperty

Thesizeof thesynchronousircuit thatcanbe effectively verifiedis smallcomparedo thathandledby
othertools. CospAN canverify anarbiterwith four cellswith theconsumptiorof aboutl MB memory due
to a symbolicrepresentatiomsingBDDs andefficient reductiontechnique§FK97]. CIRCAL is reported
to generatehe statespaceof anarbiterwith up to 40 cellsusingreasonableomputingresourcesalthough
the actualmemoryusedwas not reported[MM93]. Again this is dueto the BDD representatioof the
CIRCAL specification. Note thatin factthe arbiterwas not formally verified in CIRCAL. [MM93] just
givesatestpatternto shav thatevenif all clientsrequesthe bus, only onecangainaccesdo the busin
eachclock cycle. CADP onthe otherhandconsumesnorethan100 MB of memoryto producethe state
spaceof athree-cellarbiter Althoughtheresultingstatespaces relatively small, the intermediatestages
of generatiomeedconsiderablenemory

The mainreasorfor the performancdimitation is thatin synchronougircuitsthe orderin which sig-
nalsoccurduringa clock cycle is not soimportant. Soit is reasonabléo imaginethatthe inputshappen
togetherandthenoutputoccurs.But whenmodellingsuchcircuitsin DiLL, independen(interleaved)in-
putsareallowedsothestatespacds considerablyenlaged. Thesecondeasoris relatedto theverification
tool. CADP is perhapghe mostmaturetool which supportsL 0T0s, but it is still underdevelopmentand
currentlysomeof its featuresare mainly basedon explicit stateexploration. BecauseCADP cannotpro-
ducethe minimisedstatespacen thefirst place,large amountsof memoryhave to be consumedeforea
smallerLTS canbeproducedoy minimisation.On-the-flyalgorithmsareof somehelp,but they applyonly
in particularsituations. For example,on-the-fly obsenational equivalencecheckingis not supportedoy
CADP. Also CADP doesnot offer a BDD directrepresentationf L oTOS specificationsalthoughBDDs
areusedto represenintermediatedatatypesin somealgorithms.

The tools mentionedabove mainly dealwith synchronousgircuits. Verificationof asynchronousir-
cuits,especiallySl andDI circuitsis alsoanactive area.Basedontracetheory Dill [Dil89] built averifier,
which couldbethefirst automatictool of this kind. Othertools canbe foundin [KKTT98, ESB95. Most
asynchronoutoolsknown to the authoraremodelcheckingtools, which differ eachotheronly in how the
modelsarerepresentedyr how to designalgorithmsto improve the verificationperformance.

Like DiLL mary otherasynchronouserificationapproacheslsodefinerelationsto indicatethatin
what sensea circuit designis regardedas correct. The relationsconfor and strongconforin this thesis
resemblehe conformancen [Dil89], decompositiorin [ESB95 andstrong conformancen [GBMN94].
The formertwo are basedon tracetheory They cannotdetectdeadlocksandlivelocksin specifications.
Thelastapproachs basedn CCS,soit is possibleto detectdeadlocksndlivelocksafterthespecifications
areobtained.But the strong conformanceequiresthatanimplementatiorshouldnot produceessoutputs
thanits specificationdoes. This excludesthe possibility of applying the relation on non-deterministic
specificationsTheconforandstrongconfdefinedin this chaptethave clearadvantage®vertheserelations.
Firstly they give a more intuitive interpretationof the correctnes®f implementations. Secondlythey
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considersuspensiorracesof a specificationinsteadof traces,which makesthe relationsstrongerandis
capableo detectmoreerrors.Finally unlike the conformancendstrong conformanceelationswhich are
intendedto suit all kinds of specificationsconfor and stongconforare usedwith non-deterministiand
deterministicspecificationsespectiely, which helpsto make the verificationresultsmoreaccurate.

45 Conclusion

This chaptepresentshe DiLL approactto verifying bothsynchronougndasynchronousircuits.

DiLL supportsall the threekinds of hardwareverificationtasks,namelyrequirementsapture, imple-
mentationverificationand designverification In DILL requirrmentsaptue anddesignverificationare
performedby modelcheckingtemporallogic formulae,andimplementatiorverificationis conductecby
comparingtherelationsbetweer.TSs.

Comparedo verifying asynchronousircuits, verifying synchronougircuits is morestraightforvard.
The existing LoTOs verificationtools canbe employed directly so that substantiakfforts on developing
tools canbe saved. This is oneof the main reasonghat L oTos is consideredo be usedasa hardware
descriptionanguage.

For verifying asynchronousircuits, moreende&or is needed.This is mainly becausef the gapbe-
tweenthedifferentcommunicatiorschemeg L oTos andin digital circuits. In LoTos thecommunication
betweerprocesseis symmetric butin realhardwarethecommunicatiorbetweercomponentss asymmet-
ric. In LoTos aneventoffer canberefusedbut in circuitsaninput signaltransitioncannever berejected.
The DiLL modelof synchronousircuitsdoesnot suffer from the gapsincea L oTos eventdoesnotmodel
asignaltransitiondirectly.

Two efforts aremadeto bridgethe gap. Oneis at the specificationstage.For structuralspecifications,
their componentsare specifiedin input receptive or input quasi-receptie manney reflectingthat inputs
are always acceptable.The secondis at the verification stage. New relationsconfor and strongconfor
aredefinedto take into accountthe differencebetweeninputsandoutputs. The relationsprovide anin-
tuitive interpretationof correctnessf a circuit implementationanda verifier VeriConffor themhasbeen
developed.
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5 TestingDigital Logic Designs

ThischaptempresentsheDILL approacho testingdesignf digital circuits. In thecommunityof hardware
designersthe term testingusually refersto the activity of detectingmanuficturingdefectsin physical
products. While in the community of formal methods testingis one of the validation methods,which
canbe appliedin variousstagesf designprocessesThe chapterinterpretstestingaccordingto the latter
meaning.In this senseanimplementatiorynderTest(IUT) mighteitherbea physicalproduct,or aformal
or informal model.

The chapterfirst presentghe backgroundknowledge,wherethe two validationmethods:verification
andtestingare comparedo eachother Thetheoryof conformanceestingfor LTSsare alsobriefly in-
troducedin this first section. Testingtheoryfor IOLTSs,the LTSswhich differentiateinputsandoutputs,
is then elaboratedwith the focus on the implementationrelationsioconf and ioco, and corresponding
testgeneratioralgorithms. Following the introductionof the theory the chapterappliesit in validating
synchronousndasynchronousircuits. Several examplesareusedto illustratesthe suitability of the ap-
proach.To achieve satishctorycoverageof thetestcasegeneratedanalgorithmbasedn atransitiontour
of the statespacegraphis developedandimplemented A testbenchs alsodevelopedto automatdesting
processedrinally abenchmarlcircuit, the BlackJack Dealer, is studiedto examinethe approach.

5.1 Background
5.1.1 Testingand Verification

Testingis anoperationailvayto checkthecorrectnessf a systemmplementatiorby meanf experiment-
ing with it. Testsareappliedto theimplementatiorundertest,and,basedn obsenationsmadeduringthe
executionof thetests,a verdictaboutthe correctfunctioningof theimplementatioris given.

Comparedo verification, testingis a more pragmaticway of checkinga system.Although bothaim
to checkthe correctnes®f a system,verificationis performedon a mathematicamodel of the system,
while testingis doneby operatingan executablémplementatior(eithera productor anexecutablemodel).
Verificationis exhaustve andcanensurehe correctnessf a systembeingchecled, but this surenessnly
appliesto the model of the system. Testingis basedon observingonly a small subsetof all possible
behaiour, thusit cannever be exhaustve. Unlike verification,testingis normally usedto discover errors,
not to prove correctnessTestingcanbe appliedto realimplementationsso is extremely usefulwhena
valid andreliablemodelis difficult to build or whenthe systemis too complex to be efficiently verified.

In the previous chaptey circuit designswere verified againsttheir specifications.As hasbeenseen,
the statespace®f circuit implementationsre considerabldarger thanthat of their specifications.Some
circuits have suchcomplex behaiour thattheir statespacecannotbe efficiently built, makingverification
impossible.By meansof testing,thereis no needto build the statespacef implementationsOnly the
formal modelsof specificationsare required,thereforemuchlarger circuits canbe effectively analyzed.
Moreover, testingcan be conductedon more detailedmodelsof implementationswhich is helpful for
finding subtlebugswhich may not be capturedoy validatinga formal model.

5.1.2 Formal ConformanceTestingfor LTSs

Therearemary aspect®f a systemthatcanbetested.Conformanceestinganswerghe questionof "does
animplementatiorconformsto its functional specification?' Otherkinds of testinginclude performance
testing("how fastcananimplementatiorperformits task?'), robustnesgesting("how doesanimplemen-
tation reactwhenits environmentdoesnot behae as expected?’) andso on. This chapterappliesthe

developmentsn theareaof formal conformanceestingto validatedigital circuits.

Formal conformanceestingcompriseseveralingredients:a formal specificationanimplementation
undertest(IUT), animplementatiorrelation,andatestsuite. Preferablythereshouldalsobe a testgener
ationalgorithmwhich helpsto generatdaestsuitesautomatically Specification€anbe written in aformal
languagesuchasSDL [ITU92, ITU95], LoTos [ISO8Y, or Estelle[ISO97, Tur93. An implementation
is treatedas a black box exhibiting behaiour by interactingwith its ernvironment. In orderto establish
a formal relationbetweenspecificatiorandimplementationjt is assumedhatarny implementatiorhasa
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formal modelwhich canbe reasonecbout. The assumptiorthatall implementationdiave formal models
is referredto astesthypothesisn someliterature[Ber91]. Notethatthe modelis only assumedo exist,
but it is not known a priori; the implementatiorrelationis the criterion for judgingif animplementation
conformsto its specification. Testsuitescontainthe testcasesusedfor experiments.A testsuitewhich
distinguishesxactly betweerall conformingandnon-conformingmplementationss saidto be complete
Unfortunately completetest suitesare not always available in practice,asthey are usuallyinfinite. A
wealer requirements thereforeapplied: atestsuiteshouldbe sound i.e. it givesa negative verdictonly
whenan implementatioris incorrect. In otherwords, all correctimplementatiorand possiblysomein-
correctimplementationsvill have positive verdicts. Comparatiely, a testsuiteis exhaustivef it givesa
positive verdictonly whenanimplementations correct.In otherwords,all incorrectimplementationsind
possiblysomecorrectimplementationswill have negative verdicts. The errorsdetectedby a soundtest
suitearerealerrors,andthecorrectimplementationsjualifiedby anexhaustie testsuitearereally correct.

Formalconformanceestingfor LabelledTransitionSystemgLTSs)hasbeenintensvely studied.Tra-
ditional testingtheory for LTSsaims at defining implementatiorrelations,insteadof finding testsuites
to characterisémplementations.Given a classof tests,a transitionsystemp is relatedto a systemq if
for all possibletestcasesin the class,the obsenation madeof p is in somesenserelatedto that made
of g. Sucha definition of implementatiorrelationby explicit useof testsandobsenationsis termedex-
tensionaldefinition Many differentrelations,includingbisimulation,testingpreorder/equialencefailure
preorder/equialence[DH84, Nic87] have beendefinedin the framework of testingtheory In [Bri88],
Brinksmastudiedthe possibility of systematicallyderiving testcasesfor someimplementatiorrelations
from their specifications.In his framework, specificationsimplementationsandtestcasesare all mod-
elledasLTSs. He pointedout thatit is not known if testingpreorder(calledredrelationin thatpaper)is
testableor not (i.e. if thereexistsa completetestsuitefor ary specificationsuchthatthe correctnessf
animplementatiorwith respecto theimplementatiorrelationcanbe characterisetyy the testsuite). For
this reason Brinksmadefinedan implementatiorrelationtermedconf Informally, an implementation
conformsto a specificatiors with respecto theconfrelation,i.ei confs, if “testingthetraceof s against
will notleadto unexpecteddeadlockghatcould not occurwith sametestperformedwith s’ [Bri88]. The
relationconfensureghatanimplementatiordoeswhatit is requiredto do, but it doesnot guarantedhat
theimplementatiordoesnot do whatit is not allowedto do. It is understoodhatthe latter requirements
the taskof robustnesgesting. An importantpropertyof confis thatit is testablefor any specificationS,
andthatfor eachStestsuitescanbederivedfrom S. Severaltestgeneratioralgorithmsweredevelopedfor
confrelations[PF9Q Wez89 Led97 afterthework of Brinksma.

Basedon Brinksmas theory conformanceestingfor IOLTSs(Input OutputLabelledTransitionSys-
tems)wasproposedy JanTretmangTre9q. Informally anlOLTS s aspecialLTSin whichall inputsare
alwaysenabledn ary state.The obsenationis thatmostreal-life implementationslistinguishinputsand
outputsof a system.Outputsareactionsthatareinitiated by andunderthe controlof asystemwhile input
actionsareinitiated by andunderthe control of the systems ervironment. A systemcannever refuseto
performits inputs,andits outputscanneverbeblockedby ervironment.In Tretmanstheory specifications
arestill modelledasLTSsin orderto give abstractepresentationsf systems.Implementationdhowever
areassumedo have the modelof IOLTS, which is believed to be closerto real-world objects. Several
implementatiorrelationsare definedfrom LTS to IOLTS. Tretmansproved that the relationsioconfand
ioco aretestableandtestcasesanbederivedfrom ary specificationgor thesetwo relations.Moreover, he
gave atestgeneratioralgorithmwhich guaranteesoundtestcasesBecausdestcasesaregeneratedrom
specificationsthey arealsomodelledasLTSsinsteadof IOLTSs. Like therelationconf, ioconfandioco
canensurethatanimplementatiordoeswhatit is required,but cannotguaranteét doesnot do whatit is
notallowedto do. In section5.1.5,full detailof IOLTS andthetwo relationswill bepresented.

As alreadypointedoutin chaptel3, digital hardwarecommunicatesvith its ervironmentvia inputsand
outputs.ThusanlOLTS shouldbe moresuitablethanan LTS for modellingcircuits.

5.1.3 Overview of the Approach

In the DILL approachto testingdigital circuit designs,the intendedbehaviour of a circuit is specified
in LoTos, whosesemanticdss given by an LTS. The implementationof the samecircuit is described
by VHDL (VHSIC Hardware DescriptionLanguag€[IEE93]). The behaiour of a VHDL programis
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presumedo be modelledby an IOLTS. This modelis merely assumedo exist — it neednot be known
explicitly. Implementatiorrelationsioconfandioco are usedasthe correctnesgriteria for synchronous
andasynchronousircuit designgespectiely.

The testsuitefor a circuit is generatedrom a L oT0s specificationfollowing an algorithmbasedon
thatproposedn [Tre9q. CADP hasbeenexploredto generatehardwaretestsuitesautomatically Each
testcasein thegeneratedestsuiteis a sequencef inputandoutputsignals.Designingtestcasesasinput-
outputsequenceis closeto engineeringracticein hardwaretesting.Moreover, it allowstestexecutionand
obtainingtestverdictsto be completelyautomated.This is achieved by a VHDL testbenchhat executes
andevaluatesthe testcases.If thereis aninconsisteng betweenthe formal specificationandits VHDL
implementationtheimplementatioris regardedasincorrect.Figure 27 outlinesthis approach.

5.1.4 ConformanceTestingfor IOLTS

This sectionintroduceghe conformanceestingtheoryfor IOLTS, with thefocusonimplementatiorrela-
tionsioconfandioco, andtheir correspondindgestgeneratioralgorithms.

5.1.5 IOCONF andIOCO

As mentioneckarlier animplementations assumedo havethemodelof IOLTSin Tretmanss framework.

Definition 5.1 (IOLTS) Aninput-outputransitionsystenp is a labelledtransitionsystenin which theset
of actionsL is partitionedinto input actionsL; andoutputactionsLy (L; U Ly = L, Ly N Ly = 0), and
for which all inputactionsare alwaysenabledn anystate:

wheneer p==p  thenVaeL;:p =

Theclassof input-outputransitionsystemsvith inputactionsin L; andoutputactionsin L is denoted
byIOTS (L[, LU) CLTS (L[ U LU).

From this definition, it can be seenthatthe actionsetof an IOLTS is partitionedinto disjoint input
actionsand output actions. Eachreachablestateof the systemcan always participatein all the input
actions.

Specificationshowever, arestill modelledasanLTS to have anabstractview of systems.Suchspec-
ificationsareinterpretedasincompletelyspecifiedinput outputlabelledtransitionsystems.i.e. IOLTSs
wherea distinctionbetweennputsandoutputsis made,but wheresomeinputsarenot specifiedin some
states. The intention of incompletespecificationsnight be for implementationfreedom,or because¢he
specifiercanensurehatthe ervironmentwill notprovide someinputs.

Thereare several implementatiorrelationsdefinedfrom LTSsto IOLTSs. Someof theserelations,
suchasthe oneanalogoudo testingpreorderaretoo strongin thatthey requirethatspecificationsrealso
IOLTSsfor therelationto hold. Thisis obviouslyimpracticalin mostcasesTwo relations,namelyioconf
andioco, which areanalogougo conf mentionedn the previous section,are definedfor the purposeof
conformancéesting.

Definition 5.2 (ioconf) Leti € ZOTS (L1, Ly),s € LTS (L; U Ly), then
i ioconfs =45 Vo € traces(sy out(i after o) C out(s after o)

Recallthatin definition 4.7 (section4.3.3), out(s) is definedas all the output actionsthat a stateS
can perform, which also includesthe quiescentaction§. ioconf meansan implementationis correctif
afterall the traceso of the specification the outputswhich animplementationcan producecanalsobe
producedby the specification.Sincethis alsoholdsfor §, theimplementatiormay not shawv outputonly if
specificatiorcannotdo so. This meanshatthoseimplementationsvhich “acceptanything but do nothing'
arenot qualifiedascorrectimplementatioraccordingto ioconf Notethattherelationrequiresonly for all
thetracesof specificatiorSthatthe out-setinclusionholds. Soit allows animplementatiorto acceptmore
inputsthanaspecificatiordoes.Theimplementatiormaydo whatit wantsafterit acceptsuchunspecified
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inputs. Thereforesimilarto theconfrelation,it justensureshatanimplementatiordoeswhatit is required,
but therelationdoesnotforceanimplementatiordo not do morethanwhatis requiredby the specification.

iocois similarto ioconfbut is stronger It restrictsinclusionof out-setsto suspensiotracesof specifi-
cations.

Definition 5.3(ioco) Leti € ZOTS (L;,Ly),s € LTS (L; U Ly), then
iiocos =4y Vo € Straces(s) out: after o) C out(s after o)

In the definition, Strace standsfor suspensionrace,which hasbeendefinedin definition 4.8 (sec-
tion 4.3.3). A suspensiotraces € Lj is a sequenc®f ordinaryactionsandactiond, the latter is used
to denotethe absentof outputactions. ioco is very similar to the relation confor, the only differenceis
thatioco assumeshatimplementationsremodelledas|OLTSswhich canalwaysaccepiall inputs,while
implementationsn confor are not necessarilyto be input receptve. Consequentlythe input inclusion
condition,requiredby confor, is alwayssatisfiedwhenioco is considered.

Therelationsioconfandioco areillustratedin figure 28. Thesearetwo IOLTSsrl andr2 with L; =
{ip} and Ly = {opl,op2}. Theonly differenceis at the statess14ands24 r1 canproduceoutputopl
andop2 while r2 canonly produceop2 out (rl after(ip-ip)) = out ({s11,s14}) = {op1,0p2}, andout
(r2 after(ipip)) = out ({s21,s24}) = {opl,o0p2}. After comparingall theothertracesof rl andr2, it can
be concludedhatrl ioconfr2 andr2 ioconfrl. Comparatiely, for therelationioco suspensioftracesare
neededThusout(rl after(ip-3-ip)) = out({s14}) = {op1,0p2}, while out (r2 after(ip-6-ip)) = out ({s24})
= {op2}. Thatis r2 iocorl, but not rl ioco r2. Intuitively, anioconftestercannotnoticethata stateis
free of outputactionswhenperformingtesting,but anioco testercan. In this example,afterthefirst ip is
appliedtheioco testermay obsene thatthereis no outputproduced.He thenprovidesanotherip to see
thereaction.rl is ableto produceeitheropl or op2in responsebut r2 canonly produceop2 However
becaus@anioconftestercannotsensahe absenbf outputs he cannotdistinguishthe behaiour of ip-ip and
ip-d-ip. After providing two concatenateip inputs,hewill obsenre eitheroplor op2for bothsystems.

Aswill beexplainedaterwhentestingsynchronousircuits,d transitionscanbeignored.Soioconfwill
be usedfor testingsynchronougircuits. iocowill beexploredfor testingasynchronousircuits becauset
hasmoredistinguishingoower.
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5.1.6 TestGeneration

Having seenthe modelsfor specificationsimplementationsandrelationsbetweerthem,it is time to find
out the testcaseswhich characteriseorrectimplementation®f a given specificationwith respecto the
relations.

Forioconfandioco relations testcasesaremodelledas L7 S(Lz U £y U {d}). For practicalreasons,
they have to have finite behaiour, becauseary experimentshouldlastfor afinite time. In addition,they
shouldbe deterministicto allow a testerto have control over testexecution. This alsorequiresthat test
caseshave no choicebetweenmultiple input actions,nor a choicebetweeninput and outputactions,as
both introduceunnecessarmondeterminisnduring a testexperiment. As a result, a stateof a testcase
is a terminal state,or offers one input to the implementation,or acceptsall possibleoutputsfrom the
implementation(including the ¢ action). Finally, to be able to decideaboutthe succesf a test, the
terminalstatesof atestarelabelledwith passor fail.

Definition 5.4 (testcasesand testsuites)
e Atestcaset is a labelledtransitionsystem< S, L; U Ly U {6}, T, s0 > sud that

— tis deterministicand hasfinite behaviour;

— Scontainstheterminalstatespassandfail, with init(pass)= init(fail) = §;

— for V¢’ € S of thetestcase t’ # passfail, eitherinit(t') = {a} for somea € Ly, or initt") =
Ly U {5}
Theclassof testcasesover Ly and L, is denotedas TEST (Ly, Ly).

e AtestsuiteT is a setoftestcasesT C TEST (Ly, Ly).

Recallthatinit(s) denotesall the actionsin which states canengagejncluding the initial transition
i (definition 2.2). Note that L; and Ly refer to the inputs and outputsfrom the point of view of the
implementatiorundertest,so L; is theoutputs,and Ly is theinputsof testcases.

Whenanimplementations testedoy atest(calledatestrun), it will only stop(i.e. deadlockatthepass
or fail statesSincefor otherstatesgitherthey canoffer aninputaction,in which casetheimplementation
canalwaysaccepit, or they offer all outputactionsjncludingad transition,in which caseatleasts canbe
acceptedy animplementationlf deadlockhappenstpassstate,it is saidthattheimplementatiorpasses
thetestrun. Sinceanimplementatiorcanbenondeterministicgifferentterminalstatescanbereachedvith
differenttestrunsof the sametestcase.Only whenan implementatiorpassesll possibletestruns,is it
saidthattheimplementatiorpasseshetestcase.

To facilitatethe generatiorof testcasesa suspensiomutomaton(definition 4.10in section4.3.3) of
the specificatiorL TS s first built; testgeneratioralgorithmis thenappliedon theautomaton.

Recallthatasuspensioautomator’, of anLTS pis obtainedoy determinizingp andaddingnecessary
o transitions. The suspensiortiracesof p coincidewith the tracesof its suspensiorautomatonl’,. In
addition,for all o € L*, out(T', aftero) = out(p aftero). Thereforecheckingioconfandioco canbe
easily reducedto checkingtraceinclusion relation on suspensiorautomata. For ioco, all the tracesof
suspensiorautomatorshouldbe usedfor checking,while for ioconfonly traceswithout § transitionsare
checled.

Definition 5.5 (Testgenerationalgorithm) LetT" bethe suspensiomutomatonof a LTSs, andlet F =
trace(") for the caseof iocoand F = {o € L* | o € tracgT")} for the caseof ioconf, thena testcase
t € TEST (Ly, L) is obtainedby a finite numberof recursive applicationsof one of the following three
nondeterministichoices:

1. (* terminatethetestcase*)
t := pass

2. (* givea nextinputto theimplementatiort)
ti=a;t

wheea € L, suhthatF' = {c € L} | a-0 € F} # 0, andt' is obtainedby recussivelyapplying
thealgorithmfor 7’ andI”, with " -2 T".
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3. (* ched the next outputsof theimplementatiort)

t = Y {wfail |z € Ly U{d},z & out(l),e € F} (1)
0 D {z;pass|z € Ly U{s},z & outT),e & F} 2)
0 D {zite |z € Ly U{s},o € outT)} 3)

wheee ¢, is obtainedby recuisivelyapplyingthe algorithmfor {o € L} | - o € F} andI”, with
r 5.

In the algorithm, F is the set of tracesafter which out-setinclusion needto be checled. The first
choiceterminateshe generatiorprocedureo ensuretestexperimentstopat somepoint eventhoughthe
specificatiormay includeinfinite behaiour. The secondchoicegivesa next input to theimplementation.
As inputsarealwaysenabledthis stepwill neverresultin deadlockthusno terminalstatepassor fail can
bereached.Thethird stepchecksthe next outputof theimplementation. Any implementatiorproducing
anoutputx which doesnotbelongto out(") will resultin afail terminal,indicatingit is notaconformance
implementation.

This testgeneratioralgorithmguaranteeso generatesoundtestcaseswith respecto ioconfandioco,
andthesetof all possibletestcaseghatcanbeobtaineds complete. The proof canbefoundin [Tre94.

5.2 Application to SynchronousCir cuits

Two examplesareusedto illustratethe approactof applyinglOLTS-basedormal conformanceestingto
validatingsynchronougircuit designs.Oneis a JK flip flop, the otheris a single pulserwhich hasalready
beenspecifiedn chapter3.

5.2.1 DiLL Specificationsof the Examples

Recallthatthe DiLL approachor specifyingsynchronougircuitsis basedon a clock cycle-by-gscle (see
section3.3.4).Clock signalsjust contributeto timing referencesindarenotrelevantto functionality. Thus
they areoftenomittedin top level specificationsOn eachclock cycle, primaryoutputsandinternaloutputs
aredecidedby primaryinputsandinternalinputs.

A JK flip-flop is a single-bitmemoryelementwith controlinputsJ andK. If they arebothsetto 0, the
flip-flop staysin thesamestate.If they arebothsetto 1, theflip-flop invertsits currentvalue.If JandK are
setto differentvaluesthevalueof J is stored.Theoutputis corventionallycalledQ, while its complement
is NQ (not Q). Unlike the specificationsn chapter3, the JK flip flop specificationbelow fixesthe order
of inputsJ, K andoutputsQ, NQ. As discussedefore,fixing ordersmight causedeadlockwhen com-
ponentsareconnected However, becauseestingjust concernghe higherlevel behaioural specification,
no connectionis actually needed.By restrictingthe orderof events,the statespacecanbe substantially
reducedvhenthereexist multi-inputsand/ormulti-outputsin acomponentlin the singlepulserspecifica-
tion, implementationsreallowedto asserthe outputpulseeitheron the positive going or negative going
transitionsof ainput pulse thusthespecificationis anon-deterministione. Thespecificatiorcanbefound
in section3.3.5.

behaviour JK [J, K, Q, NQ] (0) (* initial stateis 0 *)

where

processIK [J, K, Q, NQ] (dtQ: Bit) : noexit :=
J?nevJ: Bit; K ?navK : Bit; (* getnew JandK *)
([(newJeq0) and(newK eq0)] > (* bothO - samestate*)
Q 'dtQ; NQ !not(dtQ); (* outputcurrentvalues*)
JK[J, K, Q, NQ] (dtQ)

I

[(newJeqgl) and(newK eql)] > (* both1 - flip state*)

Q 'not (dtQ); NQ !dtQ; (* invertoutputs®)
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Figure30: Suspensiomautomataof JK flip flop andSingle-Pulser

JK[J, K, Q,NQ] (not (dtQ))
I
[newJ nenewK] > (* bothdiffer - take J*)
Q 'newJ; NQ !not (newJ); (* useJasinput*)
JK[J, K, Q,NQ] (nend))
endproc (* JK*)

5.2.2 LTSs,SuspensiorAutomata and TestCases

ThelLTSsthatareobsenationallyequivalentto theabove L 0TOS specificationsappeain figure29. Obser
vationalequivalenceis usedheresinceconformanceestingrelatesonly to externalbehaiour of circuits.
The equivalencepreseresall externalbehaiour andhasa muchsmallerstatespacecomparedo that of
the original specifications.Figure 30 shavs suspensiormutomatabuilt from the LTSs. Self-loopsin this
figuredenoted (quiescenstate)actions.If a specificationis deterministic suchasthe caseof the JK flip
flop, its suspensiomutomatoris almostidenticalto the LTS exceptfor the é transitions. This is because
suspensiorautomataare obtainedby determinisingLTSsand addingnecessary transitions. Figure 31
presentseveral possibletestsgeneratedrom the automatausingthe algorithmexplainedin the preceding
section.
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Figure31: Severaltestsof JK flip flop andSingle-Pulser

The modellingapproachof DiLL hassomeimplicationsfor testing. Firstly, LOTOS eventsrepresent
stablesignalvaluesin a specificclock cycle. Thereforeall the eventsin figure 31 arestablesignalsin a
certainclockcycle. It followsthatapplyinginputsandobservingoutputsaccordingo thetestsshouldalso
be conductedvhena circuit is stable. This is not a problemfor synchronougircuits sinceclock cycles
arechosersuchthatcircuits have enoughtime to settledown. Secondlyasit is assumedhe clock cycles
areslow enough stablevaluesof inputsandoutputsareguaranteedo appeaoncein every clock cycle, so
thereis no needto worry aboutd actionswhich indicatethe absencef outputs. This is why the wealer
relationioconfis usedfor testingsynchronougircuits. For the samereasonit is alsolessinterestingto
generatdestscasessimilar to JK_t2 thatcheckabsencef outputs. They arethereforeexcludedfrom the
testgeneratarFinally, asdiscusse@arlierthe orderof inputsandoutputsis fixedto restrictthe statespace.
TestcaseJK_t1 givesaFail verdictwhenthefirst NQ !0 is obsened. This would not have happenedf the
full statespacenadbeengeneratedsoit is a fake failure state. The way to solve this problemis discussed
in thefollowing section.

Thesetwo examplesalsoindicatewhy the ioconf relationis a suitableimplementationrelation for
validatingsynchronougircuits. If a specifications deterministicthenioconfrequiresthat,in eachclock
cycle, for all possibleinput sequencesll the outputsof animplementatioragreewith thosegivenby the
specification.This is strongenoughto distinguisherroneousmplementationgrom correctones. On the
otherhand.,it alsopermitsnon-deterministispecificationgo be tested.Becausevery outputwill appear
oncein aclock cycle, anon-deterministispecificatiorwill have oneor moreoutputshaving contradictory
outputvaluesj.e. theoutputmayproduceeitherl or 0in thatclockcycle, asin thecaseof the SinglePulser
This canbeproperlycapturecby theioconfrelation.For exampleif theinputisinitially 0, afterit changes
to 1 the outputof a positive edgeimplementatiorshouldbe 1, or O for a negative edgeimplementationAs
seenin testcaseSptl of Figure31, bothdesigndecisionscanpassthe testsoimplementatiorfreedomis
respected.

5.2.3 TestGeneration and Execution

The testcasesgeneratedrom the algorithmin section5.1.6 have the form of trees. This might have a
straightforvard mappingto TTCN (Tree and Takular CombinedNotation [ISO91]), a standardform of
testsuites. However, it is found that testbenchesyhich aim to automaticallyprovide testcaseso HDL
simulatorsandreporttestverdictsto testerscannotbe easily developedfrom testtrees. In addition, the
coverageof atestsuiteis not easilymeasuredf it is expressedn testtrees. This thesishenceusestest
tracesinsteadof testtrees

Recordingestcasesasinputoutputsequencess avery commonway in engineeringracticeof testing
digital circuits. For example testcaseJK_t1 canbestoredin afile of theform: J!1; KIO; Q!1; NQ!0; Pass
indicatingthatwheninputsareJ=1, K=0 the outputsshouldbe Q=1, NQ=0. All theotherbranchesvhich
leadto fail statesin this testtreearein fact not necessaryasthe digital signalsareassumedo be strict

65



binary, if Q is not 1, thenit mustbe 0. Sowhen0 is generatedrom the implementationthe fail verdict
canbe obtainedautomaticallyby comparingt with thetesttrace;o canbeomittedasdiscussedThe other
branchearefake testswhicharethe consequencef fixing theorderof inputsandoutputs.lt is concluded
thattesttreescanbetransformedo atesttracein which all transitiondeadingto the Fail verdictin thetree
arenot explicitly recorded.Whenimplementation$ave outputsdifferentfrom the onedefinedin a test
trace,aFail verdictshouldbe generatecdutomatically

This methodworks well with deterministicspecifications.However whenthe specificationhasnon-
deterministicbehaviour, simply generatingracesfrom testtreesraisesproblems. For example,the test
tree of Sptl cannotbe rewritten asIp!l; Op!l; Ip!l; Op!0; PassandIp!l; Op!0; Pass If a positive
triggeredimplementationwere testedby the first case,it would be given a Fail verdict. Corversely a
negative triggeredimplementatiorwould fail the secondtest. Actually, both of them might be correct
implementationsThe problemis thatanimplementatiorhasto passall thetestcasesn atestsuitebefore
it is regardedascorrect.But for this example,only passingoneof thetestcasess necessaryThisis solved
by markingoutputsat a contradictorybranch,i.e. the branchwherethe sameoutputmay produceeitherl
or 0. Failing amarkedoutputin atestrun givesaninconclusve verdict,indicatingthatthe IUT is allowed
to produceanoutputotherthanthe onedictatedby thetest.

At somenodeof a suspensiomutomatonsupposehetestgeneratiorprogramfindsthattherearetwo
possibleoutputtransitionswith the samegate offering differentvalues. Both of the outputsshouldbe
markedwhenthe correspondingequencearegeneratedmeaningthey arenot necessarilynatchecby an
implementationComingbackto the exampleabove, theteststhenbecomdp!1; Op!lx; Ip!1l; Op!0; Pass
andlp!l; Op!0x, Pass WhenoutputOp!1 from animplementations comparedo thesecondestcasethe
* meansghis outputdoesnot have to be matched.Anothertesttraceis thenapplied. In this case outputs
arematchedsotestingcontinuego analysef the subsequertehaiour is satisfied.

To getthe testtraces,generationis mainly basedon traversing suspensiorautomata. Referringto
Tretmans'algorithmin section5.1.6,if Choicel is made,generatinga testcaseis complete.Appending
aninputactionto atracecorrespond$o selectingChoice2 in thetestgeneratioralgorithm. Appendingan
outputevent,possiblywith ax mark,equatego selectingChoice3.

As specificationausually have infinite behaviour, especiallyif they involve iterations,a testcasecan
hardlybea completetraceunlessthecircuit hasa deadlockstate. Thereforea testsuitecannever coverall
the behaviour of a specification.How to generatea testsuitewith goodcoverages animportantbut hard
themefor thetestingcommunity

If coveringall behaviour is notachievable,thencoveringall transitionamight be a second-besthoice.
A suspensiorautomatonis a directedgraph. Generatinga sequencéhat visits every edgein a graphat
leastonceis the Chinesepostman problem [EJ73; the generatedequencés termeda transition tour.
A singletransitiontour existsonly for a stronglyconnectedyraph,i.e. the graphin which every nodehas
apathto every othernode.Otherwise morethanonetour is neededo cover all the edges As suspension
automatamay not be stronglyconnectedit is not possibleto make directuseof transitiontour generation
algorithms(e.g.[Hol91]), which guaranteghe shortesttour for strongly connectedyraphs. In the work
presentechere, the approachsuggestedn [HYHD95] is adoptedbecauset is suitablefor all kinds of
directedgraphs.In this method,depth-firstsearchDFS) is usedwhenever possibleasit naturallyrecords
the transitionstraversed.Whenan un-visitededgecannotbe reachedoy DFS, breadth-firssearch(BFS)
is exploited to find a statethat hasan unvisited edge; DFS then continuesfrom this state. The whole
procedureepeatauntil thereis no urvisitededgein thegraph.

The CADP toolsetsupportsan applicationprogramminginterfacethat allows userwritten programs
to manipulatethe statespaceof a given LoT0s specification. This interfaceis exploited to programthe
testgeneratioralgorithmbasedon transitiontour. The algorithmis givenbelown. Note thattestcasesare
influencedby the orderin which the edgesof a suspensiomutomatorarestored. This orderis adjustable
by changingparameterpassedo CADP. If morecoverageis required thetestgeneratocanbere-runby
usingdifferentparameters.

Testgenerationbasedon transition tour:
TestGen()
/* Firstproducesuspensiomutomatorfrom the LTS */
InitStat= SusAutGen(); [* InitStatis theinitial stateof SusAut*/
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[cycle [JJK]Q[NQ ] cycle [J][K]QJ[NQ]
cyclel| 1|1 (1|0 cycle5/ 00 (1 |0
cycle2| 1|1 |0 |1 cycle6{ 11 |0 |1
cycle3| 0|1 (0 |1 cycle7| 0|0 [0 |1
cycled| 10 (1 |0 pass

Table2: Testsuitefor JK flip flop

state= InitStat;
while (1) {
while (1) {
/* DFStraversefrom the state until no urvistededgecanbe found*/
[* atthesametime, for eachoutputtransitiontraversed;/
/* markit with ™ if it hascontradictoryneighbour*/
statel= DFS(state);

/* WhenDFS cannoffind a statewith untraversededges,*/
/* do BFSsearcHrom statelto look for the state*/
/* thathasanuntraversededge markthe edgesatthe sametime */
state2= BFS(statel);
if (state2= NULL) { [* find astate*/
ShortestRth(statelstate2);
AppendRthtoTrace();
state= state2}
else{ /* notfind anuntraversededge*/
PrintTraceMark();
break}}

statel= Initstate;

state2= BFS(statel);

if (state2= NULL) {
ShortestBth(state 1state?);
AppendRthtoTrace();
state= state2}

elsereturn}}

Table2 shavsatestcasdor the JK Flip-Flop generatedrom theimplementegrogram.lt only requires
7 clockcyclesto testtheflip flop, andthetestcoversmary importantbehaiours. For example,unlike other
input combinationsinputsJ=1, K=1 do not produceuniqueoutputs.Thetestcasethususesseveralclock
cyclesto testthis feature. Table 3 shavs the testsuitefor the Signal Pulser Thefirst testis actuallyfor
the negative triggeredimplementationandthe secondis for the positive triggeredimplementation.Any
correctimplementatiorwill passone of them,andwill have aninconclusve verdict whentestedby the
other Thusthosegettingthefail verdictsarereally incorrectimplementations.

Eachtour generatedn thisway is atestcaseandis savedin atestfile. Theaccumulatedestcasesare
passedo aVHDL simulatorthatsimulateghelowerlevel implementatiorof acircuit. A VHDL testbench
is designedo allow thetestcasedo beappliedandexecutedagainsthe VHDL description.Thetestbench
isin factaVHDL programwhich consistf two processethatareexecutecdconcurrently Thefirst process
generateslock signalsfor the circuit undertest. The secondorocesseadsthe testsuitefile andgenerates
signal stimuli accordingto the inputs of eachtestcase. It also compareghe outputsgeneratedy the
VHDL simulatorwith the outputvaluesrequiredby the testcase giving a Fail or inconclusve verdictand
abortingthe simulationif they arenot the same. The testbenchalsohasto determinewhento apply the
input stimuli andto checkthe outputresult. This needssomeknowledgeof the circuit realisation suchas
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[cycle [Ip [Op|cycle [Ip | Op|cycle [Ip | Op |
cyclel| 0 | O cycled | 0 |1 cycle7 |1 | O
cycle2| 0 | O cycle5/ 0 |0 pass
cycle3| 1 | Ox |cycle6|1 | O
cycle | Ip | Op|cycle |Ip | Op | cycle |[Ip | Op
cyclel| 1 | 1x | cycle3|0 | O cycle5/1 |0
cycle2| 0 | O cycled| 1 |1 pass

Table3: Two testcasedor SinglePulser

the propagatiordelaysof componentsn the circuit. Specialcareshouldbe givento thoseoutputswhich

are marked with . Betweentwo testcasesa resetsignalis generatedy the testbencho re-initialise
the circuit undertest. The assumptioris madethat a circuit canalwaysbe correctlyreset. The LOTOS

specificationgliscussegbreviously do not specifyresetbehaiour, soatestneednotbegeneratedo ensure
thatresetis correctlyachiesed.

5.2.4 Further Discussion

Whenasuspensioautomatoris stronglyconnectedthetransitiontour algorithmin sections.2.3generates
asingletestcase suchasfor JK flip flop. Otherwisethe numberof testcasess the numberof the strongly
connectedub-graphsn the suspensiomutomatonsuchasin the caseof the SinglePulser

The specificationof SinglePulseris non-deterministién thatit allows two kinds of implementations.
But thebehaviour of eachkind is actuallydeterministic. Eachstronglyconnectesgub-graphn the suspen-
sionautomatorcorrespondso animplementationandatestcases generatedor it. If animplementation
is testedby a testcasethatis not for its kind, aninconclusve verdictarisestelling the testerthat the test
caseappliedis not a properone. The testsuitehasthe propertythatthereis alwaysa testcasewhich can
characterisémplementations.

However, if the behaiiour of animplementatioris non-deterministicfor example,if the singlepulser
is allowedto asserits outputpulseat eithernegative edgeor positive edgetransitionsof its input, the sus-
pensiorautomatorbecomes stronglyconnectedjraph.In this casethereis only atestcasegeneratedy
thealgorithm. Many of theimplementationspo matterif they arecorrector not, will gettheinconclusve
verdictsfrom this testcasebecausavhenthey asseriutputon the positive edgetransition,for example,
they may meeta transitionin the testcaserequiringthe outputon negative edge.Hencefor the specifica-
tionswhich allow non-deterministiémplementationsthe algorithmis not so efficient dueto thefrequent
inconclusve verdicts.In thenext sectiona solutionis proposedor non-deterministiémplementations.

In fact,non-deterministidigital circuitsarereally rare. Normally peopleexpectdigital devicesto have
predictableresponseto all theirinputs. Thereforethetesttracesgeneratedresatishctoryin mostcases.

5.3 Application to AsynchronousCir cuits

Apart from usingioco insteadof the ioconf relationin the test generationalgorithm, the approachof
applyingconformanceestingto validatingasynchronousircuit designsvirtually hasno differencefrom
thatfor validatingsynchronougircuit designs.Following the way of the previous section two examples
of asynchronoudesignareusedto facilitatethe explanation.

In chapter3, an asynchronoudirst-in-first-outbuffer is specified. Designedfor dual-rail datapaths,
this buffer hastwo input InT, InF andtwo outputOutT, OutF. It is assumedo be emptyinitially. When
1 appearson InT or OutT, the datumon the datapathis 1. When 1 appearson InF or OutT, the data
is 0. Lines shouldbe resetto O betweentwo transformations. The specificationwill not be repeated
hereasit canbefoundin section3.4.7. Figure32 givesits LTS (minimisedwith respecto obsenational
equivalence)suspensioautomatorof theL TS, andseveraltests.As seenpecausehelLTSis deterministic
theautomatorhasalmostthe samestructureexceptfor the d transitionswhich arerepresentedscirclesin

68



FIFO_Sus

t1 t2

= InF!1

OutF ! L2 outT 11
InF 10

Pass

OutF ! OutT!1 Pass Fail Fail

Pass Fail Fail

Figure32: LTS, suspensiomutomatorandseveraltestsof FIFO

thefigure. Testt1 providestwo inputsthencheckgheoutputof animplementationlf outputOutF changes,
theimplementatiorpasseshetest. However if OutT changeor if thereis no output,the implementation
fails the test. Similarly, testt2 checksoutputafter oneinput is provided. Testt3 checksoutputright
away. Outputchangedrom theinitial statesareerroneousehaiour sotestingshouldstopafterthey are
obsenred. Only afterthe ¢ transition,meaningthatno outputis producedcantestingcontinue.Note that
thistesthasa é transitionthatdoesnot leadto aterminalstate which could never happerin thetestcases
for synchronougircuits.

Thesecondxampleis aselectoywhich hasalsobeenintroducedn section3.4.4.Thisis aspecification
whichallows non-deterministibehaiour in implementationsafteraninputchangeoninputip, depending
on implementationseitherOpl or Op2 may change.Figure 33 givesits LTS (minimizedwith respecto
obsenational equivalence),suspensiorautomatonof the LTS, and one of the test cases. Selectostest
indicatesthataftertheinputip ! 1, theimplementationproducingeitherOpl! 1 or Op2! 1 will passthe
test,whichrespectsheimplementatiorfreedomrequiredby the specification.

The above two examplesillustrate that the ioco relationis suitablefor testingasynchronousircuit
designs.Onthe onehandit is strict enoughto rejecterroneousiesignsandon the otherhandit supports
implementatiorfreedomby passingall possiblecorrectimplementations.

Specification®f asynchronousircuits sometimegpermitsomeof their outputsto be producedn ary
order Thisis usuallymodelledasinterleaving of theseoutputsin DiLL. Thesituationis relatively com-
monin asynchronousircuit specificationsAs in the caseof non-deterministibehaiour, their suspension
automataalso containnodeswhich have morethanoneoutgoingtransitionlabelledwith outputactions.
Thisis nota coincidenceébecausénterleaving outputsactuallyintroduceson-determinismConcretem-
plementationsisuallyproducesheseoutputsin afixedordet

In the previous section the problemcausedy non-determinisnwassolved by markingoutputtransi-
tionswhich have contradictoryneighboursn suspensiomutomataThis techniquecanbe easilyextended
herefor asynchronousircuits: eachoutputtransitionwhich hasotherneighbouringoutputtransitionsis

41n synchronousircuits, the orderof outputsis artificially fixedbecausét doesnotinfluencethe functionality
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Selector Selector_Sus Selector_test
p!1
OpliL| Nop211

pass fall pass

Figure33: LTS, suspensioautomatorandonetestof Selector

A possible test trace:
Ip, Opl(*sl), Op2, Opl(*s4), ...
Op3(*s4), Ip, Op2(*sl), Opl...

Figure34: Nodeswith morethanoneoutputsandits testtrace

marked during testgenerationjndicatingthat this outputmay not be matchedby implementationsinder
testsinceotheroutputsare allowed to be produced.As discussedn section5.2.4,this methodis not so
efficient whenthe behaiour of animplementatioris non-deterministic.The problemis thatwhenanin-

conclusve verdictis reacheda testrun is abortedandothertestcaseq(if ary) shouldapplied. However,

thetestcaseshouldbestill valuableif otherneighbouringputputscanbefoundsothatthetestrun cancon-
tinue. To achieve this, all marksareextendedwith the sourcenodesof the outputs,i.e. outputtransitions
aremarkedwith x aswell astheir sourcenodeswhenthey have neighbouringoutputs.Obviously outputs
with samemarksin a testsuite are neighboursof eachotherin correspondinguspensiorautomaton.in

thisway thebranchstructureof atreeis mimickedby atrace.Sincethetransitiontour algorithmis ableto

cover all thetransitionsin a suspensiomutomatonif animplementatiorcannotagreewith all the outputs
with a certainmark, fail verdictshouldbe issued. This techniquerequiresa testbenchwhich is ableto

searchthewholetestsuitefor marks.

Figure 34 is an examplefor this revisedalgorithm. If animplementatiorhasthe behaiour Ip, Op1,
Op2,0p3, - -, it will follow Ip, Opl1, Op2in a testrun, but whenthe outputOp3 fails at Oplxs4), a
testbenctshouldlook for anotheroutputwith the samemarkto seeif the two canmatch. In this caseit
finds Op3(s4) thenthetestingcontinues.If animplementatiorbehaesaslp, Op3,- - -, therewill beno
outputmarkedwith (xs1)thatcanmatchthe Op3; theimplementatioris thereforeregardedaserroneous.

As far asthetestbenchs concernedit will be morecomplicatedhanits synchronougounterpartTo
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1 2 3 4 5 6 7

InF=1 INF=0 | OutF=1| InF=1 | OutF=0| OutF=1| InF=0
8 9 10 11 12 13 14
INT=1 | OutF=0| InT=0 | OutT=1| InT=1 | OutT=0 | OutF=1
15 16 17 18 19 20 21

1) INF=0 | OutF=0| InT=1 | OutT=1| InT=0 InT=1
22 23 24 25 26 27 28
OutT=0 | OutT=1| § InNT=0 OutT=01| ¢ pass

Table4: Testsuiteof FIFO

1 2 3 4 5 6 7

IP=1| Opl=1ksl| Ip=0 Opl=&ks2 | 9 Ip=1 | Op2=1xsl
8 9 10 11

1) Ip=0 Op2=0ks2 | pass

Table5: Testsuiteof Selector

be ableto dealwith non-deterministidmplementationsit shouldbe ableto searcha whole testsuitefor
marks.Normally a searchshouldbe carriedoutin therestof atracewhenaninconclusve pointis met,so
thattestingcango forward. However, sometimesuchmarksonly exist in the previous part of the trace,
forcing the searchto go backward. This meansthattheremay exist loopsduring testing. The testbench
thusshouldhave a stratayy to breaksuchaloop. A testbenchalsoneedsto maintainatimer. In thereal
world, no componenteally hasunboundedielay sowhena § transitionis seen the testbenchusesthe
timertorecordthetimethatelapseslf thereis no outputwithin acertainamountof time, thed transitionis
assumedo be satisfied ptherwisethefail verdictwill be given. Thevalueof thetimerreliesonthedelays
in acircuit. A testbenclwill alsohave to decidewhento provide inputs. For thetestcasetl in figure 32,
if InF! 0 is providedtoo late afterthefirst inputInF ! 1, anoutputmay have alreadybeenproduced.The
behaiour shouldbe testedby othertestcasesuchast2. But astesteranay not awarethis, t1 maystill be
usedwhichwill producefaulty testresults.

As a conclusionof this section,the test suitesof the above two examplesproducedby the revised
transitiontour algorithmaregivenin table4 and5. Both have just onetestcase.The onefor FIFO hasa
lengthof 28 transitionswith alengthof 11 transitionsfor the selector The secondestsuiteis a testwith
inconclusve marks. A selectoiwhich insistson sendingits inputto Op1canfollows thetestsequencd,
2,3,4,5,6,2,3,---, aloopthatatestbenchemustbreak.

5.4 CaseStudy

This sectionevaluatesthe approachby generatingtest casesfor a DiLL specificationof a circuit, then
executingthemagainstits implementatiordescribecoy VHDL code. This is a synchronougircuit: the
BlackJackDealer[SK96, afamouscardgamewhichis alsocalledpontoonor “21”.

A BlackJackDealeris a device which playsthe dealers handof a cardgame.The inputsof the circuit
are Card_ Readyand Card_Value (Ace..King, Clubs..Spades)lts outputshave booleanvalues:Hit (card
needed)Stand(staywith currentcards)andBroke (total exceed21). The Card_ ReadyandHit signalsare
usedfor ahandsha&with ahumanoperator Aceshavevaluel or 11 atthechoiceof the player Numbered
cardshave valuesfrom 2 to 10. Jack,QueenandKing countas10. The Black-Jackdealeris repeatedly
presentedvith cards.Ilt mustasserStand(whenits scoreis 17to 21) or Broke (whenits scoreexceed21).
In eithercasethe next cardstartsa new game.Figures35, 36 and37 arethe implementatiorof the circuit
givenin [SK96].

In the DiLL specificationof the BlackJackdealer a new datatype Value is definedto representhe
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Figure35: Thecontrollerof the Black-JackDealer

;

cardvalue. Althoughthe L oTos standarddatatype NaturalNumbermight appearsuitable CADP cannot
generatdéhecorrespondind. TS for aninfinite datatypelik e this. Thekey pointin the specificatioris how

to handletheambiguousralueof anAce. To solve the problem,thespecificatioruseshemethodgivenby

[WP8(. Specificatiorbehaiour occupiesabout80 linesincludingcomments.

Using CADP andthetestgeneratoprogramimplementedor thealgorithmin section5.2.3,atestsuite
for the Black-JackDealerwasderived. Thetestsuiteis ableto test 181 differenthandsof cardsthata
dealermmayhold. The VHDL implementatiorgivenin [WP8( wasevaluatedagainsthistestsuite.

Althoughthe circuit wasexpectedo passhetestsuite,a Fail verdictwasrecordedafterthedealemwas
giventhefollowing cards:5, 5, 3, 2, 1, 10. In this casethe dealershouldbe Broke becaus¢he sumof the
cardsis 26, which exceed21. However the circuit outputsneitherStandnor Broke sinceit considerghe
total to bejust 16. Othercardcombinationsncluding an Ace thatshouldcauseBroke exhibited the same
problem.This indicatedthatthe problemwasrelatedto processing@nAce.

The circuit shouldinitially take an Ace as11. It shouldbe re-valuedas1 (subtractinglO from the
sum)the first time the resultwould be Broke. If the following cardswould make the sumexceed21, no
re-valuationshouldbe doneasno Aceis 11. By carefully simulatingthe traceswhich led to the failure, it
wasdiscoveredthatthe givenbenchmarldesignstill re-valuesthe Ace card,sothecircuit is not Broke in
this case.In the designof the BlackJackDealer thereis a flag register(AcellFlay in [SK96]) indicating
if therehasbeenan Ace evaluatedas11. The problemof the circuit is that this registeris not resetto
zeroproperlyafteran Ace is resetto 1, becausehe effective durationof the signalusedto resetit is too
short? By slightly modifying the circuit to remove the causeof this shortduration,the circuit wasableto
successfullpasghetestsuite.

5.5 RelatedWork

For validatinghardwaredesignssimulationhasbeenandis still the predominantmethodin industry Test
casedor simulationaremainly manuallydefinedor randomlygeneratedRecentdevelopmentgor solving
the problemlie in combiningformal methodswith traditionalsimulationtechniquesin [VK95], testsare

50neof theregistersin thedesignof thecircuit is negative effective, but all the otherregistersarepositive effective. Consequently
theeffective durationof ClearAcel1Flg is justhalf acycle, whichis not enoughto clearthe Ace11Flg signal. Thecircuit designer
mightwish to save oneclock cycle to improve the speedf the circuit by usinga negatie triggeredregister

72



Clk
Set_Stand JK_FF R
Clr_Stand
Reset D
)
Set_Ace11flag a
JK_FF_R
Clr_Ace11flag > | |
-
Card_Ready
)
DFF_sr —
DFF_sr
-
-
)
Set_Broke ]
Clr_Broke JK_FF_R
Clr_Score -/
CompareGT16/a[4:0]
0

AddSelecUAT4Q
0 __Add Select/B[4
]

Add_selectB[0]

=
Card[3:0] 5
—9—{ expand_N4_M5 :b
=z
nofSelectDia o —
Adder_S0|
Jl A B
Adder_S1
Ld_Score

I O3y

CompareGT21/A/4:0]
0

Acefinder/B[3:0]
0

CMPN_N

Card_rdy_s

Stand

Acetiflag

Card_rdy_d

Broke

ScoreGT16

ScoreGT21

Acecard

Socre[4:0]

Figure36: Thedatapattof the Black-JackDealer

73



Clk

Controller

Reset

hit_ind

Card_value[3:0]

Card_ready

Datapath

broke_ind

Score[4:0]

Stand_ind

Figure37: Control-Datapatitommunication

74



generatedrom behaioural VHDL programausingtraditionalsoftwaretestingtechniquesin [HYHD95,
MAH?98], testgenerations basedn anFSM (Finite StateMachine)or anECFM (ExtractedControl Flow
Machine),which representshe controllogic of a circuit. The generatedestcasesarethenappliedto both
higherlevel andlower level specificationsn Verilog or VHDL, verdictsareobtainedby comparingoutputs
from two levels. The basicideaof thesetwo paperss quite similar to the onepresentedhere,exceptthat
they extracta formal modelfrom circuit designandusethe techniquesessentiallybasedon FSM testing
theory Butin thisthesistestsarederivedfrom higherlevel specificationsisingconformancéestingtheory
for LTSs.In [RSM97), testgeneratiordoescomefrom a higherlevel specificatiorof anFSM, thenapplied
to aVHDL simulator but it cannothandlethe casewherespecificationsnvolve nondeterminismTheaim
of thatpaperis to fill thegapbetweertheabstractestsandconcretesignals;testgeneratioris basedon a
commerciatool.

Finally, within the CADP toolseta testgeneratiortool TGV [FJJV96]is underdevelopmentthe im-
plementatiorrelationexploitedis very similar to theioconfusedin this paper TGV hadnot beenreleased
by thetime this thesiswasfinished thusa comparisorcould not be given.

5.6 Conclusion

In this chapter the framawork of formal methodsin protocoltestingwasusedfor testingdigital circuits.
The chapteffirst gave a brief introductionto formal conformanceestingbasedon the formalismof LTSs,
thenfocusedon a recentextensionto this theory namelytestingimplementationsvhich aremodelledas
IOLTSs It is believedthatanlOLTSis amorefaithful modelof digital hardwarethananLTS. Subsequently
two implementationgelationioconf and ioco and associatedest generationalgorithm were presented.
From the examplesand the casestudy it can be seenthat this formal framework can be successfully
appliedto testingdigital circuitsdesigns

A tool TestGenhasbeenimplementedn a C programmwhich producessuspensiorautomatafrom
DiLL specificationgindgenerategestsuitesbasednthetransitiontour of theautomataThemainpurpose
of developingsucha programis to automaticallygeneratdestsuiteswhich have reasonableoverage and
to facilitateautomatidestexecution.To achieve this, atestbenchwrittenin VHDL wasdevelopedo bridge
thetestcasesandVHDL simulator A revisedversionof the generatioralgorithmwasalsoimplemented,
which allows non-deterministiémplementationso betested.This revisedalgorithmrequiresa relatively
complicatedestbenchwhich hasnot beenimplementedat the currentstage.

Thecasestudyof the Black-Jackdealershavsthebenefitof theapproachBy executingtestcaseona
moredetailedmodelof digital circuits, hereit is aVHDL descriptionwhich containgiming characteristics
of componentsit is possibleto reveal subtlebugswhich cannotbe capturedoy analysinga formal model.
The problemidentifiedin the casestudy actuallyrelatedto the timing characteristic®f the circuit. Al-
thoughaDiLL specificatiordoesnot containtiming informationatall, timing bugscanstill bediscovered
by theapproach.
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6 Specificationand Analysis of Timed Cir cuits

This chapterspecifiescircuit behaiiour by explicitly including quantitatie timing magnitudesin the se-
guel,suchspecificationaretermedtimedspecification@ndthe specifiedcircuitsaretimedcircuits. In the
backgroundectionthespecificationanguageET-L oTos(Enhancedimed-L oToOS[LL97]) isintroduced.
It is followed by the investigationof building the DiLL modelof timedcircuits. A timed circuit hasthree
parts:functionality, delaysandtiming constraintsAs will bediscussedhemodelis compositionabndthe
untimedDiILL specificationsrejust the specialcasesf thetimedones.The chapteralsogivesthe speci-
ficationsof variousdelaysandtiming constraints For analysingtimedcircuits, TE-LoLA (Time Extended
LoTos Laboratory]PLR95]) is used.Finally a casestudyis investigatedo examinetheapproach.

6.1 Background

Sofarin the thesis,digital circuits specifiedare untimed, i.e. quantitatie timing characteristicare ab-
stractedaway in specifications For synchronousgircuits, clock cyclesareassumedo be slow enoughso
thatthe periodof a clock canbe abstractedisatime unit. For asynchronousircuits, only thosedesigns
basedn unboundedielaymodelsaremodelled.

However, timing characteristichave never beensomethingnegligible in digital circuit design.Timing
analysigs critical becausét determinesf acircuit canfunctioncorrectly For example,animproperclock
cycleis adisasterfor synchronousircuit. In asynchronousircuits, potentialraceconditionsandhazards,
which arecausedyy propagatiordelaysof componentsganresultin a circuit malfunctioning.In addition
high-speedrerformancds a very importantcriterion in today's competitve market. Formalismswhich
supporttimed specificatiorandanalysisarethereforehighly desirable.

6.1.1 ET-LoTosin Brief

Thethesischoose€£T-L oTOs astheformalismfor specifyingtimedcircuits. ET-LOTOS is closelyrelated
tothefuturelSOstandardE-L oTos (Enhancement® L oTos[ISO98). It is hopedthatthework presented
herewill beeasilytransferabldo E-L oTOS oncethe standards mature.

ET-L oTos supportsboth discreteanddenseime domains.Informally, in a discretedomaintime pro-
gressedn discretesteps.In adensedomainhowever, it is alwayspossibleto find atime valuebetweerary
two giventime values.Thediscreteime domainis representetly the naturalnumbersandthedensdime
domainby realor rationalnumbersln ET-L 0TOS, only countabldime domaingsuchasrationalnumbers)
arepermittedin orderto give operationakemanticaisingLabelledTransitionSystemsTime domainsare
definedasdatatypes.This makesET-L 0T0S veryflexible astime valuescanbetreatedik e ary otherdata
values.

Threenew operatorgelevantto time areintroduced namelydelay life reducerandtime measurement.

Life Reducer: Action-prefixis extendedin ET-LoTos: the expressiorg{d} meansy will notbe offered
afterd. In otherwords,g canonly occurin theinterval of time [0, d]. Thetemporalattribute {d} is
termeda life reducer

Theprecisesemanticof g{d} is asfollows: if afteradelaytime d, thebehaiour g{d}; ... hasnot
beenperformedy, theg offer is removedwithout executingthesubsequertiehaiour, i.e. theprocess
startshehaving like theidle processstop. Notethatthe life reducerdoesnot enforcethe execution
of g within theinterval [0, d], it juststateghatg cannotoccuroutsidethisinterval. Whenthereis no
life reducerthe standard. oTos syntaxapplies. The default value of thelife reduceris thusoo for
obsenableactions,which matcheshe L oTos semanticghat obsenableeventscanhappenat ary
time.

Comparatiely, applyingthe life reducerto the internalevent,i {d}, meansthati mustoccurnon-
deterministicallywithin the next d time units. Necessityandnon-determinisnapplybecausénternal
actionsare not controlledby the ervironment;in particular the time of occurrences decidedby
systemitself. Nonethelessanalternatve actionmay pre-empthe occurrenceof aninternalaction.
If thelife reduceris omitted, it is regardedasi {0}, i.e. theinternaleventmustoccurat once(if at
all).
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Delay: ThedelayoperatorAd meanghatthe subsequerbehaiour will bedelayedby d. In ET-LoToSs a
time valueis relative to the instantwhenthe previous actionoccurs. Sothe behaiour a; A?P will
delayfor d aftereventa occursandthenbehaelike P.

Time Measurement: Thetime measuremerdperator@tis usedto measurahetime elapsedetweerthe
instantwhenthe eventhasbeenofferedandtheinstantwhenit occurs.Thetime valueis storedin t.
In ET-LoT0s, time measuremertanbe usedfor both obsenableactionsandinternalactions. For
obsenableactions thetime measurementariablet canappeaiin selectionpredicatesFor example
a @t[t < 5]; P denotesabehaiour which canperforma only within thefirst 5 time unitsandthen
behaelike P. Thetimewhenit takesplaceis recordedn t.

Apartfrom thesebasicoperatorstherearealsosomeshorthanchotationsfor flexibility andcorvenience:

GeneralizedLife Reduceron Observable Action: g @t[d1 <t < d2]; P canberewrittenasg {d1,d2}; P
providedthatt doesnot appeaiin processP. It canalsobe expressedn termsof the delayoperator
andthelife reducersuchasA#! g {d2-d1}; P; the sameconditionapplies.

GeneralizedLife Reduceron Inter nal Action: Thebehaiour A4l i @t {d2};
[t+d1/t]P canberewrittenasi @t {d1,d1+d2}; P, wheret+d1/t meanseveryt appearingn process
P is replacedby t+d1.

The formal semanticof ET-LOTOS is given by labelledtransitionsystems. Thereare two kinds of
transitions: discreteand timed. Discretetransitionscorrespondo the executionof actions. If a is an
action,P % P’ meanghatP mayperformactiona andthenbehaelike P’. Timedtransitionscorrespond

to the passagef time. If d is a variableof sort Time, then P % P' meanghat P may idle for d then
behaelike P’. The semanticwill not be discussedn detail herebut two pointsare emphasizedbelow.
Full definitionsof thesemanticeanbefoundin [LL94].

ET-LoTos adoptsmaximal progresgWan9] for hiddenactions. Maximal progressmeansthat if
a hiddenaction canoccur, it musthappennow (unlessan alternative action occurs)and shouldnot be
postponed.In otherwords, hiddenactionsareurgentin ET-LoTos. In the DiLL approachgeachdigital
componentis modelledas a processwhich usually synchronisesvith others. Input or output ports are
modelledby L oTOS events. Portsusedinside a designare hiddenandtheir eventsbecomeurgentunder
theassumptiorof maximalprogress.

For i events,urgeng is not alwaysavailable. In the behaiour i {d}; stop the internalactioncanbe
postponedintil d time units. But afterthat,it musthappenunlessanalternatve actionoccurs).An internal
eventis thusurgentonly atits uppertime bound.

6.2 LoTos Model of Timed Cir cuits

Before developinga modelto specifytimed digital componentsit is necessaryo identify which kinds
of timing characteristicseedto be specifiedfor digital designs. By intuition, timing characteristicare
temporalrelationshipsmonginputs,amongoutputs andamonginputsandoutputs.Therelationshipfrom
input to outputis normally calleddelay. It is the time interval betweena signalchangeon aninput and
the resultingsignal changeon an output. The relationshipamonginputsis calleda timing constaint in
this thesis,meaningthat digital circuits canwork correctly only whenthe constraintsare met. Thereis
no needto specifythe relationshipsamongoutputsdirectly, asthey aredeterminedy delaysandtiming
constraints.

Several possibleapproachesxist to specifyatimeddigital componentgclassifiedhereaseitheranin-
tegratedmethodor a combinedmethod In anintegratedmethod,a digital componenis specifiedin one
procesghatdealswith bothfunctionality andtiming. Althoughtheintegratedmethodmayresultin com-
pactspecificationsit is nota “structural'methodandis hardto apply. The approachis not compositional
in thesensahatfunctionalandtemporalcharacteristicef acomponenarenotmerelycombined It is also
importantto have untimedbehaiour asa simple caseof timed behaiour, i.e. to be ableto isolatepure
functionality.

77



1p2 | Functionality
| - (zero delay) | - |

Err A timed component

Figure38: Thespecificatiormodelfor atimed component

Attention hasthereforebeenfocusedon developingcombinedmethods. The ideais to separatehe
functionalityandthetiming characteristicinto differentprocessesandthento combinethemin anappro-
priateway.

Themodeladopteds aresultof considerablexperimentatiorwith differentapproachesThe selected
approachs calledthe parallel-serialmodel.As shovn in figure 38, thefunctionalityis assumedo bespec-
ified with no (in otherwords,zero)delay Timing constraint§TC) areplacedin parallelwith thefunctional
specificationto checkif input requirementaremet. Delaysare placedin serieswith the functionality to
provide delayfor eachoutput.

Note that the Err(or) gatesin the figure arefor analysispurposeonly; they have no counterparin
realphysicalcomponentslt indicatesthatatiming constrainthasnot beenmet. It is foundthatmodelling
circuit behaviour underunexpectednputsconditionsis really difficult, andevenimpossiblesometimesin
fact,it is moreimportantto detectandcorrectdesignerrorsthanto know whathappensftertheerrors.

If thetiming constraintsarevoid andthe delaysmaybearbitrarily large, thetimed modelis equivalent
to anuntimedmodel. The modelthushasthe nice propertythatan untimedspecificatioris a specialcase
of timedone.

6.3 SpecifyingFunctionality

The functionality part of atimed componenhaszerodelay In otherwords,outputschangeammediately
afteraninput change . Specification®f functionalityarebasedon the modeldevelopedin section3.2,i.e.

thefirst modelfor basiclogic gates.Only a smallmodificationis madeto reflectthe zerodelaycondition,
thatis everyoutputhasaO life reducer As discussedhefirst basiclogic modelis veryfaithful to realworld

componentgxceptfor its inertial delayassumptionBecauseno delayis associateavith the functionality
partof timed circuits, this shortcomings thereforegotrid of. Again, the specificationof a Nand2gateis

takenasanillustration.

procesdNand2[lp1, Ip2, Op] : (dtlpl,dtip2,dtOp: Bit) noexit :=

Ip1 ? newdtlpl: Bit [newdtlplnedtipl]; (* oneinputis changed*)

Nand2[Ip1, Ip2, Op] (newdtlpl,dtip2, dtOp) (* repeatbehaiour *)
I

Ip2 ?nevdtip2: Bit [newdtlp2 nedtlp2] (* otherinputis changed)

Nand2[Ip1, Ip2, Op] (dtlp1, newdtip2, dtOp] (* repeatbehaiour *)
I

let newdtOp: Bit = Apply (Nand,dtlp1, dtlp2)in (* new Output*)

Op! newdtOp{0} [newdtOpnedtOp]; (* outputchangemmediately*)

Nand2[Ip1, Ip2, Op] (dtlp1,dtip2, nendtOp) (* repeatehaiour *)

endproc (* Nand2*)
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6.4 Modelling Delays
6.4.1 BasicDelay Types

As mentionedin chapter3, therearetwo basicdelaytypes: pure delayandinertial delay. Supposethe
delayof a digital componenis D. A puredelayretardsa waveformby time D, but doesnot alterit. An
inertial delaymay alterthe shapeof a waveformby eliminatingthe glitchesshorterthanD.

Sometimesthe delay of a componenhasa moregeneralform. Theremay exist a thresholdT < D
suchthatthe componentabsorbsnput pulseswhosewidth is lessthan T. However outputfollows input
if the pulsewidth is morethanT. In DiLL this is termedgenerl delay. In fact, it could be considered
asaninertial delay T cascadeavith a puredelayD-T. Figure 39 shavs how inputsarerelatedto outputs
for differentdelaytypes. For clarity, inertial and puredelays,which have beillustratedin chapter3, are
re-dravnin thisfigure.

The following sectionsntroducethe delayelementghathave beenincludedin the DiLL library. Al-
thoughthesearecomponentsn the senseof building blocks,they do not like mostof the componentsn
thelibrary (gates{lip-flops, countersgtc.). Pseudo-componentsight be a more propernamefor them.
Unlike the fixed delaysD discussedaibore, all delayshave a non-deterministiaangefrom MinDel (the
minimumdelay)to MaxDel (the maximumdelay). Thisis termednon-deterministicelayor interval time
delayin the sequel. For generaldelay MinWdth correspondso the thresholdT. It is obvious that the
assumptiorof non-deterministiclelaysis morerealisticandflexible thanthatof fixeddelays.

6.4.2 Inertial Delay

Thefollowing is a naive attemptat specifyinga delay The examplerevealsaninterestingpoint relatedto
oneaspecbf ET-LOTOS semanticsmaximalprogresson hiddenevents.

procesdelayNaie [Ip, Op]
(MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=

Ip ? NewDatalp: Bit; (* new input™)
DelayNave[lp, Op](MinDel, MaxDel, NewDatalp,DataOp)(* continue*)

[
[Datalpne DataOp]> (* potentialoutput? *)
Op! Datalp{MinDel, MaxDel}; (* outputwithin [MinDel, MaxDel] *)
DelayNave [Ip, Op] (MinDel, MaxDel, Datalp,Datalp) (* continue*)

endproc (* DelayNave*)
The specificationusesthe ET-LoTos generalizedife reducerto modelinertial delay Outputshappen
afterthe delayjMinDel, MaxDel] input hasoccurred.If anotherinput comesbeforethe delayis due,i.e.
the input pulseis lessthan the delay magnitude,outputwill not occur Note thatin this specification,
the momentwhenthe outputOp is producedis also determinedby the ervironment,becausehe delay
rangeis associatedvith an obsenable action. But in DiLL what shouldreally be specifiedis that the
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delayis decidedby the componenttself. Moreoverif the componentvith the delayis connectedo other
componentsn a larger design,the Op port might well be hidden. This would meanthat the delaytime
is exactly MinDel insteadof beinga non-deterministizalue,dueto the adoptionof maximalprogresgor
hiddeneventsin ET-LoTos. MinDel is the earliestmomentthe hiddenOp canoccur, thusit shouldoccur
atthatmoment.

To overcomethe problem,a revisedspecificatioris givenbelow:

procesPDelaylnertial[lp, Op]
(MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=
Ip ? NewDatalp: Bit; (* new input*)
Delaylnertial[lp, Op] (MinDel, MaxDel, NewDatalp,DataOp)

[Datalpne DataOp]> (* potentialoutput*)
i {MinDel, MaxDel}; (* non-determinisitidelaywithin [MinDel, MaxDel] *)
Op! Datalp{0}; (* outputimmediatelyafterdelay?*)

Delaylnertial[lp, Op] (MinDel, MaxDel, Datalp,Datalp)
endproc (* Delaylnertial*)

The specificatiorntakesadvantageof internalevents. Theinternaleventi introducesnon-deterministic
delay which meansthe outputport canchangeits valueat ary time betweenMinDel andMaxDel The
exactdelayvalueis determinecby the componenttself andis not affectedby its ernvironment.Moreover,
evenafterthe Opis hiddenin alarger circuit, delayis still non-deterministisinceonly hiddeneventsare
urgent.

As mentionedin section6.1.1, the internal eventi hasthe necessitysemanticsjn otherwordsi is
necessarilyperformedwithin the time definedby the life reducer However this propertyis local andso
hasno effect on otherprocessestspeciallyin a choicecontext, i hasno priority over otheractions.In the
above casejf thereis a Ip beforethei action,i canstill be prevented.This exactly correspondso inertial
delay whereshortpulsesareeliminated.

After the occurrenceof i, Op hasto happerimmediatelyaccordingto the O life reducer This needsa
cooperatye ervironmentwhichis ableto participatein Op atthatmoment,otherwisethe specificatiorwill
deadlock.This mayindicateeitheranimproperspecificatioror wrongbehaiour of the specifiedcircuit.

6.4.3 PureDelay

Specificationof puredelayis doneby processforking. A delay componentcan be regardedas an un-
boundedirst-in-first-outbuffer with eachoutputbeingdelayedby a valuewithin [MinDel, MaxDel].

procesdDelayPurdlp, Op]
(MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=

Ip ? NewDatalp: Bit; (* new input™)
([NewDatalpeqDataOp]> (* if no potentialoutput*)
DelayPurdlp, Op] (MinDel, MaxDel, NewDatalp,DataOp)
I
[NewDatalpne DataOp]> (* if thereis potentialoutput®)
(

(i {MinDel, MaxDel}; (* delayfor [MinDel, MaxDel] *)
Op! NewDatalp{0}; (* output*)
stop

)

[] (* atthesametime, procesdorking *)
DelayPurdlp, Op] (MinDel, MaxDel, NewDatalp,NewDatalp)
)

)
endproc (* DelayPure)
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Figure40: Catch-Upphenomenomvith puredelay

In the above specificationgvery outputoccursafterdelayyMinDel, MaxDel] from aninput occurring.
Beforethe delayis due,theremight be new inputsandconsequentlyen outputsproduced.Whendelay
is fixed,althoughall theseoutputsareinterleasredaccordingo the specificationthe properorderof output
sequencesanstill bepreseredbecausghetime thateachoutputappearss determinedy thedelaymag-
nitude. However whendelayis assumedo be non-deterministicatherthanfixed, the above specification
may resultin disorderedutputsequencesuchasOp! 0; Op! 0; Op! 1; ..., wherethesecondOp! 0
overtalesOp! 1 andcauseghetwo consecutie Op! 0 events. For corveniencethis is called catch-up
in the sequel.Figure40illustratesthat catch up occursif alaterinput changetakeslesstime to reachthe
outputthananearlierinputchangeIn thefigurethedelayis betweerB8 and9 time units. As onecansee jf
botheventsOp! 0 andOp! 1 happenwithin the overlappedegion thencatchup may arise. Supposehe
width of ainput pulseis W. A necessargonditionfor catch-upto occuris W < MaxDel-MinDel

In fact, catch-upmay occasionallyemegein realhardwareif delaysvary significantly whichis often
associateavith anunstableervironment.Howeverasdelaysusuallyfluctuatein anarron range thecatch-
up conditionis rarely metin practice. In DiLL ary delay modelthatis basedon pure delay (e.g.the
generaldelay componento be discussedoon)aswell asnon-deterministiddelay may suffer from this
phenomenon.This is not a problemin the inertial delay modelsincean input changewill preventary
pendingoutput;it is thereforenot possibleto catchup a pendingoutput.

6.4.4 General Delay

As mentionedbefore, generaldelay hasa thresholdMinWdth. Input pulseswhosewidth is lessthan
MinWdth will beabsorbedy the componentThey will appearatthe outputif their width is greaterthan
or equalto MinWidth. The generaldelayelementin DiLL is specifiedsuchthatit canmodelnotonly a
generaldelaybut alsoinertialandpuredelay Thisis achievedby choosingappropriatdiming parameters.
Thefollowing specifieghe delaycomponent.

procesPDelay[Ip,0p]
(MinwWidth, MinDel, MaxDel: Time, Datalp,DataOp: Bit) : noexit :=
Ip ? NewDatalp: Bit; (* new input*)
Delay[lp,Op](MinWidth,MinDel,MaxDel,NevDatalp,DataOp)

[(Datalpne DataOp)]> (* thereis potentialoutput®)

([MinWidth It MinDel] > (* generadelay*)

(A(MinWidth) i; (* inputholdsatleastMinWidth *)

((i {MinDel — MinWidth, MaxDel — MinWidth}; (* nondeterministiclelay*)

Op! Datalp{0}; (* output*)
Stop

[| (* procesdorking *)
DelayAux[Ip,Op] (MinWidth, MinDel, MaxDel, Datalp,Datalp)

)

81



D——4———- DFF [0Q Del ay

| Q
Ck | Precl ear |
(zero I nQBar
Gear__| | “gelay) Del ay —|—| Bar

Figure41: D Flip-Flop with asynchronou®re-Clear

)
)
I
[MinwWidth geMinDel] > (* inertial delay*)
(i {MinDel, MaxDel} ; (* nondeterministiclelay*)
Op! Datalp{0}; (* output*)
DelayAux[lp,0Op] (MinWidth, MinDel, MaxDel, Datalp,Datalp)
)
)

endproc (* Delay*)

This specifications essentiallythe combinationof thosefor inertial andpuredelays.WhenMinWdth
> MinDel it is identicalto the inertial delay specification. When MinWdth < MinDel, it is the caseof
puredelay Thecomponenfirst waitsfor MinWdth, duringwhichinputIp hasa chanceo preventoutput,
eliminatingglitchesshortethanMinWdth. Thenit entersthe puredelayphasewhichis alsospecifiedby
procesdgorking.

Differentcombinationf thetime parametersring differentkindsof delaycomponents:

0 < MinWdth < MinDel < MaxDel< Inf describegeneradelay

MinWdth = 0, MinDel < MaxDel< Inf is the caseof puredelay The differencebetweengeneraldelay
andpuredelayis thatin the latter MinWdth is zerosothatthe componentioesnot absorba narrov
pulse.

0 < MinDel < MaxDel < Inf, MinWdth > MinDel is the caseof inertial delay It appliesif thethreshold
MinWdth is greatethanMinDel. MinWidth is often setto Inf for inertial delay

MinDel = 0, MaxDel= Inf, MinWdth > 0 is equivalentto theuntimeddelaycomponenspecifiedn sec-
tion 3.2. Usually MinWdth is giventhevaluelnf.

6.4.5 Delay Componentsfor Higher Level Specifications

In higher level specificationsof componentsdelaysfrom several inputsto the sameoutput may well
different. Thedelaycomponentspecifiedabore assumehe samerangeof delayfor all inputsto thesame
output,which turnsout to be unrealisticwhenusedwith higherlevel componentsFor example,consider
a D (delay)flip-flop with asynchronougre-cleaf Supposethe delayfrom clock (CK) to outputs(Q and
QBar) is 20—30ns, while thedelayfrom the asynchronouslearto the outputbeingresetcouldbe aslittle
as10-15ns. Forcinga commonrangefor themis henceunreasonable.

A delay componentfor higherlevel specificationds thusrequired. When a changeturns up at an
input of the delaycomponen(in this example,InQ), if thereis no indicationof the sourceof the change
(a clock transitionor a clear),the delaycomponentill have no ideaaboutwhich delayvalue shouldbe

8This is a one-bitmemoryelementthat storesdataD underthe control of a clock signal Ck. Its outputsQ and QBar (negated
output) can be resetwith a clearsignalat ary time irrespectie of the clock. If a clearis not beingrequestedvalue 1), after the
positive transitionof Ck theinput datawill appearatthe outputaftersomedelay If a clearis requestedvalue0), the outputwill be
clearedasynchronousiyno matterwhatthelevel of theclockis.
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applied(20-30ns or 10-15ns). To make thingsclear it requiresthe functional specificationto declare
delaymagnitudesvhenoutputsareoffered. For example after Clear is resetto 0, theflip-flop mustoffer
INQ! 0! 10! 15to ensurethaton this occasionnQ shouldbe delayedfor 10to 15ns. If InQ is changed
becaus®f aclock transition,theflip-flop mustoffer InQ! 0! 20! 30.

As onemight expect,becausdlifferentdelayvaluesareappliedto onedelaycomponentthe catch-up
phenomenonvill arisein a puredelayspecificationgvenif eachdelayvalueis fixed. Delay components
for higherlevel specificationsn the DiLL library arethereforebasednly oninertial delay

6.5 Modelling Timing Constraints

Timing constraintsn DILL areusedto checkif inputsof acomponensatisfysomeconditions.Thereare
variouscommontiming constraintsuchassetup hold, pulsewidth andperiodetc.

Setupand hold times are always associatedvith flip-flops. For a D (delay) flip-flop, setuptime is
the time interval betweena changeon input D andthe trigger that storesthis data(e.g. a positive-going
transitionof the clock CK). The datasignalmustthenremainstablefor a minimal time interval if correct
operatiorof theflip-flop is to beguaranteedror aflip-flop, theholdtimeis theinterval in whichinputdata
mustremainunchangedftertriggeringby the clock. Again, this minimum mustbe respectedor correct
operation A timing diagramshaving setuptime andhold time is givenin figure 42.

The setuptime constraints specifiedasfollows, supposinghatthe active clock transitionis positive-
going. As explainedin section6.2,anadditionalgateErr is introducedo detectviolation of the constraint
andto simplify specificatiorundererroneousnputs. After inputon D takesplace,it is necessaryo notice
the next eventandthetime it appearslIf within the setuptime thereareno eventsatall, this D passeshe
check.If aneggative clocktransitionshovs up, thetimeis recordedsothatfurthereventscanbechecledin
theremaindenf thesetuptime. If a positive transitionof clock signalcomeswithin thechecledtime, the
Err gatehasto be usedto show thata violation wasdetected |t is alsopossiblethatseveral Ds comein a
string. In this casethemomentthatthelastD happengs usedasthe startpoint of the setuptime:

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

D ? NewDatalp: Bit; (* new datainput*)

AfterD [D, Ck, Err] (SetupTme, SetupTme) (* checksetuptime *)
I

Ck ? NewCKk : Bit; (* new clockinput¥*)

SetupDelD, Ck, Err] (SetupTime) (* nosetuptime to check?*)

endproc (* SetupDel)

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

A(SetupRem); (* noeventsduring Setupime*)
SetupDelD, Ck, Err] (SetupTme) (* gotothenext round*)
Ck ? NewCk : Bit @t; (* new clockinput*)

[NewCk eq0Q] > (* negative-goingclock?*)

AfterD [D, Ck] (SetupTme, Setupime — t) (* checkremainingsetuptime *)
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[NewCkeql] > (* positive-goingclock*)
Err! SetupError; (* setuptime violated*)
SetupDelD, Ck, Err] (SetupTime) (* gotothenext round*)

)

[

D ? NewDatalp: Bit; (* new datainput*)
AfterD [D, Ck, Err] (SetupTme, SetupTme) (* setthenew startpoint*)

endproc (* AfterD *)

Thehold time constraintis specifiedin a very similar way. Therearealsoothertiming constraintdn
theDiLL library. For example,thewidth timing constraintdefinesthe minimumwidth thataninput pulse
shouldhave. The periodtiming constraintis the minimum period for an input signal, especiallyclock
signals.Figure43illustratesthetwo constraints.

6.6 CaseStudy: A 2-to-1 Multiplexer

In this section,a small circuit (a 2-to-1 multiplexer) is specifiedand validated. The validation goal is
to examineif therearehazarddn the design,which is usually doneby analysingdelaysof components.
Of coursea DiLL specificationcanalso be usedfor other purposessuchas decidingclock periodsfor
synchronougircuits, calculatingtiming performancegtc. But becauseof the limitation of tools, only
smallexamplesarestudiedsofar.

A 2-to-1 multiplexer hastwo datainputs A andB, a selectioninput Sandan outputC. The behaviour
is suchthatif the selectioninputis 0, the dataat A will appearat C aftersomedelay Alternatiely if the
selectioninput is 1, the dataat B will appearat C. The delaysusedin the exampleareinertial, mainly
becausghey areeasyto handleandaremoregenerakhanpuredelay

Themultiplexeris specifiedat two levels. The higherlevel specifiegherequiredbehaiour andtiming
performance.The lower level specifiesthe structureof the componenby connectingbasiclogic gates.
Thelowerlevel implementghehigherlevel. Thetimedspecificationsareanalysedhroughsimulationand
testing.

6.6.1 TE-LoLA

As standardLoTOs is untimed,therehasbeenlittle tool supportfor timed extensionsof LoT0os. The
only tool availableis TE-LoLA, which supportsTE-LoTos (Time ExtendedL oTos [RQ96]). Although
ET-LoTtos andTE-L oTtos adoptdifferentsemantianodels theequivalencebetweerthemhasbeenestab-
lished[LR95]. It is thereforepossibleto translateET-L 0TOS specificationsnto TE-LOTOS ones.Because
of their similarity, the translationis alwayspossiblealthoughsomesubtledifferenceseedattention. For
example,i {d} in ET-LoTos means will happemon-deterministicallypetweerD andd time units,but in
TE-LoTos it meansthati will occurat exactly time d. The correcttranslationshouldbei {0..d} in TE-
LoTos. In orderto avoid confusionthefollowing specificationwill still useET-L oTOS syntax,although
theactualanalysisvasmadewith TE-LOTOS.
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Thevalidationfunctionsof TE-LOLA aresimulationandtesting,which areboth exploitedin this case
study

6.6.2 Behavioural Specificationand Validation

Behavioural specificationof the 2-to-1 multiplexer usestwo processespne definesthe functionality and
theotherdefineghedelaytypeandmagnitude The higherlevel specificatiorof themultiplexeris specified
simply by composinghesetwo parts. Multiplexer[A, B, S,InC] (0, 0, 0, 0) is the procesgor zerodelay
multiplexer with every portsinitially beingatQ. Delaylnertial[InC, C](10, 15, 0, 0) is the instantiationof
theinertial delayspecifiedn section6.4.2,with thedelayin therangel0to 15 time units.

procesdMultiplexer[lA, 1B, IS, OC] (dtlA, dtIB, dtIS, dtOC): noexit :=

IA ?newdtlA : Bit [newdtIA nedtlA] ; (* IA is changed)
Multiplexer[IA, 1B, IS, OC] (newdtlA, dtIB, dtlS, dtOC)

I
IB ? newdtIB : Bit [newdtIB nedtIB] ; (* IB is changed)
Multiplexer[IA, IB, IS, OC] (dtlA, newdtIB, dtlS, dtOC)

I
IS ? newdtlS: Bit [newdtIS nedtIS]; (* ISis changed)

Multiplexer[IA, 1B, IS, OC] (dtIA, dtIB, newdtlS, dtOC)

let newdtOC: Bit = (dtIA andnot(dtlS))or (dtIB anddtlS)in

([newdtOCnedtOC] = OC! nendtOC{0}; (* outputchangammediately*)
Multiplexer[IA, IB, IS, OC] (dtlA, dtIB, dtlS, nendtOC)
)
endproc (* Multiplexer*)
hide InCiin (* internalgateto delay*)
Multiplexer[A, B, S,InC] (0,0, 0,0) (* multiplexerinstance®)
[[InC]| (* syncwith delay*)
Delaylnertial[InC,C] (10, 15,0,0)) (* delayinstance)

The behavioural specificationvasvalidatedby the simulationandtestingfunctionsof TE-LOLA. The
aimis to ensurethatthe specificatioris asexpected As is well known, bothsimulationandtestingarenot
exhaustye validation. This is especiallytrue for timed specificationswith a densedomain: aneventcan
take placeat ary time sothereis no way to give all possibleexecutionpaths. The stratey for validation
is to focuson representatie “states',for exampleA! 1 {0}; B! 1 {0}; S! 1 {0} is usedto standfor the
situationswhereall inputschangego 1. They may changeto 1 at differenttimesin differentorders,but
it is impossibleto list all of the situations.Therearethreeinputsheresothereare8 input “states'in total.
Simulationis doneby randomlychoosingtheseinput statesoneby oneto seeif the outputsareright. The
recordedsimulationpathscanalsobe usedasthe criterionwhenthelower level specificatioris validated.

Testingis amoreefficientandreliablemethodcomparedo simulationbecaus®netestcasecancover
mary simulation paths. In TE-LOLA testingis done by composingtest processesn parallel with the
original specification Eachtestprocesss atestcase.If thetestprocessanbefollowedfor all executions
of thecomposedapecificationtheresultof testingis mustpass If thetestprocessanbefollowedonly for
someexecutionstheresultis maypass Otherwisethetestis consideredo berejected

Forthisexample testingcanbeconductedn two steps First, it shouldbemadesurethatfrom theinitial
statethereis no problemto move to ary otherstates.Seventestprocessesare definedcorrespondingo
moving to the sevenstatesotherthantheinitial one.For instanceaftermoving to the stateA=1, B=1, S=0
the outputshouldbe C=1 after 10 or 15 time units. Second,t is necessaryo checkthat after the first
correctmovementthespecificatiorcanalwayschangdo ary otherstatecorrectly 56 (8 x 7) processeare
designedecauseachoneof the8 statecanmoveto theother7 stateslf it isassumedhatthemultiplexer
hasiterative behaviour (this is actuallya testinghypothesis)the above 63 (7 + 56) testprocesseshould
have satishctory coverage. In fact, TE-LOLA supportsexecutingall testcasesrom a batchfile, thusa
singlerun canobtainall thetestresults.

Thehigherlevel specificatioris provento be correctaccordingio simulationandtesting.
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Figure45: Hazardsandtheir LOTOS specifications

6.6.3 Structural Specificationand Validation

The structureof the 2-to-1 multiplexer is shovn in figure 44.7 The logic gatesin the diagramaretimed
gates. Eachof themconsistsof zero-delaylogic anda delay component. The insetin the figure shovs
the structureof the and gateG2; 0_D in thefigure meanszerodelay Othergateshave the samekind of
structure All gatesaresupposedo have afixeddelaywhichis 5 time unitsin this example.The designof
themultiplexeris “classical'andcanbefoundin textbookslik e [KIi83]. However, aswill be seerlaterthis
designcontaingiming hazards.

Hazadsareunwantedransitionghatappeaontheoutputsof digital circuitsin responséo thechanges
oninputs. For example,supposehatthe outputshouldstaythe same(e.g. 1) afteraninput changesrom
statel; to I;. But whathappensn anactualimplementations thatthe outputchangesrom 1 to 0 and
thenbackto 1 aftertheinput. The consecutie unwantedtransitionsl to 0 andO to 1 areregardedhazards.
Figure 45 illustrateskinds of commonhazardsn circuits andtheir correspondind- oTOs specifications.
Casegqa) and(b) arecalledstatic-Oandstatic-1hazardgespectiely, while (c) and(d) arecalleddynamic
hazards.

The simulation pathsand test processegor validating the higher level specificationare re-usedto
analysethelowerlevel design.Below is oneof thetestcasesvhich aimsto detectf thereis ahazardvhen
the circuit movesfrom statel11to 110 (A=1, B=1, S=1to A=1, B=1, S=0). This testcaseshouldhave
beernrejectedf therewerenohazardhowevertheresultis maypassindicatinga statichazardexistsduring
thistransition.

processTest111 110HazardA, B, S,C, OK] : noexit :=

A11{0};B!1{0};S!1{0}; (* changeto state111*)
C!1{10,15} (* outputl *)
S10{2}; (* changeo state110%*)

(C!10{10,15}; cli; (* hazard¥)

"Thetypesof thegatesareomitted. Thetrianglewith acircle is aninverter the D' shapesireandgatestheshieldshapds anor
gate.
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Transition | Typeof Hazard | Number of ChangedInputs |

000to 101 static-0 2
010to 101 static-0 3
011to 100 static-1 3
0l1l1to 110 static-1 2
111to 100 static-1 2
111to 110 static-1 1

Table6: Hazardsn the 2-to-1 Multiplexer
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Figure46: Thehazard-freeMultiplexer

OK; stop

)
endproc (* Testl11l110Hazard)

Evaluatingall testprocesseshavs that6 of thempassthetest(whenthey shouldhave beenrejected).
Table6 lists thesetransitionsandthe correspondindiazards Thetestresultsindicatethatwhenthe delays
of eachgatearefixed, thecircuit exhibits statichazardsOneof thehazard$iappensvhenthereis asingle
input changethe othersoccurwhenmorethanoneinput changesimultaneously

By analysinga passedestsequencé is possibleto discover the causeof thehazard:theinputsfollow
differentlengthsof pathto reachthe output. Figure46 is a very simple solutionto the problem(though
it may not be realistic): threeredundandelay componentsare usedto guaranteehat eachinput-output
pathis exactly threegatedelays. It is obvious that eachdelay componenishould have the samedelay
valueasthe basiclogic gatesusedin thedesign.In practice they could berepeater®r someotherdigital
componentsvhich have the desireddelayvalue. This reviseddesignis provento be correctby the same
testingprocedure.

Finally, it shouldbe pointedout that the original designof the multiplexer is usually usedin syn-
chronouscircuits, which meanghe hazardgliscoveredwill have no influencewhenclock cyclesareslow
enough(for example,longerthan 15 time units). Apparently the designmust not be usedin building
asynchronousircuitsdueto thesehazardsliscovered.

6.7 RelatedWork

IndustrialHDLs (hardwaredescriptionanguages$uchasVHDL ([IEE93]) andVerilog ([IEE95]) support
simple timed specificationf digital circuits. Among varioustiming characteristicspnly fixed inertial
andpuredelaysarespecifiablein thesetwo languages.To improve timing accurag, OVl (OpenVerilog
International)adoptedSDF (StandardDelay Format) for representatioand interpretationof timing data
at ary stageof circuit design. A wide variety of timing datacanbe specifiedin greatdetailin SDF. For

example delaysareallowedto benon-deterministi@anddifferentkindsof delays suchasportdelays path
delaysandinterconnectdelaysare modelled. Dozensof timing checks(setuptiming, hold timing, . . .)

andtiming environmentgpathconstraintsperiodconstraints, . .) arealsosupported At the specification
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stage SDFfiles canbeusedassupplementso VHDL or Verilog programto introducemoreprecisetiiming
information. SDFwill becomea future IEEE standardIEE99].

Formally specifyingandanalysingimedcircuitshasattractedeasonablattentiononly aftertheresur
genceof asynchronousircuit design.For synchronougircuits, quantitatve timing is normally abstracted
in both specificatiomandvalidation. Althoughit is alsopossibleto avoid timing in delay-insensitie (DI)
or speed-independe(fl) circuits,timedasynchronousircuitscanbesignificantlysmallerandfasterthan
thoseassumingunboundedlelays.

In [HB97], CSPwas usedto specify asynchronousircuits. After a CSPprogramwas transformed
into a safePeri Net, non-deterministidime delays(called interval delaysin that paper)were annotated
on the placesof the nets. An algorithmwasthendevelopedto determinethe extremeseparatiorin time
betweertwo communicatioractionsof the CSPprogram.The specificatioraspecf this methodologyis
apparentlypoor;theauthors'mainattentionwasto developanefficientanalysisalgorithm.

In [MY96], timed automatg[AD94]) wereemployedto specifythe behaiour of MOS transistordi-
rectly, aswell thebehaviour of inputsandervironment.A circuit is thenthecompositiorof theseautomata.
TCTL (Timed CalculationTreeLogic [ACD9Q) is theformalismfor specifyingpropertiesVerificationis
doneby modelcheckingof the TCTL formula againstthe timed automatawhich is performedautomati-
cally by thetool KRONOS([DOTY96]).

[MP95] utilized the sametool to analysegatelevel asynchronousircuits. The authorsdevelopeda
formalism calledtimedbooleanfunctionsto specifycircuits. Eachgateis specifiedby a function,anda
circuit is simply a setof all gates. Eachfunctionis actually the combinationof two sub-functions:one
for the functionality of the gate,the otherfor the delay associatedvith the gate. Inertial delay (termed
lateng in the paper)andpuredelay(termedidealin the paper)aremodelled althoughonly inertial delays
arereally usedin circuit specifications.The authorsproved that eachcircuit modelledby timed boolean
functionscouldbetransformednto anequivalenttimedautomatonallowing analysishasedn verification
toolssuchasKkRONOS.

The processalgebraCirRcAL hasalsobeenusedin realtime systemg[CKM98a, CKM98h]). Unlike
LoTos, CIrRcAL itself is not extendedfor this purpose.Instead,an actiont is regardedasa global tick,
andspecificprocessesre definedwith respecto t to modelvariousdelays. The approacthecomesrery
complicatedvhena densdime domainis consideredExceptfor aglobalclock, eachprocesshouldhave
its own local clock, andtherearealsolocal clocksfor every two processesvhich have interactions.All
local clocks canbe setandresetwhennecessarywhich is the responsibilityof specifiers.Moreover, in
orderto keepeachlocal clock progressingtthesamerate,thereshouldbe a procesgo controltheprogress
for every two local clocks. The advantageof the CIRCAL methodologyis thatthe languagétself needs
no extension,neitherdo the tools supportingit. The disadwantagesarethatthe burdenof maintaintiming
mechanismss actuallymovedto circuit specifiers.

By usingET-LoT0S, the thesiscanspecifytimed circuits at variouslevel of abstractionj.e. notjust
gatelevel or whatever. Specificationsare intuitive and concise,thanksto the timed semanticsof ET-
L oTos. Becausaspecificationéncludethemostimportanttiming characteristicsjamelydelaysandtiming
constraintsyariouspropertiescanbe analysed.The main impedimentat the momentis thatbecausé=T-
LoTos hasnotyetbecomean|SO standardfew toolssupportit. Thiswill be overcomein the nearfuture
with the appearancef thenew standardce-L oTOS.

6.8 Conclusion

This chapterasusedET-L oTOS to specifytimed circuits. Two importanttiming characteristicin digital
circuits, namelydelaysandtiming constraintshave beenidentified. A timed componentis modelledasa
zerodelaypartfollowedby adelaycomponentlf necessarytiming constraintareusedto guardtheinputs
to ensurehatinputtiming conditionsarerespectedThe modelis compositionalandhasthe nice property
thatuntimedcomponentsrejust specialcasesof timed ones. Variousdelaysandtiming constraintsare
provided by the DiLL library. It shouldbe pointedout that when pure delaysare associatedvith non-
deterministicvalues,DiLL specificatiorwill suffer from the catchup phenomenonwhich might notbea
realisticrepresentatioof realhardware.

Timed specificationcan sene asthe basisof variousanalyse. For example,it canbe usedto check
whethertiming requirementson a digital designare respected. This can be done by using the timing
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constraintcomponents As in the multiplexer example,it is alsovaluablein discovering potentialtiming
errorslike hazardslt canalsobe usedto analysehetiming propertieof alogic designsuchasits minimal
andmaximaldelays.

To gain thesebenefitsreally needsthe help of tools. In the casestudy of the multiplexer, testcases
weregeneratednanually It would beidealif all testscould be generatedutomatically Testingtheoryof
ET-LoTtos hasbeenestablishedn [L é?]. Whatis missingis conformanceelationsandtestgeneration
algorithms,which requirefurthertheoreticaiinvestigation.Futurework basedbn this thesisis to formally
verify timedcircuits. Onepossibilityis to usedthetool KRONOS, which checksf the systemdescribedy
atimedautomatorsatisfiesarequiremenexpressedsaformulaof TCTL. A methodfor transformingeT-
LoTos specificationgo timed automatahasalreadybeenimplementedn [DOY95, Her97. Verification
of atimedDiLL specificatiormaythusbe possible.
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7 Conclusion

This chapterconcludeghis thesis. Becausehe former chaptershave alreadycontainedindividual sum-
maries,this chapterfocuseson the main contributionsof the thesis,then providessuggestiongor future
work.

7.1 Main Contrib utions

Thethesisusestheformallanguagd. oTos to specifyandanalyseadigital circuits. It investigateshe topic
from severaldifferentbut closelyrelatedaspectsnamelyspecificationyerification,testing,andtiming.

The underlyingmodelling approachof DiLL was developedin [TS94], which mainly includedthe
modelsfor signals,wires, componentsthe connectionof componentsanda specificationof basiclogic
gateswhich hasbeenpresentedgainin section3.2. All thelargercircuitsin [TS94] werebuilt from basic
logic gates.In orderto supporthedesignproceduraisedn industry thethesisdentifiedthatit is necessary
for DILL to specifycircuits at differentlevels of abstraction.Thereforenot only structuralspecifications
shouldbe supportedput alsobehaioural specifications.Many commoncomponentsvere subsequently
provided with behaioural specifications. At the sametime, the datatype BitArray was definedto aid
higherlevel behaioural specification.

The basicmodellingapproachwasthenappliedin specifyingsynchronousndasynchronousircuits.
Sincecircuit structurecanbespecifiedroutinely, chaptei3 focusedon thebehaioural specificationsApart
from providing specification®f commonbuilding blocksof both synchronousindasynchronousircuits,
this chapteresultedn severalimportantobsenations:1) The samecomponenmayhave differentmodels
in differentkindsof circuits. 2) Thesamecomponentmay have differentmodelwhendifferentverification
purposesare required. 3) When LoTos events modelssignal transitions,as in the caseof modelling
asynchronousircuits,the behaiour of a LoTOS specificatiormay not represenits correspondingircuit
very well sinceL oTos doesnot differentiateénputsandoutputs.4) To overcomethe problemin 3), input
receptiveandinput quasi-eceptivespecificationshouldbe employed.

Chapte# providedtheapproactof verifying digital circuitsspecifiedn L oTos. Unlike mosthardware
verificationapproachesandtools, DiLL supportshethreeconventionalformal verificationtasks,namely
requirmentsapture, implementatiorverificationanddesignverification Basicallyimplementatiorver-
ification is achiezed by comparingthe relationsbetweenLTSs, andthe othertwo taskscan be doneby
modelcheckingtemporallogic formulae. The chapterrevealsthatthe existing relationscharacterisinghe
relationshipsbetweerntwo LTSsarenot suitablefor implementationverificationof asynchronousircuits.
Two relationsare thereforedefinedto solve the problem. The relationsconsiderthe differencebetween
inputsandoutputsin hardware,andprovidesintuitive criteriafor the correctnessf asynchronousircuits.
A verifier VeriConfwasimplementedor checkingthe relations.The casestudyin the chapterdiscosered
abugin thedesignof a BusArbiter, abenchmarlcircuit which hasbeenverifiedby mary researchers.

Chapter5 exploresa new direction of applying formal methodsin digital circuit design. Here, test
vectors(calledtestcasedn the communityof formal verification) are generatecautomaticallyfrom the
behavioural specificationof a circuit, thenfed into a commerciaWHDL simulatorto simulatethe design
of the circuit. The methodalleviatesthe stateexplosion problemby avoiding generatinghe statespace
of circuit designswhich areusuallymuchlargerthantheir correspondindpehaioural specificationsThe
approacthis helpfulin finding subtlebugswhich cannotbe detectedy formal verification,sincea simula-
tion modelof acircuit (e.g. The VHDL descriptionof thecircuit) is usuallycloserto realhardwarethana
formal model. A testgeneratohasbeenimplementedwhich guarantee$o cover all possibletransitions
of the stategraphof the behaioral specification.The casestudiedin the chapterdiscorereda bug in an-
otherbenchmarkeircuit, namelythe BlackJackDealer This circuit is alsostudiedby otherresearchers
usingformal verification. But this bug, which is relatedto thewrongtiming in the design,might never be
discoveredby formally verifying a modelwhich doesnot containtiming information.

Chapte6 usedET-L OTOS to write circuit specificationsvhich containquantitatve timing magnitudes.
This chapteridentified the importanttiming characteristicsn digital circuits, namelytiming constaints
anddelays thenspecifiedthemin ET-LoTos. The modelfor timed componentsndcircuitswasalsoes-
tablished .Unlike mostformalhardwarespecificatiorandverificationapproachewhichignorequantitatve
timing, this chapteris a new attemptto addressheissue. Timed specification®f digital circuits provide
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the basisfor thoroughlyanalysingcircuit behaiour which is sensitive to timing, andcanalsobe usedin
evaluatingthe speedberformancef digital circuits.

One of the motivationsof the thesiswas to examinethe possibility of applying LoTos outsideits
traditionalarea. Throughtheinvestigationjt wasdiscoveredthatL oTOS is suitablefor specifyingdigital
circuits, including both synchronousandasynchronousircuits. Comparedvith otherformalismsusedin
hardwarespecificationsl 0Tos hasa clearadvantagen higherlevel specificationssuchasat the system
level or the algorithmlevel. Its statusasinternationalstandardhelpsto reducethe efforts in developing
analysistools greatly The thesisdemonstratedhat mostgeneralL 0TOS tools canbe usedin analysing
DiLL specificationdirectly. Even when suchtools are not available, customizedtools can be quickly
developedby usingthe programmingnterfaceprovided. Thanksto thesewell-developedtools, the thesis
wasableto spanseveraldifferentaspect®f validatingdigital circuitsin arelatively shorttime.

The thesisalso identifiessomelimitations when LoTOs is usedin the areaof digital circuits. The
overheadf thelanguagemakesit moredifficult for formal verification. The statespacegeneratedlirectly
from a LoT0s specificationss normally muchlargerthanthe real statespaceof a circuit. CurrentLoTos
tools canonly generatehe larger LTSsthenminimisethemto smallerones. However if theinitial state
spacesrenotableto begeneratedh thefirst place,minimisationcannotbeapplied.Althoughthisis really
the problemof verificationtools ratherthanthat of the languageijt restrictsDiLL from analysinglarger
circuits. The breakthroughmight lie in usingthe syntaxbasedverificationapproachhopefully thereare
alreadysuchtheoriesdevelopedfor LoTos suchasin [Kir94, ST97 MT94].

Thereis alsoa gapbetweerthe processcommunicatiorschemedoptedn LoTos andthe communi-
cationschemebetweerreal hardwarecomponentsThis happensvhenL oTos eventsmodelsignaltran-
sitions. In LoTos the communicatiorof processes achievedby the synchronisatiorof commonevents.
Processesanrefuseeventswhenthey are not readyto acceptthem. But in real hardware,input signal
transitionscannever berefusedby componentsAs aresultof the difference behaiour which happensn
realhardwaremight not be representedy their LoTos model. To accuratelynodelcircuit behaiour, the
thesissuggestnput receptiveandinput quasi-receptivespecificationslt shouldbe pointedout thatthese
specificationsreusuallymoredifficult to write, andthatinput quasi-receptie specificationsisuallyresult
in alargerstatespacewhich makesverificationmoredifficult.

Thesecondnotivationof thethesiswasto provide theoriesandtoolsto aid designingcorrecthardware.
DiLL adwcatesthe component-basespecificationstyle which emphasizeshe re-useof trustedcompo-
nents. It comeswith a comprehensie library which containsthe validatedspecificationsof commonly
useddigital componentsUsingthesdibrary componentsvill helpto reduceerrorsin specificationsDiLL
supportdmplementatiorverification,asshown in the casestudyof the bus arbiter, it is a complementary
approacho designverificationand shouldbe usedwhen possibleto detectas mary bugsaspossiblein
designs.DiLL alsoexploresthe new areaof combiningformal methodswith the traditional simulation
approach.The resultsof the explorationshav that L oTos testingtheory canbe successfullyemployed
in the area.Two toolsweredevelopedalongthe theoreticalinvestigationsnamely\VeriConfand TestGen
which help to supportthe casestudiesin the thesis,andwhich aswell canbe employedto validateother
hardwarecircuits.

7.2 Future Work

With E-LoTos becomingthe new standardof LOTOS, new investigationshouldbe madeinto using E-
LoTos to specifyandanalysedigital circuits. Theinvestigationwill provide feedbackof advantagesnd
limitations on the languagewhich shouldbe of interestto the languagedeveloperssinceE-LoTos is still
in the courseof standardizationlt will alsobenefitthecommunityof hardwaredesignerdor thefollowing
reasons:

¢ E-LoTos adoptsmary featureof commonimperative languagesothatit is moreuserfriendly than
LoTtos. DiLL specificationawill be easierto write if E-LOTOS is to be usedas the underlying
formalism.

e ThecurrentDILL approaclprovideslimited supportfor analysingimedspecificationdueto thelack
of propertools. After E-LoTOs becomesaninternationalstandardmoretoolswill be developedto
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supportt. It is hopedthatthenew toolswill makeit possibleto analysethetiming characteristicef
practicalcircuits.

Anotherimmediateresearchdirectionis the testselectionproblem. In chapter5, a testsuiteis guar
anteedo cover all the transitionsof the statespaceof a specificationput how muchit coversthe whole
behaviour of the specificatioris unknavn. Moreover, whenthe circuits arerelatively comple, the sizeof
thetestsuitemight be very largeresultingin considerablsimulationrun-time. The methodologie®f test
selectionadwocatedin [BTV91, ACV93, CG97] might help. Heuristicsrelatedto circuits shouldalsobe

explored,which is extremelyusefulfor testingimportantpartsof a circuit, or the partsthataresubjectto
errors.
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A Glossary

ACTL: Action basedComputationallreeLogic [DV90], atemporallogic whichis similarto CTL but is
interpretecbver actions.

ADT: AbstractDataType,alanguagenhich supportADT doesnotimply the particularimplementations
of datatypes.

AsynchronousCir cuit; A circuit in which componentghangestateindependenthattheir own rates.

Behavioural Specification: A behaioural specificatioriooks at a systemasa blackbox. It specifiesghe
behaiour of a circuit exhibitedonits interfaceto theervironment.

BDD: Binary DecisionDiagram,a datastructurefor representing booleanfunction[Bry92].

BasicLogic Gate: abasiccomponenthatevaluatesasimplelogicalfunctionsuchasand, nand(notand),
xor (exclusiveor).

BoundedDelay: acomponenhasboundedielayif anupperandlower boundfor the delaymagnitudes
known.

CCS: Calculusof CommunicatingSystemgMil89], a processalgebrausedto specify parallelandcon-
currentsystems.

CIRcAL: Circuit CalculusfMM92]. A processalgebraderived from CCSfor specifyingandanalysing
digital circuits.

Combinational Cir cuits: Circuitswhoseoutputsdepencdbnly onthe currentinputs.

CSP: CommunicatingSequentiaProcessefHoa8Y, a processalgebrausedto specifyparallelandcon-
currentsystems.

CTL: ComputationalTree Logic [CES84, a branchingtime temporallogic which is interpretedover
states.

DesignVerification: Oneof thehardwareverificationtaskswhich checkdf animplementatiorof acircuit
designsatisfiessomeproperties.

DI Circuit: A delayinsensitve circuit assumesinboundedlelayson its wiresandcomponentsthusthe
correctfunctionof thecircuit is insensitve to the actualdelayson wiresandcomponents.

E-LoTos: Enhancement® LoTos [ISO9].
ELLA: A hardwaredesignlanguagdrom DRA Malvern.
ET-LoTos: EnhancedlimedL oTOS[LL97].

Flip-Flop: Clockedone-bitmemoryelementwhoseoutputis decoupledrom its input. New datamaybe
readinto aflip-flop while previousdatais beingoutput.A D (Delay)flip-flop hasa singledatainput
thatis readon clock signals. A JK flip-flop hastwo datainputs(correspondindgo 0 and1 outputs)
that arereadon clock signals. Other varietiesinclude MS (MasterSlave), RS (Reset-Setpnd T
(Trigger)flip-flops.

Fundamental Mode: The ervironmentof a circuit is saidto be in fundamentaimodeif it canprovides
inputsonly whenthecircuit is stable.

Hazard: Transientandundesiredsignaltransitionsappearean the outputsof digital circuitsin response
to thechange®ninputs.

HDL: A hardwaredescriptionanguagas alanguagédor rigorousdefinitionof hardwarecomponentand
circuits. It generallyprovidessupportfor multi-level descriptionand realisationof hardware,and
may have aformal basis.
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HML: Hennessy-Milnetogic [HM80], alogic which is interpretedover actionsandis usedto express
the propertiesof concurrensystems.

HOL: HigherOrderLogic. A proof generatingystentor higherorderlogic [Gor87).

Inertial Delay: An inertial delaycomponentmay filter out the narrov pulsesof its input signals,conse-
guentlythe shapeof its outputwaveformmaybealtered.

Input Receptive: Thespecificatiorof acircuitis inputreceptieif everyinputis acceptablatevery state
of the specification.

Input/Output Mode: The ervironmentof a circuit is saidto be in input/outputmodeif it is allowedto
provide inputsno matterif thecircuit is stableor not.

Implementation Verification: Oneof the hardwareverificationtaskswhich checksif a circuit specifica-
tion relatedto anotheronewith respecto aformalrelation.

LoTos: Languageof TemporalOrderingSpecificationISO89, a formal languagestandardisety 1ISO
in 1989.

LTS: A Labelledtransitionsystemis anautomatorconsistingof a setof stateqincludingtheinitial state),
asetof actionsanda setof transitions.Eachtransitionis relatedto two statesandan action,repre-
sentingthatthe systemchangests statefrom oneto the otherafterthe actiontakesplace.

Model Checking: Themethodof formally verifying whetherafinite-statenodelsatisfiesomeproperties.
p-Calculus: A modallogic [Lar90] whichis anextensionof HML.

PureDelay: A pure delay componentdoesnot changethe waveform of its input signal; all the signal
transitionsaresimply delayby a certainmagnitude.

QDI: A quasi-delaynsensitve circuitassumesinboundedielaysonits wiresandcomponentshut delays
onforkedwiresareassumedo bethesame.

Occam: A languagebasedon CSPdevelopedin INMOS to specifyconcurreniprocessesvhich commu-
nicatevia one-way channels.

RaceCondition:; a situationwheretherelative speedof componentsiecidesthe behaiour of a circuit.
A raceconditionis usuallyundesirablasit canleadto non-determinisnof digital circuits.

RequirementsCapture: Oneof the hardwareverificationtaskswhich checksif a circuit specificatioris
whatit shouldbe.

RTL: A specificatiomatregistertransferevel specifieghe dataflows betweerregistersof digital circuits.
Ruby: A relationallanguagdor describinganddesigningcircuits[JS9Q.

Semi-Modular: A circuit is semi-modulaif for all componentén the circuit, their inputscannotchange
ary pendingoutputs.

SequentialCir cuit: A circuit whoseoutputsdependon the statesof componentst a previoustime. Se-
guentialcircuits generallyhave somekind of feedbacksuchthat previous outputsaffect future val-
ues.

Sl Circuit: A speedindependentircuit assumezero delayson its wires but unboundeddelayson its
componentsThe correctfunction of the circuit is independenthe actualdelayson components.

Structural Specification: A structuralspecificationspecifieshow a systemis built from smallercompo-
nents.

SynchronousCir cuits: A circuitin which componentghangestateunderthe controlof a masterclock.
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UnboundedDelay: A componentasunboundedielayif the upperboundof its delaymagnitudes un-
known, exceptthatit is positive andfinite.

TE-LoTos: Time Extended.oT0S [RQ96.

Temporal Logic: A logic with thenotionof time involved. A temporallogic formulacanexpresshefact
aboutpast,presentandfuture.

VHDL: VeryHigh SpeedntegratedCircuit (VHSIC) HardwareDescriptionLanguageAn IEEE standard
HDL [IEE93].

Verilog: A hardwaredescriptionanguagevhichwasstandardisetdy IEEE [|[EE95)].

B DiLL Library Components

This sectionsummariseshe componentsn the DiLL library. Thecomponent®f synchronousgircuitsare
foundin table7, of asynchronousircuitsin table8, andof timedcircuitsin table9.

Component Variants
Adder 2/4 inputs,behaioural/structuralhalf/full/paralld/ripple
And, ... 2/3/4/8inputs,0/1-actve
Clock -
Comparator 1/4/8h inputs,behaioural/structural
Counter behaioural/structurh
Decoder 2/3inputs,behaioural/structuralp/1-actve outputs BCD-Decimal/Excess-3/Gray
Demultiplexer | 1/2inputs,behaioural/structural
Divider 2/4/8inputs,behaioural/structural+ve/-ve trigger
Encoder 4/8 inputs,behaioural/structuralQ/1-actve outputs
FlipFlop D/JK/MS/RS/T behaioural/structural+ve/-ve trigger, presetpreclearlockout
Inverter 1/4/8inputs,0/1-actve tri-stateenable
Latch D/RS, 1/4/8bits, behaioural/structuralpreset precleay clocked
Memory behaioural/structurh
Multiplexer 2/4inputs,1/8h-bit, behaioural/structural
One,... sourceof logic 1/0, sink
Parity 8 inputs,white-box/gate-heel
Register 4/8h bits, black-box/gate-heel, +ve/-ve trigger, loadenable/preclear
bucket brigade/pass-on/shift
Repeater 1/4/8inputs,0/1-actve

Table7: Thecomponent®f synchronougircuitsin theDiLL library

Component Function

And, ... basiclogic gates

C_Element(Join) | usedfor synchronisingsignaltransitions
Fork forking wires

Latch storagecomponents

Merge for meming signaltransitionson two inputs
RGD Arbiter request—grant—dorabiter

Selector selectingnondeterminisiticlyfrom two inputs
Sequencer sequencingwo inputs

Wire for explicitly introducingdelay

Table8: Thecomponent®f asynchronousircuits

LoTos Syntax
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This sectiongivesselectedsyntaxfor LoTos in table10. Only theinformal explanationsarepresented
here.Thedefinitionof L oTos syntaxandits formal semanticeanbe foundin [ISO89.

ET-LoTOSs Syntax

This sectiongivesthe syntaxof ET-L oTos whichis relatedto its timing featrues.Thedefinition of the
syntaxof ET-LoTos andits formal semanticcanbefoundin [LL97].

Component Function

GeneralDelay| generadelayscanincludeinertialandpuredelays
Hold hold timing constraints

InertialDelay | inertialdelays

Period timing constraintsfor checkingthe periodsof signals
PureDelay puredelays

Setup setuptiming constraint

Width timing constraintsfor checkingthewidthsof signals

Table9: Timedcomponentén theDiLL library
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Notation Meaning

(* text®) acomment

stop abehaiour thatdoesnothing(no furtheraction)

exit abehaiour thatimmediatelyterminatesuccessfully
exit (results) successfuterminationwith resultvalues

gate aport' atwhich eventoffersmaysynchronise
gatelvalue anoffer to synchronisen a givenvalue

gate?variable:sort

gatel... ?...[predicate]
procesmamefgates](parameters) noexit
:= behaiour
processname[gates](parameters)
(results):= behaiour
name[gates](parameters)

offer ; behaiour

[guard] = behaiour

behaiourl [| behaiour2
behaiourl >> behaiour2

exit

exit (results)>>
acceptdeclarationsn behaiour

behaiourl > behaiour2

behaiourl || behaiour2

behaiourl||| behaiour2

behaiourl |[gate$ behaiour2

anoffer to synchronis@nary valueof thegivensort,bindingtheactual
valueto thegivenvariablename

aneventoffer with apredicateon valuessynchronised
anamedprocesabstractiorwith given gatesandvalueparametersyut
notermination(e.g.it repeatsndefinitely)
aprocesghatterminatesuccessfullyith the givenresultsorts

aninstantiationof anamedprocess

prefixesaneventoffer to somebehaiour (“followed by")
offersbehaiour only if theguardconditionis satisfied("if")
offersachoicebetweerntwo behaiours ("or')

allows the secondbehaiour to occurif the first behaiour terminates
successfully("enables")

successfuterminationwith export of resultvalues

allows the secondbehaiour to disruptthe first behaiour unlessthis
terminatessuccessfullyfiirst ("disabledby")

allows two behaioursto runin parallel,but fully synchronise@ntheir
events(synchroniseavith’)

allows two behaiours to runin parallel, but with independenbccur
renceof their events(Cinterleaved with')

allows two behaioursto runin parallel,synchronisingon all eventsat
thegivengates("synchronisedn gateswith')

Tablel10: Selected.oTos syntax
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Notation Meaning

AT Q procesKQ is delayedby d

exit {d} successfuterminationwithin [0, d], otherwisebehaeslike stop
exit (results){d} sameasabove but terminationwith results

gatel... ?..@t thetime whengate!... ?... takesplaceis recordedn t

gatel... ?...{d} gate!... ?... happenswithin [0, d], otherwisebehaeslike stop
gatel... 2...@t[f(t)] | thetimewhentheeventtakesplacesatisfied(t), otherwisestop
i {d} i musthapperwithin [0, d]

i @t{d} i muthappernwithin [0, d] andthetimeis recordedn t

Table11: SeclectedET-L OTOS syntax
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