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Abstract
The thesisdiscussesusingISO standardformal languageLOTOS (Languageof TemporalOrdering

Specification)for formally specifyingandanalysingdigital circuits.Thestudyservestwo-fold: it exam-
inesthepossibilityof extendingapplicationsof LOTOS outsideits traditionalareas,andprovidesa new
formalismto aiddesigningcorrecthardware.

Digital circuitsareusuallyclassifiedinto synchronous(clocked)andasynchronous(un-clocked)cir-
cuits. Thethesisaddressesbothof them.LOTOS modelsfor signals,wires,componentsandcomponent
connectionsareestablished,togetherwith thebehavioural modelsof digital componentsin synchronous
andasynchronouscircuits. Theseformal modelshelp to build the rigorousspecificationsof digital cir-
cuits, which arenot only valuabledocumentation,but also the basesfor further analysis. The inves-
tigation of the thesisshows that LOTOS is suitablefor specifyingdigital circuits at variouslevels of
abstraction.Comparedwith otherformalisms,it is especiallyefficient on higherlevel modelling. But
thereis alsoa gapbetweenLOTOS modelsandreal world hardware,which is the resultof the differ-
encebetweeninputsandoutputsof systemsbeingabstractedaway in LOTOS. The gapis bridgedby
introducinginput receptive or inputquasi-receptive specifications.

Two analysisapproachesareinvestigatedin thethesis,namelyformal verificationandconformance
testing.Verificationintendsto checkthecorrectnessof theformalmodelof acircuit, it is exhaustive and
canensurethecorrectnessof themodelbeingchecked.While testingis appliedto aphysicalproductor a
formalor informalmodel,it cannever beexhaustive but areveryusefulwhena formal modelis difficult
to build.

CurrentLOTOSverificationtechniquessupportthethreecommonverificationtasks,i.e.requirements
capture,implementationverificationanddesignverification. In this thesis,modelcheckingis usedto
fulfill the tasks. It is found that verificationof synchronouscircuits is relatively straightforward since
LOTOS tools canbedirectly used.For verifying asynchronouscircuits, two conformancerelationsare
definedto take the different rolesof inputsandoutputsinto account. Comparedwith otherhardware
verificationapproaches,theapproachpresentedin this thesishastheadvantageof finding bugsat early
stagesof development,becauseLOTOS can be usedin higher level modelling. Moreover, LOTOS is
supportedby variousverification techniques,which arecomplementaryto eachothersandgive more
chancesto detectdesignfaults.

The thesisexploresa new directionof applyingformal methodsto digital circuit design.Thebasic
ideais to combineformal methodswith traditionalvalidationapproaches.LOTOS conformancetesting
theoryis employedto generatetestcasesfrom higherlevel formal specifications.Thetestcasesarethen
appliedto commercialVHDL (VHSIC HardwareDescriptionLanguage)simulatorsto simulatelower
level circuit designs.Casestudiesrevealsthattheapproachis verypromising.For example,it candetect
bugswhichcannotbecapturedby examininga formal model.

Timing characteristicsareimportantfactorsin digital design.To beableto specifyandanalysetimed
circuits,ET-LOTOS is exploited. Two importanttiming characteristicsin digital circuits,namelydelays
andtiming constraintsareidentified.Timedspecificationsof digital circuitsarethecompositionof these
timing characteristicsand functionality. Basedon the formal specifications,rigorousanalysiscan be
applied.Themethodis valuablein discoveringsubtledesignbugsrelatedto timing, suchashazard,race
conditions,andcanalsobeusedfor analysingspeedperformanceof digital circuits.
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1 A counter-examplegeneratedby Aldébaran . . . . . . . . . . . . . . . . . . . . . . . . . 46
2 Testsuitefor JK flip flop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3 Two testcasesfor SinglePulser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4 Testsuiteof FIFO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5 Testsuiteof Selector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6 Hazardsin the2-to-1Multiplexer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7 Thecomponentsof synchronouscircuitsin theDILL library . . . . . . . . . . . . . . . . 103
8 Thecomponentsof asynchronouscircuits . . . . . . . . . . . . . . . . . . . . . . . . . . 103
9 Timedcomponentsin theDILL library . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
10 SelectedLOTOS syntax . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
11 SeclectedET-LOTOS syntax . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

vii



1 Intr oduction

1.1 Moti vation

This thesisis concernedwith using ISO standardformal languageLOTOS (LanguageOf TemporalOr-
deringSpecification,[ISO89]) to formally specifyandanalysedigital circuits. It hasa two-fold purpose:
examiningthepossibilityof applyingLOTOS outsideits traditionalarea,andproviding new theoriesand
toolsto aiddesigningcorrecthardware.

LOTOS hasbeenwidely andsuccessfullyusedto specifycommunicationsystemssuchasstandards
for OSI (OpenSystemsInterconnection[ISO94]). This is not surprisingsinceLOTOS wasdevelopedfor
this purpose.It hasalsobeenusedin relatedareasuchasOpenDistributedProcessing[ISO95]. However,
LOTOS mightclaimto beageneral-purposelanguagefor specifyingconcurrentsystems,soit is valuableto
investigatetheapplicabilityof thelanguageoutsideits original field. Digital circuitsarecomplex systems
which involve intensive concurrency. Theapplicationof LOTOS in this new areawill helpto discover the
strengthsandlimitationsof thelanguage.

Althoughdigital logic designis well understood,guaranteeingthecorrectnessof acircuit is still avery
hardproblem. Formal methodsprovide a solutionby systematicallyandexhaustively analysingcircuit
behaviour to prove thecorrectnessor pinpoint thebugs. Many formalismshave beenusedto modeldig-
ital circuits, includingHOL (HigherOrderLogic [MGG93, SRI91], processalgebra[MM92], automaton
[HHK96, BCM

�
92], functions[O'D95] andPetri Nets [Rei85, YK98]. As an internationallystandard-

isedformal language,LOTOS shouldbemoreeasilyacceptedby industry. It is moreexpressive thanmost
formalismsdevelopedfor academicresearch,and is supportedwith theoryand tools that allow various
analysismethods,someof which arenot possiblewith otherhardwarespecificationapproaches.Theuse
of LOTOS is alternativeandcomplementaryto theexistingmethodsfor designingcorrecthardware.

Following the initial investigationof the subjectin [TS94], the approachpresentedin this thesisis
namedDILL (DIgital Logic in LOTOS).

1.2 Context of the Research

1.2.1 DesignProcedurefor Digital Cir cuits

Designof digital circuitsis a complicatedprocesswhich involvesmany differentsteps.Figure1 depictsa
typical designflow [GDKW92] usedin industry.

Designstartswith an initial idea,which is abstractandmayberecordedin diagramsor a naturallan-
guage.Humandesignershaveto build aspecificationof theideain somehigher-leveldescriptionlanguage,
suchasVerilog [IEE95], VHDL [IEE93], LOTOS, or otherformalismsuchasfinite statemachinesetc.

This higherlevel circuit specificationis thenrefinedto a register transferlevel (RTL) specificationby
humandesignersor high level synthesistools.Typically anRTL specificationcontainstwo parts:datapath
andcontrol logic. Thedatapathis built from elementssuchasregisters,multiplexers,adders,multipliers,
etc.Thecontrollogic providesnecessarycontrolsignalsandtiming for thedatapath.

Logic synthesistools are then appliedto generatea descriptionof the control logic in the form of
a netlist of gates. Thesegatescorrespondto a setof logic equationsandmay not be physically imple-
mentable.

Giventhesegates,technologymappingreplacesthemwith theimplementablegatesin acertainlibrary.
It alsocombinessmallgatesto makelargeronesaslongasthey areavailablein thelibrary. Componentsin
datapathsareusuallymappedinto thedescriptionsat transistorlevel directly, usingthetool calledamodule
generator.

The lowestlevel descriptionis the layoutof thecircuit. Modulesandgatesareplacedandconnected
by usingplacementandroutingtools.Thelayoutcanbesentfor fabricatingto getthefinal product.

Thedesignprocedureinevitably involvesiterations,eitherbecauseperformancerequirementsarenot
met or errorsappearafter a transformation. Humanmistakes contribute most of the errors,but other
sourcesarealsopossible,suchasdeficienciesin synthesisalgorithmsor softwarebugs. Although many
stepsin thedesignflow canbedoneautomatically, humandesignis unavoidable.For example,high level
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Rounded rectangles represent the different descriptions of a circuit.

Ellipses with a solid edge identify the processes of transforming one description to the other

Shaded parts are in the scope of the investigation of this thesis.

Ellipses with a dashed edge stand for validation methods used to ensure the correctness of each design step.

$�
� �%�*�������������� "��	� %��

Figure1: Designprocedurefor digital circuits
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synthesisis still an areaof currentresearchandnot widely usedin industry. Logic synthesisis a well-
establishedtechniquebut is not suitablefor regularblockssuchasRAM (Random-AccessMemory),PLA
(ProgrammableLogic Array) andcompletemicroprocessorsbecauseof thespeedandareainefficiency.

Validationtoolsarethereforenecessaryfor detectingdesignerrors.Checkingthecorrectnessof ahigher
level circuit specificationagainstan initial designideais termedspecificationvalidation, andexamining
thecorrectnessof thedesignatRTL andgatelevel (includingthenetlistdescriptionandtheimplementation
netlist) is termedcircuit validation. Layoutvalidation toolsarededicatedto thecircuit specifiedat layout
level. While testingusuallyrefersto theactivity of detectingfabricationdeficienciesin final products.

At present,simulationis still thepredominantapproachof validatingdigital designsin industry. Test
vectorsarefed into anexecutabledescriptionof thecircuit; thebehaviour of thecircuit is comparedwith
that of a referencemodel, or simply analysedby observingthe outputs. The procedurefor obtaining
testvectorsis called testgeneration. Most testvectorsfor simulationarecreatedby experiencedtesting
engineers.Testvectorsfor testingfabricationbugsareusuallygeneratedautomatically, with theassumption
thatonly certainkindsof faultsmayoccurin theprocessof manufacturing.

The thesissupportsearlier stagesof the designprocedure. More preciselyit mainly concernsthe
correctnessof logic designsratherthanthe correctnessof layout or fabrication. Automaticsynthesisof
circuits is excludedfrom thescopeof thethesiseither, but somerelatedwork of hardwaresynthesisfrom
LOTOS specificationcanbe found in [HYKT94]. The shadedpartsin figure1 arethereforein the scope
of the thesis. In otherwordsthe thesisinvestigateshow to specifycircuitsat behavioural, RTL, andgate
levels.With respectto validation,it coversspecificationvalidation,circuit validationandtestgeneration.

1.2.2 Formal Methods in Digital Cir cuit Design

Today'sdigital circuitsaresolargeandcomplex thattestingengineerscanno longercreateall thevectors
requiredin orderto examinecircuitsadequatelywith simulationapproach.Moreoversimulationrun time
hasincreasedeven fasterthancircuit size. For larger chips, it is measuredin daysor even weeks. The
iterationsin thedesignprocessrequirethatevery changeshouldbecheckedthoroughly, but time pressure
forcesonly a subsetof testvectorsto beusedfor eachrevision. This exposesthedesignto a greatrisk of
errors.

The weaknessof simulationspursresearchin applying formal methodsin digital designs. Formal
methodsrefers to `mathematically-basedlanguages, techniquesand tools for specifyingand verifying
systems'[CW96]. In other words, it containstwo aspects:formal specificationand formal verification
(or verificationfor short).Formalspecificationusesa languageor notationwith a mathematically-defined
syntaxandsemanticsto describea systemandits desiredproperties.Formal verificationis the approach
to prove the correctnessof the specification. The advantagesof verificationover simulationare that it
is exhaustive in the sensethat all the behaviour of the modelof a systemwill be checked,andthat it is
fasterthansimulationin many casessincetheresultmightbeobtainedafterasinglerunof theverification
program.

Although formal verificationhasbeenthe main themeof usingformal methodsin hardwaredesign,
it is not possiblewithout properspecifications.But formal specificationis not just the basefor verifica-
tion; writing thingsdown preciselyitself is valuable:a deeperunderstandingof the specifiedcircuit can
be obtained,and the inconsistencies,ambiguitiesor flaws in the initial idea can be discovered. These
incompletenesseswill becomevery difficult andexpensive to detectwhenthey aretransformedto lower
level designs.Specificationalsoservesasa permanentdocumentationof therequirements,thebehaviour
andthe implementationof a circuit. It is a preciseandconvenientbridgebetweenthe variouspartiesin-
volving in the design,implementationanduseof the circuit. So far many formalismshave beenusedto
specifydigital hardware,includingHOL, processalgebra,automata,functions,andPetriNets.Apart from
specifyingcircuitsin a formal languageor notation,analternativeapproachis to provideformal semantics
for anordinaryhardwaredescriptionlanguage(HDL), but usuallyonly a subsetof anHDL is suitablefor
formalization. ThemostpopularindustryHDLs, namelyVHDL, Verilog andELLA [MC93], have been
studiedusingthis method[KB95, Gon95, BGMW95].

Thereareessentiallytwo approachesto formalverificationof digital circuits: modelcheckingandthe-
oremproving. Model checkingis a techniquethat is basedon constructinga finite modelof a systemand
checkingthat whethera desiredpropertyholdson the model. The checkis performedby an exhaustive
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statespacesearch.Sincethemodelis requiredto befinite, modelcheckingis guaranteedto terminate.Two
stylesexist for modelchecking.In temporal logic modelchecking, propertiesarespecifiedin a temporal
logic [Pnu77] anda circuit is modelledasa finite statetransitionsystem.Efficient searchprocedureshave
beendevelopedto seeif temporallogic formulaehold on themodel. In conformancechecking, bothde-
siredpropertiesandtheimplementationof acircuit aremodelledasautomataor labelledtransitionsystems
(LTS). Thenthe two modelsarecomparedto determinewhetheror not the implementationconformsto
theproperties.Variousnotionsof conformancehavebeeninvestigated,suchaslanguageinclusion[FK97]
andobservationalequivalence[Mil89]. Theadvantagesof modelcheckinglie in thatit is completelyauto-
maticandfast,andthatit producescounterexampleswhenverificationfails,which is particularlyusefulin
practice.Thedisadvantageof modelcheckingis thestatespaceexplosionproblem.Many approacheshave
beenproposedto tacklethis problem,suchasBDD (Binary DecisionDiagrams[Bry92]) andlocalization
reduction[FK97].

Verificationby theoremproving relies on expressingboth the systemandpropertiesas formulaein
somemathematicallogic. This logic is given by a setof axiomsandinferencerules. Theoremproving
is the processof finding a proof of a propertyfrom the axiomsandinferencerules. The benefitsof this
approacharethat it is generalandcandealwith systemswith infinite statespace.But generatinga proof
automaticallyis very difficult in theory and in practice. In addition, theoremproving is able to prove
correctnessbut is unableto pinpoint the errorsin incorrectdesigns. Thesetwo limitations prevent this
methodfrom beingusedwidely in industry.

Althoughsubstantialprogressesin formal verificationhasbeenachievedover thelastdecade,thesize
of the circuit which can be successfullyanalysedby verification is still considerablysmaller than the
sizeof the circuit which canbe manufactured.Simulationis still the mostbroadlyadoptedapproachin
industry. Oneof the new researchareasis to combinethe traditional simulation-basedvalidationwith
formal methods,assuggestedin [Dil98]. An approachproposedin this thesisis in line with the idea.
Unlike in the currentdesignflow, wheretestvectorsarewritten by experiencedtestengineers,they are
generatedautomaticallyfrom a formal specificationof thebehaviour of thecircuit. Thesetestvectorsare
thenusedasstimuli in a conventionalsimulationenvironment. Comparedto the traditionalmethod,the
approachsaveshumanresourceandtimein designingtestcases,andguaranteesreasonablecoverageof the
generatedtestvectors.Comparedto formal verification,it avoidsbuilding thestatespaceof a lower level
specificationof thecircuit, which is muchlarger thanthestatespaceof a higherlevel specification.This
makesit possibleto find bugswhichcannotbefoundby checkingsomeformalmodels.It is hopedthatthe
resultsof thesiswill encouragemoreresearchin a similararea.

1.3 Advantagesof Using L OTOS in Digital Cir cuit Design

Comparedto traditionalHDLs, theformal basisof LOTOS supportsrigorousspecificationandanalysisin
a way thatsemi-formallanguages(e.g.VHDL) do not. Thesemanticsof currentHDLs usedin industryis
basedon simulation,which offerslittle helpfor thoroughanalysisof a circuit behaviour. Althoughformal
semanticshasbeendefinedfor someof theselanguages,it usuallycoversonly asmallsubsetof a language,
andthesubsetis muchlessexpressivethantheoriginalone.

LOTOS can be usedin a wide-spectrummannerat a numberof levels of abstraction. This allows
a consistentformalismto be usedduring hardwaredesign,from the high-level architecturedown to the
componentor gatelevel. RefinementsbetweenlevelscanbecheckedusingstandardLOTOS verification
techniques.

Designedfor industryusage,LOTOS is moreexpressive thanmost formalismscreatedfor research,
suchasCSP(CommunicatingSequentialProcesses[Hoa85]), CCS(Calculusof CommunicatingSystems
[Mil89]), CIRCAL (Circuit Calculus[MM92, Mil95]). In fact,theresearchreportedhereis inspiredby the
successof CIRCAL, a processalgebradesignedfor specifyingandanalysingdigital circuits. Comparedto
CIRCAL, LOTOS specifiesdigital circuitsnot only at relatively lower levels(e.ggatelevel, RTL level) but
alsoat higherlevels,suchasalgorithmicor systemrequirementlevel. LOTOS is thereforemoresuitable
for specifyingreal-world circuits.

Theformal basisof LOTOS allows verificationof hardwaredesigns.LOTOS inheritsa well-developed
theoryof equivalencesandrelationsfrom thefield of processalgebraandhasa well-developedtheoryof
testingandtestderivation(e.g.[Bri87]). Thisoffersinterestingalternativesto othervalidationapproaches.
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Beingan internationalstandard,LOTOS is well supportedby general-purposetoolsetssuchasCADP
(Cæsar/Ald́ebaranDevelopmentPackage[FGM

�
92]), LOLA (LOTOS Laboratory[QPF89]) and LITE

(LotoSphereIntegratedTool Environment[van91]). All thesetools can be directly usedfor hardware
verificationor simulation,thereforeeffortson tool developmentcanbesubstantiallyreduced.

LOTOS is neutralwith respectto whethera specificationis to berealizedin hardwareor software.At a
high level of abstraction,thesamespecificationmayultimatelybeimplementedin eitherway. Thisallows
LOTOS to be usedfor hardware-softwareco-design[SLM

�
96]. LOTOS is thusmoregeneralthana pure

hardwaredescriptionlanguage.

1.4 ThesisStructure

Chapter 2 comprisestwo parts. It first briefly introducesthe specificationlanguageLOTOS. Thengives
anoverview of DILL. This includessomegeneralconsiderationsfor DILL system,andthebasicmodelling
techniquesused,e.g. how to representsignals,wires,components,andhow to write specificationsof the
behaviour andstructureof a circuit. This chapterservesasa startingpoint for the remainingchaptersin
thethesis.

Chapter 3 presentsthespecificationof digital circuitsin DILL. Synchronouscircuitsandasynchronous
circuitsarebothconsidered.For specifyingsynchronouscircuits,their typical structureis describedfirst,
then the modelsof the componentsin the structureare presented.The chapteralso illustrateshow to
specify circuits at different levels of abstraction. For specifyingasynchronouscircuits, different types
of asynchronouscircuits are introduced.In this chapteronly thosewhich assumeunboundeddelaysare
considered.Besidesbasiclogicsgates,othercommoncomponentsusedin asynchronouscircuitsarealso
specified.Finally thechapterintroducestheconceptof input receptivenessandinput quasi-receptiveness,
which areimportantfor faithfully modellingthebehaviour of asynchronouscircuits.

Chapter 4 goesonestepbeyondspecification.It presentsthe DILL approachto verifying digital cir-
cuits. Threecommonverificationtasks,i.e. requirementscapture, implementationverificationanddesign
verificationare introduced. In DILL, equivalenceandpreordercheckingof two LTSsareemployed for
implementationverification,andACTL (Action basedComputationTreeLogic [DV90]) temporallogic
modelcheckingis usedfor theothertwo tasks.A synchronousbenchmarkcircuit, theBusArbiter, is spec-
ified andverifiedto illustratetheapproach.Thechapteralsodiscussesthedifferencesbetweenverifying
asynchronousandsynchronouscircuits.Two novel relationsbetweenLTSsarethendefinedfor implemen-
tationverificationof asynchronouscircuits. As will bediscussed,theserelationsprovide intuitive criteria
of correctnessof asynchronouscircuits.A verifierVeriConfis alsoimplementedfor checkingtherelations.
Partof this chapterhasbeenpublishedin [JT99b].

Chapter 5 exploresa new directionin applyingformal methodsto digital circuit design.Thefounda-
tion of thechapteris thetheoryof testinginput-outputtransitionsystems(IOLTSs)[Tre96], anextension
of traditionalLOTOS testingtheory. Following the introductionof the theory, the chapterillustratesthe
suitabilityof applyingit to generatingtestcasesfor digital circuits.To achievesatisfactorycoverageof the
testcases,analgorithmbasedon a transitiontour of thestatespacegraphis developedandimplemented
in a testgenerationtool TestGen. A testbenchis alsodevelopedto supply theseteststo a conventional
VHDL simulatorautomatically. Finally a benchmarkcircuit, theBlackJack Dealer, is studiedto examine
theapproach.Partof this chapterhasbeenpublishedin [JT99a].

Chapter 6 usesET-LOTOS (EnhancedTimed-LOTOS [LL94]) to write circuit specificationswhich
containquantitative timing magnitudes.Timing informationis abstractedaway in the previouschapters,
but it is a critical factorin decidingthecorrectnessof circuitsaswell astheir performance.This chapter
first identifiestheimportanttiming characteristicsin digital circuits,namelytimingconstraintsanddelays.
Varioustiming constraintsanddelaysarethenspecifiedin ET-LOTOS, including setuptime, hold time,
periodof clock, puredelay, inertial delay, etc. Thechapteralsodevelopsa modelfor timedspecification
of circuits,which hasa nicepropertythat theuntimedcomponentsin previouschaptersarea specialcase
of the timed ones. This chapterusesthe tool TE-LOLA (Time ExtendedLOTOS Laboratory[PLR95])to
specifyandanalysetimedspecificationsof circuits.

Chapter 7 summarizesthethesisandpresentssomeoverallconclusions.
Appendix A containstheglossary.
Appendix B summarizethecomponentsin DILL library.
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Appendix C containsthesyntaxof LOTOS.
Appendix D containsthesyntaxof ET-LOTOS.
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2 L OTOS and Overview of DI L L

Thischapterbriefly introducestheformalspecificationlanguageLOTOS andgivesanoverview of theDILL

approach.Generalconsiderationsin the DILL approachareexplained,followedby the discussionof the
basicmodellingapproachadopted.This includeshow to modelsignals,wiresanddigital components,as
well ashow to specifythebehaviour andstructureof circuits.

2.1 A Brief Intr oduction to L OTOS

LOTOS is a formal languagestandardisedby ISO in 1989(ISO 8807)for thedesignof OSI servicesand
protocols. The namereflectsthe fact that LOTOS describesa systemby definingthe order in which the
eventsof thesystemmayoccur. LOTOS is madeup of two parts.Thefirst part is usedto specifysystem
behaviour andis derivedfrom processalgebra,mainly from CCSandCSP. Thesecondpartdefinesabstract
datatypesandis basedonthelanguageACT ONE[EM85]. Theprocessalgebraaspectof LOTOS is called
basic LOTOS, the combinationof basicLOTOS with datatypes is termedfull LOTOS. The following
sectionspresenttheaspectsof thelanguagewhich arerequiredin thethesis.

2.1.1 BasicL OTOS

In LOTOS a systemandits componentsarerepresentedasprocesses. A processinteractswith its environ-
mentthroughgates, anddisplaysits behaviour in termsof permittedsequencesof actions.Theseactions,
termedeventsin theLOTOS terminology, aretheresultsof theinteractionsof aprocessandits environment.
Eacheventis associatedwith a gate,namelythegateat which theeventhappens.

Thebehaviour of a systemis describedin LOTOS by a behaviourexpression, a languageconstructin
which thesequencesof allowedeventsaredefined.Behaviour expressionscanbeillustratedasbehaviour
trees. In thesetrees,a noderepresentsa stateof a system.An arc betweennodesrepresentsa transition
which causesthesystemto move from onenodeto another, andis labelledwith thecorrespondingevent.
For clarity, arrows may be addedto arcsto indicatethe beginning andthe endstatesof transitions.See
figure 2 for an exampleof a behaviour tree,which is a two-key systemdesignedby Quemanda[Tur93].
LOTOS providesthefollowing basicoperatorsto build languageconstructs:

? Inaction(stop)

Inactionmodelsasituationwhereaprocessis unableto interactwith its environment.It is alsocalled
deadlock. In behaviour trees,inactioncorrespondsto anodethatdoesnot leadto any arcs.

? Action Prefix(;)

Action prefix is usedwhenaneventmustoccurbeforeotherbehaviour expressions.If a is anevent
andB is a behaviour expression,a; B denotesthata musthappenbeforebehaviour B. In behaviour
trees,actionprefix is illustratedwith two nodesandanarcwhich is labelledwith theaction.

? Choice([] )

Thechoiceoperatordenotesthattwo alternativeandexclusivebehaviourscanhappen.If B1,B2are
behaviour expressions,B1 [] B2 behavesasB1 or B2dependingon whetherthenext eventprovided
by theenvironmentis the initial oneof B1 or B2. If the two have thesameinitial event,thesystem
behavesnon-deterministically. Choiceis representedby branchesin behaviour trees.

? InternalEvents(i)

Internalevent i is a specialLOTOS eventwhich representsthe actionsthatareinternalto a system
andthereforeinvisible to its environment.Internaleventsmayalsointroducenon-determinism.

? Termination(exit)

Exit modelsthe successfulterminationof processes.The interpretationof exit is that a special
successevent(called @ ) takesplacebeforestop.
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Figure2: A LOTOS behaviour expressionandits behaviour tree

? ParallelComposition( A [] A )
If B1,B2 arebehaviour expressionsandg1,g2, BCB/B , gn representgates,thenB1 AED F�GEHIF.JKHCB/BCB0HIF;LKMNA
B2 representsthateventsat thegatesthatbelongto O.P�H>O8Q�H/BCB/B0H>OSR canoccuronly with thepartici-
pationof bothB1 andB2. Othereventstake placewith theparticipationof B1 or B2alone.In other
words,O.P�H>O8Q�H/BCB/B0H>OSR arethegatesatwhichB1,B2synchronize.For examplea; b; stop A�D TKM&A c; b;
stopcaneitherbehaveasa; c; b; stopor c; a; b; stop.

Therearetwo specialcasesfor parallelcomposition,namelypure interleaving( A�A�A ) andfull synchro-
nization( A<A ). A�A<A is theshorthandfor A,D MUA , i.e. no synchronisationis required,eachsystembehaves
at its own pace.While A�A is theshorthandfor A�D F�G;HVF�J�H/BCBCB0HIF;LKMWA , where O;P6H>O8Q�H/BCBCB0H�OXR areall the
gatesappearingin B1andB2; thismeansthatB1andB2have to synchronizeat all thegates.

LOTOS supportsmulti-waysynchronisation, meaningthatmorethantwo processescansynchronize
at a gate. If P [a, b, c], Q [a, c], R [a, b] arethreeprocessesrepresentingthreecomponentsof a
system,thenP [a, b, c] A�D YSMNA Q [a, c] A�D YSM,A R[a, b] saysthateventsat gatea canhappenonly with
theparticipationof processesP, Q andR.

? Hiding (hide)

otosThehideoperatorprovidesthemechanismof abstraction.If B is a behaviour expression,hide
g1, g2, B/BCB , gn in B makesgatesg1, g2, BCB/B , gn invisible to theenvironment. Interactionson these
gatesthereforebecomeinternalevents.

? SequentialComposition( Z[Z )

Sequentialcompositionrepresentstemporalorderingof behaviour. If B1, B2 are behaviour ex-
pressions,thenB1 Z[Z B2 expressesthatB2 occursafter B1, providedthat the specialevent @ has
appearedin B1. Recall that actionprefix is usedto representthe temporalorderingof events(not
behaviour expressions).

? Disabling( D\Z )

Disablingrepresentsthat thebehaviour of a systemis disruptedby anexceptionalcircumstance.If
B1,B2arebehaviourexpressions,thenB1 D\Z B2behaveslikeB1until theinitial eventof B2happens,
thenit behaveslike B2. If B1 terminatessuccessfully, B2doesnot apply.

Figure2 givesanexampleof abehaviour expressionandits behaviour tree,quotedfrom [Tur93].
A processdeclarationcanthenbewrittenbasedontheselanguageconstructsto representthebehaviour

of a system.It is delimitedby thereservedwordsprocessandendproc. A processis madeup of a name,
a possibleformal gatelist, a possibleformal parameterlist, anda behaviour expression.In thebehaviour
expressionof a process,it is allowed to declarenestedprocessesto introducesub-systems,which are
precededby the reservedword where. Reserved wordsexit or noexit areusedto indicateif the process
canterminatesuccessfullyor not. Thefollowing is anexampleof processdeclaration.

processP [a, b, c] : noexit ] 1

P1[a, b] 2
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A\D aM>A 3

P2[a, c] 4

5

where 6

processP1[aa,bb] : noexit ] 7

aa;bb; P1[aa,bb] 8

enproc 9

10

processP2[aa,cc] : noexit ] 11

aa;cc;P2[aa,cc] 12

endporc 13

endproc 14

Whena processis instantiated,actualgatesandparametersshouldbeprovided.For exampleP1 [a, b]
in line 2 is theinstantiationof thedeclarationP1[aa, bb] in line 7. NotethatP1andP2 referto themselves
respectively, this is a way to expressrecursive behaviour in LOTOS. This exampledoesnot illustratethe
parameterlistssinceLOTOS datatypearerequiredto introduceformalandactualparameters.

A specificationis aspecialprocesswhichrepresentthewholesystem,moredetailsaboutspecifications
will bepresentedin section2.1.3.

2.1.2 Data Types

LOTOS modelsdataasabstractdatatypes(ADT). Theword abstract refersto thefactthatpropertiesof a
datatypearedefinedby thespecifierratherthanpredefinedin the language.In otherwordsno particular
implementationof datatypesareimplied by thelanguage.

A datatypeis definedby threeparts:sortsdefinethesetsof valuesof thedatatype,operationsdeclare
theoperatorsto manipulatethedatavalues,andequationsdefinethesemanticsof theoperationsby stating
whichexpressionsareconsideredequal.In LOTOS, a typemaybeextendedto defineanew oneby adding
new sorts,operationsor equations,andseveraltypesmayalsobecombinedto form amorecomplex one.

Thereareeffectively no predefineddatatypesin LOTOS. But commonlyrequireddatatypescanbe
includedfrom thestandard library definedin ISO 8807.ThesestandarddatatypesincludeBoolean, Bit ,
NaturalNumber , SetandString etc. Thefollowing is a smallexamplewhich definestwo constantsand
two logic operations.It is anextensionof thedatatypeBit definedin thestandardlibrary. NotethatLOTOS

allowsoverloadingof operators.(* *) introducescommentsin LOTOS.

library
Bit (* includingthetypeBit in library *)

endlib
type BitOp is Bit (* defineanew typeBitOp *)

sortsBitOp (* thenew sortis calledBitOp *)
opns (* declareoperations*)

and : Z BitOp (* andis aconstantof sortBitOp *)
or : Z BitOp (* or is aconstantof sortBitOp *)
and , or : Bit Z Bit (* and,or arebinary, infix operators*)

eqns (* definetheequations*)
forall b : Bit (* variableb hasthesortBit *)
ofsort Bit (* therangeof theequationshasthesortBit *)
b and0 = 0;
b and1 = b;
b or 0 = b;
b or 1 = 1;

endtype (* endof thetypedefinition*)
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2.1.3 Full L OTOS

Thecombinationof basicLOTOS with datatypesmakesLOTOS moreexpressive. Thefollowing listssome
of thelanguageconstructswhich areofferedby full LOTOS.

Action prefix maybeassociatedwith experimentoffers andselectionpredicates. Therearetwo kinds
of experimentoffers: valueoffers arein the form ! v wherev is a valueexpression,while variableoffers
arein theform ? x: s wherex is a variableof a sorts. A selectionpredicatemayfollow experimentoffers
to imposeconditionson thevaluebeingoffered. For exampleG ? x : Bit [x = 0]; is anactionprefix in
which? x : Bit is theexperimentoffer and[x = 0] is theselectionpredicate,meaningthananeventoccurs
at gateG andit offersa variableof sortBit which shouldbeequalto 0.

An eventcantake placeonly whenthe experimentoffersprovidedby eachparticipatingprocesscan
matcheachother. Themostcommonmatchingusedin DILL is valuepassing, whereavalueoffer matches
a variableoffer. Consequentlythevariablereceivesthevaluesuppliedby thevalueoffer. For exampleG ?
x : Bit canmatchG ! 0 andx receivesvalue0.

Apart from theselectionpredicatesmentionedabove,Guardsalsoimposeconditionson thebehaviour
of a system.For example[x = y] ^_Z B indicatesthatbehaviour B occursonly if x is equalto y.

Parameterisedexit andsequentialcompositionallow valuesto beconveyedfrom onesuccessfullyter-
minatingbehaviour expressionto thesubsequentone.In thefollowing behaviour expression,theinputx is
eitherdeliveredto theoutputor not dependingon thevalueof x. Theparameterof exit mayalsobeany,
in which caseany valueof thesortis allowedto beconveyed.

(input? x : Bit; exit (x))Z0Z
(accepty : Bit in
[y = 0] Z output! y; exit

[y = 1] Z exit
)

A local valuedefinitionassociatesvalueswith freevariablesin abehaviour expression.It resemblesthe
assignmentstatementin ordinaryprogramminglanguages.For example,let x : Bit = newIp in B associates
variablex with theexpressionnewIp in behaviour expressionB.

A specificationmaycomprisetwo parts.In theoptionalglobal typedefinitionpart,datatypedefinitions
which are accessibleto the overall behaviour expression,other datatype definitionsand processesare
specified.The reservedword behaviour introducesthe behaviour part of a specification,which is made
up of a behaviour expressionandsomeotherpossibleprocessdeclarations,the laterbeingreferredin the
former. Thedifferencebetweena specificationanda processis actuallyonly syntactic,for example,there
is no globaldatatypedefinitionsin a processanda specificationis endedby the reservedword endspec
insteadof endproc. Thefollowing is a sketchof acompleteLOTOS specification.

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

type type1is (* begin theglobaldatatypedefinitions*)
sorts B/BCB
opns B/BCB
eqns BCBCB

endtype(* type1*)

type type2isBCB/B
endtype(* type2*)

BCB/B
behaviour (* begin thebehaviour part*)
P1[a, b, c]A\D aM>A
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P2[a, b, d]

where
processP1[a, b, c] BCB/B
processP2[a, b, d] BCB/B

endspec(* spec*)

2.1.4 Semanticsof L OTOS

Theoperationalsemanticsof LOTOS is definedin termsof LabelledTransitionSystems(LTSs).Informally
eachLOTOS processcanbeseenasa setof states,with arcsconnectingthem. Thesearcsaretransitions
betweenthe statesandare labelledwith actions. For basicLOTOS actionsaresimply the gatenames.
While for full LOTOS they arepairsconsistingof a gatenameandastringof datavalues.

Definition 2.1(Labelled Transitions System)
An LTS is a quadruple `�a&HIbWH�cUHId�e6f where S is a set of states,L is a set of observableactions, chgajilk�bnmpo�q.r!s&ita is thetransitionrelation,and d�evula is theinitial state. Theclassof transitionsystems
with actionsin L is denotedby w)xzy{k�b|s .

A transitionin T is alsodenotedas d_}~ d�� if k�d6H��NH�d/�#szu�c . Thespecialaction q��u�b representsan
unobservable(or internal) action. In LOTOS syntax,thisunobservableactionis namedi.

To translatea LOTOS specificationto a LTS, LOTOS inferencerulesareapplied. The inferencerules
actuallydefinethemeaningof LOTOS operatorsin termsof LTSs. For example,behaviour B = i; B' has
thefollowing inferencerule,meaningtheprocessB canmakea transitionof i thenbehave like B' . HereB
andB' arebehaviour expressions. ���~ � �

Morecomplicatedinferenceruleshastheform:� � H/BCBCB/H
�
��

meaningthat given

� � up to

�
� , Q may be derived. For example,the choiceoperatorof LOTOS

���� � D M �{� is definedby two rules,where

� � H �{� andB arebehaviour expressionsanda is anaction.� ���~ � �� �~ �
�

� � �~ � �� �~ �
�

In therestof thesection,commonnotationswhichareemployedin thethesisaredefined.

Definition 2.2 Let � � `4a&HVbUH�cWH�d�e6f bean LTSwith d�H�d��&uja , let � � ujb�m�o�q.r6HI� � ujb . b�� denotesthe
setof all finite actionsequencesof L and ��u�b � . Thefollowing definitionsthenapply:

d }6�0������� � }��^ ~ d/� �z�  >¡£¢ d/¤6H/¥C¥/¥¦HId � ]Xd � d/¤ }6�^ ~ d � }�§^ ~ ¥/¥C¥ }��^ ~ d � � d/�d } � ������� � } �^ ~ � �  >¡ ¢ d��K]6d } � ������� � } �^ ~ d��
d } � ������� � } ��^ ~ �z�  >¡ not ¢ d��¨]6d }6�0������� � }��^ ~ d��dª©« d/� � �  >¡ d � d�� or dU¬ ������� � ¬^ ~ d��d �« d/� � �  >¡ ¢ d � H�d � ]6dª©« d ���~ d � ©« d/�d � � ������� � � �
� « d�� �z�  >¡£¢ d/¤­¥/¥C¥Vd � ]Xd � d/¤ � �« d � � §« ¥C¥/¥ � �« d � � d��d�®« �z�  >¡£¢ d��K]6d�®« d��d¯� ®« � �  >¡ not ¢ d��¨]6d°®«

init k\�.s �z�  >¡ o/��upblm�o�q.r±A�� }~ r
tracesk\�.s �z�  >¡ o���u�b��±A��²®« r
p after �

� �  >¡ oV� � A�� ®« � � r
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2.2 Overview of DI L L

2.2.1 General Consideration

A completecircuit designinvolvesconsiderationsof all requirementssuchasfunctionality, timing, power
consumption,layout,etc. DILL is designedto addressfunctionalityandtiming only, which arethe most
essentialaspectsthatdeterminethecorrectnessof acircuit andwhicharespecifiablein LOTOS.

Digital logic circuits canbe divided into two categories: synchronouscircuits andasynchronouscir-
cuits. The main differencebetweenthemis whetherclock signalsareemployed. Underthe control of a
global clock signal,synchronouscircuits arerelatively easyto designso they arethe mainstreamof to-
day's digital devices. But asynchronouscircuits areattractinggrowing interestbecauseof the potential
advantagesover theirsynchronouscounterpart.LOTOS is generalenoughto specifybothkindsof circuits,
thereforeDILL addressesbothof them.

The procedureof designingdigital circuits canbe divided into several steps,as hasbeenshown in
figure1 in chapter1. Designsat eachstepcanberegardedasa specificationat a distinctabstractionlevel.
In mostcases,a lower level specificationis thestructuralimplementationof theoneat the level above it.
This requiresDILL to supporttwo stylesof specifications:behavioural andstructuralspecifications.A
behavioural specificationlooksat a systemasa blackbox; it specifiesthebehaviour of a circuit exhibited
on its interfaceto theenvironment.Comparatively, a structural specificationprovidesthe innerstructure
of a circuit; it specifieshow acircuit is built by connectingcomponents.

Eachcomponentin a structuralspecificationmayalsobe decomposedinto smallercomponents.But
thisdoesnotmeancomponentscanbedecomposedinfinitely. In factthelowestlevel componentsspecified
in DILL arebasiclogic gates,suchasAnd, Or and Inverter gatesetc. In otherwords,basiclogic gates
have only behavioural specificationsin DILL andcannotbe decomposedinto, for example,the netlist of
transistors.

DILL is intendedto be usedin real hardwaredesignpractice.Thereforeit shouldbe easyfor design
engineersto useit. Becausethesyntaxandsemanticsof LOTOS arequitedifferentfrom thoseof traditional
programminglanguages,many new usersfind it is difficult to write LOTOS specifications.DILL hasa thin
layerabove LOTOS which makesthespecificationeasier. Thelayeris written in them4 macroprocessing
language[Tur94].

Componentreusehasbeenamajorthemein softwareengineeringfor many years.However, in formal
methodstherehasbeenlittle identificationof usefulspecificationcomponentsusingthese.A component-
basedstyle allows componentsto be specifiedandverified individually. Larger combinationsof trusted
componentscanthenbeverifiedmoreeasily. This architecturalview of a systemis elaboratedin [Tur93],
andhada greatinfluenceduring the developmentof the DILL project. DILL comeswith a large library
which containsthe specificationsof commondigital components,suchas basic logic gates,flip flops,
registers,adders,etc. Thesespecificationshave beencarefullyvalidatedandcanbedirectly usedin spec-
ificationsby referringto the namesof the components.Tables8, 7 and9 in appendixB summarisesthe
componentsin thecurrentDILL library.

2.2.2 Underlying Modelling Approach

This sectiongives the underlyingmodelling approachof DILL. Many of the models,including those
of signals,wires, components.weredevelopedin [TS94]. Thesemodelsare re-presentedherefor the
completenessof thethesis.

Ports
Everydigital circuit hasportsthroughwhich it acceptsinputsandproduceoutputs.Theportsactasthe

interfaceof thecircuit to its outsideenvironment.DILL abstractsthemasLOTOS gates.
�

Normally each
LOTOS gaterepresentsa physicalport,but it is alsopossiblethata groupof portsaremodelledasa single
LOTOS gate,especiallyin higherlevel modelling.

Componentsand Cir cuits
A componentis abehaviouralunit. It couldperhapsbemodelledasanADT operationon inputvalues.

However, thedynamicbehaviour of a logic circuit is oftenimportant,soit is betterto useLOTOS behaviour³
Since`gate'hasbothahardwaremeaninganda LOTOS meaning,thetermis qualifiedwhennecessary.
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expressions.More importantly, the `wiring up' of componentsspecifiedusingADTs would not be easy.
In DILL, componentsaremodelledby LOTOS processdeclarationsthat have formal gateparametersfor
ports.Specificcomponentsarethenprocessinstances.

Realcomponentshave a fan-out(themaximumnumberof inputsthatcanbeconnectedto anoutput).
This is a technologyrestrictionthat is bestignoredin a specification(thougha staticanalysiscoulddeter-
minewhetherfan-outlimits havebeencompliedwith). Realcomponentsalsohavea fan-in(themaximum
numberof outputsthatcanbeconnectedto aninput) thatis alsotechnology-dependent.

A circuit canbeseenasa specialcomponent,th onethatis at thehighestlevel of specifications.
Signals
In reality, digital signalstake on a rangeof analoguevalues(e.gfrom 0 to 5 volts) but thresholdsare

setsothatthey maybetreatedaslogic 0 or 1. As a signalchangesfrom onevalueto another, it maypass
throughanintermediatestatethatis neitherlogic 0 nor1. It might thereforeseemthatan`ill-defined' state
shouldbeallowedfor signals.This,however, is not necessaryasanill-definedsignallevel shouldalways
be transientandthereforeshouldbe ignored. As a workableabstraction,signalsareregardedstrictly as
bits.

Logic designproceedson thebasisof binarysignals.As animplementationmatterthereis a choiceof
how logic 0 and1 correspondto electricalsignals.Normally 0/1 correspondsto low/high, calledpositive
logic. However, negative logic may alsobe used,with 0/1 correspondingto high/low. This is an imple-
mentationdecisionthatdependson thecomponentsavailable.DILL only concernslogic valuesof signals,
thuslogic 0 and1 maycorrespondto eitherlow or high level in realcircuits.

SignalsarerepresentedasLOTOS events. Thereis a choiceof whethera continuoussignal(a level)
or a discretechangein signal(an edge)shouldbe modelledasa LOTOS event. LOTOS, like mostspec-
ification languages,only dealswith discreteevents. The initial considerationis thatonly signalchanges
aremodelled.To bea goodreflectionof realhardware,thedirectionof a changeis explicitly specifiedby
giving thenewly establishedlevel (e.g.g!1 for a transitionfrom 0 to 1 on port g). As will bediscussedin
chapter4, modellingsignalchangesproducesdifficultiesfor verifying synchronouscircuits. For this kind
of circuit, it is assumedthat,for eachsignal,in eachclockcycle thereis justonestablelevel andthisstable
signallevel is modelledasa LOTOS event.

In DILL, input signalsare usually modelledas eventswith variableoffers while output signalsare
modelledaseventswith valueoffers. For example,Ip ? newip : Bit is regardedasan input signalthat
occursat input port Ip, while Op ! 1 is an outputsignalwhich takesplaceat port Op. In fact, LOTOS

doesnot differentiateinputsandoutputssotherearemorepossibilitiesin specifications.Op? newop: Bit
[newop= 1] is thesameoutputsignalastheabove,thoughit is avariableoffer thatis used.

Wir es
Wiresor tracksbetweencomponentsarenot normally representedexplicitly in DILL. In mostcases,

transmissiondelaysonwiresarenegligiblesorepresentingwiresexplicitly wouldunnecessarilycomplicate
a circuit specification. To `wire up' two ports their LOTOS gatesaremerely synchronized – eventsat
connectedportsarematched.

Thecasewherewiresaregrouped(e.g.abus)is socommonthatDILL providestheMWire (multi-wire)
short-handnotationfor this. For example,MWire(8,D)representsan8-bit databusD. Howeversinceonly
theportsof componentsandnot thewiresarespecified,this really standsfor theeightportsD7, D6, B/BCB ,
D0.

Bit and BitArray
To representthevaluesof signals,datatypeshave to bedefined.TheLOTOS standarddatatypeBit is

exploited,with theextensionof commonlogicoperationssuchasand,or, exclusiveor, etc.A new datatype
BitArray is alsoprovidedin the DILL library to representthesignalvalueson multi-wires. Operationsof
BitArray includeconcatenation,logical functionsandcomparisonfunctions.A multi-bit signalrepresented
by BitArray canalsobetreatedasa setof individual one-bitsignals.Furtheroperationscouldbedefined
by for specificcircuits.

ConnectingComponents(Structural Specification)
Connectingcomponentsis modelledassynchronisationof sub-componentsat theconnectedports.As

pointedoutin section2.1.1,LOTOS supportsmulti-waysynchronisation,soit canmodelthesituationwhere
morethantwo portsareconnected.If Inverter[Ip, Op] is the LOTOS processmodellingan inverter, and
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Figure3: ConnectingAndgateswith two Inverters

And2[Ip1, Ip2, Op] is theprocessmodellinga 2-inputandgate,thestructurein figure3 is thenspecified
as:

And2[A, B, C] A\DCM´A (Inverter[C,D] A<DCM>A Inverter[C,E])

Note that LOTOS gateC, which modelsthe connectingport C, synchronizesthreeprocesses.This is
impossiblein otherprocessalgebrasuchasCCSwheresynchronisationis strictly two-way.

In this circuit, C is a port which hasno connectionwith the outsideenvironment. In otherwords,if
thebehaviour of thecircuit is examinedby just looking at its interface(the input andoutputports),what
happenson C is not visible. In LOTOS, sucheventsareabstractedasinternaleventsi by hiding them.This
helpsto definea new processthatcanbereusedby othercircuits. For example,figure3 canbedefinedas
a new 2-input,2-outputnandgate.

processNand2[A, B, D, E] : noexit ]
hide C in
And2[A, B, C] A<DCM>A (Inverter[C,D] A<DCM´A Inverter[C,E])

endproc

If morethanoneoutputport of componentsis connected,the realhardwareandits DILL modelmay
behaviourdifferently. In realhardware,whenusedproperly, connectingseveralcomponentscanimplement
the logic functionsandor or, dependingon thetechnologyusedto build thecomponents.This is termed
wire-andandwire-or. But in LOTOS, connectingoutputswill almostalwaysresultin deadlock.In DILL

wire-andandwire-orhaveto betransformedinto explicit andandor gates.Thisdoesnot imposetoomuch
restrictionssinceconnectingoutputsis oftenprohibitedin digital designto avoid damagingdevices.

Multiple Components
MComp(multi-component)is similarto MWireandservesasashort-handfor agroupof relatedcompo-

nents.This is usefulwherearegularstructureof identicalcomponentsis required,asin modellingregisters
or memories.MComptakesacount,a list of portsconnectingcomponentinstances,andacomponentdefi-
nition. Theuseof arithmeticoperatorsafterportnamesis particularlynecessaryto ensurethatcomponents
areconnectedcorrectly.

Supposethat theLOTOS processDFlipFlop[D,C,Q,QBar] modelsa D (delay)flip-flop. (Convention-
ally D is thedatainput,C is theclockinput,Q is theoutputandQbar is thenegatedoutput.)MComp(4,C=,
`DFlipFlop[D,C=,Q,QBar]') representsa 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-handstandsfor:

DFlipFlop[D3,C,Q3,QBar3]A<DCM´A
DFlipFlop[D2,C,Q2,QBar2]A<DCM´A
DFlipFlop[D1,C,Q1,QBar1]A<DCM´A
DFlipFlop[D0,C,Q0,QBar0]

MComp, togetherwith MWire andBitArray result in compactdescriptionsof repeatedstructuresthat
helpDILL to beusedin practice.

Behavioural Specification
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Figure4: Structureof ResetSetLatchandits truth table

A behavioural specificationspecifieswhat a componentshoulddo ratherthanhow it is constructed.
Writing a behavioural specificationof a circuit is comparableto writing an applicationprogramusing
ordinaryprogramminglanguages.Roughlyspeaking,therearetwo waysof specifyingbehaviour. One
takesadvantageof ADTs andtheotherusesbehaviour expressions.In thesequel,theformerapproachis
referredto asthedataorientedstyleandthelateris thebehaviourorientedstyle.Eithercanbeusedat the
specifier's convenience.In the dataorientedstyle,datatypesaredefinedfor the functionsrequired(e.g.
addition, subtraction, shift, etc.),thenin thebehavioural partof thespecification,a local valuedefinition
(let BCBCB in) is usedto refer to the dataoperations.Specificationsin the data orientedstyle usuallyhave
shortercodesandsmallerstatespaces,but ascanbeimagined,definingequationsin abstractdatatypesis
very difficult for many operations.In thebehaviourorientedstyleno extra datais required.Functionality
of a circuit is directly specifiedin thebehavioural partof its specification.Guardsareintensively usedto
distinguishdifferentstatesof a circuit, sothatthepropervaluesof outputscanbedecided.Thebehaviour
orientedstylemayproducelongerspecificationsandlargerstatespaces,but it canbeusedfor all kindsof
circuits. Thefollowing givesthefragmentsof two specificationof anRSlatch(Reset-Setlatch,figure4).
Notethattheexamplesserveasillustrationof thetwo differentspecificationstylesandarenot necessarily
perfect.

Thespecificationin thedataorientedstyle:

let newQ:Bit = R nor QBar, newQBar:Bit= S norQ in
( Q ! newQ; exit A<A�A Qbar! newQbar;exit)B/BCB

Thespecificationin thebehaviour orientedstyleis asfollows:

[(R eq0) and(Seq0)] Z
(Q ! oldQ; exit A<A�A Qbar! oldQbar;exit)

[(R eq1) and(S eq0)] Z
(Q ! 0; exit A<A�A Qbar! 1; exit)

[(R eq0) and(S eq1)] Z
(Q ! 1; exit A<A�A Qbar! 0; exit)

[(R eq1) and(S eq1)] Z
Error; B/BCB

2.3 Conclusion

This chapterintroducedLOTOS andgave an overview of the DILL approach.Generalconsiderationsin
DILL wereexplained,togetherwith the underlyingmodellingapproachadoptedin DILL. It canbe seen
that LOTOS canbe usedto model digital circuits in a very naturalmanner, due to the clearcorrespon-
dencesbetweenthe conceptsin LOTOS andthe elementsin digital circuits. For examplethereareclose
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correspondencesbetweenLOTOS gatesandcircuit ports,LOTOS eventsanddigital signals,processesand
components.For the illustrationpurpose,thecircuit specifiedin this andthe following chaptersarerela-
tively small.But this doesnot meanthatDILL canonly copewith smallcircuits.Somecomponentsin the
DILL library (seeappendixB) aremuchlargerthanthoseillustratedin thethesis.In [JT97], thereis alsoa
casestudyof specifyinga CPUin bothbehavioural andstructuralstyles.TheCPUis madeup of several
sub-partsincluding instructiondecoder, ALU (Arithmetic andLogic Unit) andregisters.This casestudy
revealsDILL 'scapabilityof dealingwith largecircuits.
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3 Specificationof Digital Logic Cir cuits

This chapterdescribesDILL modelsof digital componentsin synchronousand asynchronouscircuits.
Backgroundknowledgeis first introduced,including the differencesbetweenthe two kinds of circuits,
somepotentialadvantagesof asynchronouscircuits,andthedelayandenvironmentmodels.It is followed
by a presentationof the modelof basiclogic gatesdevelopedin [TS94], which wasthe first component
model developedin the DILL approach.The chapterthen focuseson how to specify synchronousand
asynchronouscircuits respectively. Synchronouscircuits are typically madeup of combinationallogic
componentsandstorageelements,with the basiclogic gatesandD flip flop beingthe representativesof
them. It is discoveredthat themodelof basiclogic gatesin [TS94] is not suitableto beusedin modelling
synchronouscircuits.A new modelis thereforedesigned.Themodelfor storageelementsarealsogivenin
thechapter. Thesetwo modelsmake it possibleto specifyany synchronouscircuits in thestructuralstyle.
Thechapteralsodiscussestheguildlinesfor specifyingthebehaviour of synchronouscircuits. For speci-
fying asynchronouscircuits,differentclassesof asynchronouscircuitsarefirst introduced.SinceLOTOS

abstractsaway timing characteristicsof systemsbeing specified,only thoseclasseswhich assumeun-
boundeddelaymodelsareaddressesin thischapter. Basiclogic gatesareagainemployedastheillustrative
examples.Towardstheendof thechapter, it is revealedthatwhenLOTOS eventsmodelsignaltransitions
in digital circuits,thereis a gapbetweenthebehaviour of LOTOS specificationsandthebehaviour of real
circuits. As a result,LOTOS specificationsrepresentonly partof possiblebehaviour that the real circuits
mayexhibited.A solutionfor theproblemis proposedby introducinginputquasi-receptivespecifications.
Throughoutthechapterexamplesandcasestudiesarepresentedto illustratetheapproach.

3.1 Background

3.1.1 SynchronousCir cuits and AsynchronousCir cuits

Beforedefiningsynchronousandasynchronouscircuits,theconceptsof combinationalcircuitsandsequen-
tial circuitsarerequired.A circuit whoseoutputsarepurelydeterminedby its currentinputsis termeda
combinationalcircuit. If outputsaredecidednot only by currentinputsbut alsoprevious inputs, it is a
sequentialcircuit. Sequentialcircuits containstorage elementssuchaslatchesor flip flops to remember
informationrelatedto previousinputs.This is mainly achievedby feedingbackoutputsto inputs.TheRS
(Reset-Set)latchin figure4 is onesuchstorageelement.

Basically, two kinds of sequentialcircuits exist. In a synchronoussequentialcircuit (synchronous
circuit for short), thereis a global clock which controlsall storageelementsin the circuit. Only when
particularpointsof theclock cycle comecanstorageelementschangetheir statesandconsequentlycause
changesof outputs. Input changesbeforesuchpoints cannotdirectly influencestatesof a circuit. An
asynchronoussequentialcircuit (or asynchronouscircuit for short), on the otherhand,doesnot have a
globalclock,soany new inputmayresultin changesof statesandoutputs.Clockedandunclockedcircuits
arealternativenamesfor thesetwo kindsof circuitsto clearlyreflecttheirmaindifference.

But this differenceis not alwaysevidentsincesomecircuitscombinebothfeatures.It is not rarethata
circuit canbecontrolledby morethanoneclocksignal.As aresultits storageelementschangeits statesat
differenttimes. This is normally regardedasa synchronouscircuit. But in this thesis,only thosecircuits
with oneglobalclockareconsidered.Someothercircuitsmayhaveseverallocal clockscontrollingseveral
partsof thecircuits,but otherpartsandtheir connectionsarestill asynchronous.Again this kind of circuit
is not in thescopeof thethesis.

The mainstreamof today's digital device is synchronous.Controlledby a global clock signal, the
behaviour of a synchronouscircuit is actuallydiscrete:the circuit is assumedto have a finite numberof
states,andafter oneor moretime units, it changesits statefrom oneto the other. This effectively filters
out the influenceof transientsignaltransitionsbetweentwo time instants.As a consequence,designing
synchronouscircuits is substantiallysimplified sincethereis no needto considerhazards, the transient
signaltransitionswhicharecausedby thepropagationdelayof digital components.

Asynchronouscircuit design,on theotherhand,is morecomplicatedbecausehazardshave to becom-
pletelyeliminatedbeforea designis completed.This is unfortunatelya very hardtaskandpreventsasyn-
chronouscircuits from beingwidely used.Nevertheless,therehasbeena resurgenceof interestin asyn-
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chronousdesignmethodologyrecentlydueto severalpotentialbenefitsof removing globalclocks.Among
others,thefollowing aresomeof thebenefitsof asynchronouscircuits[DN95]:

Absenceof clock skew: The differencein arrival timesof a clock signalat differentpartsof a circuit is
referredto asclock skew. Typically, clock skew is accommodatedby longerclock cycles,which
resultsin reducedmaximumclock frequency. As VLSI systemsbecomesmaller, denserandfaster,
clockskew becomesincreasinglysevereanddeskewingbecomesharderandmoreexpensive[DN95].
Asynchronouscircuitsgetrid of this problemby eliminatingtheconceptof globalclocks.

Potential for low power: Power consumptionis a majorconcernin themarketsfor portableequipment,
wherebatterylife is crucial. In synchronoussystems,theglobalclock togglesclock lines,charging
anddischargingcapacitancethroughoutthesystem,evenin portionsunusedin currentcomputations.
In asynchronoussystems,circuit componentsareactivatedonly whennecessary, andremainidle at
othertimeswithoutdissipatingsignificantpower.

Potential for high performance: Synchronouscircuitshave to bedesignedfor worst-caseconditionsbe-
causeclock cycles are adjustedaccordingto the slowest operationsthat might be required,even
thoughin mostcasesoperationscompletein muchshortertime thantheworstcase.Asynchronous
systemscan be optimizedfor the average-caseconditions,with eachoperationtaking as long as
requiredfor any particularsituation.

Better technologymigration potential: Asynchronousdesignapproachesallow asystemto bedesigned
asasetof sub-systemscommunicatingvia interfaces.Sincethereis noglobalsynchronization,com-
ponentsin anasynchronouscircuit canbeeasilysubstitutedby 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 casethat in order to improve the speedpotentialof a new
technology, reorganizationof thewholesystemis requiredto dealwith new worst-caseconditions.

The recentactive study of asynchronouscircuits hasresultedin very large scaledesigns,including
asynchronousprocessorssuchas AMULET [FPJ

�
94] by ManchesterUniversity, Counterflow pipeline

processor[SSM94] bySUNLabs,TITAC[NUK
�

94] byTokyo Instituteof Technology,andSTRiP[Dea92]
by StanfordUniversity.

3.1.2 Delay and Envir onmentalModels

Delaymodelsaretheabstractionsof delaycharacteristicsof componentscomprisinga circuit. A compo-
nenthasboundeddelayif anupperandlower boundfor thedelaymagnitudeis known. Otherwiseit has
unboundeddelay, which meansno boundis known exceptthat it is finite. Theunboundeddelaymodelis
morerobust thantheboundedone. That is to say, a circuit designedundertheassumptionof unbounded
delaycanusuallywork correctlywhentheactualdelaymodelis bounded,but not viceversa.

Delayscanalsobecharacterizedaspureor inertial [Ung69]. Supposethedelayof adigital component
is D. If acomponenthaspuredelay, all inputchangeswill haveaneffectonoutput.In otherwords,outputs
follows inputsafterdelayD. If thecomponenthasinertial delay, outputwill respondonly to inputchanges
which have persistedfor time D. As a result,input pulseswhosewidth is lessthanD will beabsorbedby
thecomponent.This reflectsthefact thatshortpulsescontaininsufficient energy to triggera statechange
in a real component.Figure5 givesthesetwo basicdelaymodels,ascanbe seen,puredelaydoesnot
altera waveform,while inertial delaymaydo soby eliminatingshortglitches,i.e. thenarrow pulsesin a
waveform.

A useful digital circuit shouldinevitably have interactionswith its outsideworld. A circuit and its
environmentformsa closedsystem,calleda completecircuit. If the environmentmustwait for a circuit
to stabilizebeforeproviding new inputs to the circuit, the two interact in fundamentalmode[Ung69].
Otherwisetheinteractionis termedinput/outputmode, meaningthatthestabilityof acircuit is notrequired
beforeit is allowedto receive furtherinputs.Input/outputmodeis morerobustthanfundamentalmode.

Theconceptsof delayandenvironmentmodelareespeciallyimportantfor asynchronouscircuits,be-
causeanasynchronouscircuit designedwith certaindelayandenvironmentassumptionsnormallycannot
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work correctlywith others. In contrast,synchronouscircuits tendto have moreunified delayandenvi-
ronmentmodels.Becauseclock cyclesarecalculatedaccordingto themaximaldelayof components,all
synchronouscircuitsareactuallybasedontheboundeddelayassumption.Theenvironmentof synchronous
circuitscanberegardedasfor thefundamentalmodesincetheeffectsof inputsbeforestabilizationof cir-
cuitsarefilteredout or delayedby meansof clock signals.

3.2 The First Model of BasicLogic Gates

Specifyingbasiclogic gatesis very importantin DILL not only becausethey are the mostbasicbuild-
ing blocksof both synchronousandasynchronouscircuits,but alsobecausethey arerepresentative. Be-
havioural specificationsof otherhigher-level componentsfollow thesamespecificationmethod.

In this section,themodelof basiclogic gatesdevelopedin [TS94] waspresentedandexamined.This
is thefirst componentmodeldevelopedin DILL approach.The initial ideawasto have a commonmodel
thatcouldbeusedin bothsynchronousandasynchronouscircuits. Althoughthis appearsstraightforward,
themodelwasobtainedafterconsiderablethought.Themaindifficulty is thatsincethemodelis intended
to begeneral,little canbeassumedabouttheenvironment.Theresultantmodelis a faithful representation
of logic gatesin the real world. The following takesasexamplea 2-inputgateNand2. Specificationsof
otherlogic gatesarealmostidenticalexceptthatdifferentlogic operatorsareusedin the let expression.A
Nand2gatewith bothinitial inputsof 0 andoutputof 1 canbeinstantiatedasNand2[Ip1, Ip2, Op] (0, 0,
1).

processNand2[Ip1, Ip2, Op] : (dtIp1,dtIp2,dtOp: Bit) noexit ]
Ip1 ? newdtIp1 : Bit [newdtIp1nedtIp1]; (* oneinput is changed*)
Nand2[Ip1, Ip2, Op] (newdtIp1,dtIp2,dtOp) (* repeatbehaviour *)

Ip2 ?newdtIp2 : Bit [newdtIp2nedtIp2] (* otherinput is changed*)
Nand2[Ip1, Ip2, Op] (dtIp1,newdtIp2,dtOp] (* repeatbehaviour *)

let newdtOp: Bit = Apply (Nand,dtIp1,dtIp2) in (* new Output*)
[newdtOpnedtOp] Z Op! newdtOp; (* OutputChange*)
Nand2[Ip1, Ip2, Op] (dtIp1,dtIp2,newdtOp) (* repeatbehaviour *)

endproc (* Nand2*)

Thereareseveralkey pointsimplied in thisprocess:
In lines 2, 5, and8, eventsoccuronly whenthey have valuechanges( achievedby LOTOS selection

predicatesandguards).This implies thatLOTOS eventsmodelsignaltransitions.LOTOS eventscanonly
dealwith discreteactions. Modelling continuoussignal levels would result in infinite eventsin a finite
period.
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Becausethe threesub-behaviour expressionsin the processarecombinedby the choiceoperator[] ,
inputsandoutputcanoccuratany timeaslongastherearevaluechanges.Thatinputsarealwaysallowedto
changeis termedinputreceptivenessin someliterature[Dil89]. As will seenin section3.4.5,receptiveness
is very importantfor correctlymodellingcomponentsin asynchronouscircuits.

In thismodel,aninputchangemaypre-emptapendingoutput.For example,if initially Ip1, Ip2,Opare
0, 1,1. After Ip1 changesfrom 0 to 1, Opcanchangeto 0. However, if Ip2 changesto 0 beforeOpchanges,
thenewestvalueon Opwill still be1. In otherwords,thepotential1 to 0 changeonOp is pre-empted.

Pre-emptingpotentialoutputindicatesthat an input changecomesearlierthanthe propagationdelay
allows. This actuallyfollows theassumptionof theinertial delaymodeldiscussedin section3.1.2.

In short,thefirst modelof basiclogic gatesmodelssignaltransitionsasLOTOS events.It is specified
in theinputsreceptivemanner, andassumesthecomponentshave inertial delaymodel,which impliesthat
pendingoutputsmaybepre-empted.

3.3 SpecifyingSynchronousCir cuits

3.3.1 Structur eof SynchronousCir cuits

The generalstructureof a synchronouscircuit is shown in Figure6. It is madeup of two parts: combi-
national logic andstorage elements. Theformerpartdoeslogic calculation,andthe latterstoresstatesof
a circuit. Combinationallogic providestheprimaryoutputsandinternaloutputsaccordingto theprimary
inputsandinternalinputs. Internaloutputsarethenfed into storageelementsto produceinternalinputs.
Sincethesestorageelementsarecontrolledby a clock signal,changesof the internalinputsaresynchro-
nisedwith theclock,in otherwordsthey arechangedonly atparticularmomentsof theclockcycle(usually
its transitions).This allows internaloutputsto settledown, filtering out transientsignaltransitionscaused
by propagationdelaysof the combinationallogic. Consequently, primary outputsarenot influencedby
thesetransientsignalseither.

It is easyto seethatfor a synchronouscircuit operatingcorrectly, designersmustensurethattheclock
cycle is slower than the slowestcombinationallogic so that the whole circuit cansettledown beforeit
changesits state.This canbedoneby analysingtiming characteristicsof thecomponentsusedin circuits.
The untimedversionof DILL cannotof courseconfirm if this clock constraintis met or not. However
as discussedelsewhere(chapter6), timed LOTOS can specify suchconstraints. Instead,sections3.3.3
and 3.3.5 will show that properly modelling storagecomponentsand the environmentcan ensurethat
synchronouscircuitsspecifiedin DILL fulfill theclockconditionautomatically.

In the practiceof synchronousdesign,primary inputsareusuallysynchronisedwith a clock signal.
Thismakesdesigningandanalysingsynchronouscircuitsmucheasier. DILL incorporatesthispracticeinto
its synchronouscircuit model,assumingthatprimaryinputshavealreadybeensynchronisedwith theclock
signal.

Apart from this, the DILL synchronousmodel hastwo more restrictions. It is importantthat there
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is no cyclic connectionwithin the combinationallogic, and storageelementshave to be specifiedin a
behavioural style. Theserestrictionsare relatedto the way componentsare modelled,for otherwisea
DILL specificationmight deadlockwhile a real circuit couldstill work. This will be discussedfurther in
sections3.3.2and3.3.3.

3.3.2 BasicLogic Gatesin SynchronousCir cuits

In this section,theDILL specificationof basiclogic gatesis re-investigatedin thecontext of synchronous
circuits. Althoughit is a goodrepresentationof real-world logic gates,themodeldiscussedin section3.2
makesit verydifficult to analysethebehaviour of synchronouscircuits.

Supposetheexamplein figure7 is a combinationalstageof a certaincircuit. Initially Ip1, Ip2, Op are
0, 0, 1. After theinputsequenceIp1!1, Ip2!1, Ip1!0, Opmayeitherremainat1 or changeto 0 thenbackto
1, which dependson whetherIp1!0 comesbeforeor after theoutputint of theAnd2gate,i.e. whetherthe
changeon Ip1 is fasteror slower thanthepropagationdelayof theAnd2gate.In thefirst case,Ip1 is a fast
input changesothependingoutputis pre-empted,consequentlyOp staysat 1. While in thesecondcase,
theoutputof theAnd2gateoccursbeforeIp1!0, soit is possiblefor theInverterto changeto 0 thenbackto
1. If theclock cycleof a synchronouscircuit is slow enoughto allow theNand2gatesettledown, the1, 0,
1 is only a temporarytransition.Thetwo differentbehaviour doesnotnecessarilyto bedistinguishedsince
only thesettledsignallevel caninfluencethebehaviour of thewholecircuit. Theproblematicthing is that
thereappearsno way to 'sense'whenthe combinationallogic hassettleddown, which makesautomatic
analysisof circuitsalmostimpossible.Thissuggeststhatanew modelof basiclogic gatesis neededwhich
takesthecharacteristicsof synchronouscircuitsinto account.

As discussed,in eachclock cycle only thesettledlevel of eachsignalis of interest.Considerfigure6
again.Supposethat thereis anenvironmentwhich offerseachprimaryinput aneventonceandonly once
within a clock cycle. (This is reasonablebecauseDILL assumesthat theprimary inputsaresynchronised
with theclock.) Supposefurther that storageelementsproduceanoutputoncein eachclock cycle either
(seesection3.3.3).Underthis condition,if a basiclogic gateis modelledin sucha way thatoutputevents
happenonly afterall inputsoccur, theneachoutputeventhappensexactly onceaswell. Moreover if input
eventsmodelsettledsignals,sodo theoutputevents.In thisway, transientsignaltransitionsresultingfrom
differentarrival timesof differentinputeventscanbefilteredout.

Note that this modelrequireseachsignalto appearoncein a clock cycle. In otherwords,no matter
if thevalueof this signalchangesor not, thereshouldbeaneventoffer in thecorrespondingclock cycle.
LOTOS eventsthusno longermodelsignaltransitionson wires,but rathersignallevels. For instance,the
LOTOS eventIp!0 meansthatin a certainclock cycle thesignallevel on wire Ip is 0. (A similar argument
appliesfor Ip!1). Thelevel on thesamewire duringthepreviouscyclecouldbe0 or 1, but theeventitself
doesnot giveany informationaboutits previouslevel.

Following the way that basiclogic gatesaremodelled,every wire in a synchronouscircuit hasjust
oneassociatedevent offer during a clock cycle. This answerswhy thereis no needto worry aboutthe
infinitenessresultingfrom modellingLOTOS eventsassignallevels.Usuallyif aneventrepresentsasignal
level, therewill be an infinite numberof eventsduring an arbitrary time interval becausethe level is a
continuousvariable.However for thecaseof synchronouscircuits,whoseprogressis actuallyin discrete
steps,settledsignallevelsconstitutediscretevariables.

To illustrate the above idea, a re-specificationof Nand2gateis given below. Note that inputs are
interleaved,i.e. they canoccurin any order. It might appearthat theorderof input eventscouldbefixed
sinceit doesnot influencethe functionality of a component.This would result in a smallerstatespace
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whencircuitsareverified. Unfortunatelythis couldcausedeadlockwhencomponentsareconnected.For
example,supposethat componentsA andB eachhave two inputs. Imaginethat the fixedorderof inputs
is IpA1 beforeIpA2, andIpB1 beforeIpB2. This would leadto deadlockif thecomponentsshareinputs,
with IpA1connectedto IpB2andIpA2connectedto IpB1. For this reason,DILL insistsonfully interleaved
inputs.

processNand2[Ip1, Ip2, Op] : noexit ]
( Ip1 ?dtIp1: Bit; exit (dtIp1,any Bit) (* allow oneinput *)A�A<A

Ip2 ?dtIp2: Bit; exit (any Bit, dtIp2)) (* allow otherinput *)ZCZ acceptdtIp1,dtIp2 : Bit in (* acceptbothinputs*)
( Op !(dtIP1nanddtIp2); (* outputnandof inputs*)

Nand2[Ip1, Ip2, Op]) (* repeatbehaviour *)
endproc (* Nand2*)

In contrastto thespecificationin section3.2,theaboveprocessdoesnotconcerndelayaspectsof logic
gates.A signalpropagatingthroughan inertial delaycomponentor a puredelayonecanhave only the
samestablelevel, andonly thisstablelevel is of interestin synchronouscircuits.Detailsof thedelaytypes
arethereforebetterto beabstractedaway. Anotherdifferenceis that inputsareno longerreceptive. This
appearsunrealistic,but in thecontext of synchronouscircuits,every input hasonly onestablelevel during
a clockcycle,soit is not necessaryto make it receptive.

Becauseinputs and outputsalternatein this model, thereshouldbe no cyclic connectionwithin a
combinationalstage,for otherwisea DILL specificationwould deadlock. This arisesbecausefeedback
connectionsmake inputsandoutputsdependenton eachother. Figure8 givesexamplesof suchcyclic
connections,with theright handonebeinga commonbuilding blockof latchesandflip-flops. This is why
storageelementscannotbespecifiedin thestructuralstyle.

3.3.3 SpecifyingStorageElements

A storageelementcanstoreone logic value(1 or 0). The storedvalue is decidedby the inputsof the
elementduring the effective instantof a clock cycle (for example,a positive transitionof the clock) and
remainsunchangeduntil the next effective instantcomes. Temporaryinput changesbetweenthesetwo
effectiveinstants, whichareregardedashazards,donothaveeffectsonthevalueheldin storageelements.

Storageelementsaremodelledin the behavioural style. The following takesasexampleoneof the
simplerstorageelements:a D flip flop (DFF).A DFF (DelayFlip-Flop) hasinput D, clock input Clk and
outputQ (somemayalsohavetheinvertedoutput).HeretheDFFis assumedto bepositiveedgetriggered,
which meansthatoutputQ changesto thesamelevel asD after theClk changesfrom 0 to 1. Unlike the
specificationof basiclogic gates,storageelementshave statesassociatedwith them,which is reflectedin
valueparametersdtD.

processDFF [D, Clk, Q] (dtD, dtClk : Bit) : noexit ]
D ?newdtD : Bit; DFF [D, Clk, Q] (newdtD, dtClk) (* input new data*)

Clk ? newdtClk : Bit; (* inputclock pulse*)
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( [(dtClk eq1) and(newdtClk eq0)] Z (* ignore-vepulse*)
DFF [D, Clk, Q] (dtD, newdtClk) (* continuebehaviour *)

[(dtClk eq0) and(newdtClk eq1)] Z (* reactto +vepulse*)
Q ! dtD; (* outputstoreddata*)
DFF [D, Clk, Q] (dtD, newdtClk)) (* continuebehaviour *)

endproc (* DFF *)

Supposethereis an internaloutputfeedinginto this flip-flop. If theclock signalis not constrained,it
is possiblethat the clock movesto the next cycle beforethe combinationallogic hassettleddown. The
modelof a synchronouscircuit mustexcludethis possibility. After a positive-goingtransitionof theclock
signal,if theD input of the flip-flop hasnot occurredyet thenthenext positive-goingtransitionof clock
signalmustnot occur. This is ensuredby thefollowing constrainton theD flip-flop specification.Process
Cons DFF dealswith the initial stateof the flip-flop, wherethe D input andClk input canoccurin any
order. However, after thefirst positive edgeof theClk signal,thenext positive edgehasto wait for theD
signalto ensureits previouscombinationalstagehassettle. This is specifiedin processCons DFF Aux.
The returnof Clk to 0 is allowed eitherbeforeor after the D event. Thusthereare two possibilitiesin
ConsDFF Aux. It is attractive to specifyConsDFF in the sameway asConsDFF Aux, i.e. it appears
reasonableto assumethat the clock arrivesafter the datainput D hassettleddown from the initial state.
However, thiswill resultin specificationdeadlockwhentwo DFFsareconnectedin series.In otherwords,
whenthe Q outputof the first DFF is the D input of the second.Supposethis sharedport is calledQD,
thenQD shouldwait until Clk hashappenedfor thefirst DFF, while it shouldhappenbeforeClk for the
secondone. Deadlockis thereforeinevitable. The full specificationof a D flip-flop combinesDFF and
Cons DFF, i.e. DFF A8D D, Clk M,A ConsDFF [D, Clk].

processCons DFF [D, Clk] (dtClk : Bit) : noexit ]
D ?newdtD : Bit; (* input new data*)
Cons DFF [D, Clk] (dtClk) (* continuebehaviour *)

Clk ?newdtClk : Bit; (* inputclock pulse*)
( [(newdtClk eq1) and(dtClk eq0)] Z (* reactto +vepulse*)

Cons DFF Aux [D, Clk] (newdtClk) (* afteroneclock pulse*)
[(newdtClk ne1) or (dtclk ne0)] Z (* ignoreotherpulses*)

Cons DFF [D, Clk] (newdtClk)) (* continuebehaviour *)
where

processCons DFF Aux [D, Clk] (dtClk : Bit) : noexit ]
D ?newdtD : Bit; Clk !0; Clk !1; (* input before-vepulse*)
Cons DFF Aux [D, Clk] (1) (* continuebehaviour *)

Clk !0; D ?newdtD : Bit; Clk !1; (* inputafter-vepulse*)
Cons DFF Aux [D, Clk] (1) (* continuebehaviour *)

endproc (* Cons DFF Aux *)
endproc (* Cons DFF *)

3.3.4 SpecifyingCir cuit Behaviour

Specifyingbehaviour of a whole circuit usesa clock cycle-by-cycle basis. In eachclock cycle, output
behaviour is specifiedaccordingto inputsandinternalstates.Essentiallyasynchronouscircuit is astorage
element,but mayhave morecomplicatedlogic andmoreinternalstates.Clock signalscanbe implicit at
thehighestlevel of specificationbecauseno connectionis requiredat this level. In fact, it is foundthat it
is moreconvenientto make clock signalsimplicit duringhigh-level specification.Moreover, smallerstate
spacesresultdueto implicit clocks.
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3.3.5 CaseStudy: Specifyinga SinglePulser

In thissection,asmallsynchronouscircuit calledthesinglepulseris specifiedin behaviouralandstructural
styles.Thesinglepulseris astandardhardwareverificationbenchmarkdocumentedin [SK96]. Thesimple
behaviour andsmallsizeof its designmake it agoodexamplefor illustratingtheDILL approach.

A SinglePulseris a clocked-sequentialdevicewith a one-bitinput P In anda one-bitoutputP Out. It
dealswith a debouncedswitchthatis on (true)in thedown positionandoff (false)in theup position.The
goal is to devisea circuit to sensetheswitchbeingturnedon, assertinganoutputsignallastingoneclock
cycle. Thesystemshouldnot allow additionaloutputsuntil theuserhasturnedtheswitchoff.

Thedescriptiondoesnot make clearwhentheoutputpulseshouldbeasserted:on pressingtheswitch
(P In from falseto true), or releasingtheswitch(P In from true to false)? For convenience,thefirst case
is termedpositivetriggeredandtheotheroneis negativetriggered.

In thefollowing, theinput P In is assumedinitially in theoff positionandtheclock signalis implicit.
In eachclock cycle, if thereis anactive edge

�
on signalP In, P Out is asserted.Otherwise,if P In does

not changeor is notgoinganactiveedge,P Outshouldbe0. ThisensuresP Out is assertedonly at active
edgesof P In, andlastsfor justoneclockcycle.

processSP[Ip, Op] : noexit ] (* SinglePulser*)
i; SP P [Ip, Op] (0) (* +vetriggeredimplementation*)

i; SP N [Ip, Op] (0) (*-vetriggeredimplementation*)
where

processSP P [Ip, Op] (dtI: Bit) : noexit ]
Ip ?newI : Bit; (* getnew input *)
( Op !1 [(dtI eq0) and(newI eq1)]; (* output1 on0 Z 1 input *)

SP P [Ip, Op] (newI)

Op !0 [not ((dtI eq0) and(newI eq1))]; (* elseoutput0 *)
SP P [Ip, Op] (newI) )

endproc (* SP P *)
processSP N [Ip, Op] (dtI: Bit) : noexit ]

Ip ?newI : Bit; (* getnew input *)
( Op !1 [(dtI eq1) and(newI eq0)]; (* output1 on1 Z 0 input *)

SP N [Ip, Op] (newI)

Op !0 [not ((dtI eq1) and(newI eq0))]; (* elseoutput0 *)
SP N [Ip, Op] (newI) )

endproc (* SP N *)
endproc (* SP*)

Figure9 shows a designfor the singlepulserthat is given in the benchmark.The clock is hiddenin the
structuralspecification:

hide Inp, N Find,Find,Clk in
((DFF A\DN Find,InpM´A (Inverter A<D FindM>A And2)) A<DClk, InpM>A DFF)A\DP In, Clk, P OutM>A

Env [P In, Clk, P Out]

TheEnv processservesastheenvironmentalconstrainton thecircuit. It permitsP In to comebeforeeach
positive-goingclocktransition,andallowsthenext clockcycleto comeonly afterP Outhasoccurred.The
constraintbetweenP In andClk ensuresthatP In is synchronisedwith Clk, andthe constraintbetween
Clk andoutputrespectstheslow-clock requirement:P Outmustsettledown beforethenext positivegoing
clock transition.Theseassumptionsarenot automaticallyguaranteedby thecircuit specification,but they
arerequiredby theDILL synchronouscircuit model.In outline,Env is specifiedasfollows:¼

For positive triggeredsinglepulser, theactive edgeis thepositive edgeof theP In, it is thenegative edgeof P In if thesingle
pulseris negative triggered.
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processEnv [P In, Clk, P Out] : noexit ]
(P In ?dtPIn: Bit;
Clk !1;
(Clk !0; exit A�A�A P Out?dtPOut: Bit; exit)

) Z¦Z Env [P In, Clk, P Out]
endproc

3.4 SpecifyingAsynchronousCir cuits

3.4.1 Classesof AsynchronousCir cuits

Unlike synchronouscircuits, which have a unified structure,asynchronouscircuits exhibit a variety of
forms dueto the differentdelayandenvironmentassumptionsmade. An asynchronouscircuit canonly
behavecorrectlywhentheseassumptionsaremet.

Delay insensitive circuits (DI): DI circuits[Udd86] arethemostrobustclassin theasynchronouscircuit
family sincethey take the most pessimisticview aboutdelaysand the environment. Delayson
both componentsandwires areassumedto be unbounded,andthe environmentis in input/output
mode(seesection3.1.2). DI circuitscanoperatecorrectlyregardlessof delaymagnitudeson wires
andcomponents,aslong asthey arefinite. Martin [Mar90] hasprovedthat the classof purely DI
circuitsdesignedusingsingle-outputgatesis limited, whichmeansthatmostmeaningfulDI circuits
cannotjust bebuilt purelyfrom basiclogic gates.Somespecialcomponents[MFR85] aretherefore
designed.

Quasidelay insensitive circuits (QDI): QDI circuits augmentthe delay model of DI circuits with the
isochronic forks assumption[Mar90]. Isochronic forks are forking wires on which the difference
of delaymagnitudesis negligible, asshown in figure 10 wheredelayson w1 andw2 areregarded
asequal. This seemsthe weakestcompromiseto pureDI circuits to build practicalcircuits using
single-outputgates[Mar90]. QDI circuitsassumeinput/outputmodeenvironment.

Speed-independentcircuit (SI): Designof SI circuits waspioneeredby Muller [MB59]. In this class
of circuits, gatesareassumedto have unboundeddelaywhile wires have zerodelay. If all gates
have just oneoutput,SI andQDI areactuallyidentical,seesection3.4.2for moredetail. SI circuits
assumeinput/outputmodeenvironment.
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FundamentalmodeHuffman circuits: A Huffmansequentialcircuit [Ung69] canbemodelledasacom-
binationallogic blockwith asubsetof outputsfeedingbackto inputsto holdstates.Gatesandwires
areassumedto have boundeddelay, andtheenvironmentis in fundamentalmode.In its mostbasic
form, only oneinput is allowedto changeeachtime,andthenext input changehasto wait until the
circuit is stable.Obviously thiskind of circuit is not sousefulin realdesignsasthespeedof circuits
canbeveryslow.

Burst modecircuits: Burst-modecircuits [DCS93]) arean extensionof fundamentalHuffman circuits.
They allow oneor moreinputburststo occurat eachstate.Inputsin a burstmayoccurin any order,
andthecircuit doesnot reactuntil theentireinput bursthasfinished.Thenext input burstcancome
only afterthespecifiedoutputbursthascompleted,andthecircuit hasbeenstable.In factburst-mode
systemsstill requirethefundamentalmodeassumption,but only betweendifferentinputbursts.

Micr opipeline: IvanSutherlandintroducedtheconceptof micropipelinein his1988TuringAwardlecture
[Sut89]. A micropipelinecanbedividedinto two parts:acontrolpartwhich assumesanunbounded
delaymodelandthuscouldbeimplemented,for example,in DI circuits;anda datapathpartwhich
adoptsa boundeddelaymodel. Betweentwo stagesof a micropipeline,a bundleddataprotocol is
applied:thedelayondatawiresmustbelessthanthatoncontrolwiressothatstabledatais transfered
from onestageto theotherbeforethecorrespondingcontrolsignalsoccur.

Specifyingboundeddelayneedsa formalismwhich supportsquantitative timing specification.This
chaptermainly studiesthoseclassesassumingunboundeddelays,namelythe DI, QDI and SI circuits.
Chapter6 dealswith specifyingboundeddelaysusingET-LOTOS.

3.4.2 DI L L and SpeedIndependentCir cuits

Among differentclassesof asynchronouscircuits, speedindependentcircuits matchthe modellingtech-
niquesof DILL mostclosely: in speedindependentcircuits, propagationdelaysof componentsareun-
bounded.In LOTOS theinterval betweentheoccurrenceof two concatenatedeventsis alsounbounded.In
DILL wiring up two portsis doneby synchronisingthe LOTOS events,which actuallyassumesthatdelay
on theconnectingwiresis negligible, anassumptionwhich is alsoadoptedby SI circuits.

Theothercircuitswith unboundeddelaymodels,namelyDI (delayinsensitive)andQDI (quasi-delay-
insensitive), canbe easilychangedto SI circuits by insertingartificial delaycomponents.In figure 11,
a DI circuit(figure11 (A)) canbe remodelledasan SI circuit (figure 11(B)) by insertingartificial delay
componentsoneachwire. Notethatin thefigurelowercaselettersrepresentdelaysonwiresor components.
Actually, asunboundeddelayplusunboundeddelayis still unbounded,somostof thewire delayscanbe
accumulatedwith their precedingcomponents.Only forks andcomponentswith morethanoneoutputs
shouldbeotherwisetreated,asshown in figure11(C).Figure11(D) is theSI representationof figure11(A)
when it is regardedasa quasidelay-insensitive circuits. Since ½

�¿¾
and À

�¿Á
, only wires from the

componentswith multi-outputsareinsertedwith additionaldelaycomponents.Figure11(D) alsoshows
thatif everycomponenthasasingleoutput,QDI andSI areidentical.

Speedindependenceis closelyrelatedto the conceptof semi-modularity. Underthe delaymodelof
speedindependentcircuits, if no componentsin a circuit canever receive an input which canchangethe
level of pendingoutputs,thecircuit is termedsemi-modular[BM91, BZ97]. For instance,supposea two-
input And2gatehasa pendingoutput1. If it receivesa 0 input on oneof its inputsbeforetheoutput1 is
produced,theAnd2gateis not semi-modularsincethis 0 input mightchangethependingoutputfrom 1 to
0. Non-semi-modularityindicatesthatat leastonecomponentin a circuit hasspeeddependentbehaviour.
In theaboveexample,afterreceiving theinput0, theoutputof theAnd2gatedependson its speed:a faster
gatecanproduce1 followed by 0, while a slower onecanonly produce0. Semi-modularityis usually
regardedasa basiccharacteristicof speedindependentcircuits[BBM94, KKTV94].

3.4.3 BasicLogic Gatesin SI Cir cuits

Unlike thecaseof modellingsynchronouscircuits,modellingasynchronouscircuits requiresthat LOTOS

eventsrepresentsignaltransitionssinceevery transitionmayinfluencethebehaviour of circuits.
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Figure11: Modelling DI, QDI asSI

Thespecificationin section3.2 is oneof thepossiblemodelsof thebasiclogic gatesin SI circuits. It
is only suitablefor thosegatesexhibiting inertial delay, sinceit allows new inputs to pre-emptpending
outputs.If inputswhich mayresultin thepre-emptionareprohibited,it becomesa modelwhich satisfies
the requirementof semi-modularity. Take theexampleof the Nand2gate. Supposeits inputsandoutput
Ip1, Ip2, Op are initially 1, 1, 0. After Ip1 changesto 0, its outputshouldchangeto 1 accordingly. If,
beforetheoutputhappens,Ip1 changesbackto 1, thenthenew outputwill eventuallybe0. Themodelin
section3.2allowsthechangeon Ip1, resultingin speeddependentbehaviour. If this input is notallowed,a
new modelof basiclogic gateswhich respectssemi-modularitycanthenbeobtained:

processNand2[Ip1,Ip2, Op] ( dtIp1,dtIp2,dtOp: Bit) : noexit ]
let newOut : Bit = dtIp1nanddtIp2 in (* potentialoutput*)
(Ip1 ? new1 : Bit [(new1 nedtIp1) and (* signaltransition*)

((dtOpeqnewOut) or (* no new potentialoutput*)
((dtOpnenewOut) and (* thereis potentialoutputs*)
((new1 nanddtIp2) eqnewOut)))]; (* but it won't bechanged*)

Nand2[Ip1,Ip2, Op] (new1, dtIp2,dtOp) (* continuebehaviour *)

Ip2 ? new2 : Bit [(new2 nedtIp2)and (* signaltransition*)
((dtOpeqnewOut) or (* no new potentialoutput*)
((dtOpnenewOut) and (* thereis potentialoutput*)
((new2 nandnew1) eqnewOut)))]; (* but it won't bechanged*)

Nand2[Ip1,Ip2, Op] (dtIp1,new2, dtOp) (* continuebehaviour *)

Op ! newOut [dtOp nenewOut]; (* new outputproduced*)
Nand2[Ip1,Ip2, Op] (dtIp1,dtIp2,newOut)) (* continuebehaviour *)

endproc
Comparedto thespecificationin section3.2,theonly differenceis theselectionpredicatesbehindinput

events.Heretheconstraintof semi-modularityis required.An input offer canonly happenwhenthereis
no potentialoutput,or eventhoughthereis suchoutput,thenew input will not alter it ((new1 nanddtIp2)
eqnewOut).

A questionis raisedastherearetwo modelsof basiclogic gatesfor SI circuits: which oneis better?
Theonein section3.2 is a full specificationof logic gatesin thesensethatit specifiesthebehaviour under
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all possibleinputsituations(i.e. it is inputreceptive).But it requiresthatthespecifiedhardwarehasinertial
delaycharacteristics.Whenthe assumptioncannotbe guaranteed,the modelmay not be a suitableone.
As for themodelabove, it is a partialspecificationin thesensethat it doesnot allow certaininput events
to happenat sometimes. More precisely, thoseinputswhich may alter potentialoutputsareprohibited.
This is thestrictermodelof thetwo, andcanbeusedfor checkingif acircuit is reallysemi-modularor not.
For somecomponents,suchastheotherbasicbuilding blocksof SI which will be introducedin thenext
section,full specificationsarenot availablesincethesecomponentsarenot yet asstandardasbasiclogic
gates.Differentimplementationsof the componentsmay have differentbehaviour underthe unexpected
inputs,in which casepartialspecificationsaretheonly choice.

3.4.4 Other BasicBuilding Blocksof SI Cir cuits

Besidesbasiclogic gates,thereareother`basic' building blocksfor constructingSI circuits. Theseele-
mentsare`basic' in the sensethat they arenormally not decomposedinto smallerunits in logic designs,
althoughtheir implementationmaybebasedonsmallerunitssuchasbasiclogic gatesor transistors.These
elementsare assumedto satisfy somepropertiessuchas speedindependenceor delay insensitivity by
themselves.Thefollowingsgavea few of themandtheir DILL specifications.

Wir es aremostsimplestcomponents.They arenot neededfor SI circuitsasdelayon wiresareassumed
to bezero.But whenDI or QDI circuitsaretransformedto SI, someof thewiresshouldbeexplicitly
specifiedto introducedelays.Supposethe input of a wire is A andoutputis B, Whena wire is not
stable,i.e. thereis a pendingoutput,the input hasto wait until the outputchanges,otherwisethe
componentwill not bespeedindependent.

processWire [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 components,a shorthandnotationis exploited to save space. In the notation
a processdefinition is prefixed with ':=', and every LOTOS gatecan representeither positive or
negativesignaltransitions.For example,theWire componentnow lookslike:

Wire [A, B] ] A; B; Wire [A, B]

Fork componentsarealsonecessarywhena DI or QDI circuit is transformedto SI. A fork hasoneinput
Ip andtwo outputOp1,Op2. Thevalueon input Ip is fannedout to Op1andOp2. Becauseof the
delayonwires,thetwo outputsmayoccuratdifferenttimes.New inputhasto wait until bothoutputs
havebeenproduced.

Fork [Ip, Op1,Op2] ] Ip; (Op1;exit A�A<A Op2;exit) Z0Z Fork [Ip, Op1,Op2]

C-Elements are very importantelementsin asynchronousdesign. A C-Elementservesas a transition
synchroniserin asynchronousdesignbecausethe output can only changeafter both inputs have
changed.For this reason,it is sometimealsocalledJoin Element. Precisely, a C-Elementhastwo
inputsA, B andanoutputC. C changesto 1 whenboth inputshave changedto 1, andchangesto 0
whenbothof themhavechangedto 0.

C-Element[A, B, C] ] (A; exit A<A�A B; exit) Z0Z (C; C-Element[A, B, C])

Merge components̀merges' signalson the input ports to the output. Eachmerge componenthastwo
inputsIp1, Ip2 andoneoutputOp.

Merge[Ip1, Ip2, Op] ]
Ip1; Op;Merge[Ip1, Ip2, Op] Ip2; Op;Merge[Ip1, Ip2, Op]
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Selectors nondeterministicallyproduceoutputoneitherOp1or Op2afterreceiveaninput. A selectorhas
oneinput Ip andtwo outputsIp1, Ip2.

Selector[Ip, Op1,Op2] ]
Ip ; ( i; Op1;exit i; Op2;exit) Z�Z Selector[Ip, Op1,Op2]

SequencershavethreeinputsIp1, Ip2, N andtwo outputsOp1,Op2. They wait for asignalonat leastone
of theIpi (i=1, 2) inputs.Having receivedinputsignalsonIpi (i=1, 2) andN, thesequencerproduces
asignalon outputOpi (i=1, 2).

Sequencer[Ip1, Ip2, N, Op1,Op2] ]
(S1[Ip1, Op1] A�A<A S2[Ip2, Op2]) A<DOp1,Op2M>A S3[N, Op1,Op2]
where
S1[Ip1, Op1] ] Ip1; Op1;S1[Ip1, Op1]
S2[Ip2, Op2] ] Ip2; Op2;S2[Ip2, Op2]
S3[N, Op1,Op2] ] N; (i; Op1;S3[N,Op1,Op2] i; Op2;S3[N, Op1,Op2])

Latches arethestorageelementsin asynchronouscircuits. A latchhasthreeinputsIp1, Ip12, C, andtwo
outputsOp1andOp2. It waitsfor asignalonexactlyoneof theIpi (i=1, 2) inputsandasignalonthe
C input. In contrastto a Sequencer, theenvironmentmustguaranteemutualexclusionof theinputs
Ipi (i=1, 2). Having receivedinput signalson Ipi (i=1, 2) andC, a latchproducesa signalon output
Opi (i=1, 2).

Latch[Ip1,Ip2, C, Op1,Op2] ]
((Ip1; exit A<A�A C; exit) Z0Z Op1;Latch[Ip1, Ip2, C, Op1,Op2])

((Ip2; exit A<A�A C; exit) Z0Z Op2;Latch[Ip1, Ip2, C, Op1,Op2])

RGD Arbiters have four inputsr1, d1, r2, andd2 andtwo outputsg1 andg2. For eachi in 1,2, signal
startswith ri , followedby anacknowledgmentof gi, thenconcurrentlydi andri . Theintervalsfrom
g1 to d1 andfrom g2 to it d2 aremutuallyexclusive. RGD standsfor Request(ri), Grant (gi), and
Done(di).

Whena RGD Arbiter receivestwo requests,it will grantexactly oneof them(anddelaytheother).
Thespecificationleavesthechoiceopen.

RGD[R1,G1,D1, R2,G2,D2] ]
(S1[R1, G1] A�A<A S2[R2, G2]) A\DG1,G2M´A 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 convenience,the thesishasso far usedthe termsinput eventsandoutputevents. The moreaccurate
phraseshowever shouldbe eventscorrespondingto input ports (or output ports). SinceLOTOS never
makesa differencebetweeninput and outputeventsin its semantics,all eventsare treatedequally. In
LOTOS, communicationbetweenprocessesis basedonsymmetricsynchronisationatagate.Thusanevent
canhappenonly whenall processesoffer eventsat this gate.If, however, oneof theprocessesis not able
to do so,otherprocessesjust wait there,or participatein othereventsif possible.In thesecondcase,the
eventdoesnot occur.

As is well known, digital hardwaremakesacleardifferencebetweeninputsandoutputs.Signalscome
to inputsandareproducedon outputs.A componentcannever refuseinput signals,andoutputsignalsit
producescanneverbeblockedby others.
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Figure12: Two wiresin series

If LOTOS eventsmodelphysicalsignaltransitions,ashasbeendonefor specifyingasynchronouscir-
cuits,a DILL specificationandtherealcircuit mayhavedifferentbehaviour wheninputsareallowedto be
refused.In section3.4.3,behaviour of basiclogic gateswasdefinedfor only desirableinput situations.It
is assumedthatundesirableinputsarenot allowedin orderto respecttherequirementof semi-modularity.
This follows the conventionof writing LOTOS specificationsthat only desirablebehaviour is specified.
Thereis no needto specifyundesirablebehaviour becauseit cannothappeneventhoughproposedby en-
vironment. Whenthis conventionis usedin the context of digital circuits,an input transitionwhich will
definitelyhappenin realworld but will nothappenin a DILL specification.Consequently, thebehaviour of
a DILL specificationis just a subsetof realbehaviour, soanalysisbasedon thespecificationis not exact.
Especiallyif no problemis found in a DILL model,it doesnot necessarilymeanthat thereis no problem
in therealcircuit.

To bemoreconcrete,think abouta very simplecircuit which just hastwo wiresconnectedin seriesas
shown in figure12(a).Thespecificationof wiresis accordingto section3.4.4,which is a partialspecifica-
tion. Thecircuit is notspeedindependentundertheenvironmentshown in figure12(b),becauseif asecond
a comesbeforethefirst wireproducesits outputb, thebehaviour of thecircuit is undefined.However from
experiencethereis no way to highlight this speeddependency sincethecircuit behaviour (figure12(c)) is
observationallyequivalentto figure12(b). Thereasonis that theDILL specificationcanrefusethesecond
inputa whenthefirst wire is not readyto acceptit, while therealcircuit cannot.

Whena specificationis input receptive, in otherwordswhenevery input is allowed in all states,the
DILL modelcanrepresenttherealcircuit faithfully. However input receptivespecificationis not available
for mostof thebasicbuilding blocksof SI circuitsasbehaviour with unexpectedinputsis unknown. One
way to shortenthegapis by explicitly introducingstop behaviour whenunexpectedinputshappen.Here
unexpectedinputsareregardedas`evil' andtheir appearancemeanssomethingis wrong in the circuits,
which is indicatedby deadlock. Anotherpossibleway is to treatan unexpectedinput as `benign'. For
example,whenit happensacircuit doesnothingbut juststaysin thesamestate.For SI circuits,theformer
solutionseemsbetterconsideringthatunexpectedinputsareusuallyundesirableones.Thusthis solution
is adoptedin DILL whenpartialspecificationcannotmeetvalidationrequirements.

Finally, it shouldbe pointedout that input receptivenessis not so importantin synchronouscircuits
becausein mostcases,theenvironmentcanguaranteethereis no unexpectedinput.

3.4.6 Input Quasi-Receptiveness

AnalysingSI circuitsbasedon partial specificationsof building blockshasthedisadvantageof not being
exact. If moreaccuracy of analysisis sought,input quasi-receptivespecificationof theseblocksshouldbe
used.

Informally, a DILL specificationis input quasi-receptiveif it canalwaysparticipatein all input events,
except when it is in a deadlockstate. Beforea formal definition of input quasi-receptivenessis given,
considerthesimpleexampleof thewire component.

Apparently, specificationof wire in section3.4.4is partial in thatinput A is not allowedwhenthewire
wantsto produceits output.An inputquasi-receptivespecificationcanthusbeobtainedby addingachoice
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optionwhenthereis a potentialoutput. Thechoiceoption is madeup of forbiddeninput eventsfollowed
by adeadlockstate.

processWire [A, B] (dtA : Bit) : noexit Â
A ?newA : Bit [dtA nenewA]; (* new input *)
(B ! newA; exit (newA) * new output*)

(* or *)
A ? newnewA : bit [newnewA nenewA]; (* forbiddeninput *)
stop) (* deadlock*)Ã0Ã

acceptnewA : Bit in
Wire [A, B] (newA) (* continue*)

endproc (* Wire *)

However, for thosecomponentswhich cannot besimply specifiedusingsequence(;) andchoice([])
operators,suchasSequenceror Latch in section3.4.4,writing aninput quasi-receptivespecificationis not
straightforward. In this case,a partial specificationis usedto generatethe correspondingLTS (Labelled
TransitionSystem).An LTS is actuallya LOTOS specificationin form of sequenceandchoiceoperators,
thereforeinput quasi-receptive specificationcanbe obtainedby modifying the LTS. Precisely, for each
statewhich cannotparticipatein all input events,outgoingedgesareaddedwhich arelabelledwith these
missedinputsandwhich leadto deadlockstate.An exampleis shown in figure13(a)and(b). Notethatin
thefiguretheinputsetis Ip1, Ip2.

This methodworks very well for LTSswithout internaleventsi. But for thosecontainingi events,
thingsbecomeverysubtle.For examplein figure13(c),states1cannotengagein eventIp2, but onecannot
simply think that Ip2 is rejectedin this state,asthecomponentmaydecideto acceptit at states2 through
aninternalevent.Suchkindsof peculiarsituationmaynot betheintentionof specifiers,but canappearin
anLTS throughhideoperations.

Notice thatwhena specificationis understoodfrom the point of view of input receptiveness,internal
eventsseemsto losetheir necessity. Take theexampleof theRGDarbiter. Internaleventsareusedto indi-
catethatthecomponentwill decidewhichoutputs(g1or g2) shouldbeproduced,andthatits environment
hasno influenceon this decision. If the internaleventsareomitted, the environmentcanchoosewhich
outputto acceptandwhich oneto refuse.However, if theenvironmentis input receptive,which meansit
canalwaysreceive all inputs(theoutputsof theRGD), it losesits selective power. Whichever theoutput
producedby theRGD, theenvironmentjust acceptsit. In otherwords,no matterif theinternaleventsare
specifiedor not, theenvironmentcannotaffect thedecisionmadeby theRGD.

Basedon thisobservation,LTSswith internaleventsaredeterminisedbeforeoutgoingedgesareadded
(figure13(d))to obtaininputquasi-receptivespecifications

Definition 3.1(Deterministic LTS) An LTS ÄjÅ±ÆÈÇ&ÉIÊWÉVËWÉIÌ�Í Ã is deterministicif Î�ÌtÏ�Ç , Ì�Ð\ÑÒ and ÎÓ ÏÔÊ , safter a containsat most1 element.
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Definition 3.2(Determinization of LTS) Let Ä�Å±ÆÕÇ&ÉVÊUÉ�ËWÉ�Ì/Í Ã bean LTS. Ö (S) is thepowersetof S.
ThedeterministicLTSÄ;×UÅ±ÆØÇK×6ÉVÊWÉVËK×!ÉIÌ�ÍX× Ã canbeobtainedby:

Ç × Å ×0Ù>Ú ÖtÛ4Ç­Ü�ÝSÞ'ßSàË × Å ×0Ù>Ú Þ�áãâÒ á!ä¨å Ó ÏÔÊWÉVáSÉIá!ä�ÏlÇ × ÉVá!ä;ÅæÞ'Ì�ä�Ï�ÇØå�ç8Ì[Ï�á±Â6ÌèâÅ¨éêÌ�ä	à6àÌ�Í × Å ×0Ù>Ú Þ'Ì�ä�Ï�ÇØå�Ì/ëíìÅKéêÌ�äîà
Now, theformaldefinitionof inputquasi-receptivecanbegiven.

Definition 3.3(Input Quasi-Receptive) LetL bepartitionedinto Êðï and Ê1ñ , andlet òWÅ±ÆØÇ&ÉVÊUÉ�ËWÉ�Ì/Í Ã
bea deterministiclabelledtransitionsystem.c is input quasi-receptiveif for everystate Ì¯Ï�Ç , eitherfor
all Ó Ï�Êðï1ó�ÊWñ , ÌjÐ âé , or Ê|ïpôõÞ Ó å¨Ì âéØà . If c is not a deterministicLTS,it shouldbe determinised
according to thepreviousdefinition.

Fromtheabovedefinition,anLTS is inputquasi-receptiveif afterdeterminization,all its states,except
theterminalones,canengagedin all theeventsin Ê|ï .
3.4.7 CaseStudy: Specifyinga FIFO

In this section,anasynchronousFIFO (First In First Out) is specified.TheFIFO hastwo inputsInT, InF
andtwo outputsOutT, OutF. Its inputandoutputdataconformto dual rail encodingin which representing
onebit needstwo signallines. WhenInT (OutT) is 1 andInF (OutF) is 0, the transmitted(received)data
is 1. Similarly whenInT (OutT) is 0 andInF (OutF) is 1, the transmitted(received)datais 0. Whenthe
signalon bothlinesis 0, it indicatesidle, which meansno valid dataon thelines.Lineshave to beresetto
idle betweentwo transmissions.

Supposea FIFO with onestage(figure14(a))is initially empty. It canaccepteither1 or 0 by raising
InT or InF. The accepteddatacanbe deliveredto its environmentby outputports. After onesuccessful
transmission,theraisedinputandoutputportsreturnto 0 to wait for otherdata.Thebehaviour of onestage
canbeeasilyspecified:

processStage[InT, InF, OutT, OutF] :noexit Â
InT ! 1 of bit; OutT ! 1 of bit; (* transmit1 *)
InT ! 0 of bit; OutT ! 0 of bit; (* go to idle *)
Stage[InT, InF, OutT, OutF] (* continue*)

InF ! 1 of bit; OutF! 1 of bit; (* transmit0 *)
InF ! 0 of bit; OutF! 0 of bit; (* go to idle *)
Stage[InT, InF, OutT, OutF] (* continue*)

endproc
The behaviour of a FIFO of morethanonestagecanbe obtainedby composingseveral stages.For

simplicity, a FIFO with two stages(figure14(b))is specifiedwith:

processSpecFIFO[InT, InF, OutT, OutF]
hide i1, i2 in
Stage[InT, Inf, i1, i2]å<ö i1, i2 ÷´å
Stage[i1, i2, OutT, OutF]

endproc
A possibleimplementationof one stageis given in figure 15. Apart from the datapath, thereare

anothertwo linescontrollingthedatatransmission.Reqcomesfrom theenvironmentof astage;it indicates
that environmenthasvalid datato transfer. The Ack line goesto the environment, indicating that the
stageis emptyandis thusreadyto receive new data. Both of thesecontrol signalarehigh active. The
implementationusetwo C-ElementsandaNor2gate.Initially bothReqandAck are1. Whenthereis valid
dataon InT or InF, it is passedto OutTor OutF. At thesametime,Reqshouldberesetto 0 until InT or InF
returnsto the idle state.After receiving dataon OutTor OutF, the Ack resetto 0 indicatesthat thestage
is full. Whenthedataon outputlines is fetched,outputreturnsto the idle stateandis readyfor thenext
transmission.ThecorrespondingDILL specificationof thiscell is asfollows:

32



InT

InF

OutT

OutF

Stage
InT

InF

OutT

OutF

i1

i2

Stage Stage

(a) (b)

Figure14: FIFO with onestageandwith two stages

Req
C

C

Nor2
Ack

(a) One Cell 

InT

InF

OutT

OutF

OneCell OneCellEnvF EnvB

InT

InF

Req
X1T
X1R

X1F OutF

OutT
Ack

(b)  Implementation of FIFO with two stages

Figure15: Implementationof a cell of FIFO

processOneCell[InT, InF, OutT, OutF, Req,Ack] : noexit Â
(CElement[InT, Req,OutT] (0 of Bit, 1 of Bit, 0 of Bit)å\öReq÷´å
CElement[InF, Req,OuTF] (0 of Bit, 1 of Bit, 0 of Bit)

)å\öOutT, OutF÷>å
Nor2 [OutT, OutF, Ack] (0 of Bit, 0 of Bit, 1 of Bit)

endproc

To ensurea FIFO works correctly, the environmenthasto be coordinated. For example, it should
provide correctinput dataaccordingto the dual rail encoding.To make thingseasier, it is convenientto
think abouttheenvironmentin two parts:EnvF andEnvB. EnvF is a dataprovider which is alwaysready
to producedata.EnvB is a dataconsumerwhich canalwaysacceptdata.

processEnvF [Req,InT, InF] : noexit Â
InT ! 1 of bit; Req! 0 of bit; InT ! 0 of bit; Req! 1 of bit; (* provide1 *)
EnvF [Req,InT, InF] (* continue*)

InF ! 1 of bit; Req! 0 of bit; InF ! 0 of bit; Req! 1 of bit; (* provide0 *)
EnvF [Req,InT, InF] (* continue*)

endproc

processEnvB [Ack, OutT, OutF] : noexit Â
OutT ! 1 of bit; Ack ! 0 of bit; OutT ! 0 of bit; Ack ! 1 of bit; (* accept1 *)
EnvB [Ack, OutT, OutF] (* continue*)

OutF! 1 of bit; Ack ! 0 of bit; OutF! 0 of bit; Ack ! 1 of bit; (* accept0 *)
EnvB [Ack, OutT, OutF] (* continue*)

A two-stageFIFO canthenbeimplemented:

processTwoStages[InT, InF, OutT, OutF] : noexit Â
hide Req,X1T, X1F, X1R, Ack in
EnvF [Req,InT, InF]å\öReq,InT, InF÷>å
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OneCell[InT, InF, X1T, X1F, X1R, Req]å\öX1T, X1F, X1R÷>å
OneCell[X1T, X1F, OutT, OutF, Ack, X1R]å\öAck, OutT, OutF÷>å
EnvB [Ack, OutT, OutF]

endproc

In the next chapter, the implementationwill be verified againstits specification. Whenspeedinde-
pendenceneedsto beverified,eachbuilding block, includingtheenvironment,shouldbespecifiedin the
inputquasi-receptivestyle.TheDILL library alreadycontainssuchspecificationsof basicbuilding blocks.
EnvB QR is the input quasi-receptive specificationof EnvB. EnvF hasno inputsso thereis no needto
modify it.

processEnvB QR[Ack, OutT, OutF] : noexit Â
OutT ! 1; (Ack ! 0 ; (OutT ! 0; (Ack ! 1; EnvB QR[Ack, OutT, OutF]

OutT ! 1; stop
OutF! 1; stop)

Ack ! 1; stop
OutF! 0 ; stop)

OutT ! 0; stop
OutF! 0; stop)

OutF! 1; (Ack ! 0; (OutF! 0; (Ack ! 1; EnvB QR[Ack, OutT, OutF]
OutT ! 1; stop
OutF! 1; stop)

Ack ! 1; stop
OutT !0; stop)

OutT ! 0; stop
OutF! 0; stop)

Ack ! 0; stop
endproc (* EnvB QR*)

3.5 RelatedWork

HardwareDescriptionLanguages(HDLs) wereinitially designedto copewith the inefficiency of circuit
diagramswhenthe sizeof circuits becamemoreandmorelarge. They weresubsequentlyusedin simu-
lation, synthesisandverificationof digital logics. The mostpopularHDLs usedin industryareperhaps
VHDL, Verilog andELLA. Theselanguagesareveryexpressiveandcangiveverydetailedmodelsof real
hardwarecircuits. But circuitsdescribedin theselanguagescannotbeformally analysedbecausethereis
no formal semanticsassociatedwith them.

Someformal languagesarespecificallydesignedfor specifyingcircuits,suchasRuby[JS90], CIRCAL,
SynchronousTransitions[Sta97], DI-algebra[JU93] andsoon. Many othergeneralpurposeformal lan-
guagesor notationsarealsoappliedin theareaof hardwarespecifications.To namea few, theseincludes
HOL [HG92], CSP[Hoa85], Occam[TTW97], andtracetheory[Dil89]. Someof themcanjust dealwith
synchronouscircuits,suchasRubyandHOL. Othersaremainlyemployedto tackleasynchronouscircuits,
suchasDI-algebraandCSP. CIRCAL andSynchronousTransitionhave beenusedin bothareas.Among
theseformalisms,DILL mostcloselyresemblesCIRCAL in thatbothhave a behavioural basisin process
algebra,andboth have beenusedin synchronousandasynchronouscircuit designs. In fact, DILL was
inspiredby the successof CIRCAL. However, the integrateddatatypesin LOTOS makesit muchmore
expressivethanCIRCAL. In theauthors'experience,DILL canbeusedsuccessfullyatavarietyof abstrac-
tion levels. However, CIRCAL appearsto be lesseffective at higherlevels. For example,describingthe
behaviour of asynchronouscircuit in CIRCAL requiresthecorrespondingMealyor Mooremachinesto be
definedmanually, andthentranslatedinto the CIRCAL notations.This makesCIRCAL almostimpossible
to specifyrelatively complicatedbehaviour.
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3.6 Conclusion

This chapterprovidesthe LOTOS modelsof synchronousandasynchronouscircuits. Themodelsarethe
basisof furtheranalysisof digital circuits.

Specificationof basiclogic gatesrepresentsthe basicmodellingtechniquefor DILL. In this chapter
therewerefour differentmodelsdevelopedfor basiclogic gates.Initially a unifiedmodelwaspreferred
becauseit canbeusedin bothsynchronousandasynchronouscircuits.Thisidearesultedin thespecification
in section3.2. However, laterinvestigationrevealedthatthesamecomponentsmayneeddifferentmodels
in differentenvironments.Oneof thesuchexamplesarethemodelsin 3.2and3.4.3,with thelatterbeing
speciallydevelopedfor validatingsemi-modularityof asynchronouscircuits. As will beseenin chapter6,
a timed modelof basiclogic gateswill alsobe provided for analysingbehaviour relatedto quantitative
timing.

Processalgebra,suchasCCS,CSP, Circal, andLOTOS have beenusedin specifyingandanalysing
digital circuitsfor many years.However, thethesisis thefirst onewhichclearlypointsout thegapbetween
the behaviour modelledby processalgebrasandthe behaviour of real circuits. Moreover, it revealsthat
whenan event modelsa signaltransition,the behaviour of a LOTOS specificationis just a subsetof the
behaviour of a realcircuit, resultingtheanalysisbasedon LOTOS modelsbeinginaccurate. Theauthorof
[Gop92], who usedCCSto modelasynchronouscircuits,alsorealisedthegap,but thesolutionproposed
is not complete:to getaspecificationwhich is similar to theinputquasi-receptivestyleemployedhere,all
componentsarestill specifiedin normalstylebut their inputsareprecededwith anartificial wire which is
inputquasi-receptive.Thissolutioncannotdealwith all theunexpectedinputsituationsandthushaslimited
usage.In [CT97], CCSalsousedto specifyandanalyseasynchronouscircuits. Theauthorssuggestedto
usethe 'quenching' specificationsto bridgethe gap. This solutionis actuallyidenticalto the first model
of basiclogic gatesdiscussedin section3.2,wherethependingoutputscanbepre-emptedby new inputs.
Their solutionis thereforecoveredby this thesis.

In this thesis,in orderto discoverviolationsof speed-independence(or really semi-modularity),com-
ponentsarespecifiedin inputquasi-receptivestyleor if possible,inputreceptivestyle.Exceptfor explicitly
usingstop, thereis an alternative solutionwhich is similar to the oneusedin chapter6, that is usingan
extra gateErr to indicateviolation. This unfortunatelywould resultin muchbiggerstatespacecomparing
with thesolutionadoptedhere,simply becauseevery componentshouldhave anextra Err gateandthese
gatesinterleave with eachother. In chapter6, analysisis mainly achievedby simulationandtesting,state
spaceis not a severeproblemin thesetwo validationmethods.
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4 Verification of Digital Logic Cir cuits

This chapterappliesformal verificationtechniquesto verifying DILL specificationsof digital circuits. In
section4.1,backgroundknowledgeaboutformalverificationof LOTOS specificatinoswasintroduced,with
thefocusonthetemporallogic ACTL (Action basedCTL [DV90]) andrelationsbetweenLTSs.ACTL will
be usedto expresspropertiesof circuits,andrelationswill be usedto comparespecificationsat different
abstractionlevels. The following sections,section4.2 andsection4.3, presenthow the DILL specifica-
tionsof synchronousandasynchronouscircuitsareverifiedrespectively. Verifying synchronouscircuitsis
straightforward,thanksto theDILL modeldevelopedin section3.3. Conventionalverificationtechniques,
suchasmodelcheckingandequivalencechecking,canbeconductedusinggeneralLOTOS tools.Verifying
asynchronouscircuits needsmoreconsideration,suchas the input receptivenessof componentsandthe
importanceof theenvironmentof asynchronouscircuits. Theseextra considerationsarenecessarymainly
becauseinput andoutputsignalsaredifferentin realcircuitsbut aretreatedequallyin the LOTOS model.
In section4.3.3,new relationsbetweenLTSsaredefinedby takingthedifferencebetweeninputsandout-
putsinto account.Throughoutthepresentationof thechapter, examplesandcasestudiesareprovidedto
illustratetheapproaches.

4.1 Background

Thissectiongivesthepreliminaryknowledgerequiredto verify DILL specifications.

4.1.1 What is to be verified

Formalverificationcomprisestechniquesusedto prove thecorrectnessof themodelsof a real-world sys-
tem.Accordingto [Sta93] therearemainly threedifferentverificationtaskswhentalkingaboutverification
of circuits:

1. Verifying thata circuit specificationis whatit shouldbe,termedrequirementscapture

2. Verifying thatagivenimplementationbehavesidenticallyto agivenspecification,termedimplemen-
tationverification

3. Verifying importantpropertiesof a givenimplementation,termeddesignverification

In thephaseof requirementscapture, higherlevel specificationsof circuitsareanalysedto seeif they
satisfysomerequirements.Requirementscapturecanbeperformedeitherformally or informally, depend-
ing on how the requirementsareexpressed.In figure1, it is alsotermedspecificationvalidation. Imple-
mentationverificationinvolvescomparingtwo specificationsof thesamecircuit. By convention,thehigher
level specificationis termedthespecificationof a circuit, while the lower level oneis the implementation
of thecircuit. A relationhasto bedefinedin orderto comparethe implementationwith thespecification.
Althoughtask2 emphasisesthe identity, weaker relationsarealsousedin practice.Like implementation
verification,designverificationalsoaimsto verify the correctnessof lower level implementationsof cir-
cuits,but it focuseson thepropertiesof implementationsratherthantheir relationshipswith higherlevel
specifications.

The propertiesthat differentcircuits possessmay vary. For conveniencethesepropertiesaredivided
into differentcategories,suchasfreedomfrom deadlock,freedomfrom livelock,safetyandliveness.In-
formally:

ø deadlockmeansthata systemcanevolve into a statefrom which no furtheractionis possible.

ø livelockmeansthata systemmaygetinto aninternalloop andmake no furtherprogressin termsof
visible inputsandoutputs.

ø asafetypropertymeansthatnothingbadwill happenduringtheprogressof asystem.

ø a livenesspropertymeansthatsomethinggoodwill eventuallyhappen.
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To formally expresstheseproperties,formal specificationsarerequired. Many hardwareverification
systemsformulatepropertiesin a temporallogic or modallogic suchasCTL (ComputationalTreeLogic
[CES86]), ACTL, HML (Hennessy-MilnerLogic [HM80]) or ù -calculus[Lar90]. Otherformalismsare
alsoavailable.Forexample,to verify LOTOS specifications,LTSsaresometimesusedto expressproperties.

Themethodof formally verifying whetherafinite-statemodelsatisfiessomepropertiesis termedmodel
checking. Efficientalgorithms[BCM ú 92] havebeendevelopedfor modelcheckingtemporallogic formu-
lae.

For implementationverification,a relationshouldbeformally definedto indicatethatin whatsensean
implementationis correctwith respectto a specification.LOTOS inheritsabundantrelationsfrom process
algebra.Most of thembelongto threecategories:preorder, equivalenceandcongruence.An equivalence
holdswhentwo specificationshave exactly the samebehaviour. A congruencerelationrequiresthat not
only aretwo specificationsequivalent,but alsoonecansubstitutefor theotherin all circumstances.Based
on the way behaviour is observed, eachcategory containsa spectrumof relations. Choosinga suitable
relationfor verificationis sometimesnot easy. It needsreasonableknowledgeof both specificationand
implementation,andalsodependson theintentionof verification.As a rule of thumb,if a specificationis
non-deterministic,thena preorderrelationshouldbeusedwhenverifying oneof its deterministicimple-
mentations.If an implementationis a refinementof a specification,e.g. by giving moredetailabouthow
to build thesystem,anequivalencerelationmight bepreferred.If theimplementationis to beusedwithin
a largersystem,thena congruencerelationhasto beconsidered.

Propertiesandrelationsarealsorelated.Somerelationsrespectcertainpropertieswhile theothersdo
not. For example,traceequivalencedoesnot preservedeadlockfreedom,while observationalequivalence
does.Observationalequivalence,ontheotherhand,doesnotpreservelivelockfreedom.This factorshould
alsobetakeninto accountwhenconductingverification.

Theexisting LOTOS verificationtechniquesandtoolssupportall thethreeverificationtasksmentioned
at the beginning of this section. For example,temporallogic modelcheckingcanbe employed to fulfil
task1 andtask3. Verificationof equivalenceor preorderrelations,which hasbeenintensively studiedfor
LabelledTransitionSystems,canbeusedto solve task2. Whena propertyis expressedin theform of an
LTS, relationcheckingcanalsobe usedfor task1 andtask3. The following two sectionsintroducethe
temporallogic ACTL andseveralrelationsusedfor verifying DILL specifications.

4.1.2 Temporal Logic and ACTL

In the precedingsection,it wasmentionedthatmodalandtemporallogics areusedto specifyproperties
of circuits. Modal logic is an extensionof propositionalcalculus. In additionto the usualpropositional
operatorsû|É�ü|ÉIý , etc. therearealsomodalitieswhich expressthe `modes'of truth, suchasnecessarily
true or possiblytrue. Temporallogicsextendmodallogicswith timing operators,which indicateswhena
statementis true. Four temporaloperatorsarecommonlyusedin varioustemporallogics: X (is trueat the
next time instant),F (is eventuallytrue),G (is alwaystruefrom now on)andU (is trueuntil þCþ/þ ).

Traditionally the propertiesof systemsmodelledin processalgebraareexpressedin the modal logic
HML and ù -calculus.Both logicsareinterpretedover labelledtransitionsystems(LTS),which is alsothe
semanticmodelof processalgebra.

However, becausethe expressive power of HML is limited, and ù -calculusrequiresexponentialtime
for modelchecking,this thesisemploys the temporallogic ACTL to specifyproperties. It is shown in
[DV90] that ACTL is moreexpressive thanHML, andthe time complexity of ACTL modelcheckingis
linearin boththelengthof formulaeandthesizeof themodelsto beanalysed.

Most temporallogics developedso far are state-based.Theselogics are interpretedover a Kripke
Structure. The structureis essentiallya finite state-transitionsystemof which eachstateis labelledwith
a setof atomicpropositions. All formulaerefer to the statesin Kripke Structure. Among suchlogics,
the mostpopularoneis perhapsCTL, which haslinear time for modelcheckingandis adoptedin many
well-known hardwareverificationtoolssuchasSMV [McM93], VIS [BH ú 96], etc. But thesestate-based
temporallogics cannotbe usedto expressthe propertiesof LTSs,becausein LTSsonly transitionsare
labelledandthereis no propositionassociatedwith states.ACTL wasdevelopedin [DV90] to overcome
theproblem.Therestof this sectiondescribesit.
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Definition 4.1(Path)
Let L Ï�ÿ���� Æ S,A, T, s0

Ã
, a sequence(s0,a0, s1), (s1,a1, s2), ����� is calleda path froms0 if there is

s0 â��Ò s1 â	�Ò s2 ���	� , of which Ó Ñ Û�
&Å Í8É��6É��	��� Ü)Ï�
�ó�� .
ACTL is analogousto CTL but interpretedoveractions.In orderto expressthepredicatesoveractions,

asmallauxiliary logic of actionsis needed.If A is thesetof actions,thentheactionformulaeÓ Ï�
�ónÞ��.à�
aredefinedby: � Â�Â�Å true å Ó å�ý � å � û �

The usualderived booleanoperatorsarealsoallowed: thereare true for ýðÛ Ó û�ý Ó Ü , false for ý true,Ó ü Ó for ýðÛ�ý Ó ûný Ó Ü andsoon.
Action formulae

�
areinterpretedover the actionsa ( Ó Ï�
Øó Þ	�.à ) of an LTS modelM = Æ S,A, T,

s0
Ã . Thesatisfactionof anactionformula

�
by anactiona ( Ó Ï�
ló Þ	�.à ), denotedby Ó å Å�� � (or Ó å Å �

whenmodelM is understood),is definedinductively by:��� � true always���� ��� if f ��� � ���� �"!$# if f �&%� � # ���� ��#('�#*) if f �+� � # and�+� �,#*).-
Thesyntaxof anACTL formula / is definedby thefollowing grammar:0 121 � true �	!304��0+'+0��6587:9;0���<=7:9>0�65@? 0 9*A 0CBD�65@? 0 9*A*9 0CBD�	<E? 0 9DA 0CB$��<:? 0 9DA*9 0CB
Thesatisfactionof anACTL formula / by astateÌ[Ï�Ç of anLTSM = Æ S,A, T, s0

Ã , written Ì å Å � /
(or Ì å ÅF/ whenM is understood),canbedefinedinductively:GE� � true always�GE� �"!30 if f G�%� �"0 �GE� �"0('�0 ) if f GE� �"0 andGE� ��0 ) �GE� �"587 9 0 if f H GJIK GL)*M+N suchthat �+� �,# andGL)$� ��0 �GE� ��<=7:9>0 if f O G IK G ) M+NQPR��� �,# andG ) � ��0 �GE� �"5@? 0*9 A 0 ) B if f H G6S��,G�TVU I�WK G�X I�YK -Z-L-[M pathS�G�UH]\�^ T suchthat G`_@� �,0*) andOba M�? T �Z\8c XdB�PdG�ef� ��0 and�geh� � #GE� �"5@? 0*9 A 9ji 0 ) B if f H G6S��,G�TVUkI�WK G�XEI�YK -Z-L-[M pathS�G�UH]\�l T suchthat G`_@� �,0 ) andOba M�? T �Z\8c XdB�PdG e � ��0 andO[m M�? T �n\Ec�o B.PR��p:� � # and�q_�r Y � � #*) �GE� ��<E? 0*9 A 0 ) B if f O G6S��,G�TVUkI�WK G�XEI�YK -Z-L-[M pathS�G�UH]\�^ T suchthat G`_@� �,0 ) andOba M�? T �Z\8c XdB�PdG e � ��0 and� e � � #GE� ��<E? 0 9CA 9ji 0 ) B if f O G6S��,G�TVU I�WK G�X I�YK -Z-L-[M pathS�G�UH]\�l T suchthat G`_@� �,0 ) andOba M�? T �Z\8c XdB�PdG e � ��0 andO[m M�? T �n\Ec�o B.PR� p � � # and�q_�r Y � � # ) �

Besidestheusualderivedbooleanoperators,thefollowing aresomeusefulmodalities:s #$tu0 � 587:9>0? #CBv0 � ! s #$tu!305xw 9 0 � 5@? true9*A 0CB<yw 9 0 � <:? true9*A 0CB5xz{9>0 � !$<ywC9>!30<yz{9b0 � !35Ew;9>!30
Likein CTL, all thelegalACTL formulaearestateformulae,whicharetrueif thecurrentstatesatisfies

theformulaor falseif otherwise.In theACTL formulae,A andE arepathquantifierswhichdefinewhether
a propertyof currentstateshouldbetruefor all its possiblepaths(A) or only for somepath(E). Thebasic
temporaloperatorsof ACTL areX andU; F andG arederivedoperators.Thefollowing givestheintuitive
meaningof severalcommonACTL formulae:|

Theoriginal ACTL doesnot include } in theactionset.
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ø�~��&� / (i.e. � �h� / ) is true of a stateif it hasan actionsatisfying
�

andthe actionleadsto a state
satisfying/ . This is alsothediamondoperatorin HML.

ø 
 � � / is true of a stateif the statecanonly do actionssatisfying
�

andthe actionsleadto states
satisfying/ .

ø ö Ó ÷�/ is trueof astateif all its actionswhichsatisfy
�

leadto statessatisfying / . This is alsotheBox
operatorin HML.

ø�~�� � / is trueof astateif someof its pathscanbegin with aseriesof actionssatisfying
�

thenreach
astatesatisfying / . If thestateitself satisfies/ , thentheformulais alsotrue.

ø 
 �k� / is trueof astateif all its pathscanbegin with aseriesof actionssatisfying
�

thenreachastate
satisfying/ . If thestateitself satisfies/ , thentheformulais alsotrue.

ø�~�� / is trueof astateif thereexistsoneor morepathson which all statessatisfy / .

ø 
 � / is true of a stateif all the stateson all its pathssatisfy / . It is alsosaid that / is satisfied
globally.

4.1.3 RelationsbetweenLTSs

Theoperationalsemanticsof LOTOS is definedbasedonlabelledtransitionsystems.In thissection,several
commonrelationsbetweenLTSsarepresented.Morerelationscanbefoundin [Gla90, Gla93] and[Nic87],
whereaspectrumof equivalentandcongruentrelationsarecomparedin termsof distinguishingpower.

Definition 4.2(StrongEquivalence)
A relation, �Èô°ÿ=��� Û�ÿ|Ü8�pÿ=�@�{Û�ÿ|Ü is a strongbisimulationif Û��ðÉL� Ü|Ï�� implies, Î Ó ÏÔÊló�� , that:

ø if çb�[äKÂq� âÒ �[ä thenç>� ä�Âq� âÒ �[ä with Û��[ä4ÉZ� ä Ü)Ï��vÉ and

ø if ç>�[ä¨Âq� âÒ �[ä thençb�[ä�Âg� âÒ �[ä with Û��[ä4ÉL�[ä�Ü|Ï����
Two processesP, Q are stronglyequivalent,written P � Q if there existsa strongbisimulationR such

that Û��ðÉL� Ü|Ï�� . Therelation � is definedto bethelargeststrongbisimulation,i.e. theunionof all strong
bisimulations.

Strongbisimulationequivalencecandistinguishmoreprocessesthanany otherequivalentrelations.
However it is usuallytoo strongto beusedin practicesinceit requirestwo processesto matcheachother
evenon internalbehaviour. For exampleprocessa; i; i; b; stopis not stronglyequivalentto processa; i;
b; stop. Internaleventsareunseento externalobservers,andthusaremeaninglessin mostcircumstances.

Definition 4.3(Observational Equivalence)
A relation, �Èô°ÿ=��� Û�ÿ|Ü8�pÿ=�@�{Û�ÿ|Ü is a weakbisimulationif Û��ðÉZ� Ü|Ï�� implies,Î Ó ÏpÊló�� , that:

ø if çb�[äKÂq� âÒ �[ä thenç>� ä�Âq���âé��[ä with Û��[ä4ÉZ� ä Ü)Ï��vÉ and

ø if ç>�[ä¨Âq� âÒ �[ä thençb�[ä�Âg� �âé��[ä with Û��[ä4ÉL�[ä�Ü|Ï����
Two processesP, Q are observationallyequivalent,written P � Q if there existsan weakbisimulationR
such that Û��ðÉZ�±ÜzÏ,� . Therelation � is definedto bethe largestweakbisimulation,i.e. theunionof all
weakbisimulations.

In theabove definition, � �âé�� hasthesamemeaningwith � âé�� whena is not an internalevent.
Otherwiseit meansthesameas � ìé�� . Recallthat � ìé�� is definedas � Å�� or ���j������� � �� Ò � , andforÓ ÏlÊ , � âé�� is definedas ç8ÌV�'É�Ì�� Â]� ìé ÌV� âÒ Ì	� ìé�� . Fromthedefinition,theinternalevents� may
beignoredwhendeterminingif two processesareobservationalequivalentor not. As anobserver interacts
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with a systemthroughits external interface,observationalequivalenceis often usedfor characterizing
systems.

Observationalequivalenceis not a congruence.Preciselyit is not preservedby thechoiceoperatorof
LOTOS. For example,althoughi; b; stop � b; stop, it is not true thata; stop[] i; b; stop � a; stop[] b;
stop. Theconsequenceis thatif i; b is replacedby b; stop, thenew systemis notobservationallyequivalent
to theoriginalone.

It is known thatobservationalequivalenceis a congruencewith respectto otherLOTOS operatorssuch
asprefix (;), parallel( å<å�å , å&ö<þCþCþ ÷{å ) andhide [ISO89, Mou94]. In the DILL approach,composingcompo-
nentsis doneby puttingtheprocessesin parallel,thenhiding theinternalconnectingports.Observational
equivalencecanbeusedasa congruencein this circumstance.In otherwords,if two componentsA andB
areprovedbe observationallyequivalent,thena circuit which containsthe A componentcanbechanged
to a new oneby substitutingA for B. Theresultantcircuit is still observationallyequivalentto theoriginal
one.

Observationalequivalencecanpreservedeadlockfreedom.If two processesareobservationallyequiv-
alent,they areboth free from deadlocksor bothpossessingdeadlocks.However, this equivalencecannot
preserve livelockfreedom,or livenessproperties.

Definition 4.4(Branching Bisimulation Equivalence)
A relation �Õô°ÿ=���{Û�ÿ|Ü{�Ôÿ����{ÛîÿðÜ is a branchingbisimulationif Û��ðÉZ�±Ü|Ï�� implies,Î Ó Ï�Êló�� , that

ø if çb�[äKÂq� âÒ �[ä theneither Ó Å�� and Û��[ä�ÉZ� Ü)Ï��vÉ orç a path �ªé��(� âÒ ���Ué�� ä with Û��ðÉL�(�CÜðÏ �vÉ/Û�� ä ÉL����Ü)Ï��vÉ/Û�� ä ÉL� ä ÜðÏ �vÉ and

ø if ç>� ä Âq� âÒ � ä theneither Ó ÅF� and Û��ðÉL� ä Ü)Ï �vÉ orç a path �ªé¡� � âÒ � � é¡�[ä with Û�� � ÉL� Ü)Ï��±É�Û�� � ÉL�[ä Ü)Ï��vÉ/Û��[äîÉL�[ä�ÜðÏ �
Two processesP, Q are branching bisimulationequivalent,written P �@¢ Q if there exists a branching
bisimulationR such that Û��ðÉL� ÜWÏJ� . Therelation � ¢ is definedto bethelargestbranchingbisimulation,
i.e. theunionof all branchingbisimulations.

Branchingbisimulationequivalence[Gla90] is strongerthenobservationalequivalencebut weakerthan
strongequivalence.Essentiallythedefinition is thesameasobservationalequivalence.Thedifferenceis
that it comparesthe statesnot only at the startandfinish of a � sequence,but alsothestatesalongthe �
sequences.Branchingbisimulationequivalenceis a congruenceandpreserveslivenesspropertieswhen
bothprocessesarelivelockfree[DV90]. In otherwords,if two LTSsarefreefrom livelockandarerelated
by branchingbisimulationequivalence,they satisfyexactly thesamesetof livenessproperties.

Definition 4.5(Simulation Preorder and Simulation Equivalence)
A relation �Õô°ÿ=���{Û�ÿ|Ü{�Ôÿ����{ÛîÿðÜ is a simulationif Û��ðÉL� Ü|Ï�� implies,Î Ó Ï�Êló£� , that:

ø if çb�[äKÂq� âÒ �[ä thenç>� ä�Âq� âÒ �[ä with Û��[ä4ÉZ� ä Ü)Ï����
Thesimulationpreorder ÆE¤ is definedasthelargestsimulation.
Thesimulationequivalence�@¤ is definedby �@¤¦Å±ÆE¤{¥ðÛ Ã ¤¦ÜZ¦ � �

Definition 4.6(SafetyPreorder and SafetyEquivalence)
A relation �Õô°ÿ=���{Û�ÿ|Ü{�Ôÿ����{ÛîÿðÜ is a safetysimulationif Û��ðÉL� Ü)Ï�� impliesfor Î Ó ÏpÊló��

ø if çb�[äKÂg� âÒ �[ä thenç>�[ä¨Âq� âé��[ä with Û��[ä4ÉZ�[ä Ü|Ï��+�
Thesafetypreorder §E¤ is definedasthelargestsafetysimulation.
Thesafetyequivalence�@¤ is definedby �@¤¦Å+§E¤=¥ðÛn¨E¤CÜZ¦ � �
Safetyequivalenceis namedafterits importantfeature:it preservesall safetyproperty, i.e. if two LTSs

arerelatedby safetyequivalence,they satisfytheexactlysamesetof safetyproperties[BFGú 91].
To verify hardware,testingequivalence/preorderandtraceequivalence/preorderarealsoused.Because

they arenotusedin theDILL approach,theformaldeldfinitionsarenotgivenhere.Intuitively, two LTSsare
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Branching Bisimulation Equivalence

Testing Eqivalence Safety Equivalence

Strong Bisimulation Equivalence

Simulation Equivalence

Observational Equivalence

Trace Equivalence

Figure16: Differentequivalencerelationswith differentstrengths

testingequivalentif any possibleobserver, which is alsomodelledasanLTS,cannotdistinguishthemafter
interactingwith thetwo LTSs. This relationis weaker thanobservationalequivalence.Traceequivalence
is theweakestequivalentrelationbetweenLTSs;it only requiresthattwo LTSshave thesametraceset.

Figure16 givestherelative strengthof theserelations.In thefigureR1 Ò R2meansthatR1 is a finer
relationthanR2, i.e. R1 is ableto differentiateat leastasmany specificationsasR2 is. Thusaccordingto
this figure,if two relationsarestrongbisimulationequivalent, they mustalsobeobservationalequivalent,
but not vicevisa.

NotethatwhenLTSsaredeterministic,all theequivalencerelationsin theabovefigurecoincide.

4.1.4 CADP

CADP(CæsarAldébaranDevelopmentPackage[FGK ú 96]) is anautomatedtoolsetfor analysingconcur-
rentsystemsexpressedin LOTOS or otherformalismswhosesemanticsarebasedon LTSs. It is perhaps
themostcomprehensive tool availableto supportLOTOS currently. CADP includesseveral toolseachof
which fulfil a specificfunctionality. Cæsar.ADT andCæsarcompilethe datapart andthebehaviour part
of a LOTOS specificationrespectively. Theresultis a finite stategraph(i.e. anLTS) which describesthe
exhaustive behaviour of the correspondingspecification.Aldébaranperformsverificationusingthe LTS
or a network of LTSs(i.e. a finite statemachineconnectingseveral LTSsby LOTOS parallelandhiding
operators).It is ableto eithercompareor minimizeLTSswith respectto bisimulationor simulationrela-
tions. XTL (ExecutableTemporalLanguage)is a functional-like programminglanguagethat allows the
implementationof temporallogic operators.Several temporallogicssuchasACTL have beenembedded
in XTL. Thetool with thesamenamecanbeusedto performmodelcheckingXTL formulaeagainstLTS
models. To partially resolve the problemof statespaceexplosion,CADP incorporatesadvancedverifi-
cation techniquessuchascompositionalgeneration,on-the-flycomparison,andBDD (Binary Decision
Diagram)symbolic representationof LTSs. Thesetechniquesmake it possibleto verify relatively large
specifications.

CADPalsosupportscustomizedverificationtools. It providesa programminginterfacethroughwhich
the LTSsof LOTOS specificationscanbe manipulated.This interfaceis usedto implementa verifier for
asynchronouscircuitsin chapter4 anda testgenerationtool in chapter5.
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4.2 Verification of SynchronousCir cuits

In this section,the benchmarkcircuit singlepulserwill be investigatedto demonstratehow synchronous
circuits areverified. The behavioural andstructuralspecificationsof this circuit have beengiven in sec-
tion 3.3.5.

As mentionedin section3.3.5, the behavioural specificationis non-deterministicsinceit allows two
different implementations:oneassertsan outputpulsewhen the button is pressed,the otherassertsthe
outputwhenthebuttonis released.Thestructuralimplementationgivenin thebenchmarkis deterministic;
in particularit producestheoutputpulsewhenthebuttonis pressed.In thesequel,propertiesaswell asthe
relationsbetweenthetwo levelsof specificationwill beverifiedby CADP.

4.2.1 Verifying Properties

Firstof all thebasicproperties,i.e. freedomfrom deadlockandlivelock,arecheckedaftertheLTSsof both
specificationandimplementationaregenerated.It is foundthatthey bothsatisfytheproperties.

The implementationis alsorequiredto fulfil otherproperties.Two of themandtheir corresponding
ACTL formulaearelistedbelow. In theseformulae,aneventwith ellipsismeansthecorrespondingsignal
caneitherbe1 or 0. For example,Op���	� representsbothOp ! 0 andOp ! 1. To make theformulaemore
readable,ö �b© � ÷�/ is usedasa shorthandnotationfor theweakform of theBox ( ª ) operator, meaningthat
afterthepathof ö �b© � ÷ , formula / shouldhold. Its equivalentACTL formulais ý ~ ö true� « � Û�ýk/�Ü4÷ .
Property 1: If thereis a risingedgeon inputP In, eventuallytheoutputP Outbecomestrue.


 � öP In!0 ÷´ö � © P Out ���	� ÷´ö � © P In!1 ÷�
 ö true¬.­d®!Ù «�¯ ° ®�¬�± � true÷
A rising edgeon P In refersto two clock cycles. In thefirst cycle it is 0, thenit changesto 1 in the
secondcycle. Theaboveformulacanbereadas:for everystatein thestatespace,afterarisingedge
onP In, P Out ! 1 will beeventuallyreached.

Property 2: Whenever P Out is 1 it becomes0 in the next cycle; andit remains0 at leastuntil thenext
risingedgeon P In.

Although thereis the explicit expressionof until in the above property, it cannotbewritten in one
until formula becauseACTL is unfair. The /{� « /Q² operatorin ACTL is known as strong until,
meaningthattheformulais trueonly if /Q² really takesplacein apath.SinceP In is aninputsignal,
it is possiblethatit remainsat0 forever. Suchbehaviour resultsin unfair pathsin amodel.Unfairness
of ACTL meansthatit cannotexpressassertionsonly on fair paths.In otherwords,a formulahasto
beanalysedon bothfair andunfair paths,althoughthebehaviour on unfair pathsis notof interest.

Two formulaeareusedto capturethisproperty. Thefirst saysthatif P Out is 1 in aclockcycle,then
it mustbe0 in thenext cycle at leastuntil thethird clock cycle. Thesecondformulasaysthat if the
P Out is 0, it cannotchangeto 1 unlessP In changesto 1.


 � öP Out!1÷ ö � © P In �	��� ÷³
±ö true�6´ ¯ ° ®�¬�± ë « ¯ ïdµ ����� true÷
Theaboveformulacanberead:for everystatein thestatespace,afterthepathP Out ! 1, �b© P In ����� ,
thereis P Out ! 0 or � until thenext P in. . . .


 � öP Out!0÷#ý ~ ö true¶ ¯ ïdµq± � «=¯ ° ®�¬�± � true÷
Theabove formulacanberead:for every thestatein thestatespace,afterP Out ! 0, theredoesnot
exist a pathsuchthatafteractionswhich arenot P In ! 1, P Out ! 1 canbereached.

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

4.2.2 Verifying RelationsbetweenTwo Levels

Mosthardwareverificationtoolsprovidethefeatureof modelcheckingtemporallogics.But circuitsspec-
ified in DILL canalsobe analysedby checkingthe relationsbetweenspecificationsat differentabstract
levels.Thisprovidesanalternativeor complementto thetemporallogic modelcheckingapproach.

Figure17 shows the LTSswhich areobservationallyequivalentto the DILL specifications.The LTS
which is stronglyequivalentto the lower level specificationhas97 statesso it is not feasibleto draw it
here.Sincethehigherlevel specificationis morenon-deterministicthanthelower one,a preorderrelation
insteadof equivalenceis considered.CADP cancheckonly two preorderrelations:simulationpreorder
andsafetypreorder. It is revealedthat the lower level specificationsatisfiesthe safetypreorderbut not
the simulationpreorderwhencomparedwith the higher level specifications.Intuitively fulfilling safety
preordercanguaranteethatall theexternalbehaviour of animplementationis allowedby thespecification.
Althoughsafetypreorderdoesnot in generalpreservedeadlockandlivelock,theimplementationhasbeen
verifiedfreefrom them.

To gain moreconfidencein the circuit, considerthe following verificationapproach.Becauseit has
alreadybeenknown that the designof the circuit intendsto implementa positive edgetriggeredsingle
pulser, a behavioural specificationwhich dealswith thenegativeedgetriggeredsituationcanbeextracted
from the non-deterministicspecification. The stategraphof this specification,not surprisingly, is the
SpP, which is partof the left branchof theSpBeha(figure17). It is evident that the implementationis
observationallyequivalentto this deterministicspecification.Thereforeit is ensuredthat the circuit is a
correctimplementationof thedeterministicspecification.

4.2.3 CaseStudy

In this section,the DILL approachis evaluatedusinganotherbenchmarkcircuit in [SK96], a busarbiter.
Thepurposeof the BusArbiter is to grantaccesson eachclock cycle to a singleclient amonga number
of clientsrequestingthe useof a bus. The inputsto the arbiterarea setof requestsignals,eachfrom a
client. The outputsarea setof acknowledgesignals,indicatingwhich client is grantedaccessduring a
clock cycle. Thedocumentationalsodefinessomepropertiesthat theBusArbiter mustrespect.They are
giveninformally andalsoin CTL (ComputationalTreeLogic). Besideslisting thepropertiesto befulfilled,
the benchmarkdocumentationalsogivesan arbitrationalgorithmin plain English. Finally the gatelevel
implementationof theBusArbiter is providedasa circuit diagram.

Higher-Level Specificationin L OTOS

LOTOS supportsspecificationat variouslevels of abstraction. Although the benchmarkcircuit has
beenstudiedby many researchers,apparentlytherehasnot beena formal specificationof the arbitration
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algorithmusedin thedesign.With LOTOS, it is possibleto providesuchahigher-level specification.There
aretwo clearbenefitsof this formalization. Firstly, betterunderstandingof the algorithmcanbe gained
from rigorousspecification.Secondly, correctnessof thealgorithmitself canbeensuredbeforethecircuit
is built andverified. Flaws in thealgorithmwill bemoretime-consumingto correctif they arediscovered
only aftertheimplementation.

Thearbitrationalgorithmembodiedin thedesignis around-robintokenschemewith priority override.
Normally the arbitergrantsaccessto the highestpriority client: the onewith the lowest index number
amongall the requestingclients. However asrequestsbecomemorefrequent,the arbiter is designedto
fall backon a round-robinscheme,so that every requesteris eventuallyacknowledged. This is doneby
circulatinga token in a ring of arbitercells,with onecell per client. The token movesonceevery clock
cycle. If a client's requestpersistsfor thetime it takesfor thetokento makea completecircuit, thatclient
is grantedimmediateaccessto thebus.

Translatingthe algorithm to LOTOS is quite straightforward. It is realizedmainly by LOTOS value
expressions.For exampleeachcell hastwo variablesassociatedwith it: tokenthatindicatesif thetokenis
in thecell, andwaiting thatindicatesif therequestof thecorrespondingclienthaspersistedfor acompleted
tokencycle. Circulatingthe token,(re)settingthewaiting variableandsoon correspondto LOTOS value
expressions.For anarbiterwith threecells,theLOTOS specificationhas79 lines(includingcomments)for
thebehaviouralspecification.

Lower-Level Specificationin DI L L

Thedesignof thearbiterconsistsof repeatedcells. Eachcell is in chargeof acceptingrequestsignals
from aclient,andsendingbackacknowledgmentsto thesameclient. Figure18showsanarbiterwith three
cells. Figure19 shows thedesignof eachcell. Thefirst cell is slightly differentbecauseit is assumedthat
thetokenis initially in thefirst cell.

Theprincipleof thecircuit will not beexplainedin detailhere.Briefly, the ti (tokenin) andto (token
out) signalsarefor circulationof the token. The to outputof the last cell is connectedto the ti input of
thefirst cell to form a tokenring. Thegi (grantin) andgo (grantout) signalsarerelatedto priority. The
grantof cell i is passedto cell i+1 , andindicatesthatnoclientof index lessthanor equalto i is requesting.
Hencea cell may assertits acknowledgeoutputif its grantinput is asserted.The oi (overridein) andoo
(overrideout) signalsareusedto overridethepriority.

Becausethe componentsof eachcell are in the DILL library, it is very easyto specify the process
describinga cell. The specificationof an arbiter with threecells is obtainedby connectingthreesuch
processes.As for theSinglePulser, thereis alsoanenvironmentconstraintin thestructuralspecificationto
meettheconditionsof thesynchronouscircuit modeldiscussedin section3.3.

After both levelshave beenspecified,it is time to verify the circuit. In the following section,all the
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threeverificationtasksmentionedin section4.1.1will becarriedout. That is to say, thespecificationand
implementationarecheckedagainstseveralproperties,andtheequivalencebetweenthetwo levelsis also
examined.

Verification
The benchmarkdocumentationprovidesthreepropertiesthe bus arbitershouldfulfil. The following

threeformulaereferto client0; theformulaefor otherclientshavea similar form. Similar to theweakbox
formula in theexampleof the singlepulser, Æ»�b© � Ã / is theweakdiamondoperator, theshorthandof~ ö true� « � /�÷ .
Property 1: No two acknowledgeoutputsareassertedin thesameclockcycle (safety).


 � ýðÛ ~��&¼$½u¾ �d± � Û>Æ�� © Ack0!1 Ã true ó Æ�� © Ack2 ! 1 Ã trueÜ�Ü
This formula is read: for every statein thestatespaces,it is not thecasethat thereexistsanaction
A0 !1 which canbefollowedby Ack1 !1 or Ack2 !1.

Property 2: Everypersistentrequestis eventuallyacknowledged(liveness).


 � ÛVöReq0! 1÷³
±ö true¬.­Z®'Ù «�¿ ÙRÀ ë ± ë ´ ¼$½u¾ ë ± � true÷	Ü
This formulacanberead:for everystatein thestatespace,aftertheactionReq0!1, eventuallyAck0
!1 will bereached,unlessthereis Req0!0.

Property 3: Acknowledgeis not assertedwithout request(safety).


 � ÛVöReq0! 0÷	ý ~ ö true¶ ¿ ÙRÀ ë ± � « ¼$½u¾ ë ± � true÷	Ü
This formulacanbe read: for every statein the statespace,after the actionReq0! 0, it is not the
casethatthereexistsapathsuchthatafteranactionwhich is not Req! 1, Ack0 ! 1 canbereached.

To verify thehigher-levelspecificationagainstthetemporallogic formulae,theLTSof thespecification
wasproducedfirst. CæsargeneratesanLTS with 3649statesand7918transitions.Aldébaranreducesthis
to 379statesand828 transitionswith respectto strongbisimulation. Both generationandreductiontake
seconds.Thetemporallogic formulaearethencheckedagainsttheminimisedLTS. Eachis verifiedto be
truewithin 1 minute.

The real challengecomeswhenthe lower-level DILL specificationis verified. The statespaceis so
largethatdirectgenerationof theLTS from theLOTOS specificationis impractical.As mentionedbefore,
thereareseveraladvancedtechniquesimplementedin CADPto tackletheproblemof statespaceexplosion.
Nevertheless,usingon-the-flyverificationof thearbiteralsofailsafterconsiderablerun-time.CADP does
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Signal Cycle1 Cycle2 Cycle3 Cycle4

Req0 1 1 1 0
Req1 0 0 0 1
Req2 0 0 0 0
Ack0 1 1 1
Ack1 0 0 0 0 or 1
Ack2 0 0 0

Table1: A counter-examplegeneratedby Aldébaran

not currentlysupportthe direct generationof BDDs from LOTOS specifications,insteadBDDs areonly
usedin severalalgorithmsaftertheLTSsof LOTOS specificationsareobtained.

Compositionalgenerationwastried out to verify the arbiter. Basicallythe ideais thatof `divide and
conquer'. A LOTOS specificationis divided into several smallerspecificationsto make surethat it is
possiblefor Cæsarto generatean LTS for eachof them. ThenAldébaranis usedto reducetheseLTSs
with respectto a suitableequivalencerelation. TheminimisedLTSsarethencombinedusingthe LOTOS

paralleloperator(andalsothehide operatorif necessary)to form a network of communicatingLTSs(the
CADPterm).At thisstage,anLTSmightbeproducedfrom thenetwork, or on-the-flyverificationmightbe
performedagainstthenetwork. In orderto getvalid verificationresults,specialattentionmustbegivento
theequivalencerelationthat is used.Therelationmustbea congruencewith respectto thecompositional
operators,heretheLOTOS parallelandhideoperators.Therelationmustalsopreserve thepropertiesto be
verified. This ensuresthat theresultingnetwork of communicatingLTSswill respectthesameproperties
astheoriginal LOTOS specification.

Among the threepropertiesproposedfor the benchmark,the first andthe third aresafetyproperties
while the secondis a livenessproperty. Safetyequivalence[BFGú 91] preserves all safetyproperties,
while branchingbisimulationequivalence[vW89] preserveslivenesspropertieswhenthereis no livelock
in specifications.Bothof theseequivalencesarecongruenceswith respectto theparallelandhideoperators.
Thesetwo equivalencesarethusappropriateto compositionalgeneration.

Thedesignof the arbiterwasdivided into threepieces,onepercell of the arbiter. After aboutseven
minutesin total,anLTSwhich is safetyequivalentto theLOTOS specificationof thedesignwasgenerated.
Thetwo safetypropertieswereverifiedto betrueagainstthis LTS, implying that thedesignalsosatisfies
thesesafetyproperties.Verificationof theformulaetakesjustseconds.HowevergeneratingtheLTSwhich
is branchingequivalentto thedesigntakesamuchlongertime. To tackletheproblem,anenvironmentpro-
cesswhich restrictstheorderof input signalsReq1,Req2,Req3is appliedto bothlevelsof specifications.
This helpsto reducethestatespacesdramatically. It makesit possibleto verify thattheimplementationis
freefrom livelockandalsosatisfiesthelivenessproperty.

Observationalequivalenceis chosenfor the implementationverification. As before,compositional
generationwasexploitedto generatetheLTS for thedesign.This time eachcell wasreducedwith respect
to observationalequivalencesinceit is a congruencefor theparallelandhideoperators.After abouteight
minutesin total, theLTSwasgenerated.It wasexpectedthatthisLTSwouldbeobservationallyequivalent
to the onerepresentingthe higher-level specification.However Aldébarandiscoveredthat they arenot!
Table1 is oneof the sequencesgiven asa counter-example. (The Aldébaranoutputhasbeenrendered
morereadablehere.)This sequenceindicatesthat in thefirst threeclock cyclesonly client 0 requeststhe
bus;boththehigh-levelspecificationandthelow-leveldesigngrantaccessto thisclient. In thefourthcycle,
client0 cancelsits requestbut client1 beginsto requestaccess.At thispoint thetwo levelsof specifications
aredifferent:thelower-level specificationoffers0 for Ack1, whereasthehigher-level specificationoffers1
for Ack1.

After step-by-stepsimulationof thecounter-example,it wassoondiscoveredthat thecircuit doesnot
properlyresettheoo(overrideout)signalto 0 in thefollowingsituation.Supposeacell hasbeenrequesting
access,so its W registeris setto 1. However the cell cancelsthe requestin the very clock cycle that the
tokenhappensto arrive. In this situation,becausetheclient hasalreadycancelledits requestit shouldbe
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possiblefor anotherclient to getthebus. However, thedesignsetstheoo signalto overridethepriority as
if thisclientwerestill requesting.Thispreventsany otherclient from accessingthebusin thisclockcycle.

Fixing theproblemwasmucheasierthanfinding it. Thecorrectionwasto connecttheReqsignalto
theAndgatethatfollowstheW register. Theoutputof theAndgateguaranteesthattheoosignalis always
correctlysetor resetaccordingto the requestsignalin thecurrentclock cycle. This modifieddesignwas
verifiedto beobservationallyequivalentto thehigher-level algorithmicspecification.

As mentionedin section3.3, in DILL theinputsareassumedto besynchronizedwith theclock signal.
If theReqsignalin figure19 is not synchronizedwith theclock. In this casetheproblemdiscussedabove
might not happen.As the benchmarkdocumentationdoesnot stateif inputsaresynchronizedwith the
clock or not, it is believedthatthemodifieddesignis morerobust.

4.3 Verification of AsynchronousCir cuits

Although the methodof verifying asynchronouscircuits bearsmany similarities to that of synchronous
circuits,therearesomedifferencesdueto thenatureof asynchronouscircuitsandthemodellingtechniques
adoptedby DILL. Thissectionfocuseson thedifferencesratherthanthesimilarities

4.3.1 Extra Considerationsfor Verifying AsynchronousCir cuits

Themaindifferencein modellingsynchronousandasynchronouscircuits is how to representdigital sig-
nals. In asynchronouscircuits,LOTOS eventsmodelphysicalsignaltransitions.As hasbeendiscussedin
chapter3, theconsequenceof modellingsignaltransitionsis thatthebehaviour of structuralspecifications
maynot modelasynchronouscircuitsfaithfully if thecomponentsin thespecificationsarenot specifiedin
theinput receptiveway. In otherwords,thebehaviour of suchspecificationsis only thesubsetof all possi-
blebehaviour thata realcircuit mayexhibit. To solve theproblem,inputquasi-receptivespecificationsare
proposedin section3.4.6.

Sofar, only thoseasynchronouscircuitswhichassumeunboundeddelaymodelsarespecifiedin DILL.
In particular, DILL specificationshave a directmappingto speed-independentcircuits. Recallthatspeed-
independentcircuits assumezero delay on wires and unboundeddelay on components.Thereforethe
correctnessof thiskind of circuit is irrespectiveof thedelaymagnitudesof components.In practice,speed-
independentcircuits areregardedasthe sameassemi-modularcircuits, whereno input shouldpre-empt
pendingoutputs. To pinpoint if a circuit is speedindependentor not, eachof its componentsshouldbe
specifiedaccordingto therequirementof semi-modularity, i.e. whenaninputcanpotentiallypre-emptone
of its pendingoutputs,theinput leadsto thedeadlockstop, indicatingthaterroneousbehaviour occurs.

Thecorrectnessof asynchronouscircuits is very sensitive to their environment.Supposeonewantsto
know if aRepeatercanbeimplementedby two Invertergatesin series.A straightforwardwayof verifying
the ideais to write both the specificationandthe implementationof the repeater, andthencomparetheir
stategraphs.Therehavebeenseveralmodelsof logic gatesdevelopedin chapter3, andmany equivalence
relationshave beendiscussedin section4.1.3. But whichevergatemodelis used,it is discoveredthat the
implementationhasmorebehaviour thanthespecification;in particularit canreceivemoreinputsthanits
specificationdoes. As shown in figure 20. The Inverter in the figure is modelledaccordingto the gate
modelin section3.2,which assumesthatpendingoutputscanbepre-empted.Thetwo level specifications
arenotequivalentevenin termsof traces.In fact,trace(S)Á trace(I), i.e. they arerelatedby tracepreorder.
Intuitively thisrelationmeansthattheimplementationcandowhatthespecificationdictates,but it canalso
do whatis not givenin thespecification.In generalthis relationis too weakto bea goodcriterion.

It is a very commonphenomenonthat a structuralimplementationhasmuch more behaviour than
the correspondingbehaviour of its specification. This doesnot just happenin the DILL approach,but
alsohappensin many othermethodologiessuchasthosebasedon processalgebraandtracetheory. The
phenomenonmakesit unrealisticto settheequivalencebetweenspecificationsandimplementationsasthe
correctnesscriterion. In factan equivalencerelationbetweentwo LTSsrequiresthat they have the same
behaviour underall possibleenvironments.This requirementis usuallytoo strongsincepracticalcircuits
only operatein someexpectedenvironments.In mostcasesanimplementationisonly requiredto becorrect
in theseassumedenvironments.
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The DILL modelling techniquefor synchronouscircuits assumesa natural environmentfor all syn-
chronouscircuits. Theenvironmentprovidesall inputsonceduringeachclock cycle andit providesclock
cycle slowly enoughto let all outputssettledown. Asynchronouscircuits,on the otherhand,canaccept
any inputsat any time,soit is impossibleto providea unifiedenvironmentfor all circuits.

The featuresof asynchronouscircuits have someimplicationsfor verification. As it is moredifficult
to specifycomponentsin aninput receptiveor input quasi-receptivemanner, verificationof asynchronous
circuitsmaystill bebasedon usingcomponentswhich arenot input-receptive. But oneshouldawarethat
theresultof theverificationmaynotexact;in particulartheresultcouldbeoveroptimisticin thesensethat
somebugscannotbe discovered. Using componentswhich areinput quasi-receptive, on the otherhand,
will result in a largerstatespaceandthusmake verificationmoredifficult. Sincefor mostasynchronous
circuits no explicit environmentis given, assumptionsaboutenvironmentshave to be made. The next
sectionelaboratesthis point.

4.3.2 Envir onmentof AsynchronousCir cuits

Whenanenvironmentis not explicitly given,following theapproachadoptedby David Dill [Dil89] many
methodologiessimplyassumethatthemirror of aspecificationsis theenvironmentof its implementations.
The mirror of a specificationS hasthe samebehaviour as S, but its inputsare the outputsof S and its
outputsarethe inputsof S. Moreover, it tendsto be the mostliberal environmentan implementationcan
expect.Thereasonbehindthis is thata behavioural specificationactuallyindicatestheenvironmentof the
circuits. For instance,the specificationof the Repeaterexpectsits environmentfirst to provide Ip, then
waits until Op hasbeenproducedby the circuit. David Dill' s ideahasbeenappliedin approachesbased
on tracetheoryandprocessalgebra,suchasin [ESB95, Gop92]. If the ideais to beadoptedin the DILL

approach,sincethereis nodifferencebetweeninputsandoutputsin LOTOS, themirror of thespecification
is thespecificationitself. SupposeSstandsfor thespecificationandI representsthe implementation,the
verification task thenbecomescomparingS å�å I with S (becauseS å<å S is still S), or checkingif a logic
formulaholdson S å�å I.

But verifying S å�å I is not alwayssatisfactory. S å�å I representsthe joint behaviour of S and I. When
animplementationcanacceptmoreinputsthanits specificationdoes,S å<å I restrictstheconsideredinputs
only to thosespecifiedin the specification.This actuallyassumesthat the environmentdoesnot provide
extra inputs,sothe inputswhich areonly acceptedby the implementationareignoredwhenverifying the
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joint behaviour. This is reasonable.But it alsopermitsan implementationto producemoreoutputsthan
a specification,sincethe extra outputsproducedby the implementationmay alsobe filtered out. This is
howevernot reasonablesinceunderlegitimateinputs,animplementationproducinganunexpectedoutput
is normally regardedaserroneous.Moreover, whena specificationis non-deterministic,this methodmay
exclude correctdeterministicimplementation. Figure 21 illustratesthe intuitive effect of composinga
specificationwith its implementation.S1andI1 arethespecificationandthe implementationof a circuit
respectively. If S1 is regardedastheenvironmentof I1, thenS1 å<å I1 is theprocessto beverified. It can
beseenthatthe Ip2 branchwill beignoredduringverification.Sowill theOp2branch.AlthoughS1 å�å I1
= S1, I1 is normally regardedasan erroneousimplementationdueto the extra Op2 transitions.The rest
of theLTSsin thefigure illustratethesituationwherea specificationis non-deterministic.I2 is a correct
deterministicimplementationof S2. But thereis deadlockin S2 å<å I2. S2andS2 å�å I2 areonly relatedby
tracepreorder, but in generalthis relationis too weakto beusedin verification.

The key point hereis the differentrolesof inputsandoutputsin digital circuits. An implementation
passively acceptsinputsso only thoseinputsavailable from the environmentmake sense.At the same
time it positively producesoutputs,thereforetheenvironmenthasno influenceon theoutputs.A LOTOS

specificationhowever doesnot distinguishinputs and outputs. When it is usedas the environment, it
restrictsthemequally.

Whenanimplementationis specifiedin aninput receptiveor input quasi-receptiveway, thedifference
betweeninputsandoutputsis actuallymade.If its environmentis alsoreceptive,thenit is possibleto detect
the extra outputsproducedby an implementation:if an unexpectedoutputis produced,the environment
will go to deadlockafterreceiving it. Figure22 appliesthis ideato S1andI1 in figure21. E1 is theinput
quasi-receptiveenvironmentobtainedfrom S1. I1 QR is theinput quasi-receptiveform of I1. As seen,the
unexpectedoutputOp2canbedetectedsinceE1 å�å I1 QR leadsto deadlockafterthis output.

However, it is veryhardto gettheinputquasi-receptiveenvironmentfrom abehaviour specification,es-
peciallywhenthespecificationis complicatedor containsinternalevents.Thethesisthereforeprovidesan
alternative methodfor verifying asynchronouscircuits. In section4.3.3,relationswhich take into account
thedifferencebetweeninputsandoutputswill bedefined.Theserelationsdo not requirethereceptiveness
(or quasi-receptiveness)of theenvironmentor theimplementation,andareintuitivecriteriaof correctness
of asynchronouscircuits.
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4.3.3 Conformanceand StrongConformance

Althoughtherehave beenmany relationsdefinedto characterisetherelationshipbetweentwo LTSs,they
arenot very helpful for verifying asynchronouscircuits,especiallywhenthe environmentsof a circuit is
not explicitly provided. In this section,two new relations,termedconforandstrongconforaredefinedto
compareanimplementationwith its specification.Theserelationstakeinto accountthedifferenceof inputs
andoutputsof a circuit, andarein fact inspiredby the ioco relationsuggestedby JanTretmans[Tre96]
(Universityof Twente)for testingcommunicationprotocols.In chapter5, moredetailsaboutioco will be
given.

Supposea circuit hasinput set Ê ï andoutput set Ê ñ . Specand Impl are the specificationand the
implementationof the circuit respectively. Specmay be partial in the sensethat in somestatesit does
not acceptsomeinputs, i.e. it is not input receptive. As discussedin chapter3, an input is absentin a
stateof a specificationif theenvironmentof thecircuit doesnot provide this input, if thebehaviour of the
circuit uponreceiving theinput is notof interest,or if thebehaviour is undefined.Althoughall circuitsare
potentiallyableto acceptall their inputsatany time,mostspecificationsarepartialto avoid gettinginto too
muchdetails.TheimplementationImpl mayeitherbepartialor total in thesenseof input receptiveness.

Supposesp is a stateof Spec, andthecorrespondingstatein Impl is im. To definetheconfor relation,
first considerthe input transitionsthatspandim canengagein. For convenience,it is alsosaidthat they
arethe inputswhich spor im canaccept.If an input ip is acceptablein sp, it meansthat theenvironment
mayprovide this input in thatstate.Thereforeit is reasonableto requirethat ip is alsoacceptedin im, for
otherwisethe behaviour of the implementationuponreceiving the input will be undefined.On the other
hand,if im canacceptaninputwhichis notacceptableby sp, thisinputandall thebehaviour afterwardscan
beignored.Sincetheenvironmentwill never provide suchaninput,or evenif theinput is provided,such
behaviour is not of interest.In short,theinput setacceptablein spshouldbea subsetof thatacceptablein
im.

As far asoutputsareconcerned,intuitively if sp canproduceop, it is expectedthat a correctimple-
mentationshouldalso be able to produceit. If sp cannotproducea certainoutput, neithershould its
implementation.However, whena specificationis allowedto benon-deterministic,requiringthat im pro-
ducesexactly thesameoutputsasspdoestendsto betoo strong,sinceany deterministicimplementation
is only ableto producea subsetof theoutputsdictatedby its non-deterministicspecification.In this case,
a suitablerelationshouldallow outputinclusioninsteadof outputequality. The problemis that sincean
emptysetis includedin any set,acircuit which`acceptseverythingbut doesnothing' mayalsobequalified
asacorrectimplementation,asshown in figure23,wherebothI andI' areregardedascorrectimplementa-
tionsof S. To overcomethisweakness,aspecialaction Â , which is neitherin Ê|ï nor in Ê1ñ , is introducedto
indicatetheabsenceof outputs.Â is seenasanoutputactionand,like any otheroutputaction,if Â belongs
to the outputsetof im, it mustbe in the outputsetof sp for the relationto hold. In otherwords, im can
producenothingonly if spcandoso.Whenthe Â is considered,I' is no longera legitimateimplementation
of S.

In the above discussion,stateim is comparedwith sp. sp and im arenot the statesin the LTSs of
the specificationand the implementation,but all the possiblesituationsthat the circuits may be in after
a certain input-outputsequence.BecauseÂ is also involved in the sequence,the statespacesof both
specificationandimplementationaretransformedinto automatawhich areexplicitly labelledwith Â . The
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input-outputsequencesareactuallythetracesof theautomatonof thespecification.If theautomatonof the
implementationcannotfollow thesequence,i.e. thesequenceis not thetraceof theautomaton,im will be
theemptyset.

After discussingtheinformalmeaningof therelation,therestof thesectiongivestheformaldefinitions.
Definition4.7,definition4.8anddefinition4.10comesfrom [Tre96].

Definition 4.7(QuiescentTraceand QuiescentState)
Let ÄpÏpÿ��@�ØÛîÊðï�ópÊ1ñ,Ü0ÉVÊ|ïÃ¥nÊWñlÅ ß
ø A statesof p is quiescent, denotedby Â�Û�Ì!Ü , if Î.ù�ÏÔÊ1ñtó�Þ	�.à[Â­Ì¯Ð�Ä� Òø A quiescenttrace of p is a trace Å which mayleadto a quiescentstate:ç'ÄEä�ÏjÛ Ä after Å¨Ü|ÂgÂ�Û\ÄEä	Üø outÛ�Ì!ÜvÅz×0Ù>Ú°Þ	Æ�ÏÔÊ1ñ�å�ÌÈÇÒ à)ó�Þ�Â¯åVÂ�Û4Ì'Ü�àø outÛ�Ç)Ü±Å ×0Ù>Ú É Þ6Ê6Ë*Ì0Û4Ì'Ü|å6ÌzÏlÇ|àø in Û�Ì!Ü¯Åz×0Ù>Ú�Þ	Æ�Ï�Ê|ïzå�ÌÈÇÒ àø in Û�Ç­ÜvÅz×0Ù>Ú,É Þ	
ÎÍ�Û�Ì!Üðå�Ì ÏÔÇðà
A quiescentstateis onethatcannotperformany outputtransitionor aninternaltransition.out(s)defines

all theoutputactionsthatastatecanproduce.This includesthequiescent̀action' Â whichmeansthestate
cannotproduceany output.in(s) definesall theinput actionsthata statecanaccept.

Definition 4.8(SuspensionTrace)
Let ÄpÏ�ÿ=�@�{Û�ÿkÏ±ópÿkÐ�Ü0ÉVÿQÏ�¥tÿQÐjÅ ß
ø Ä&Ñ*ÒÒ ÄEäUÅ ×0Ù>Ú ÄnÅ�ÄEä andÎ.ù�Ï�Ê ñ ó�Þ	�.à Â¦Ä ÄÐÒø Thesuspensiontraceof p are: Straces(p) Åz×0Ù>Ú°Þ6/�ÏjÛîÊlópÊ1ñ,Üu©vå�ÄÔÓé�à
To definesuspensiontraces,the transitionrelation Ò is extendedwith the refusalof outputactions:

self-looptransitionslabelledwith ÊWñ expressingthatno actionin theoutputsetcanoccur. Therefusalof
outputactionscanalsobeexpressedby Â transitions.A suspensiontrace,consequently, not only contains
ordinaryactions,but also Â s. If Ê=Õ denotesÊló Â , thena suspensiontraceÅ�ÏpÊ © Õ .
Definition 4.9(Conformanceand StrongConformance)
Let 
)Ïpÿ=��� Û�ÿkÏ�ÉIÿkÐ­Ü�É and Ì[Ï�ÿ���� ÛîÿQÏvónÿQÐ�Ü0ÉVÿkÏ+¥pÿkÐjÅãß then

a confor GÖ�{×dØuÙ ObÚ M Straces(s)1 outS a after Ú UÜÛ outS�G after Ú U and
if i after Ú %� Ý�1 in S�G after Ú UhÛ in S a after Ú U

a strongconfor GÖ�{×ZØÎÙ ObÚ M Straces(s)1 outS a after Ú U$� outS�G after Ú U and
if i after Ú %� Ý�1 in S�G after Ú UÜÛ in S a after Ú U

As will be seenin chapter5, confor is quitesimilar to the ioco relationexceptthat ioco assumesthe
input receptivenessof implementations,soinput inclusionis alwayssatisfied.

Theconforrelationrequiresthataftera suspensiontraceof s, theoutputsthatanimplementationi can
produceareincludedin whats canproduce,andif i canfollow thesuspensiontrace,theinputsthats can
acceptarealsoacceptedby i. strongconforhasthesimilardefinitionexceptthatoutputinclusionis replaced
by outputequality.

Theconforandstrongconforrelationsaremoreeasilyobservedif theLTSsof specificationsaretrans-
formedto suspensionautomata, where Â is explicitly labelled.

Definition 4.10(SuspensionAutomaton) LetL bepartitionedinto Ê ï and Ê ñ , andlet ÄnÅ±ÆØÇ&ÉVÊUÉ�ËWÉ�Ì/Í Ã Ïÿ����_Û�Ê|Ü be a labelledtransitionsystem;ÖtÛ.�ðÜ denotesthe powersetof Ç , i.e. the setof the subsetsof
S; thenthesuspensionautomatonof Ä�É;Þ$ß , is thelabelledtransitionsystem�4Ç Õ ÉIÊ Õ ÉVË Õ ÉIá¦ë � ÏÔÿ=�@�{Û�Ê Õ Ü ,
where
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Figure24: Thesuspensionautomataof LTSsin figure23

Ç Õ Å ×0Ù>Ú � Û�Ç­ÜVÝXÞ'ß�àË Õ Å ×0Ù>Ú Þ'á âÒ á ä å Ó Ï�Ê ï ótÊ ñ ÉVáSÉIá ä Ï�Ç Õ É á ä Å_Þ'Ì ä Ï�ÇØå�ç8Ì ÏÔá±Â6Ì âÅKéêÌ ä à6à
ó)Þ'á ÕÒ á!ä¨å�áSÉIá!ä�ÏÔÇ Õ ÉVá!ä;ÅæÞ!ÌzÏpá åVÂ�Û4Ì!ÜIà�àá¦ë Å ×0Ù>Ú Þ!Ì�ä�ÏÔÇØå�Ì/ë ìÅKé�Ì/äîà

An importantpropertyof a suspensionautomatonis that it is deterministicandthe suspensiontraces
of a systemp coincidewith thetracesof its suspensionautomatonÞ ß (theproof canbefoundin [Tre96]).
Moreover, for all Å�Ï�Ê © , outÛ�Þ ß after Å¨Ü Å outÛ Ä after Å¨Ü andin Û�Þ ß after Å¨Ü Å in Û\Ä after Å¨Ü . Therefore
checkingtheconforandstrongconforrelationscanbeeasilyreducedtocheckingthetraceinclusionrelation
on the suspensionautomata.The key to generatinga suspensionautomatonfrom an LTS is to build the
transitionrelation Ë3Õ . Fromthedefinition,thefirst termof Ë$Õ determinisesLTS,andthesecondtermaddsÂ transitionsto thestatesÇ3Õ which containsa quiescentstateof S.

As an example,the suspensionautomataof the LTSs in figure 23 are illustratedin figure 24. Since
theLTSsaredeterministic,their suspensionautomataarealmostidenticalto themselves,exceptfor the Â
transitions.As canbeseen,out(SSpafter Ip) = Þ Op1,Op2à , out(I Spafter Ip) = Þ Op1à , andout(I' Sp
after Ip) = Þ�ÂXà , thereforeI conforSbut not I' conforS. Thereis alsonot I strongconforS. Normallyconfor
is usedwhena specificationandan implementationaredeterministic,andstrongconforis usedwhenan
implementationis lessnon-determinisiticthanaspecification.

A verifierVeriConfdevelopedby theauthorwhichcheckstheconforandstrongconforhasbeenimple-
mentedin theC language.Thisverifierwasdevelopedusingtheprogramminginterfaceof CADP. Briefly,
CADP is exploited to generateLTSsof both specificationandimplementation.Thenthe verifier is used
to producethe suspensionautomatafrom the LTSsand to comparethe automataaccordingto the rela-
tions.Thisverifierhasbeensuccessfullyusedin verifying severalasynchronouscircuits,includingthetwo
examplesgivenin thenext section.

4.3.4 CaseStudies

4.3.5 AsynchronousFIFO

In chapter3, anasynchronousfirst-in-first-outbuffer wasspecified.Designedfor dual-raildatapaths,this
buffer hastwo inputs InT, InF andtwo outputsOutT, OutF. It is assumedto be emptyinitially. When1
appearson InT or OutT, thedataon thedatapathis 1. When1 appearson InF or OutT, thedatais 0. Lines
shouldbe resetto 0 betweentwo transmissions.The specificationwill not be repeatedhere. Specis the
behavioural specificationof a FIFO with two stages.In the following, TwoStages representsthe imple-
mentationusingcomponentswhich arenot input receptive,EnvF, EnvB is theenvironmentof TwoStages,
EnvF QRandEnvB QRaretheenvironmentspecifiedin inputquasi-receptivemanner, andTwoStagesQR
is the implementationwhich replacesall the componentsin TwoStages with their correspondinginput
quasi-receptivecomponents.Note thatEnvF QR is actuallyidenticalwith EnvF sinceEnvF hasno input.
For this circuit, thefollowing verificationmethodsareapplied:

ø The livenesspropertyis specifiedin ACTL andit is verified that the specificationsatisfiesthe fol-
lowing property.
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Property: If thereis aninputdata1, thenoutuptwill become1 eventually:


 � Û�ö InT ! 1÷�
 ö true¬.­d®!Ù «Ã° ®�¬�± � true÷îÜ
Theformulafor data0 is similarandis alsoverifiedto betrue.

ø In this example,theenvironmentis explicitly given. It wasverifiedthatSpec� TwoStages å<å (EnvBå�ö\þ/þCþ ÷,å EnvF). Recallthat � denotestheobservationalequivalence.

ø For checkingspeed-independence,input quasi-receptive componentsareused. It wasalsoverified
that Spec � TwoStagesQR å<å (EnvB QR åWö<þCþ/þ ÷ å EnvF QR), which givesmoreconfidencein the
designof theFIFO.

ø TheimplementationTwoStagesQR å�å (EnvB QR å�ö<þCþ/þ ÷)å EnvF QR)alsosatisfiesthe livenessprop-
erty.

ø Using VeriConf, it wasestablishedthat TwoStagesQR å�å (EnvB QR å)ö<þCþCþ ÷[å EnvF QR) strongconf
Spec.

A Cir cuit with two Components
This circuit is an examplein [Ebe91], whereit is usedto show the differencebetweenspeedinde-

pendenceanddelayinsensitivity. Although small, it revealsthe necessityof usinginput quasi-receptive
specifications.Following the specificationstyle of that paper, valueoffers ! 1 and ! 0 areomitted. As
a matterof fact, for asynchronouscircuits, valueoffers arenot necessaryas long asthe initial statesof
signalsareknown. For instance,if signalIp is initially 0, thenIp, þ/þCþ , Ip, þCþ/þ , Ip, þ/þCþ is theshortform of Ip !
1, þCþCþ , Ip ! 0, þ/þCþ , Ip ! 1, þ/þCþ . Apparently, keepingthevalueoffer is helpful only for readability.

Thebehaviouralspecificationis shown in figure25(a).Thebehaviour of thetwo componentsis shown
in figures25(b)and25(c)respectively. In factEle1achievestheOr functionof signaltransitions,andEle2
achievestheAndfunction.Theproposedimplementationis in figure25(c).Theverificationtaskis to check
if this implementationis speed-independentanddelayinsensitive. For analysingdelayinsensitivity, the
circuit is transformedtofigure25(e),wheretheisochronicfork in (d) is replacedbyanexplicit forkelement.
An alternative transformationis to addtwo delayelements,asexplainedin figure11 of section3.4.2.The
two methodshavethesameeffect.

Theimplementationof thefigure25(d)is specifiedasImpl1, andfigure25(e)is specifiedasImpl2:

processImpl1 [IA, IC, ID, OB, OE] : noexit Â
Ele1[IA, IC, OB]å\ö IC ÷´å
Ele2[IC, ID, OE]

endproc

processImpl2 [IA, IC, ID, OB, OE] : noexit Â
hide x, y in
( Ele1[IA, x, OB]å<å�å
Ele2[y, ID, OE])å\ö x,y÷>å
Fork [IC, x, y]

endproc

Thestatespacesof Impl1andImpl2aremuchlargerthanthatof Spec. For example,bothcanacceptIC
andID from their initial states,but Speccannot.Sincenoexplicit environmentis given,adirectverification
approachis to compareImpl1 å�å Specwith Spec, with theassumptionthatSpecis alsotheenvironmentof
its implementations.Accordingto CADP, they areobservationallyequivalent. Thesameresultholdsfor
Impl2, i.e. Impl2 å�å Spec� SpecandImpl1 å�å Spec� Spec. Thissuggeststhatbothfigure25(d)and(e)are
correctimplementationwith respectto Spec.
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Figure25: A circuit with two elements

However, to ensurethatbothof thecircuitsarereally speed-independentimplementationsof thespec-
ification , a moreaccuratemodelof thecomponents,i.e the input quasi-receptive model,shouldbeused.
Figure26 shows the LTSsof theseinput quasi-receptive components.Supposethe implementationsare
Impl1 QR and Impl2 QR, usingVeriConf it is discoveredthat althoughthereis Impl1 QR strongconfor
Spec, Impl2 QRdoesnot relateto Specwith respectto boththeconforandstrongconforrelations.A diag-
nostictraceis givenby theverifier: IA, OB,ID, IC, OE,IC, IA. By analysingthis trace,it canbefoundthat
aftertheOE is produced,theSpecis ableto receive IA andIC. But for theimplementationin figure25(e),
after OE is producedthe Fork elementmay still be in the unstablestatesincex hasnot beenproduced
yet. In this unstablestate,the IC input from theenvironmentmakesthebehaviour of theFork component
undefined,which meansthatfigure25(e)is not speed-independent.More preciselythecorrectnessof the
circuit dependson thespeedof Fork. Figure25(d) is thereforenot a delayinsensitive implementationof
Spec.

4.4 RelatedWork

Formalverificationof digital circuitshasbeeninsensitively investigatedduringthelastdecades.Thereare
essentiallytwo approachesto formalverification:modelcheckingandtheoryproving. Severalmaturetools
havebeendeveloped,suchasSMV (SymbolicModelVerifier[McM93]), VIS (VerificationInteractionwith
Synthesis[BH ú 96]), andCospan[HHK96]. Thesetools aremainly basedon modelcheckingto enable
automaticverification.But generalpurposetheoremprovers,suchasHOL [Mel93] andPVS[SRC96]are
alsoemployedin verifying digital circuits,especiallythedatapathes.

CADP belongsto modelcheckingtools so is similar to SMV, VIS etc. But unlike thesetools which
only provide thetemporallogic modelchecking,CADP supportsrelationchecking(equivalence,preorder
etc) andthereforeprovidesmoreverificationapproaches.It is well known that temporallogic formulae
aredifficult to write even for experiencedusers.Many negative verificationresultsareactuallybecause
of improperformulaeinsteadof erroneoushardwaredesigns.Relationcheckinghelpsto get rid of this
problem,andmoreover, is ableto point out moreerrorsthantemporallogic modelchecking,ashasbeen
discoveredin thecasestudyof thebusarbiter. The reasonis thata higherlevel specificationof a system

54



Ic Ia

Ia

Ob

Ic

Ic

Ia

IaIc
Ia Ic

Ob

Ic Id

IcId
IdIc

Oe

Ele1_QR

Ic

x y

y x

Ic

Ic Ic

Fork_QR

Ele2_QR

Figure26: Quasi-receptivespecificationsof componentsin figure25

containsmoredetailsthana formulawhich expressesanabstractproperty.
Thesizeof thesynchronouscircuit thatcanbeeffectively verifiedis smallcomparedto thathandledby

othertools.COSPAN canverify anarbiterwith four cellswith theconsumptionof about1 MB memory, due
to a symbolicrepresentationusingBDDs andefficient reductiontechniques[FK97]. CIRCAL is reported
to generatethestatespaceof anarbiterwith up to 40cellsusingreasonablecomputingresources,although
the actualmemoryusedwasnot reported[MM93]. Again this is dueto the BDD representationof the
CIRCAL specification.Note that in fact the arbiterwasnot formally verified in CIRCAL. [MM93] just
givesa testpatternto show thateven if all clientsrequestthe bus,only onecangainaccessto thebus in
eachclock cycle. CADP on theotherhandconsumesmorethan100MB of memoryto producethestate
spaceof a three-cellarbiter. Althoughtheresultingstatespaceis relatively small, the intermediatestages
of generationneedconsiderablememory.

Themainreasonfor theperformancelimitation is that in synchronouscircuits theorderin which sig-
nalsoccurduringa clock cycle is not so important. So it is reasonableto imaginethat the inputshappen
togetherandthenoutputoccurs.But whenmodellingsuchcircuitsin DILL, independent(interleaved)in-
putsareallowedsothestatespaceis considerablyenlarged.Thesecondreasonis relatedto theverification
tool. CADP is perhapsthemostmaturetool which supportsLOTOS, but it is still underdevelopmentand
currentlysomeof its featuresaremainly basedon explicit stateexploration. BecauseCADP cannotpro-
ducetheminimisedstatespacein thefirst place,largeamountsof memoryhave to beconsumedbeforea
smallerLTScanbeproducedby minimisation.On-the-flyalgorithmsareof somehelp,but they applyonly
in particularsituations.For example,on-the-flyobservationalequivalencecheckingis not supportedby
CADP. Also CADP doesnot offer a BDD direct representationof LOTOS specifications,althoughBDDs
areusedto representintermediatedatatypesin somealgorithms.

The tools mentionedabove mainly dealwith synchronouscircuits. Verificationof asynchronouscir-
cuits,especiallySI andDI circuitsis alsoanactivearea.Basedontracetheory, Dill [Dil89] built averifier,
which couldbethefirst automatictool of this kind. Othertoolscanbefoundin [KKTT98, ESB95]. Most
asynchronoustoolsknown to theauthoraremodelcheckingtools,whichdiffer eachotheronly in how the
modelsarerepresented,or how to designalgorithmsto improvetheverificationperformance.

Like DILL many otherasynchronousverificationapproachesalsodefinerelationsto indicatethat in
what sensea circuit designis regardedascorrect. The relationsconfor andstrongconforin this thesis
resembletheconformancein [Dil89], decompositionin [ESB95] andstrongconformancein [GBMN94].
The former two arebasedon tracetheory. They cannotdetectdeadlocksandlivelocksin specifications.
Thelastapproachis basedonCCS,soit is possibleto detectdeadlocksandlivelocksafterthespecifications
areobtained.But thestrongconformancerequiresthatanimplementationshouldnot producelessoutputs
than its specificationdoes. This excludesthe possibility of applying the relation on non-deterministic
specifications.Theconforandstrongconfdefinedin thischapterhaveclearadvantagesovertheserelations.
Firstly they give a more intuitive interpretationof the correctnessof implementations.Secondlythey
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considersuspensiontracesof a specificationinsteadof traces,which makesthe relationsstrongerandis
capableto detectmoreerrors.Finally unlike theconformanceandstrongconformancerelationswhich are
intendedto suit all kinds of specifications,confor andstrongconforareusedwith non-deterministicand
deterministicspecificationsrespectively, which helpsto make theverificationresultsmoreaccurate.

4.5 Conclusion

ThischapterpresentstheDILL approachto verifying bothsynchronousandasynchronouscircuits.
DILL supportsall the threekindsof hardwareverificationtasks,namelyrequirementscapture, imple-

mentationverificationanddesignverification. In DILL requirementscapture anddesignverificationare
performedby modelcheckingtemporallogic formulae,and implementationverification is conductedby
comparingtherelationsbetweenLTSs.

Comparedto verifying asynchronouscircuits,verifying synchronouscircuits is morestraightforward.
The existing LOTOS verificationtools canbe employeddirectly so that substantialefforts on developing
tools canbe saved. This is oneof the main reasonsthat LOTOS is consideredto be usedasa hardware
descriptionlanguage.

For verifying asynchronouscircuits,moreendeavor is needed.This is mainly becauseof the gapbe-
tweenthedifferentcommunicationschemesin LOTOS andin digital circuits.In LOTOS thecommunication
betweenprocessesis symmetric,but in realhardwarethecommunicationbetweencomponentsis asymmet-
ric. In LOTOS aneventoffer canberefused,but in circuitsaninput signaltransitioncanneverberejected.
TheDILL modelof synchronouscircuitsdoesnotsuffer from thegapsincea LOTOS eventdoesnotmodel
a signaltransitiondirectly.

Two efforts aremadeto bridgethegap.Oneis at thespecificationstage.For structuralspecifications,
their componentsarespecifiedin input receptive or input quasi-receptive manner, reflectingthat inputs
are always acceptable.The secondis at the verificationstage. New relationsconfor and strongconfor
aredefinedto take into accountthe differencebetweeninputsandoutputs. The relationsprovide an in-
tuitive interpretationof correctnessof a circuit implementation,anda verifier VeriConf for themhasbeen
developed.
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5 TestingDigital Logic Designs

ThischapterpresentstheDILL approachto testingdesignsof digital circuits.In thecommunityof hardware
designers,the term testingusually refersto the activity of detectingmanufacturingdefectsin physical
products. While in the communityof formal methods,testing is oneof the validationmethods,which
canbeappliedin variousstagesof designprocesses.Thechapterinterpretstestingaccordingto thelatter
meaning.In thissenseanImplementationUnderTest(IUT) mighteitherbeaphysicalproduct,or a formal
or informal model.

Thechapterfirst presentsthe backgroundknowledge,wherethe two validationmethods:verification
andtestingarecomparedto eachother. The theoryof conformancetestingfor LTSsarealsobriefly in-
troducedin this first section.Testingtheoryfor IOLTSs,theLTSswhich differentiateinputsandoutputs,
is then elaborated,with the focus on the implementationrelationsioconf and ioco, and corresponding
testgenerationalgorithms. Following the introductionof the theory, the chapterappliesit in validating
synchronousandasynchronouscircuits. Severalexamplesareusedto illustratesthesuitability of theap-
proach.To achievesatisfactorycoverageof thetestcasesgenerated,analgorithmbasedonatransitiontour
of thestatespacegraphis developedandimplemented.A testbenchis alsodevelopedto automatetesting
processes.Finally abenchmarkcircuit, theBlackJack Dealer, is studiedto examinetheapproach.

5.1 Background

5.1.1 Testingand Verification

Testingis anoperationalwayto checkthecorrectnessof asystemimplementationby meansof experiment-
ing with it. Testsareappliedto theimplementationundertest,and,basedonobservationsmadeduringthe
executionof thetests,a verdictaboutthecorrectfunctioningof theimplementationis given.

Comparedto verification,testingis a morepragmaticway of checkinga system.Although bothaim
to checkthe correctnessof a system,verificationis performedon a mathematicalmodelof the system,
while testingis doneby operatinganexecutableimplementation(eitheraproductor anexecutablemodel).
Verificationis exhaustiveandcanensurethecorrectnessof a systembeingchecked,but this surenessonly
appliesto the model of the system. Testingis basedon observingonly a small subsetof all possible
behaviour, thusit canneverbeexhaustive. Unlike verification,testingis normallyusedto discovererrors,
not to prove correctness.Testingcanbe appliedto real implementations,so is extremelyusefulwhena
valid andreliablemodelis difficult to build or whenthesystemis too complex to beefficiently verified.

In the previous chapter, circuit designswereverified againsttheir specifications.As hasbeenseen,
thestatespacesof circuit implementationsareconsiderablelarger thanthatof their specifications.Some
circuitshave suchcomplex behaviour that their statespacecannotbeefficiently built, makingverification
impossible.By meansof testing,thereis no needto build thestatespacesof implementations.Only the
formal modelsof specificationsarerequired,thereforemuchlarger circuits canbe effectively analyzed.
Moreover, testingcan be conductedon more detailedmodelsof implementations,which is helpful for
findingsubtlebugswhich maynot becapturedby validatinga formalmodel.

5.1.2 Formal ConformanceTestingfor LTSs

Therearemany aspectsof a systemthatcanbetested.Conformancetestinganswersthequestionof `does
an implementationconformsto its functionalspecification?'Otherkinds of testingincludeperformance
testing(`how fastcanan implementationperformits task?'),robustnesstesting(`how doesanimplemen-
tation reactwhen its environmentdoesnot behave asexpected?') andso on. This chapterappliesthe
developmentsin theareaof formal conformancetestingto validatedigital circuits.

Formalconformancetestingcomprisesseveral ingredients:a formal specification,an implementation
undertest(IUT), animplementationrelation,anda testsuite.Preferablythereshouldalsobea testgener-
ationalgorithmwhich helpsto generatetestsuitesautomatically. Specificationscanbewritten in a formal
languagesuchasSDL [ITU92, ITU95], LOTOS [ISO89], or Estelle[ISO97, Tur93]. An implementation
is treatedasa black box exhibiting behaviour by interactingwith its environment. In order to establish
a formal relationbetweenspecificationandimplementation,it is assumedthatany implementationhasa
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formal modelwhich canbereasonedabout.Theassumptionthatall implementationshave formal models
is referredto astesthypothesisin someliterature[Ber91]. Note that themodelis only assumedto exist,
but it is not known a priori; the implementationrelationis thecriterion for judging if an implementation
conformsto its specification.Testsuitescontainthe testcasesusedfor experiments.A testsuitewhich
distinguishesexactlybetweenall conformingandnon-conformingimplementationsis saidto becomplete.
Unfortunately, completetest suitesare not always available in practice,as they are usually infinite. A
weaker requirementis thereforeapplied:a testsuiteshouldbesound, i.e. it givesa negative verdictonly
whenan implementationis incorrect. In otherwords,all correctimplementationandpossiblysomein-
correctimplementationswill have positive verdicts. Comparatively, a testsuiteis exhaustiveif it givesa
positiveverdictonly whenanimplementationis correct.In otherwords,all incorrectimplementationsand
possiblysomecorrectimplementationswill have negative verdicts. The errorsdetectedby a soundtest
suitearerealerrors,andthecorrectimplementationsqualifiedby anexhaustivetestsuitearereallycorrect.

Formalconformancetestingfor LabelledTransitionSystems(LTSs)hasbeenintensively studied.Tra-
ditional testingtheory for LTSsaimsat defining implementationrelations,insteadof finding testsuites
to characteriseimplementations.Given a classof tests,a transitionsystemp is relatedto a systemq if
for all possibletestcasesin the class,the observation madeof p is in somesenserelatedto that made
of q. Sucha definition of implementationrelationby explicit useof testsandobservationsis termedex-
tensionaldefinition. Many differentrelations,includingbisimulation,testingpreorder/equivalence,failure
preorder/equivalence[DH84, Nic87] have beendefinedin the framework of testingtheory. In [Bri88],
Brinksmastudiedthe possibility of systematicallyderiving testcasesfor someimplementationrelations
from their specifications.In his framework, specifications,implementationsandtestcasesareall mod-
elledasLTSs. He pointedout that it is not known if testingpreorder(calledred relationin thatpaper)is
testableor not (i.e. if thereexistsa completetestsuitefor any specificationssuchthat the correctnessof
animplementationwith respectto theimplementationrelationcanbecharacterisedby thetestsuite).For
this reason,Brinksmadefinedan implementationrelation termedconf. Informally, an implementationi
conformsto a specifications with respectto theconfrelation,i.e i confs, if “testingthetraceof sagainsti
will not leadto unexpecteddeadlocksthatcouldnot occurwith sametestperformedwith s” [Bri88]. The
relationconfensuresthatan implementationdoeswhat it is requiredto do, but it doesnot guaranteethat
theimplementationdoesnot do what it is not allowedto do. It is understoodthat thelatterrequirementis
the taskof robustnesstesting. An importantpropertyof conf is that it is testablefor any specificationS,
andthatfor eachStestsuitescanbederivedfrom S. Severaltestgenerationalgorithmsweredevelopedfor
confrelations[PF90, Wez89, Led92] afterthework of Brinksma.

Basedon Brinksma's theory, conformancetestingfor IOLTSs(Input OutputLabelledTransitionSys-
tems)wasproposedby JanTretmans[Tre96]. Informally anIOLTSis aspecialLTSin whichall inputsare
alwaysenabledin any state.Theobservationis thatmostreal-life implementationsdistinguishinputsand
outputsof asystem.Outputsareactionsthatareinitiatedby andunderthecontrolof asystem,while input
actionsareinitiatedby andunderthe controlof the system's environment.A systemcannever refuseto
performits inputs,andits outputscanneverbeblockedby environment.In Tretmans'theory, specifications
arestill modelledasLTSsin orderto give abstractrepresentationsof systems.Implementationshowever
areassumedto have the modelof IOLTS, which is believed to be closerto real-world objects. Several
implementationrelationsaredefinedfrom LTS to IOLTS. Tretmansproved that the relationsioconf and
iocoaretestableandtestcasescanbederivedfrom any specificationsfor thesetwo relations.Moreover, he
gavea testgenerationalgorithmwhich guaranteessoundtestcases.Becausetestcasesaregeneratedfrom
specifications,they arealsomodelledasLTSsinsteadof IOLTSs. Like the relationconf, ioconfandioco
canensurethatan implementationdoeswhat it is required,but cannotguaranteeit doesnot do what it is
not allowedto do. In section5.1.5,full detailof IOLTSandthetwo relationswill bepresented.

As alreadypointedout in chapter3, digital hardwarecommunicateswith its environmentvia inputsand
outputs.ThusanIOLTSshouldbemoresuitablethananLTS 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, whosesemanticsis given by an LTS. The implementationof the samecircuit is described
by VHDL (VHSIC Hardware DescriptionLanguage[IEE93]). The behaviour of a VHDL programis
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presumedto be modelledby an IOLTS. This model is merelyassumedto exist – it neednot be known
explicitly. Implementationrelationsioconf and ioco areusedasthe correctnesscriteria for synchronous
andasynchronouscircuit designsrespectively.

The testsuitefor a circuit is generatedfrom a LOTOS specificationfollowing an algorithmbasedon
thatproposedin [Tre96]. CADP hasbeenexploredto generatehardwaretestsuitesautomatically. Each
testcasein thegeneratedtestsuiteis asequenceof inputandoutputsignals.Designingtestcasesasinput-
outputsequencesis closeto engineeringpracticein hardwaretesting.Moreover, it allowstestexecutionand
obtainingtestverdictsto be completelyautomated.This is achievedby a VHDL testbenchthatexecutes
andevaluatesthe testcases.If thereis an inconsistency betweenthe formal specificationandits VHDL
implementation,theimplementationis regardedasincorrect.Figure27outlinesthis approach.

5.1.4 ConformanceTestingfor IOLTS

This sectionintroducestheconformancetestingtheoryfor IOLTS,with thefocuson implementationrela-
tions ioconfandioco, andtheir correspondingtestgenerationalgorithms.

5.1.5 IOCONF and IOCO

As mentionedearlier, animplementationis assumedto havethemodelof IOLTSin Tretmans'sframework.

Definition 5.1(IOLTS) Aninput-outputtransitionsystemp is a labelledtransitionsystemin which theset
of actionsL is partitionedinto inputactionsÊ ï andoutputactionsÊ ñ ( Ê ï ó Ê ñ Å ÊUÉVÊ ï ¥tÊ ñ Å ß ), and
for which all inputactionsarealwaysenabledin anystate:

whenever ÄáàÅKéõÄ ä then Î Ó ÏpÊðï{Â¦Ä ä âÅKé
Theclassof input-outputtransitionsystemswith inputactionsin Ê ï andoutputactionsin Ê ñ isdenoted

by â=ã(����Û�Ê ï ÉVÊ ñ Ü|ô�ÿ�����ÛîÊ ï ópÊ ñ Ü .
From this definition, it canbe seenthat the actionsetof an IOLTS is partitionedinto disjoint input

actionsand output actions. Eachreachablestateof the systemcan always participatein all the input
actions.

Specifications,however, arestill modelledasanLTS to have anabstractview of systems.Suchspec-
ificationsare interpretedasincompletelyspecifiedinput output labelledtransitionsystems.i.e. IOLTSs
wherea distinctionbetweeninputsandoutputsis made,but wheresomeinputsarenot specifiedin some
states.The intentionof incompletespecificationsmight be for implementationfreedom,or becausethe
specifiercanensurethattheenvironmentwill not providesomeinputs.

Thereareseveral implementationrelationsdefinedfrom LTSsto IOLTSs. Someof theserelations,
suchastheoneanalogousto testingpreorder, aretoostrongin thatthey requirethatspecificationsarealso
IOLTSsfor therelationto hold. This is obviously impracticalin mostcases.Two relations,namelyioconf
and ioco, which areanalogousto conf mentionedin the previous section,aredefinedfor the purposeof
conformancetesting.

Definition 5.2(ioconf) Let 
)Ï(â=ã(����Û�Ê|ï�ÉVÊWñ,Ü�ÉIÌ Ïnÿ=�@��Û�Ê|ï�ópÊWñ,Ü , then


 ioconf Ì Åz×0Ù>Ú ÎDÅlÏ traces(s)Â outÛ�
 after Å¨Ü|ô outÛ4Ì after Å¨Ü
Recall that in definition 4.7 (section4.3.3), out(s) is definedas all the output actionsthat a stateS

canperform,which also includesthe quiescentaction Â . ioconf meansan implementationis correctif
after all the tracesÅ of the specification,the outputswhich an implementationcanproducecanalsobe
producedby thespecification.Sincethis alsoholdsfor Â , theimplementationmaynot show outputonly if
specificationcannotdo so.Thismeansthatthoseimplementationswhich `acceptanythingbut do nothing'
arenot qualifiedascorrectimplementationaccordingto ioconf. Notethattherelationrequiresonly for all
thetracesof specificationSthattheout-setinclusionholds.Soit allowsanimplementationto acceptmore
inputsthanaspecificationdoes.Theimplementationmaydowhatit wantsafterit acceptssuchunspecified
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inputs.Thereforesimilar to theconfrelation,it justensuresthatanimplementationdoeswhatit is required,
but therelationdoesnotforceanimplementationdonotdomorethanwhatis requiredby thespecification.

ioco is similar to ioconfbut is stronger. It restrictsinclusionof out-setsto suspensiontracesof specifi-
cations.

Definition 5.3(ioco) Let 
�Ï(â=ã(����ÛîÊðï'ÉVÊWñ,Ü�É�Ì Ïtÿ=�@��ÛîÊ|ï�ónÊWñ,Ü , then


 ioco Ì Å ×0Ù>Ú ÎDÅ�Ï Straces(s)Â outÛ.
 after Å¨Ü|ô outÛ4Ì after Å¨Ü
In the definition, Strace standsfor suspensiontrace,which hasbeendefinedin definition 4.8 (sec-

tion 4.3.3). A suspensiontrace ÅãÏ�Ê�©Õ is a sequenceof ordinaryactionsandaction Â , the latter is used
to denotethe absentof outputactions. ioco is very similar to the relationconfor, the only differenceis
that ioco assumesthatimplementationsaremodelledasIOLTSswhich canalwaysacceptall inputs,while
implementationsin confor are not necessarilyto be input receptive. Consequently, the input inclusion
condition,requiredby confor, is alwayssatisfiedwhenioco is considered.

Therelationsioconfandioco areillustratedin figure28. Thesearetwo IOLTSsr1 andr2 with Ê ï ÅÞ	
 Ä¨à and Ê ñ ÅõÞ�Ê�Äf�6ÉdÊ�ÄD²Sà . Theonly differenceis at the statess14ands24; r1 canproduceoutputop1
andop2, while r2 canonly produceop2. out (r1 after(ipþ ip)) = out ( Þ s11,s14à ) = Þ op1,op2à , andout
(r2 after(ipþ ip)) = out ( Þ s21,s24à ) = Þ op1,op2à . After comparingall theothertracesof r1 andr2, it can
beconcludedthatr1 ioconfr2 andr2 ioconfr1. Comparatively, for therelationioco suspensiontracesare
needed.Thusout (r1 after(ipþ ÂSþ ip)) = out ( Þ s14à ) = Þ op1,op2à , while out (r2 after(ipþ ÂSþ ip)) = out ( Þ s24à )
= Þ op2à . That is r2 ioco r1, but not r1 ioco r2. Intuitively, an ioconf testercannotnoticethata stateis
freeof outputactionswhenperformingtesting,but an ioco testercan. In this example,after thefirst ip is
appliedthe ioco testermay observe that thereis no outputproduced.He thenprovidesanotherip to see
thereaction. r1 is ableto produceeitherop1or op2 in response,but r2 canonly produceop2. However
becauseanioconftestercannotsensetheabsentof outputs,hecannotdistinguishthebehaviour of ip þ ip and
ip þ ÂSþ ip. After providing two concatenatedip inputs,hewill observeeitherop1or op2for bothsystems.

Aswill beexplainedlaterwhentestingsynchronouscircuits, Â transitionscanbeignored.Soioconfwill
beusedfor testingsynchronouscircuits. ioco will beexploredfor testingasynchronouscircuitsbecauseit
hasmoredistinguishingpower.
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5.1.6 TestGeneration

Having seenthemodelsfor specifications,implementationsandrelationsbetweenthem,it is time to find
out the testcaseswhich characterisecorrectimplementationsof a givenspecificationwith respectto the
relations.

For ioconfandioco relations,testcasesaremodelledas ÿ���� ÛîÿQÏvónÿQÐÔó�Þ�ÂXà�Ü . For practicalreasons,
they have to have finite behaviour, becauseany experimentshouldlast for a finite time. In addition,they
shouldbe deterministicto allow a testerto have control over testexecution. This alsorequiresthat test
caseshave no choicebetweenmultiple input actions,nor a choicebetweeninput andoutputactions,as
both introduceunnecessarynondeterminismduring 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 Â action). Finally, to be able to decideabout the successof a test, the
terminalstatesof a testarelabelledwith passor fail.

Definition 5.4(test casesand test suites)ø A testcaset is a labelledtransitionsystemÆØÇ&ÉIÊ|ïNópÊWñ ó�Þ�ÂXàXÉ�ËWÉ�Ì�Í Ã such that

– t is deterministicandhasfinite behaviour;
– Scontainstheterminalstatespassandfail, with init(pass)= init(fail) = ß ;
– for ÎDÌ´ä�Ï�Ç of thetestcase, Ì´ä)ÐÅ pass,fail, either init(t') = Þ Ó à for someÓ Ï�Ê|ï , or init(t') =Ê1ñtó�Þ�ÂXà .

Theclassof testcasesover ÊWñ and Ê|ï is denotedas ��ä$�{�tÛîÊWñ�ÉVÊðï/Ü .ø A testsuiteT is a setof testcases:Ë_ô,��ä$�=�nÛîÊ ñ ÉVÊ ï Ü .
Recall that init(s) denotesall the actionsin which states canengage,including the initial transition

i (definition 2.2). Note that Ê|ï and Ê1ñ refer to the inputs and outputsfrom the point of view of the
implementationundertest,so Ê|ï is theoutputs,and Ê1ñ is theinputsof testcases.

Whenanimplementationis testedby atest(calledatestrun),it will only stop(i.e. deadlock)at thepass
or fail states.Sincefor otherstates,eitherthey canoffer aninputaction,in which casetheimplementation
canalwaysacceptit, or they offer all outputactions,includinga Â transition,in whichcaseat leastÂ canbe
acceptedby animplementation.If deadlockhappensatpassstate,it is saidthattheimplementationpasses
thetestrun. Sinceanimplementationcanbenondeterministic,differentterminalstatescanbereachedwith
differenttestrunsof the sametestcase.Only whenan implementationpassesall possibletestruns,is it
saidthattheimplementationpassesthetestcase.

To facilitatethe generationof testcases,a suspensionautomaton(definition 4.10in section4.3.3)of
thespecificationLTS is first built; testgenerationalgorithmis thenappliedon theautomaton.

RecallthatasuspensionautomatonÞ ß of anLTSp is obtainedby determinizingp andaddingnecessaryÂ transitions. The suspensiontracesof p coincidewith the tracesof its suspensionautomatonÞ ß . In
addition, for all Å ÏªÊÃ© , outÛ�Þ ß after Å¨Ü Å outÛ Ä after Å¨Ü . Thereforecheckingioconf and ioco canbe
easily reducedto checkingtraceinclusion relation on suspensionautomata.For ioco, all the tracesof
suspensionautomatonshouldbeusedfor checking,while for ioconfonly traceswithout Â transitionsare
checked.

Definition 5.5(Testgenerationalgorithm) Let Þ be the suspensionautomatonof a LTSs, and let å =
trace(Þ ) for the caseof ioco and å = Þ6Å ÏØÊÃ©�å$ÅãÏ traceÛ�Þ,Ü�à for the caseof ioconf, thena testcaseÌWÏ���ä3�=�tÛ�Ê ñ ÉVÊ ï Ü is obtainedby a finite numberof recursiveapplicationsof oneof thefollowing three
nondeterministicchoices:

1. (* terminatethetestcase*) Ì­Â ÅjÄ Ó Ì'Ì
2. (* givea next input to theimplementation*)

Ì)Â Å Ó*æ Ì ä
where Ó Ï�Ê|ï , such that åvä = Þ�Å�ÏÔÊ�©Õ å Ó þ�Å�Ï�åtà ÐÅãß , andt' is obtainedby recursivelyapplying
thealgorithmfor å¯ä and Þ¨ä , with Þ â� Ò Þ¨ä .
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3. (* check thenext outputsof theimplementation*)

Ì Â�Å ç Þ	Æ æ fail å6ÆlÏÔÊ ñ ó�Þ�ÂXà6ÉdÆ�ÐÏ outÛ�Þ,Ü0ÉdèUÏ�ånà (1)

ç Þ	Æ æ pass å6ÆlÏÔÊ ñ ó�Þ�ÂXàXÉnÆ�ÐÏ outÛ�Þ&Ü�ÉZè[ÐÏ åtà (2)

ç Þ	Æ æ Ì Ç å6ÆlÏÔÊ1ñtó�Þ�ÂXàXÉnÆÔÏ outÛ�Þ&ÜIà (3)

where Ì Ç is obtainedby recursivelyapplyingthealgorithmfor Þ�Å°Ï�Ê © Õ å>ÆnþVÅ�Ï ånà and Þ ä , withÞéÇÒ Þ¨ä .
In the algorithm, å is the set of tracesafter which out-setinclusion needto be checked. The first

choiceterminatesthe generationprocedureto ensuretestexperimentstopat somepoint even thoughthe
specificationmayincludeinfinite behaviour. Thesecondchoicegivesa next input to theimplementation.
As inputsarealwaysenabled,this stepwill never resultin deadlock,thusno terminalstatepassor fail can
bereached.Thethird stepchecksthenext outputof the implementation.Any implementationproducing
anoutputx whichdoesnotbelongto out(Þ ) will resultin a fail terminal,indicatingit is notaconformance
implementation.

This testgenerationalgorithmguaranteesto generatesoundtestcaseswith respectto ioconfandioco,
andthesetof all possibletestcasesthatcanbeobtainedis complete.Theproof canbefoundin [Tre96].

5.2 Application to SynchronousCir cuits

Two examplesareusedto illustratetheapproachof applyingIOLTS-basedformal conformancetestingto
validatingsynchronouscircuit designs.Oneis a JK flip flop, theotheris a singlepulserwhich hasalready
beenspecifiedin chapter3.

5.2.1 DI L L Specificationsof the Examples

Recallthat theDILL approachfor specifyingsynchronouscircuitsis basedon a clock cycle-by-cycle(see
section3.3.4).Clocksignalsjustcontributeto timing referencesandarenot relevantto functionality. Thus
they areoftenomittedin top level specifications.Oneachclockcycle,primaryoutputsandinternaloutputs
aredecidedby primaryinputsandinternalinputs.

A JK flip-flop is a single-bitmemoryelementwith control inputsJ andK. If they arebothsetto 0, the
flip-flop staysin thesamestate.If they arebothsetto 1, theflip-flop invertsits currentvalue.If J andK are
setto differentvalues,thevalueof J is stored.Theoutputis conventionallycalledQ, while its complement
is NQ (not Q). Unlike the specificationsin chapter3, the JK flip flop specificationbelow fixesthe order
of inputsJ, K andoutputsQ, NQ. As discussedbefore,fixing ordersmight causedeadlockwhencom-
ponentsareconnected.However, becausetestingjust concernsthehigherlevel behavioural specification,
no connectionis actuallyneeded.By restrictingthe orderof events,the statespacecanbe substantially
reducedwhenthereexist multi-inputsand/ormulti-outputsin a component.In thesinglepulserspecifica-
tion, implementationsareallowedto asserttheoutputpulseeitheron thepositive goingor negativegoing
transitionsof ainputpulse,thusthespecificationis anon-deterministicone.Thespecificationcanbefound
in section3.3.5.

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

processJK [J, K, Q, NQ] (dtQ : Bit) : noexit Â
J?newJ : Bit; K ?newK : Bit; (* getnew J andK *)
( [(newJeq0) and(newK eq0)] Ã (* both0 - samestate*)

Q !dtQ; NQ !not(dtQ); (* outputcurrentvalues*)
JK [J, K, Q, NQ] (dtQ)

[(newJeq1) and(newK eq1)] Ã (* both1 - flip state*)
Q !not (dtQ); NQ !dtQ; (* invertoutputs*)
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JK [J, K, Q, NQ] (not (dtQ))

[newJnenewK] Ã (* bothdiffer - takeJ *)
Q !newJ;NQ !not (newJ); (* useJasinput *)
JK [J, K, Q, NQ] (newJ) )

endproc (* JK *)

5.2.2 LTSs,SuspensionAutomata and TestCases

TheLTSsthatareobservationallyequivalentto theaboveLOTOS specificationsappearin figure29. Obser-
vationalequivalenceis usedheresinceconformancetestingrelatesonly to externalbehaviour of circuits.
Theequivalencepreservesall externalbehaviour andhasa muchsmallerstatespacecomparedto thatof
the original specifications.Figure30 shows suspensionautomatabuilt from the LTSs. Self-loopsin this
figuredenoteÂ (quiescentstate)actions.If a specificationis deterministic,suchasthecaseof theJK flip
flop, its suspensionautomatonis almostidenticalto theLTS exceptfor the Â transitions.This is because
suspensionautomataareobtainedby determinisingLTSsandaddingnecessaryÂ transitions. Figure31
presentsseveralpossibletestsgeneratedfrom theautomatausingthealgorithmexplainedin thepreceding
section.
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The modellingapproachof DILL hassomeimplicationsfor testing. Firstly, LOTOS eventsrepresent
stablesignalvaluesin a specificclock cycle. Thereforeall the eventsin figure31 arestablesignalsin a
certainclockcycle. It followsthatapplyinginputsandobservingoutputsaccordingto thetestsshouldalso
be conductedwhena circuit is stable. This is not a problemfor synchronouscircuits sinceclock cycles
arechosensuchthatcircuitshave enoughtime to settledown. Secondly, asit is assumedtheclock cycles
areslow enough,stablevaluesof inputsandoutputsareguaranteedto appearoncein everyclockcycle,so
thereis no needto worry about Â actionswhich indicatethe absenceof outputs.This is why theweaker
relation ioconf is usedfor testingsynchronouscircuits. For the samereasonit is alsolessinterestingto
generatetestscasessimilar to JK t2 thatcheckabsenceof outputs.They arethereforeexcludedfrom the
testgenerator. Finally, asdiscussedearliertheorderof inputsandoutputsis fixedto restrictthestatespace.
TestcaseJK t1 givesa Fail verdictwhenthefirst NQ !0 is observed.This would not havehappenedif the
full statespacehadbeengenerated,soit is a fake failurestate.Theway to solve this problemis discussed
in thefollowing section.

Thesetwo examplesalso indicatewhy the ioconf relation is a suitableimplementationrelation for
validatingsynchronouscircuits. If a specificationis deterministicthenioconf requiresthat, in eachclock
cycle, for all possibleinput sequences,all theoutputsof animplementationagreewith thosegivenby the
specification.This is strongenoughto distinguisherroneousimplementationsfrom correctones.On the
otherhand,it alsopermitsnon-deterministicspecificationsto betested.Becauseevery outputwill appear
oncein aclockcycle,anon-deterministicspecificationwill haveoneor moreoutputshaving contradictory
outputvalues,i.e. theoutputmayproduceeither1 or0 in thatclockcycle,asin thecaseof theSinglePulser.
Thiscanbeproperlycapturedby the ioconfrelation.For exampleif theinput is initially 0, afterit changes
to 1 theoutputof apositiveedgeimplementationshouldbe1, or 0 for anegativeedgeimplementation.As
seenin testcaseSp t1 of Figure31, bothdesigndecisionscanpassthetestso implementationfreedomis
respected.

5.2.3 TestGenerationand Execution

The testcasesgeneratedfrom the algorithmin section5.1.6have the form of trees. This might have a
straightforward mappingto TTCN (TreeandTabular CombinedNotation [ISO91]), a standardform of
testsuites. However, it is found that testbenches,which aim to automaticallyprovide testcasesto HDL
simulatorsandreport testverdictsto testers,cannotbe easilydevelopedfrom testtrees. In addition,the
coverageof a testsuite is not easilymeasuredif it is expressedin testtrees. This thesishenceusestest
tracesinsteadof testtrees.

Recordingtestcasesasinputoutputsequencesis averycommonwayin engineeringpracticeof testing
digital circuits.For example,testcaseJK t1 canbestoredin afile of theform: J!1; K!0; Q!1; NQ!0; Pass,
indicatingthatwheninputsareJ=1, K=0 theoutputsshouldbeQ=1, NQ=0. All theotherbrancheswhich
leadto fail statesin this testtreearein fact not necessary:asthe digital signalsareassumedto be strict
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binary, if Q is not 1, thenit mustbe 0. Sowhen0 is generatedfrom the implementation,the fail verdict
canbeobtainedautomaticallyby comparingit with thetesttrace;Â canbeomittedasdiscussed.Theother
branchesarefaketests,whicharetheconsequenceof fixing theorderof inputsandoutputs.It is concluded
thattesttreescanbetransformedto atesttracein whichall transitionsleadingto theFail verdictin thetree
arenot explicitly recorded.Whenimplementationshave outputsdifferentfrom the onedefinedin a test
trace,aFail verdictshouldbegeneratedautomatically.

This methodworks well with deterministicspecifications.However whenthe specificationhasnon-
deterministicbehaviour, simply generatingtracesfrom test treesraisesproblems. For example,the test
tree of Spt1 cannotbe rewritten as Ip!1; Op!1; Ip!1; Op!0; Passand Ip!1; Op!0; Pass. If a positive
triggeredimplementationwere testedby the first case,it would be given a Fail verdict. Conversely, a
negative triggeredimplementationwould fail the secondtest. Actually, both of them might be correct
implementations.Theproblemis thatanimplementationhasto passall thetestcasesin a testsuitebefore
it is regardedascorrect.But for thisexample,only passingoneof thetestcasesis necessary. This is solved
by markingoutputsat a contradictorybranch,i.e. thebranchwherethesameoutputmayproduceeither1
or 0. Failing a markedoutputin a testrun givesaninconclusiveverdict,indicatingthattheIUT is allowed
to produceanoutputotherthantheonedictatedby thetest.

At somenodeof a suspensionautomaton,supposethetestgenerationprogramfindsthattherearetwo
possibleoutput transitionswith the samegateoffering differentvalues. Both of the outputsshouldbe
markedwhenthecorrespondingsequencesaregenerated,meaningthey arenot necessarilymatchedby an
implementation.Comingbackto theexampleabove,theteststhenbecomeIp!1; Op!1ê ; Ip!1; Op!0; Pass
andIp!1; Op!0ê , Pass. WhenoutputOp!1 from animplementationis comparedto thesecondtestcase,theê meansthis outputdoesnot have to bematched.Anothertesttraceis thenapplied. In this case,outputs
arematchedsotestingcontinuesto analyseif thesubsequentbehaviour is satisfied.

To get the test traces,generationis mainly basedon traversingsuspensionautomata. Referringto
Tretmans'algorithmin section5.1.6,if Choice1 is made,generatinga testcaseis complete.Appending
aninputactionto a tracecorrespondsto selectingChoice2 in thetestgenerationalgorithm.Appendingan
outputevent,possiblywith a ê mark,equatesto selectingChoice3.

As specificationsusuallyhave infinite behaviour, especiallyif they involve iterations,a testcasecan
hardlybea completetraceunlessthecircuit hasadeadlockstate.Thereforea testsuitecannevercoverall
thebehaviour of a specification.How to generatea testsuitewith goodcoverageis animportantbut hard
themefor thetestingcommunity.

If coveringall behaviour is not achievable,thencoveringall transitionsmight bea second-bestchoice.
A suspensionautomatonis a directedgraph. Generatinga sequencethat visits every edgein a graphat
leastonceis theChinesepostmanproblem [EJ72]; thegeneratedsequenceis termeda transition tour .
A singletransitiontour existsonly for a stronglyconnectedgraph,i.e. thegraphin which every nodehas
a pathto every othernode.Otherwise,morethanonetour is neededto coverall theedges.As suspension
automatamaynot bestronglyconnected,it is not possibleto makedirectuseof transitiontour generation
algorithms(e.g. [Hol91]), which guaranteethe shortesttour for stronglyconnectedgraphs. In the work
presentedhere,the approachsuggestedin [HYHD95] is adoptedbecauseit is suitablefor all kinds of
directedgraphs.In this method,depth-firstsearch(DFS)is usedwheneverpossibleasit naturallyrecords
the transitionstraversed.Whenanun-visitededgecannotbe reachedby DFS,breadth-firstsearch(BFS)
is exploited to find a statethat hasan unvisited edge;DFS thencontinuesfrom this state. The whole
procedurerepeatsuntil thereis no unvisitededgein thegraph.

The CADP toolsetsupportsan applicationprogramminginterfacethat allows user-written programs
to manipulatethe statespaceof a given LOTOS specification.This interfaceis exploited to programthe
testgenerationalgorithmbasedon transitiontour. Thealgorithmis givenbelow. Note that testcasesare
influencedby theorderin which theedgesof a suspensionautomatonarestored.This orderis adjustable
by changingparameterspassedto CADP. If morecoverageis required,thetestgeneratorcanbere-runby
usingdifferentparameters.

Testgenerationbasedon transition tour:
TestGen()Þ /* First producesuspensionautomatonfrom theLTS*/

InitStat= SusAutGen(); /* InitStatis theinitial stateof SusAut*/
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cycle J K Q NQ cycle J K Q NQ

cycle1 1 1 1 0 cycle5 0 0 1 0
cycle2 1 1 0 1 cycle6 1 1 0 1
cycle3 0 1 0 1 cycle7 0 0 0 1
cycle4 1 0 1 0 pass

Table2: Testsuitefor JK flip flop

state= InitStat;
while (1) Þ
while (1) Þ

/* DFStraversefrom thestate, until no unvistededgecanbefound*/
/* at thesametime, for eachoutputtransitiontraversed,*/

/* markit with '*' if it hascontradictoryneighbour*/
state1= DFS(state);

/* WhenDFScannotfind astatewith untraversededges,*/
/* do BFSsearchfrom state1to look for thestate*/

/* thathasanuntraversededge,marktheedgesat thesametime*/
state2= BFS(state1);
if (state2!= NULL) Þ /* find astate*/

ShortestPath(state1,state2);
AppendPathtoTrace();
state= state2;à

else Þ /* not find anuntraversededge*/
PrintTraceMark();
break; à�à

state1= Initstate;
state2= BFS(state1);
if (state2!= NULL) Þ

ShortestPath(state1,state2);
AppendPathtoTrace();
state= state2;à

elsereturn à�à
Table2 showsatestcasefor theJKFlip-Flopgeneratedfrom theimplementedprogram.It only requires

7 clockcyclesto testtheflip flop,andthetestcoversmany importantbehaviours.For example,unlikeother
input combinations,inputsJ=1, K=1 do not produceuniqueoutputs.Thetestcasethususesseveralclock
cyclesto testthis feature.Table3 shows the testsuitefor the SignalPulser. The first testis actuallyfor
the negative triggeredimplementation,andthe secondis for the positive triggeredimplementation.Any
correctimplementationwill passoneof them,andwill have an inconclusive verdict whentestedby the
other. Thusthosegettingthefail verdictsarereally incorrectimplementations.

Eachtour generatedin this way is a testcaseandis savedin a testfile. Theaccumulatedtestcasesare
passedto aVHDL simulatorthatsimulatesthelower level implementationof acircuit. A VHDL testbench
is designedto allow thetestcasesto beappliedandexecutedagainsttheVHDL description.Thetestbench
is in factaVHDL programwhichconsistsof two processesthatareexecutedconcurrently. Thefirst process
generatesclock signalsfor thecircuit undertest.Thesecondprocessreadsthetestsuitefile andgenerates
signal stimuli accordingto the inputs of eachtest case. It also comparesthe outputsgeneratedby the
VHDL simulatorwith theoutputvaluesrequiredby thetestcase,giving aFail or inconclusiveverdictand
abortingthe simulationif they arenot the same.The testbenchalsohasto determinewhento apply the
input stimuli andto checktheoutputresult.This needssomeknowledgeof thecircuit realisation,suchas
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cycle Ip Op cycle Ip Op cycle Ip Op

cycle1 0 0 cycle4 0 1 cycle7 1 0
cycle2 0 0 cycle5 0 0 pass
cycle3 1 0ê cycle6 1 0
cycle Ip Op cycle Ip Op cycle Ip Op

cycle1 1 1ê cycle3 0 0 cycle5 1 0
cycle2 0 0 cycle4 1 1 pass

Table3: Two testcasesfor SinglePulser

thepropagationdelaysof componentsin thecircuit. Specialcareshouldbegivento thoseoutputswhich
aremarked with ê . Betweentwo test cases,a resetsignal is generatedby the testbenchto re-initialise
the circuit undertest. The assumptionis madethat a circuit canalwaysbe correctly reset. The LOTOS

specificationsdiscussedpreviouslydonotspecifyresetbehaviour, soatestneednotbegeneratedto ensure
thatresetis correctlyachieved.

5.2.4 Further Discussion

Whenasuspensionautomatonis stronglyconnected,thetransitiontouralgorithmin section5.2.3generates
asingletestcase,suchasfor JK flip flop. Otherwise,thenumberof testcasesis thenumberof thestrongly
connectedsub-graphsin thesuspensionautomaton,suchasin thecaseof theSinglePulser.

Thespecificationof SinglePulseris non-deterministicin that it allows two kindsof implementations.
But thebehaviour of eachkind is actuallydeterministic.Eachstronglyconnectedsub-graphin thesuspen-
sionautomatoncorrespondsto animplementation,anda testcaseis generatedfor it. If animplementation
is testedby a testcasethat is not for its kind, an inconclusive verdictarisestelling the testerthat the test
caseappliedis not a properone. Thetestsuitehasthepropertythat thereis alwaysa testcasewhich can
characteriseimplementations.

However, if thebehaviour of animplementationis non-deterministic,for example,if thesinglepulser
is allowedto assertits outputpulseat eithernegativeedgeor positiveedgetransitionsof its input, thesus-
pensionautomatonbecomesastronglyconnectedgraph.In thiscase,thereis only a testcasegeneratedby
thealgorithm.Many of theimplementations,no matterif they arecorrector not,will gettheinconclusive
verdictsfrom this testcasebecausewhenthey assertoutputon thepositive edgetransition,for example,
they maymeeta transitionin thetestcaserequiringtheoutputon negativeedge.Hencefor thespecifica-
tionswhich allow non-deterministicimplementations,thealgorithmis not soefficient dueto thefrequent
inconclusiveverdicts.In thenext section,a solutionis proposedfor non-deterministicimplementations.

In fact,non-deterministicdigital circuitsarereally rare.Normallypeopleexpectdigital devicesto have
predictableresponsesto all their inputs.Therefore,thetesttracesgeneratedaresatisfactoryin mostcases.

5.3 Application to AsynchronousCir cuits

Apart from using ioco insteadof the ioconf relation in the test generationalgorithm, the approachof
applyingconformancetestingto validatingasynchronouscircuit designsvirtually hasno differencefrom
that for validatingsynchronouscircuit designs.Following theway of theprevioussection,two examples
of asynchronousdesignareusedto facilitatetheexplanation.

In chapter3, an asynchronousfirst-in-first-outbuffer is specified. Designedfor dual-rail datapaths,
this buffer hastwo input InT, InF andtwo outputOutT, OutF. It is assumedto 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 0 betweentwo transformations.The specificationwill not be repeated
hereasit canbefoundin section3.4.7. Figure32 givesits LTS (minimisedwith respectto observational
equivalence),suspensionautomatonof theLTS,andseveraltests.As seen,becausetheLTSis deterministic
theautomatonhasalmostthesamestructureexceptfor the Â transitions,whicharerepresentedascirclesin
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Figure32: LTS,suspensionautomatonandseveraltestsof FIFO

thefigure.Testt1 providestwo inputsthencheckstheoutputof animplementation.If outputOutFchanges,
the implementationpassesthetest. However if OutTchangesor if thereis no output,the implementation
fails the test. Similarly, test t2 checksoutput after one input is provided. Test t3 checksoutput right
away. Outputchangesfrom the initial statesareerroneousbehaviour so testingshouldstopafter they are
observed. Only after the Â transition,meaningthatno outputis produced,cantestingcontinue.Notethat
this testhasa Â transitionthatdoesnot leadto a terminalstate,which couldneverhappenin thetestcases
for synchronouscircuits.

Thesecondexampleis aselector, whichhasalsobeenintroducedin section3.4.4.Thisis aspecification
whichallowsnon-deterministicbehaviour in implementations:afteraninputchangeoninput Ip, depending
on implementations,eitherOp1or Op2maychange.Figure33 givesits LTS (minimizedwith respectto
observational equivalence),suspensionautomatonof the LTS, and one of the test cases. Selector-test
indicatesthataftertheinput Ip ! 1, theimplementationsproducingeitherOp1! 1 or Op2! 1 will passthe
test,which respectstheimplementationfreedomrequiredby thespecification.

The above two examplesillustrate that the ioco relation is suitablefor testingasynchronouscircuit
designs.On theonehandit is strict enoughto rejecterroneousdesigns,andon theotherhandit supports
implementationfreedomby passingall possiblecorrectimplementations.

Specificationsof asynchronouscircuitssometimespermitsomeof their outputsto beproducedin any
order.ë This is usuallymodelledasinterleaving of theseoutputsin DILL. Thesituationis relatively com-
monin asynchronouscircuit specifications.As in thecaseof non-deterministicbehaviour, theirsuspension
automataalsocontainnodeswhich have morethanoneoutgoingtransitionlabelledwith outputactions.
This is not a coincidencebecauseinterleaving outputsactuallyintroducesnon-determinism.Concreteim-
plementationsusuallyproducestheseoutputsin afixedorder.

In theprevioussection,theproblemcausedby non-determinismwassolvedby markingoutputtransi-
tionswhich have contradictoryneighboursin suspensionautomata.This techniquecanbeeasilyextended
herefor asynchronouscircuits: eachoutputtransitionwhich hasotherneighbouringoutputtransitionsisì

In synchronouscircuits,theorderof outputsis artificially fixedbecauseit doesnot influencethefunctionality.
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Figure34: Nodeswith morethanoneoutputsandits testtrace

markedduring testgeneration,indicatingthat this outputmaynot bematchedby implementationsunder
testsinceotheroutputsareallowed to be produced.As discussedin section5.2.4,this methodis not so
efficient whenthebehaviour of an implementationis non-deterministic.Theproblemis thatwhenan in-
conclusive verdict is reached,a testrun is abortedandothertestcases(if any) shouldapplied. However,
thetestcaseshouldbestill valuableif otherneighbouringoutputscanbefoundsothatthetestruncancon-
tinue. To achieve this, all marksareextendedwith thesourcenodesof theoutputs,i.e. outputtransitions
aremarkedwith ê aswell astheir sourcenodeswhenthey have neighbouringoutputs.Obviously outputs
with samemarksin a testsuiteareneighboursof eachotherin correspondingsuspensionautomaton.In
this way thebranchstructureof a treeis mimickedby a trace.Sincethetransitiontouralgorithmis ableto
coverall thetransitionsin a suspensionautomaton,if animplementationcannotagreewith all theoutputs
with a certainmark, fail verdict shouldbe issued. This techniquerequiresa testbenchwhich is ableto
searchthewholetestsuitefor marks.

Figure34 is an examplefor this revisedalgorithm. If an implementationhasthe behaviour Ip, Op1,
Op2, Op3, þCþ/þ , it will follow Ip, Op1, Op2 in a test run, but when the outputOp3 fails at Op1(ê s4), a
testbenchshouldlook for anotheroutputwith the samemark to seeif the two canmatch. In this caseit
findsOp3(ê s4), thenthetestingcontinues.If an implementationbehavesasIp, Op3, þ/þCþ , therewill beno
outputmarkedwith ( ê s1)thatcanmatchtheOp3; theimplementationis thereforeregardedaserroneous.

As far asthetestbenchis concerned,it will bemorecomplicatedthanits synchronouscounterpart.To
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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 21Â InF=0 OutF=0 InT=1 OutT=1 InT=0 InT=1
22 23 24 25 26 27 28
OutT=0 OutT=1 Â InT=0 OutT=0 Â pass

Table4: Testsuiteof FIFO

1 2 3 4 5 6 7
IP=1 Op1=1ê s1 Ip=0 Op1=0ê s2 Â Ip= 1 Op2=1ê s1
8 9 10 11Â Ip=0 Op2=0ê s2 pass

Table5: Testsuiteof Selector

beableto dealwith non-deterministicimplementations,it shouldbeableto searcha whole testsuitefor
marks.Normallya searchshouldbecarriedout in therestof a tracewhenaninconclusivepoint is met,so
that testingcango forward. However, sometimessuchmarksonly exist in thepreviouspartof the trace,
forcing the searchto go backward. This meansthat theremay exist loopsduring testing. The testbench
thusshouldhave a strategy to breaksucha loop. A testbenchalsoneedsto maintaina timer. In the real
world, no componentreally hasunboundeddelay, so whena Â transitionis seen,the testbenchusesthe
timer to recordthetimethatelapses.If thereis nooutputwithin acertainamountof time,the Â transitionis
assumedto besatisfied,otherwisethefail verdictwill begiven.Thevalueof thetimer relieson thedelays
in a circuit. A testbenchwill alsohave to decidewhento provide inputs.For thetestcaset1 in figure32,
if InF ! 0 is providedtoo lateafterthefirst input InF ! 1, anoutputmayhave alreadybeenproduced.The
behaviour shouldbetestedby othertestcasessuchast2. But astestersmaynot awarethis, t1 maystill be
used,whichwill producefaulty testresults.

As a conclusionof this section,the test suitesof the above two examplesproducedby the revised
transitiontour algorithmaregivenin table4 and5. Both have just onetestcase.Theonefor FIFO hasa
lengthof 28 transitions,with a lengthof 11 transitionsfor theselector. Thesecondtestsuiteis a testwith
inconclusive marks.A selectorwhich insistson sendingits input to Op1canfollows thetestsequence1,
2, 3, 4, 5, 6, 2, 3, þ/þCþ , a loop thata testbenchesmustbreak.

5.4 CaseStudy

This sectionevaluatesthe approachby generatingtest casesfor a DILL specificationof a circuit, then
executingthemagainstits implementationdescribedby VHDL code. This is a synchronouscircuit: the
BlackJackDealer[SK96], a famouscardgamewhich is alsocalledpontoonor “21”.

A BlackJackDealeris a devicewhich playsthedealer'shandof a cardgame.Theinputsof thecircuit
areCard ReadyandCard Value (Ace..King,Clubs..Spades).Its outputshave booleanvalues:Hit (card
needed),Stand(staywith currentcards)andBroke (totalexceeds21). TheCard ReadyandHit signalsare
usedfor ahandshakewith ahumanoperator. Aceshavevalue1 or 11at thechoiceof theplayer. Numbered
cardshave valuesfrom 2 to 10. Jack,QueenandKing countas10. TheBlack-Jackdealeris repeatedly
presentedwith cards.It mustassertStand(whenits scoreis 17to 21)or Broke (whenits scoreexceeds21).
In eithercasethenext cardstartsa new game.Figures35,36 and37 aretheimplementationof thecircuit
givenin [SK96].

In the DILL specificationof the BlackJackdealer, a new datatype Value is definedto representthe
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Figure35: Thecontrollerof theBlack-JackDealer

cardvalue.AlthoughtheLOTOS standarddatatypeNaturalNumbermight appearsuitable,CADP cannot
generatethecorrespondingLTSfor aninfinite datatypelike this. Thekey point in thespecificationis how
to handletheambiguousvalueof anAce. To solvetheproblem,thespecificationusesthemethodgivenby
[WP80]. Specificationbehaviour occupiesabout80 linesincludingcomments.

UsingCADPandthetestgeneratorprogramimplementedfor thealgorithmin section5.2.3,atestsuite
for the Black-JackDealerwasderived. The testsuite is ableto test181 differenthandsof cardsthat a
dealermayhold. TheVHDL implementationgivenin [WP80] wasevaluatedagainstthis testsuite.

Althoughthecircuit wasexpectedto passthetestsuite,aFail verdictwasrecordedafterthedealerwas
giventhefollowing cards:5, 5, 3, 2, 1, 10. In this casethedealershouldbeBroke becausethesumof the
cardsis 26, which exceeds21. However thecircuit outputsneitherStandnor Broke sinceit considersthe
total to be just 16. OthercardcombinationsincludinganAce thatshouldcauseBroke exhibitedthesame
problem.This indicatedthattheproblemwasrelatedto processinganAce.

The circuit shouldinitially take an Ace as11. It shouldbe re-valuedas1 (subtracting10 from the
sum)the first time the resultwould be Broke. If the following cardswould make the sumexceed21, no
re-valuationshouldbedoneasno Ace is 11. By carefullysimulatingthetraceswhich led to thefailure,it
wasdiscoveredthat thegivenbenchmarkdesignstill re-valuestheAce card,sothecircuit is not Broke in
this case.In thedesignof theBlackJackDealer, thereis a flag register(Ace11Flag in [SK96]) indicating
if therehasbeenan Ace evaluatedas11. The problemof the circuit is that this register is not resetto
zeroproperlyafteranAce is resetto 1, becausetheeffective durationof the signalusedto resetit is too
short.

�
By slightly modifying thecircuit to remove thecauseof this shortduration,thecircuit wasableto

successfullypassthetestsuite.

5.5 RelatedWork

For validatinghardwaredesigns,simulationhasbeenandis still thepredominantmethodin industry. Test
casesfor simulationaremainlymanuallydefinedor randomlygenerated.Recentdevelopmentsfor solving
theproblemlie in combiningformal methodswith traditionalsimulationtechniques.In [VK95], testsare�

Oneof theregistersin thedesignof thecircuit is negative effective, but all theotherregistersarepositive effective. Consequently
theeffective durationof ClearAce11Flag is justhalf acycle,which is not enoughto cleartheAce11Flag signal.Thecircuit designer
might wish to saveoneclockcycle to improve thespeedof thecircuit by usinganegative triggeredregister.
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generatedfrom behavioural VHDL programsusingtraditionalsoftwaretestingtechniques.In [HYHD95,
MAH98], testgenerationis basedonanFSM(FiniteStateMachine)or anECFM(ExtractedControlFlow
Machine),which representsthecontrollogic of a circuit. Thegeneratedtestcasesarethenappliedto both
higherlevel andlower level specificationsin Verilogor VHDL, verdictsareobtainedby comparingoutputs
from two levels. Thebasicideaof thesetwo papersis quitesimilar to theonepresentedhere,exceptthat
they extracta formal modelfrom circuit designandusethe techniquesessentiallybasedon FSM testing
theory. But in thisthesis,testsarederivedfrom higherlevel specificationsusingconformancetestingtheory
for LTSs.In [RSM97], testgenerationdoescomefrom ahigherlevel specificationof anFSM,thenapplied
to aVHDL simulator, but it cannothandlethecasewherespecificationsinvolvenondeterminism.Theaim
of thatpaperis to fill thegapbetweentheabstracttestsandconcretesignals;testgenerationis basedon a
commercialtool.

Finally, within theCADP toolseta testgenerationtool TGV [FJJV96]is underdevelopment,the im-
plementationrelationexploitedis verysimilar to the ioconfusedin this paper. TGV hadnot beenreleased
by thetime this thesiswasfinished,thusacomparisoncouldnotbegiven.

5.6 Conclusion

In this chapter, the framework of formal methodsin protocoltestingwasusedfor testingdigital circuits.
Thechapterfirst gavea brief introductionto formal conformancetestingbasedon theformalismof LTSs,
thenfocusedon a recentextensionto this theory, namelytestingimplementationswhich aremodelledas
IOLTSs. It is believedthatanIOLTSis amorefaithful modelof digital hardwarethananLTS.Subsequently
two implementationsrelation ioconf and ioco and associatedtest generationalgorithm were presented.
From the examplesand the casestudy, it can be seenthat this formal framework can be successfully
appliedto testingdigital circuitsdesigns

A tool TestGenhasbeenimplementedin a C programmwhich producessuspensionautomatafrom
DILL specificationsandgeneratestestsuitesbasedonthetransitiontourof theautomata.Themainpurpose
of developingsuchaprogramis to automaticallygeneratetestsuiteswhich havereasonablecoverage,and
to facilitateautomatictestexecution.To achievethis,atestbenchwrittenin VHDL wasdevelopedto bridge
thetestcasesandVHDL simulator. A revisedversionof thegenerationalgorithmwasalsoimplemented,
which allows non-deterministicimplementationsto betested.This revisedalgorithmrequiresa relatively
complicatedtestbench,whichhasnot beenimplementedat thecurrentstage.

Thecasestudyof theBlack-Jackdealershowsthebenefitsof theapproach.By executingtestcasesona
moredetailedmodelof digital circuits,hereit is aVHDL descriptionwhichcontainstiming characteristics
of components,it is possibleto revealsubtlebugswhich cannotbecapturedby analysinga formal model.
The problemidentifiedin the casestudyactuallyrelatedto the timing characteristicsof the circuit. Al-
thougha DILL specificationdoesnot containtiming informationat all, timing bugscanstill bediscovered
by theapproach.
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6 Specificationand Analysisof Timed Cir cuits

This chapterspecifiescircuit behaviour by explicitly includingquantitative timing magnitudes.In these-
quel,suchspecificationsaretermedtimedspecificationsandthespecifiedcircuitsaretimedcircuits. In the
backgroundsection,thespecificationlanguageET-LOTOS(EnhancedTimed-LOTOS [LL97]) is introduced.
It is followedby the investigationof building theDILL modelof timedcircuits. A timedcircuit hasthree
parts:functionality, delaysandtiming constraints.As will bediscussed,themodelis compositionalandthe
untimedDILL specificationsarejust thespecialcasesof thetimedones.Thechapteralsogivesthespeci-
ficationsof variousdelaysandtiming constraints.For analysingtimedcircuits,TE-LOLA (TimeExtended
LOTOS Laboratory[PLR95]) is used.Finally a casestudyis investigatedto examinetheapproach.

6.1 Background

So far in the thesis,digital circuits specifiedareuntimed,i.e. quantitative timing characteristicsareab-
stractedaway in specifications.For synchronouscircuits,clock cyclesareassumedto beslow enoughso
that theperiodof a clock canbe abstractedasa time unit. For asynchronouscircuits,only thosedesigns
basedon unboundeddelaymodelsaremodelled.

However, timing characteristicshaveneverbeensomethingnegligible in digital circuit design.Timing
analysisis critical becauseit determinesif acircuit canfunctioncorrectly. For example,animproperclock
cycle is a disasterfor synchronouscircuit. In asynchronouscircuits,potentialraceconditionsandhazards,
which arecausedby propagationdelaysof components,canresultin a circuit malfunctioning.In addition
high-speedperformanceis a very importantcriterion in today's competitive market. Formalismswhich
supporttimedspecificationandanalysisarethereforehighly desirable.

6.1.1 ET-L OTOS in Brief

ThethesischoosesET-LOTOS astheformalismfor specifyingtimedcircuits.ET-LOTOS is closelyrelated
to thefutureISOstandardE-LOTOS (Enhancementsto LOTOS [ISO98]). It is hopedthatthework presented
herewill beeasilytransferableto E-LOTOS oncethestandardis mature.

ET-LOTOS supportsbothdiscreteanddensetime domains.Informally, in a discretedomaintime pro-
gressesin discretesteps.In adensedomainhowever, it is alwayspossibleto find atimevaluebetweenany
two giventimevalues.Thediscretetimedomainis representedby thenaturalnumbers,andthedensetime
domainby realor rationalnumbers.In ET-LOTOS, only countabletimedomains(suchasrationalnumbers)
arepermittedin orderto giveoperationalsemanticsusingLabelledTransitionSystems.Timedomainsare
definedasdatatypes.ThismakesET-LOTOS veryflexible astimevaluescanbetreatedlikeany otherdata
values.

Threenew operatorsrelevantto timeareintroduced,namelydelay, life reducerandtimemeasurement.

Life Reducer: Action-prefix is extendedin ET-LOTOS: theexpressiong ª d « meansg will not beoffered
afterd. In otherwords,g canonly occurin theinterval of time [0, d]. Thetemporalattribute ª d « is
termeda life reducer.

Theprecisesemanticsof g ª d « is asfollows: if aftera delaytime d, thebehaviour g ª d « ; . . . hasnot
beenperformedg, theg offer is removedwithoutexecutingthesubsequentbehaviour, i.e. theprocess
startsbehaving like the idle processstop. Note that the life reducerdoesnot enforcetheexecution
of g within theinterval [0, d], it juststatesthatg cannotoccuroutsidethis interval. Whenthereis no
life reducer, thestandardLOTOS syntaxapplies.Thedefault valueof thelife reduceris thus ¬ for
observableactions,which matchesthe LOTOS semanticsthatobservableeventscanhappenat any
time.

Comparatively, applyingthe life reducerto the internalevent, i ª d « , meansthat i mustoccurnon-
deterministicallywithin thenext d timeunits.Necessityandnon-determinismapplybecauseinternal
actionsarenot controlledby the environment; in particular, the time of occurrenceis decidedby
systemitself. Nonetheless,analternative actionmaypre-empttheoccurrenceof an internalaction.
If the life reduceris omitted,it is regardedasi ª 0 « , i.e. the internaleventmustoccurat once(if at
all).
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Delay: Thedelayoperator­ d meansthatthesubsequentbehaviour will bedelayedby d. In ET-LOTOS a
time valueis relative to the instantwhenthepreviousactionoccurs.So thebehaviour a; ­¯® P will
delayfor d aftereventa occursandthenbehave like P.

Time Measurement: Thetimemeasurementoperator@t is usedto measurethetimeelapsedbetweenthe
instantwhentheeventhasbeenofferedandtheinstantwhenit occurs.Thetimevalueis storedin t.
In ET-LOTOS, time measurementcanbeusedfor bothobservableactionsandinternalactions.For
observableactions,thetime measurementvariablet canappearin selectionpredicates.For example
a @t [t ° 5]; P denotesa behaviour which canperforma only within thefirst 5 time unitsandthen
behave likeP. Thetimewhenit takesplaceis recordedin t.

Apart from thesebasicoperators,therearealsosomeshorthandnotationsfor flexibility andconvenience:

GeneralizedLife Reduceron ObservableAction: g@t[d1 ° t ° d2]; P canberewrittenasg ª d1,d2« ; P
providedthat t doesnot appearin processP. It canalsobeexpressedin termsof thedelayoperator
andthelife reducer, suchas ­±®¡² g ª d2-d1« ; P; thesameconditionapplies.

GeneralizedLife Reduceron Inter nal Action: Thebehaviour ­¯®¡² i @t ª d2« ;
[t+d1/t]P canberewrittenasi @t ª d1,d1+d2« ; P, wheret+d1/t meansevery t appearingin process
P is replacedby t+d1.

The formal semanticsof ET-LOTOS is given by labelledtransitionsystems.Thereare two kinds of
transitions: discreteand timed. Discretetransitionscorrespondto the executionof actions. If a is an
action, ³µ´¶ ³¸· meansthatP mayperformactiona andthenbehavelike ³¸· . Timedtransitionscorrespond

to the passageof time. If d is a variableof sort Time, then ³ ®¶ ³¸· meansthat P may idle for d then
behave like ³¸· . The semanticswill not be discussedin detail herebut two pointsareemphasizedbelow.
Full definitionsof thesemanticscanbefoundin [LL94].

ET-LOTOS adoptsmaximal progress[Wan91] for hiddenactions. Maximal progressmeansthat if
a hiddenactioncan occur, it must happennow (unlessan alternative actionoccurs)andshouldnot be
postponed.In otherwords,hiddenactionsareurgentin ET-LOTOS. In the DILL approach,eachdigital
componentis modelledasa processwhich usuallysynchroniseswith others. Input or outputportsare
modelledby LOTOS events. Portsusedinsidea designarehiddenandtheir eventsbecomeurgentunder
theassumptionof maximalprogress.

For i events,urgency is not alwaysavailable. In the behaviour i ª d « ; stop the internalactioncanbe
postponeduntil d timeunits.But afterthat,it musthappen(unlessanalternativeactionoccurs).An internal
eventis thusurgentonly at its uppertimebound.

6.2 L OTOS Model of Timed Cir cuits

Beforedevelopinga model to specify timed digital components,it is necessaryto identify which kinds
of timing characteristicsneedto be specifiedfor digital designs.By intuition, timing characteristicsare
temporalrelationshipsamonginputs,amongoutputs,andamonginputsandoutputs.Therelationshipfrom
input to output is normally calleddelay. It is the time interval betweena signalchangeon an input and
the resultingsignalchangeon an output. The relationshipamonginputs is calleda timing constraint in
this thesis,meaningthat digital circuits canwork correctlyonly whenthe constraintsaremet. Thereis
no needto specifythe relationshipsamongoutputsdirectly, asthey aredeterminedby delaysandtiming
constraints.

Severalpossibleapproachesexist to specifya timeddigital component,classifiedhereaseitheran in-
tegratedmethodor a combinedmethod. In an integratedmethod,a digital componentis specifiedin one
processthatdealswith bothfunctionalityandtiming. Althoughtheintegratedmethodmayresultin com-
pactspecifications,it is not a `structural'methodandis hardto apply. Theapproachis not compositional
in thesensethatfunctionalandtemporalcharacteristicsof acomponentarenotmerelycombined.It is also
importantto have untimedbehaviour asa simplecaseof timed behaviour, i.e. to be ableto isolatepure
functionality.
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Figure38: Thespecificationmodelfor a timedcomponent

Attention hasthereforebeenfocusedon developingcombinedmethods.The idea is to separatethe
functionalityandthetiming characteristicsinto differentprocesses,andthento combinethemin anappro-
priateway.

Themodeladoptedis a resultof considerableexperimentationwith differentapproaches.Theselected
approachis calledtheparallel-serialmodel.As shown in figure38,thefunctionalityis assumedto bespec-
ified with no(in otherwords,zero)delay. Timing constraints(TC) areplacedin parallelwith thefunctional
specificationto checkif input requirementsaremet. Delaysareplacedin serieswith the functionality to
providedelayfor eachoutput.

Note that the Err(or) gatesin the figure are for analysispurposesonly; they have no counterpartin
realphysicalcomponents.It indicatesthata timing constrainthasnot beenmet. It is foundthatmodelling
circuit behaviour underunexpectedinputsconditionsis reallydifficult, andevenimpossiblesometimes.In
fact,it is moreimportantto detectandcorrectdesignerrorsthanto know whathappensaftertheerrors.

If thetiming constraintsarevoid andthedelaysmaybearbitrarily large,thetimedmodelis equivalent
to anuntimedmodel.Themodelthushasthenicepropertythatanuntimedspecificationis a specialcase
of timedone.

6.3 SpecifyingFunctionality

Thefunctionalitypartof a timedcomponenthaszerodelay. In otherwords,outputschangeimmediately
afteraninput change.Specificationsof functionalityarebasedon themodeldevelopedin section3.2, i.e.
thefirst modelfor basiclogic gates.Only a smallmodificationis madeto reflectthezerodelaycondition,
thatis everyoutputhasa0 life reducer. Asdiscussed,thefirstbasiclogic modelisveryfaithful to realworld
componentsexceptfor its inertial delayassumption.Becauseno delayis associatedwith thefunctionality
partof timedcircuits,this shortcomingis thereforegot rid of. Again, thespecificationof a Nand2gateis
takenasanillustration.

processNand2[Ip1, Ip2, Op] : (dtIp1,dtIp2,dtOp: Bit) noexit ¹
Ip1 ? newdtIp1 : Bit [newdtIp1nedtIp1]; (* oneinput is changed*)
Nand2[Ip1, Ip2, Op] (newdtIp1,dtIp2,dtOp) (* repeatbehaviour *)

Ip2 ?newdtIp2 : Bit [newdtIp2nedtIp2] (* otherinput is changed*)
Nand2[Ip1, Ip2, Op] (dtIp1,newdtIp2,dtOp] (* repeatbehaviour *)

let newdtOp: Bit = Apply (Nand,dtIp1,dtIp2) in (* new Output*)
Op ! newdtOp ª 0 « [newdtOpnedtOp] ; (* outputchangeimmediately*)
Nand2[Ip1, Ip2, Op] (dtIp1,dtIp2,newdtOp) (* repeatbehaviour *)

endproc (* Nand2*)
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6.4 Modelling Delays

6.4.1 BasicDelay Types

As mentionedin chapter3, therearetwo basicdelaytypes: pure delayand inertial delay. Supposethe
delayof a digital componentis D. A puredelayretardsa waveformby time D, but doesnot alter it. An
inertial delaymayaltertheshapeof a waveformby eliminatingtheglitchesshorterthanD.

Sometimes,the delayof a componenthasa moregeneralform. Theremay exist a thresholdT º D
suchthat the componentabsorbsinput pulseswhosewidth is lessthanT. However outputfollows input
if the pulsewidth is more thanT. In DILL this is termedgeneral delay. In fact, it could be considered
asan inertial delayT cascadedwith a puredelayD-T. Figure39 shows how inputsarerelatedto outputs
for differentdelaytypes. For clarity, inertial andpuredelays,which have be illustratedin chapter3, are
re-drawn in this figure.

Thefollowing sectionsintroducethedelayelementsthathave beenincludedin the DILL library. Al-
thoughthesearecomponentsin thesenseof building blocks,they do not like mostof thecomponentsin
the library (gates,flip-flops, counters,etc.). Pseudo-componentsmight bea morepropernamefor them.
Unlike the fixed delaysD discussedabove, all delayshave a non-deterministicrangefrom MinDel (the
minimumdelay)to MaxDel(themaximumdelay).This is termednon-deterministicdelayor interval time
delay in the sequel. For generaldelay, MinWidth correspondsto the thresholdT. It is obvious that the
assumptionof non-deterministicdelaysis morerealisticandflexible thanthatof fixeddelays.

6.4.2 Inertial Delay

Thefollowing is a naiveattemptat specifyinga delay. Theexamplerevealsaninterestingpoint relatedto
oneaspectof ET-LOTOS semantics:maximalprogresson hiddenevents.

processDelayNaive [Ip, Op]
(MinDel, MaxDel : Time,DataIp,DataOp: Bit) : noexit ¹
Ip ? NewDataIp: Bit; (* new input *)
DelayNaive[Ip, Op](MinDel, MaxDel,NewDataIp,DataOp)(* continue*)

[DataIpneDataOp] » (* potentialoutput? *)
Op ! DataIp ª MinDel, MaxDel« ; (* outputwithin [MinDel, MaxDel] *)
DelayNaive [Ip, Op] (MinDel, MaxDel,DataIp,DataIp) (* continue*)

endproc (* DelayNaive*)

The specificationusesthe ET-LOTOS generalizedlife reducerto model inertial delay. Outputshappen
after thedelay[MinDel, MaxDel] input hasoccurred.If anotherinput comesbeforethe delayis due,i.e.
the input pulseis lessthan the delay magnitude,outputwill not occur. Note that in this specification,
the momentwhen the outputOp is producedis alsodeterminedby the environment,becausethe delay
rangeis associatedwith an observableaction. But in DILL what shouldreally be specifiedis that the
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delayis decidedby thecomponentitself. Moreover if thecomponentwith thedelayis connectedto other
componentsin a larger design,the Op port might well be hidden. This would meanthat the delaytime
is exactly MinDel insteadof beinga non-deterministicvalue,dueto theadoptionof maximalprogressfor
hiddeneventsin ET-LOTOS. MinDel is theearliestmomentthehiddenOp canoccur, thusit shouldoccur
at thatmoment.

To overcometheproblem,a revisedspecificationis givenbelow:

processDelayInertial[Ip, Op]
(MinDel, MaxDel : Time,DataIp,DataOp: Bit) : noexit ¹
Ip ? NewDataIp: Bit; (* new input *)
DelayInertial[Ip, Op] (MinDel, MaxDel,NewDataIp,DataOp)

[DataIpneDataOp] » (* potentialoutput*)
i ª MinDel, MaxDel« ; (* non-determinisiticdelaywithin [MinDel, MaxDel] *)
Op ! DataIp ª 0 « ; (* outputimmediatelyafterdelay*)
DelayInertial[Ip, Op] (MinDel, MaxDel,DataIp,DataIp)

endproc (* DelayInertial*)

Thespecificationtakesadvantageof internalevents.Theinternalevent i introducesnon-deterministic
delay, which meansthe outputport canchangeits valueat any time betweenMinDel andMaxDel. The
exactdelayvalueis determinedby thecomponentitself andis not affectedby its environment.Moreover,
evenafter theOp is hiddenin a largercircuit, delayis still non-deterministicsinceonly hiddeneventsare
urgent.

As mentionedin section6.1.1, the internal event i hasthe necessitysemantics,in other words i is
necessarilyperformedwithin the time definedby the life reducer. However this propertyis local andso
hasno effecton otherprocesses.Especiallyin a choicecontext, i hasno priority overotheractions.In the
abovecase,if thereis a Ip beforethei action,i canstill beprevented.This exactly correspondsto inertial
delay, whereshortpulsesareeliminated.

After theoccurrenceof i, Op hasto happenimmediatelyaccordingto the0 life reducer. This needsa
cooperativeenvironmentwhich is ableto participatein Opat thatmoment,otherwisethespecificationwill
deadlock.This mayindicateeitheranimproperspecificationor wrongbehaviour of thespecifiedcircuit.

6.4.3 PureDelay

Specificationof puredelay is doneby processforking. A delaycomponentcanbe regardedasan un-
boundedfirst-in-first-outbuffer with eachoutputbeingdelayedby a valuewithin [MinDel, MaxDel].

processDelayPure[Ip, Op]
(MinDel, MaxDel : Time,DataIp,DataOp: Bit) : noexit ¹
Ip ? NewDataIp: Bit; (* new input *)
([NewDataIpeqDataOp] » (* if no potentialoutput*)
DelayPure[Ip, Op] (MinDel, MaxDel,NewDataIp,DataOp)

[NewDataIpneDataOp] » (* if thereis potentialoutput*)
(
(i ª MinDel, MaxDel« ; (* delayfor [MinDel, MaxDel] *)
Op ! NewDataIp ª 0 « ; (* output*)
stop

)¼#¼�¼
(* at thesametime,processforking *)

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

)
endproc (* DelayPure*)

80



Input

Output

Op!0 Op!0 Op!1

3 time7 8 11 12 15 17 22

Op!1 region Op!0 region

Figure40: Catch-Upphenomenonwith puredelay

In theabovespecification,every outputoccursafterdelay[MinDel, MaxDel] from aninput occurring.
Beforethedelayis due,theremight benew inputsandconsequentlynew outputsproduced.Whendelay
is fixed,althoughall theseoutputsareinterleavedaccordingto thespecification,theproperorderof output
sequencescanstill bepreservedbecausethetimethateachoutputappearsis determinedby thedelaymag-
nitude.However whendelayis assumedto benon-deterministicratherthanfixed,theabovespecification
mayresultin disorderedoutputsequencessuchasOp ! 0; Op ! 0; Op ! 1; ½¾½¿½ , wherethesecondOp ! 0
overtakesOp ! 1 andcausesthe two consecutive Op ! 0 events. For conveniencethis is calledcatch-up
in thesequel.Figure40 illustratesthatcatch up occursif a later input changetakeslesstime to reachthe
outputthananearlierinputchange.In thefigurethedelayis between3 and9 timeunits.As onecansee,if
botheventsOp ! 0 andOp ! 1 happenwithin theoverlappedregion thencatchup mayarise.Supposethe
width of a input pulseis W. A necessaryconditionfor catch-upto occuris W ° MaxDel-MinDel.

In fact,catch-upmayoccasionallyemergein realhardwareif delaysvary significantly, which is often
associatedwith anunstableenvironment.Howeverasdelaysusuallyfluctuatein anarrow range,thecatch-
up condition is rarely met in practice. In DILL any delay model that is basedon pure delay (e.g. the
generaldelaycomponentto be discussedsoon)aswell asnon-deterministicdelaymay suffer from this
phenomenon.This is not a problemin the inertial delaymodelsincean input changewill prevent any
pendingoutput;it is thereforenot possibleto catchup apendingoutput.

6.4.4 General Delay

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

processDelay[Ip,Op]
(MinWidth, MinDel, MaxDel : Time,DataIp,DataOp: Bit) : noexit ¹
Ip ? NewDataIp: Bit; (* new input *)
Delay[Ip,Op](MinWidth,MinDel,MaxDel,NewDataIp,DataOp)

[(DataIpneDataOp)] » (* thereis potentialoutput*)
([MinWidth lt MinDel] » (* generaldelay*)
( ­ (MinWidth) i; (* inputholdsat leastMinWidth *)
((i ª MinDel À MinWidth, MaxDel À MinWidth « ; (* nondeterministicdelay*)

Op ! DataIp ª 0 « ; (* output*)
Stop¼#¼�¼

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

)
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)
)

[MinWidth geMinDel] » (* inertial delay*)
(i ª MinDel, MaxDel« ; (* nondeterministicdelay*)
Op ! DataIp ª 0 « ; (* output*)
DelayAux[Ip,Op] (MinWidth, MinDel, MaxDel,DataIp,DataIp)

)
)

endproc (* Delay*)

This specificationis essentiallythecombinationof thosefor inertial andpuredelays.WhenMinWidthÁ
MinDel it is identical to the inertial delayspecification.WhenMinWidth º MinDel, it is the caseof

puredelay. Thecomponentfirst waitsfor MinWidth, duringwhich input Ip hasa chanceto preventoutput,
eliminatingglitchesshorterthanMinWidth. Thenit entersthepuredelayphase,which is alsospecifiedby
processforking.

Differentcombinationsof thetimeparametersbringdifferentkindsof delaycomponents:

0 º MinWidth º MinDel ° MaxDel º Inf describesgeneraldelay.

MinWidth = 0, MinDel ° MaxDel º Inf is thecaseof puredelay. Thedifferencebetweengeneraldelay
andpuredelayis thatin thelatterMinWidth is zerosothatthecomponentdoesnot absorba narrow
pulse.

0 ° MinDel ° MaxDel º Inf, MinWidth » MinDel is thecaseof inertial delay. It appliesif thethreshold
MinWidth is greaterthanMinDel. MinWidth is oftensetto Inf for inertial delay.

MinDel = 0, MaxDel= Inf, MinWidth » 0 is equivalentto theuntimeddelaycomponentspecifiedin sec-
tion 3.2. UsuallyMinWidth is giventhevalueInf.

6.4.5 Delay Componentsfor Higher Level Specifications

In higher level specificationsof components,delaysfrom several inputs to the sameoutput may well
different.Thedelaycomponentsspecifiedaboveassumethesamerangeof delayfor all inputsto thesame
output,which turnsout to beunrealisticwhenusedwith higherlevel components.For example,consider
a D (delay)flip-flop with asynchronouspre-clear. Â Supposethedelayfrom clock (Ck) to outputs(Q and
QBar) is 20–30ns,while thedelayfrom theasynchronousclearto theoutputbeingresetcouldbeaslittle
as10–15ns.Forcinga commonrangefor themis henceunreasonable.

A delay componentfor higher level specificationsis thus required. When a changeturns up at an
input of thedelaycomponent(in this example,InQ), if thereis no indicationof thesourceof thechange
(a clock transitionor a clear),the delaycomponentwill have no ideaaboutwhich delayvalueshouldbeÃ

This is a one-bitmemoryelementthat storesdataD underthe control of a clock signalCk. Its outputsQ andQBar (negated
output)canbe resetwith a clearsignalat any time irrespective of the clock. If a clear is not beingrequested(value1), after the
positive transitionof Ck theinput datawill appearat theoutputaftersomedelay. If a clearis requested(value0), theoutputwill be
clearedasynchronouslynomatterwhatthelevel of theclock is.
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applied(20–30ns or 10–15ns). To make thingsclear, it requiresthe functionalspecificationto declare
delaymagnitudeswhenoutputsareoffered.For example,afterClear is resetto 0, theflip-flop mustoffer
InQ ! 0 ! 10 ! 15 to ensurethaton this occasionInQ shouldbedelayedfor 10 to 15 ns. If InQ is changed
becauseof a clock transition,theflip-flop mustoffer InQ ! 0 ! 20 ! 30.

As onemight expect,becausedifferentdelayvaluesareappliedto onedelaycomponent,thecatch-up
phenomenonwill arisein a puredelayspecification,evenif eachdelayvalueis fixed. Delaycomponents
for higherlevel specificationsin theDILL library arethereforebasedonly on inertial delay.

6.5 Modelling Timing Constraints

Timing constraintsin DILL areusedto checkif inputsof a componentsatisfysomeconditions.Thereare
variouscommontiming constraintsuchassetup,hold,pulsewidthandperiodetc.

Setupandhold times are always associatedwith 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 theclock Ck). Thedatasignalmustthenremainstablefor a minimal time interval if correct
operationof theflip-flop is to beguaranteed.For aflip-flop, theholdtimeis theinterval in whichinputdata
mustremainunchangedafter triggeringby theclock. Again, this minimummustberespectedfor correct
operation.A timing diagramshowing setuptime andhold time is givenin figure42.

Thesetuptime constraintis specifiedasfollows,supposingthat theactive clock transitionis positive-
going.As explainedin section6.2,anadditionalgateErr is introducedto detectviolationof theconstraint
andto simplify specificationundererroneousinputs.After input onD takesplace,it is necessaryto notice
thenext eventandthetime it appears.If within thesetuptime thereareno eventsat all, this D passesthe
check.If anegativeclock transitionshowsup,thetime is recordedsothatfurthereventscanbecheckedin
theremainderof thesetuptime. If a positive transitionof clock signalcomeswithin thecheckedtime, the
Err gatehasto beusedto show thata violation wasdetected.It is alsopossiblethatseveralDs comein a
string. In thiscase,themomentthatthelastD happensis usedasthestartpointof thesetuptime:

processSetupDel[D, Ck, Err] (SetupTime: Time) : noexit ¹
D ?NewDataIp:Bit; (* new datainput *)
AfterD [D, Ck, Err] (SetupTime,SetupTime) (* checksetuptime *)

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

endproc (* SetupDel*)

processAfterD [D, Ck, Err] (SetupTime,SetupRem: Time) : noexit ¹
­ (SetupRem)i; (* no eventsduringSetupTime*)
SetupDel[D, Ck, Err] (SetupTime) (* go to thenext round*)

Ck ? NewCk : Bit @ t; (* new clock input *)
(

[NewCk eq0] » (* negative-goingclock?*)
AfterD [D, Ck] (SetupTime,SetupTime À t) (* checkremainingsetuptime*)
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[NewCk eq1] » (* positive-goingclock *)
Err ! SetupError; (* setuptime violated*)
SetupDel[D, Ck, Err] (SetupTime) (* go to thenext round*)

)

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

endproc (* AfterD *)

Thehold time constraintis specifiedin a very similar way. Therearealsoothertiming constraintsin
theDILL library. For example,thewidth timing constraintdefinestheminimumwidth thataninput pulse
shouldhave. The period timing constraintis the minimum period for an input signal, especiallyclock
signals.Figure43 illustratesthetwo constraints.

6.6 CaseStudy: A 2-to-1Multiplexer

In this section,a small circuit (a 2-to-1 multiplexer) is specifiedand validated. The validation goal is
to examineif therearehazardsin the design,which is usuallydoneby analysingdelaysof components.
Of coursea DILL specificationcanalso be usedfor other purposessuchasdecidingclock periodsfor
synchronouscircuits, calculatingtiming performance,etc. But becauseof the limitation of tools, only
smallexamplesarestudiedsofar.

A 2-to-1multiplexer hastwo datainputsA andB, a selectioninput SandanoutputC. Thebehaviour
is suchthat if theselectioninput is 0, thedataat A will appearat C aftersomedelay. Alternatively if the
selectioninput is 1, the dataat B will appearat C. The delaysusedin the exampleare inertial, mainly
becausethey areeasyto handleandaremoregeneralthanpuredelay.

Themultiplexer is specifiedat two levels.Thehigherlevel specifiestherequiredbehaviour andtiming
performance.The lower level specifiesthe structureof the componentby connectingbasiclogic gates.
Thelower level implementsthehigherlevel. Thetimedspecificationsareanalysedthroughsimulationand
testing.

6.6.1 TE-L OL A

As standardLOTOS is untimed,therehasbeenlittle tool supportfor timed extensionsof LOTOS. The
only tool availableis TE-LOLA, which supportsTE-LOTOS (Time ExtendedLOTOS [RQ96]). Although
ET-LOTOS andTE-LOTOS adoptdifferentsemanticmodels,theequivalencebetweenthemhasbeenestab-
lished[LR95]. It is thereforepossibleto translateET-LOTOS specificationsinto TE-LOTOS ones.Because
of their similarity, thetranslationis alwayspossiblealthoughsomesubtledifferencesneedattention.For
example,i ª d « in ET-LOTOS meansi will happennon-deterministicallybetween0 andd time units,but in
TE-LOTOS it meansthat i will occurat exactly time d. Thecorrecttranslationshouldbe i ª 0..d« in TE-
LOTOS. In orderto avoid confusion,thefollowing specificationswill still useET-LOTOS syntax,although
theactualanalysiswasmadewith TE-LOTOS.

84



Thevalidationfunctionsof TE-LOLA aresimulationandtesting,which arebothexploitedin this case
study.

6.6.2 Behavioural Specificationand Validation

Behavioural specificationof the 2-to-1 multiplexer usestwo processes,onedefinesthe functionality and
theotherdefinesthedelaytypeandmagnitude.Thehigherlevel specificationof themultiplexeris specified
simply by composingthesetwo parts.Multiplexer[A, B, S, InC] (0, 0, 0, 0) is theprocessfor zerodelay
multiplexerwith every portsinitially beingat 0. DelayInertial[InC, C](10,15,0, 0) is theinstantiationof
theinertial delayspecifiedin section6.4.2,with thedelayin therange10 to 15 time units.

processMultiplexer [IA, IB, IS, OC] (dtIA, dtIB, dtIS,dtOC): noexit ¹
IA ? newdtIA : Bit [newdtIA nedtIA] ; (* IA is changed*)
Multiplexer [IA, IB, IS, OC] (newdtIA, dtIB, dtIS,dtOC)

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

IS ? newdtIS : Bit [newdtISnedtIS] ; (* IS is changed*)
Multiplexer [IA, IB, IS, OC] (dtIA, dtIB, newdtIS,dtOC)

let newdtOC: Bit = (dtIA andnot(dtIS))or (dtIB anddtIS) in
( [newdtOCnedtOC] » OC! newdtOC ª 0 « ; (* outputchangeimmediately*)

Multiplexer [IA, IB, IS, OC] (dtIA, dtIB, dtIS,newdtOC)
)

endproc (* Multiplexer*)

hide InC in (* internalgateto delay*)
Multiplexer [A, B, S, InC] (0, 0, 0, 0) (* multiplexer instance*)¼�Ä
InCÅ ¼ (* syncwith delay*)
DelayInertial[InC,C] (10,15,0, 0) ) (* delayinstance*)

Thebehavioural specificationwasvalidatedby thesimulationandtestingfunctionsof TE-LOLA. The
aim is to ensurethatthespecificationis asexpected.As is well known, bothsimulationandtestingarenot
exhaustive validation. This is especiallytrue for timedspecificationswith a densedomain: an eventcan
take placeat any time so thereis no way to give all possibleexecutionpaths.Thestrategy for validation
is to focuson representative `states',for exampleA ! 1 ª 0 « ; B ! 1 ª 0 « ; S ! 1 ª 0 « is usedto standfor the
situationswhereall inputschangesto 1. They maychangeto 1 at differenttimesin differentorders,but
it is impossibleto list all of thesituations.Therearethreeinputsheresothereare8 input `states'in total.
Simulationis doneby randomlychoosingtheseinput statesoneby oneto seeif theoutputsareright. The
recordedsimulationpathscanalsobeusedasthecriterionwhenthelower level specificationis validated.

Testingis amoreefficientandreliablemethodcomparedto simulationbecauseonetestcasecancover
many simulationpaths. In TE-LOLA testing is doneby composingtest processesin parallel with the
original specification.Eachtestprocessis a testcase.If thetestprocesscanbefollowedfor all executions
of thecomposedspecification,theresultof testingis mustpass. If thetestprocesscanbefollowedonly for
someexecutions,theresultis maypass. Otherwisethetestis consideredto berejected.

For thisexample,testingcanbeconductedin two steps.First,it shouldbemadesurethatfrom theinitial
statethereis no problemto move to any otherstates.Seven testprocessesaredefinedcorrespondingto
moving to thesevenstatesotherthantheinitial one.For instance,aftermoving to thestateA=1, B=1, S=0
the outputshouldbe C=1 after 10 or 15 time units. Second,it is necessaryto checkthat after the first
correctmovement,thespecificationcanalwayschangeto any otherstatecorrectly. 56(8 Æ 7) processesare
designedbecauseeachoneof the8 statescanmoveto theother7 states.If it is assumedthatthemultiplexer
hasiterative behaviour (this is actuallya testinghypothesis),the above 63 (7 + 56) testprocessesshould
have satisfactorycoverage. In fact, TE-LOLA supportsexecutingall testcasesfrom a batchfile, thusa
singlerun canobtainall thetestresults.

Thehigherlevel specificationis provento becorrectaccordingto simulationandtesting.
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Figure45: Hazardsandtheir LOTOS specifications

6.6.3 Structural Specificationand Validation

The structureof the 2-to-1 multiplexer is shown in figure 44.Ç The logic gatesin the diagramaretimed
gates.Eachof themconsistsof zero-delaylogic anda delaycomponent.The inset in the figure shows
the structureof the andgateG2; 0 D in thefiguremeanszerodelay. Othergateshave thesamekind of
structure.All gatesaresupposedto haveafixeddelaywhich is 5 timeunitsin this example.Thedesignof
themultiplexer is `classical'andcanbefoundin textbookslike [Kli83]. However, aswill beseenlaterthis
designcontainstiming hazards.

Hazardsareunwantedtransitionsthatappearontheoutputsof digital circuitsin responseto thechanges
on inputs.For example,supposethat theoutputshouldstaythesame(e.g.1) afteran input changesfrom
state È ² to È¡É . But what happensin an actualimplementationis that the outputchangesfrom 1 to 0 and
thenbackto 1 aftertheinput. Theconsecutiveunwantedtransitions1 to 0 and0 to 1 areregardedhazards.
Figure45 illustrateskinds of commonhazardsin circuits andtheir correspondingLOTOS specifications.
Cases(a) and(b) arecalledstatic-0andstatic-1hazardsrespectively, while (c) and(d) arecalleddynamic
hazards.

The simulationpathsand test processesfor validating the higher level specificationare re-usedto
analysethelower level design.Below is oneof thetestcaseswhichaimsto detectif thereis ahazardwhen
the circuit movesfrom state111 to 110 (A=1, B=1, S=1 to A=1, B=1, S=0). This testcaseshouldhave
beenrejectedif therewerenohazard,howevertheresultis maypassindicatingastatichazardexistsduring
this transition.

processTest111 110Hazard[A, B, S,C, OK] : noexit ¹
A ! 1 ª 0 « ; B ! 1 ª 0 « ; S ! 1 ª 0 « ; (* changeto state111*)
C ! 1 ª 10,15« (* output1 *)
S ! 0 ª 2 « ; (* changeto state110*)
( C ! 0 ª 10,15« ; C ! 1; (* hazard*)Ê

Thetypesof thegatesareomitted.Thetrianglewith acircle is aninverter, the`D' shapesareandgates,theshieldshapeis 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
011to 110 static-1 2
111to 100 static-1 2
111to 110 static-1 1

Table6: Hazardsin the2-to-1Multiplexer
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Figure46: Thehazard-freeMultiplexer

OK; stop
)

endproc (* Test111110Hazard*)

Evaluatingall testprocessesshows that6 of thempassthetest(whenthey shouldhavebeenrejected).
Table6 lists thesetransitionsandthecorrespondinghazards.Thetestresultsindicatethatwhenthedelays
of eachgatearefixed,thecircuit exhibitsstatichazards.Oneof thehazardshappenswhenthereis asingle
inputchange;theothersoccurwhenmorethanoneinputchangessimultaneously.

By analysingapassedtestsequenceit is possibleto discover thecauseof thehazard:theinputsfollow
differentlengthsof pathto reachthe output. Figure46 is a very simplesolutionto the problem(though
it may not be realistic): threeredundantdelaycomponentsareusedto guaranteethat eachinput-output
path is exactly threegatedelays. It is obvious that eachdelaycomponentshouldhave the samedelay
valueasthebasiclogic gatesusedin thedesign.In practice,they couldberepeatersor someotherdigital
componentswhich have thedesireddelayvalue. This reviseddesignis provento becorrectby thesame
testingprocedure.

Finally, it shouldbe pointedout that the original designof the multiplexer is usually usedin syn-
chronouscircuits,which meansthehazardsdiscoveredwill have no influencewhenclock cyclesareslow
enough(for example,longer than15 time units). Apparently, the designmust not be usedin building
asynchronouscircuitsdueto thesehazardsdiscovered.

6.7 RelatedWork

IndustrialHDLs (hardwaredescriptionlanguages)suchasVHDL ([IEE93]) andVerilog([IEE95]) support
simple timed specificationsof digital circuits. Among varioustiming characteristics,only fixed inertial
andpuredelaysarespecifiablein thesetwo languages.To improve timing accuracy, OVI (OpenVerilog
International)adoptedSDF (StandardDelay Format)for representationandinterpretationof timing data
at any stageof circuit design.A wide variety of timing datacanbe specifiedin greatdetail in SDF. For
example,delaysareallowedto benon-deterministicanddifferentkindsof delays,suchasportdelays,path
delaysand interconnectdelaysaremodelled. Dozensof timing checks(setuptiming, hold timing, ½¿½¾½ )
andtiming environments(pathconstraints,periodconstraints,½¿½¾½ ) arealsosupported.At thespecification
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stage,SDFfilescanbeusedassupplementsto VHDL or Verilogprogramto introducemoreprecisetiming
information.SDFwill becomea futureIEEE standard[IEE99].

Formallyspecifyingandanalysingtimedcircuitshasattractedreasonableattentiononly aftertheresur-
genceof asynchronouscircuit design.For synchronouscircuits,quantitative timing is normallyabstracted
in bothspecificationandvalidation. Although it is alsopossibleto avoid timing in delay-insensitive (DI)
or speed-independent(SI) circuits,timedasynchronouscircuitscanbesignificantlysmallerandfasterthan
thoseassumingunboundeddelays.

In [HB97], CSPwasusedto specifyasynchronouscircuits. After a CSPprogramwas transformed
into a safePeri Net, non-deterministictime delays(called interval delaysin that paper)wereannotated
on the placesof the nets. An algorithmwasthendevelopedto determinethe extremeseparationin time
betweentwo communicationactionsof theCSPprogram.Thespecificationaspectof this methodologyis
apparentlypoor;theauthors'mainattentionwasto developanefficientanalysisalgorithm.

In [MY96], timedautomata([AD94]) wereemployedto specifythebehaviour of MOS transistorsdi-
rectly, aswell thebehaviour of inputsandenvironment.A circuit is thenthecompositionof theseautomata.
TCTL (TimedCalculationTreeLogic [ACD90]) is theformalismfor specifyingproperties.Verificationis
doneby modelcheckingof theTCTL formulaagainstthetimedautomata,which is performedautomati-
cally by thetool KRONOS([DOTY96]).

[MP95] utilized the sametool to analysegatelevel asynchronouscircuits. The authorsdevelopeda
formalismcalled timedbooleanfunctionsto specifycircuits. Eachgateis specifiedby a function,anda
circuit is simply a setof all gates.Eachfunction is actually the combinationof two sub-functions:one
for the functionality of the gate,the other for the delayassociatedwith the gate. Inertial delay(termed
latency in thepaper)andpuredelay(termedidealin thepaper)aremodelled,althoughonly inertial delays
arereally usedin circuit specifications.The authorsprovedthateachcircuit modelledby timedboolean
functionscouldbetransformedinto anequivalenttimedautomaton,allowing analysisbasedonverification
toolssuchasKRONOS.

TheprocessalgebraCIRCAL hasalsobeenusedin real time systems([CKM98a, CKM98b]). Unlike
LOTOS, CIRCAL itself is not extendedfor this purpose.Instead,an action t is regardedasa global tick,
andspecificprocessesaredefinedwith respectto t to modelvariousdelays.Theapproachbecomesvery
complicatedwhenadensetimedomainis considered.Exceptfor aglobalclock,eachprocessshouldhave
its own local clock, andtherearealsolocal clocksfor every two processeswhich have interactions.All
local clockscanbe setandresetwhennecessary, which is the responsibilityof specifiers.Moreover, in
orderto keepeachlocalclockprogressingat thesamerate,thereshouldbeaprocessto controltheprogress
for every two local clocks. The advantageof the CIRCAL methodologyis that the languageitself needs
no extension,neitherdo thetoolssupportingit. Thedisadvantagesarethat theburdenof maintaintiming
mechanismsis actuallymovedto circuit specifiers.

By usingET-LOTOS, the thesiscanspecifytimedcircuitsat variouslevel of abstraction,i.e. not just
gate level or whatever. Specificationsare intuitive and concise,thanksto the timed semanticsof ET-
LOTOS. Becausespecificationsincludethemostimportanttiming characteristics,namelydelaysandtiming
constraints,variouspropertiescanbeanalysed.Themain impedimentat themomentis thatbecauseET-
LOTOS hasnot yetbecomeanISO standard,few toolssupportit. This will beovercomein thenearfuture
with theappearanceof thenew standardE-LOTOS.

6.8 Conclusion

This chapterhasusedET-LOTOS to specifytimedcircuits. Two importanttiming characteristicsin digital
circuits,namelydelaysandtiming constraints,have beenidentified. A timedcomponentis modelledasa
zerodelaypartfollowedby adelaycomponent.If necessary, timing constraintsareusedto guardtheinputs
to ensurethatinput timing conditionsarerespected.Themodelis compositional,andhastheniceproperty
that untimedcomponentsarejust specialcasesof timed ones.Variousdelaysandtiming constraintsare
provided by the DILL library. It shouldbe pointedout that whenpuredelaysareassociatedwith non-
deterministicvalues,DILL specificationwill suffer from thecatchup phenomenon,which might not bea
realisticrepresentationof realhardware.

Timed specificationcanserve asthe basisof variousanalyse.For example,it canbe usedto check
whethertiming requirementson a digital designare respected.This can be doneby using the timing
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constraintcomponents.As in themultiplexer example,it is alsovaluablein discoveringpotentialtiming
errorslikehazards.It canalsobeusedto analysethetiming propertiesof a logic designsuchasits minimal
andmaximaldelays.

To gain thesebenefitsreally needsthe help of tools. In the casestudyof the multiplexer, testcases
weregeneratedmanually, It would beideal if all testscouldbegeneratedautomatically. Testingtheoryof
ET-LOTOS hasbeenestablishedin [L 9́7]. What is missingis conformancerelationsandtestgeneration
algorithms,which requirefurthertheoreticalinvestigation.Futurework basedon this thesisis to formally
verify timedcircuits.Onepossibilityis to usedthetool KRONOS, whichchecksif thesystemdescribedby
atimedautomatonsatisfiesarequirementexpressedasaformulaof TCTL. A methodfor transformingET-
LOTOS specificationsto timed automatahasalreadybeenimplementedin [DOY95, Her97]. Verification
of a timedDILL specificationmaythusbepossible.
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7 Conclusion

This chapterconcludesthis thesis. Becausethe former chaptershave alreadycontainedindividual sum-
maries,this chapterfocuseson the main contributionsof the thesis,thenprovidessuggestionsfor future
work.

7.1 Main Contributions

Thethesisusestheformal languageLOTOS to specifyandanalysedigital circuits. It investigatesthetopic
from severaldifferentbut closelyrelatedaspects,namelyspecification,verification,testing,andtiming.

The underlyingmodelling approachof DILL was developedin [TS94], which mainly includedthe
modelsfor signals,wires, components,the connectionof components,anda specificationof basiclogic
gateswhichhasbeenpresentedagainin section3.2. All thelargercircuitsin [TS94] werebuilt from basic
logicgates.In ordertosupportthedesignprocedureusedin industry, thethesisidentifiedthatit isnecessary
for DILL to specifycircuits at differentlevelsof abstraction.Thereforenot only structuralspecifications
shouldbe supported,but alsobehavioural specifications.Many commoncomponentsweresubsequently
provided with behavioural specifications.At the sametime, the datatype BitArray was definedto aid
higherlevel behaviouralspecification.

Thebasicmodellingapproachwasthenappliedin specifyingsynchronousandasynchronouscircuits.
Sincecircuit structurecanbespecifiedroutinely, chapter3 focusedonthebehaviouralspecifications.Apart
from providing specificationsof commonbuilding blocksof bothsynchronousandasynchronouscircuits,
thischapterresultedin severalimportantobservations:1) Thesamecomponentmayhavedifferentmodels
in differentkindsof circuits.2) Thesamecomponentmayhavedifferentmodelwhendifferentverification
purposesare required. 3) When LOTOS eventsmodelssignal transitions,as in the caseof modelling
asynchronouscircuits,thebehaviour of a LOTOS specificationmaynot representits correspondingcircuit
very well sinceLOTOS doesnot differentiateinputsandoutputs.4) To overcometheproblemin 3), input
receptiveandinputquasi-receptivespecificationsshouldbeemployed.

Chapter4 providedtheapproachof verifying digital circuitsspecifiedin LOTOS. Unlikemosthardware
verificationapproachesandtools, DILL supportsthethreeconventionalformal verificationtasks,namely
requirementscapture, implementationverificationanddesignverification. Basicallyimplementationver-
ification is achieved by comparingthe relationsbetweenLTSs,and the other two taskscanbe doneby
modelcheckingtemporallogic formulae.Thechapterrevealsthat theexisting relationscharacterisingthe
relationshipsbetweentwo LTSsarenot suitablefor implementationverificationof asynchronouscircuits.
Two relationsarethereforedefinedto solve the problem. The relationsconsiderthe differencebetween
inputsandoutputsin hardware,andprovidesintuitivecriteriafor thecorrectnessof asynchronouscircuits.
A verifier VeriConfwasimplementedfor checkingtherelations.Thecasestudyin thechapterdiscovered
a bug in thedesignof a BusArbiter, abenchmarkcircuit which hasbeenverifiedby many researchers.

Chapter5 exploresa new directionof applying formal methodsin digital circuit design. Here, test
vectors(calledtestcasesin the communityof formal verification)aregeneratedautomaticallyfrom the
behavioural specificationof a circuit, thenfed into a commercialVHDL simulatorto simulatethedesign
of the circuit. The methodalleviatesthe stateexplosionproblemby avoiding generatingthe statespace
of circuit designs,which areusuallymuchlargerthantheir correspondingbehavioural specifications.The
approachis helpful in finding subtlebugswhich cannotbedetectedby formal verification,sincea simula-
tion modelof a circuit (e.g.TheVHDL descriptionof thecircuit) is usuallycloserto realhardwarethana
formal model. A testgeneratorhasbeenimplemented,which guaranteesto cover all possibletransitions
of thestategraphof thebehavioral specification.Thecasestudiedin thechapterdiscovereda bug in an-
otherbenchmarkcircuit, namelythe BlackJackDealer. This circuit is alsostudiedby other researchers
usingformal verification.But this bug,which is relatedto thewrongtiming in thedesign,might never be
discoveredby formally verifying a modelwhich doesnot containtiming information.

Chapter6 usedET-LOTOS to write circuit specificationswhichcontainquantitativetiming magnitudes.
This chapteridentifiedthe importanttiming characteristicsin digital circuits, namelytiming constraints
anddelays, thenspecifiedthemin ET-LOTOS. Themodelfor timedcomponentsandcircuitswasalsoes-
tablished.Unlikemostformalhardwarespecificationandverificationapproacheswhichignorequantitative
timing, this chapteris a new attemptto addressthe issue.Timedspecificationsof digital circuitsprovide
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thebasisfor thoroughlyanalysingcircuit behaviour which is sensitive to timing, andcanalsobeusedin
evaluatingthespeedperformanceof digital circuits.

One of the motivationsof the thesiswas to examinethe possibility of applying LOTOS outsideits
traditionalarea.Throughtheinvestigation,it wasdiscoveredthatLOTOS is suitablefor specifyingdigital
circuits,includingbothsynchronousandasynchronouscircuits. Comparedwith otherformalismsusedin
hardwarespecifications,LOTOS hasa clearadvantagein higherlevel specifications,suchasat thesystem
level or the algorithmlevel. Its statusasinternationalstandardhelpsto reducethe efforts in developing
analysistools greatly. The thesisdemonstratedthat mostgeneralLOTOS tools canbe usedin analysing
DILL specificationsdirectly. Even whensuchtools are not available, customizedtools can be quickly
developedby usingtheprogramminginterfaceprovided. Thanksto thesewell-developedtools,thethesis
wasableto spanseveraldifferentaspectsof validatingdigital circuitsin a relatively shorttime.

The thesisalso identifiessomelimitations when LOTOS is usedin the areaof digital circuits. The
overheadof thelanguagemakesit moredifficult for formal verification.Thestatespacegenerateddirectly
from a LOTOS specificationsis normallymuchlargerthantherealstatespaceof a circuit. CurrentLOTOS

tools canonly generatethe largerLTSsthenminimisethemto smallerones.However if the initial state
spacesarenotableto begeneratedin thefirst place,minimisationcannotbeapplied.Althoughthis is really
the problemof verificationtools ratherthanthat of the language,it restrictsDILL from analysinglarger
circuits. The breakthroughmight lie in usingthe syntaxbasedverificationapproach;hopefully thereare
alreadysuchtheoriesdevelopedfor LOTOS suchasin [Kir94, ST97, MT94].

Thereis alsoa gapbetweentheprocesscommunicationschemeadoptedin LOTOS andthecommuni-
cationschemebetweenrealhardwarecomponents.This happenswhenLOTOS eventsmodelsignaltran-
sitions. In LOTOS thecommunicationof processesis achievedby thesynchronisationof commonevents.
Processescanrefuseeventswhenthey arenot readyto acceptthem. But in real hardware,input signal
transitionscanneverberefusedby components.As a resultof thedifference,behaviour which happensin
realhardwaremight not berepresentedby their LOTOS model.To accuratelymodelcircuit behaviour, the
thesissuggestinput receptiveandinput quasi-receptivespecifications.It shouldbepointedout that these
specificationsareusuallymoredifficult to write, andthatinputquasi-receptivespecificationsusuallyresult
in a largerstatespacewhich makesverificationmoredifficult.

Thesecondmotivationof thethesiswasto providetheoriesandtoolsto aiddesigningcorrecthardware.
DILL advocatesthe component-basedspecificationstyle which emphasizesthe re-useof trustedcompo-
nents. It comeswith a comprehensive library which containsthe validatedspecificationsof commonly
useddigital components.Usingtheselibrary componentswill helpto reduceerrorsin specifications.DILL

supportsimplementationverification,asshown in thecasestudyof thebusarbiter, it is a complementary
approachto designverificationandshouldbe usedwhenpossibleto detectasmany bugsaspossiblein
designs.DILL alsoexploresthe new areaof combiningformal methodswith the traditionalsimulation
approach.The resultsof the explorationshow that LOTOS testingtheorycanbe successfullyemployed
in thearea.Two toolsweredevelopedalongthetheoreticalinvestigations,namelyVeriConfandTestGen,
which help to supportthecasestudiesin the thesis,andwhich aswell canbeemployedto validateother
hardwarecircuits.

7.2 Future Work

With E-LOTOS becomingthe new standardof LOTOS, new investigationshouldbe madeinto usingE-
LOTOS to specifyandanalysedigital circuits. Theinvestigationwill provide feedbackof advantagesand
limitationson thelanguage,which shouldbeof interestto thelanguagedeveloperssinceE-LOTOS is still
in thecourseof standardization.It will alsobenefitthecommunityof hardwaredesignersfor thefollowing
reasons:

Ë E-LOTOS adoptsmany featureof commonimperative languagessothatit is moreuserfriendly than
LOTOS. DILL specificationswill be easierto write if E-LOTOS is to be usedas the underlying
formalism.

Ë ThecurrentDILL approachprovideslimitedsupportfor analysingtimedspecification,dueto thelack
of propertools. After E-LOTOS becomesaninternationalstandard,moretoolswill bedevelopedto
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supportit. It is hopedthatthenew toolswill make it possibleto analysethetiming characteristicsof
practicalcircuits.

Anotherimmediateresearchdirectionis the testselectionproblem. In chapter5, a testsuiteis guar-
anteedto cover all the transitionsof the statespaceof a specification,but how muchit coversthe whole
behaviour of thespecificationis unknown. Moreover, whenthecircuitsarerelatively complex, thesizeof
thetestsuitemight bevery largeresultingin considerablesimulationrun-time.Themethodologiesof test
selectionadvocatedin [BTV91, ACV93, CG97] might help. Heuristicsrelatedto circuits shouldalsobe
explored,which is extremelyusefulfor testingimportantpartsof a circuit, or thepartsthataresubjectto
errors.
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A Glossary

ACTL: Action basedComputationalTreeLogic [DV90], a temporallogic which is similar to CTL but is
interpretedoveractions.

ADT: AbstractDataType,a languagewhich supportADT doesnot imply theparticularimplementations
of datatypes.

AsynchronousCir cuit: A circuit in which componentschangestateindependentlyat their own rates.

Behavioural Specification: A behavioural specificationlooksat a systemasa blackbox. It specifiesthe
behaviour of acircuit exhibitedon its interfaceto theenvironment.

BDD: Binary DecisionDiagram,a datastructurefor representingabooleanfunction[Bry92].

BasicLogic Gate: abasiccomponentthatevaluatesasimplelogical functionsuchasand, nand(notand),
xor (exclusiveor).

BoundedDelay: a componenthasboundeddelayif anupperandlowerboundfor thedelaymagnitudeis
known.

CCS: Calculusof CommunicatingSystems[Mil89], a processalgebrausedto specifyparallelandcon-
currentsystems.

CI RCAL : Circuit Calculus[MM92]. A processalgebraderived from CCSfor specifyingandanalysing
digital circuits.

Combinational Cir cuits: Circuitswhoseoutputsdependonly on thecurrentinputs.

CSP: CommunicatingSequentialProcesses[Hoa85], a processalgebrausedto specifyparallelandcon-
currentsystems.

CTL: ComputationalTree Logic [CES86], a branchingtime temporallogic which is interpretedover
states.

DesignVerification: Oneof thehardwareverificationtaskswhichchecksif animplementationof acircuit
designsatisfiessomeproperties.

DI Cir cuit: A delayinsensitive circuit assumesunboundeddelayson its wiresandcomponents,thusthe
correctfunctionof thecircuit is insensitive to theactualdelayson wiresandcomponents.

E-L OTOS: Enhancementsto LOTOS [ISO98].

ELLA: A hardwaredesignlanguagefrom DRA Malvern.

ET-L OTOS: EnhancedTimed-LOTOS [LL97].

Flip-Flop: Clockedone-bitmemoryelementwhoseoutputis decoupledfrom its input. New datamaybe
readinto aflip-flop while previousdatais beingoutput.A D (Delay)flip-flop hasasingledatainput
that is readon clock signals.A JK flip-flop hastwo datainputs(correspondingto 0 and1 outputs)
that are readon clock signals. OthervarietiesincludeMS (Master-Slave), RS (Reset-Set)andT
(Trigger)flip-flops.

FundamentalMode: The environmentof a circuit is saidto be in fundamentalmodeif it canprovides
inputsonly whenthecircuit is stable.

Hazard: Transientandundesiredsignaltransitionsappearedon theoutputsof digital circuitsin response
to thechangeson inputs.

HDL: A hardwaredescriptionlanguageis a languagefor rigorousdefinitionof hardwarecomponentsand
circuits. It generallyprovidessupportfor multi-level descriptionandrealisationof hardware,and
mayhavea formal basis.
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HML: Hennessy-MilnerLogic [HM80], a logic which is interpretedover actionsandis usedto express
thepropertiesof concurrentsystems.

HOL: HigherOrderLogic. A proof generatingsystemfor higherorderlogic [Gor87].

Inertial Delay: An inertial delaycomponentmayfilter out thenarrow pulsesof its input signals,conse-
quentlytheshapeof its outputwaveformmaybealtered.

Input Receptive: Thespecificationof acircuit is input receptive if every input is acceptableateverystate
of thespecification.

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

Implementation Verification: Oneof thehardwareverificationtaskswhich checksif a circuit specifica-
tion relatedto anotheronewith respectto a formal relation.

L OTOS: Languageof TemporalOrderingSpecification[ISO89], a formal languagestandardisedby ISO
in 1989.

LTS: A Labelledtransitionsystemis anautomatonconsistingof asetof states(includingtheinitial state),
a setof actionsanda setof transitions.Eachtransitionis relatedto two statesandanaction,repre-
sentingthatthesystemchangesits statefrom oneto theotheraftertheactiontakesplace.

Model Checking: Themethodof formally verifyingwhetherafinite-statemodelsatisfiessomeproperties.

Ò -Calculus: A modallogic [Lar90] which is anextensionof HML.

PureDelay: A pure delaycomponentdoesnot changethe waveform of its input signal; all the signal
transitionsaresimply delayby acertainmagnitude.

QDI: A quasi-delayinsensitivecircuit assumesunboundeddelaysonits wiresandcomponents,but delays
on forkedwiresareassumedto bethesame.

Occam: A languagebasedon CSPdevelopedin INMOS to specifyconcurrentprocesseswhich commu-
nicatevia one-waychannels.

RaceCondition: a situationwherethe relative speedsof componentsdecidesthebehaviour of a circuit.
A raceconditionis usuallyundesirableasit canleadto non-determinismof digital circuits.

RequirementsCapture: Oneof thehardwareverificationtaskswhich checksif a circuit specificationis
whatit shouldbe.

RTL: A specificationat registertransferlevel specifiesthedataflowsbetweenregistersof digital circuits.

Ruby: A relationallanguagefor describinganddesigningcircuits[JS90].

Semi-Modular: A circuit is semi-modularif for all componentsin thecircuit, their inputscannotchange
any pendingoutputs.

SequentialCir cuit: A circuit whoseoutputsdependon thestatesof componentsat a previoustime. Se-
quentialcircuitsgenerallyhave somekind of feedback,suchthatpreviousoutputsaffect futureval-
ues.

SI Cir cuit: A speedindependentcircuit assumezero delayson its wires but unboundeddelayson its
components.Thecorrectfunctionof thecircuit is independenttheactualdelaysoncomponents.

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

SynchronousCir cuits: A circuit in which componentschangestateunderthecontrolof a masterclock.
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UnboundedDelay: A componenthasunboundeddelayif theupperboundof its delaymagnitudeis un-
known, exceptthatit is positiveandfinite.

TE-L OTOS: TimeExtendedLOTOS [RQ96].

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

VHDL: VeryHigh SpeedIntegratedCircuit (VHSIC) HardwareDescriptionLanguage.An IEEEstandard
HDL [IEE93].

Verilog: A hardwaredescriptionlanguagewhich wasstandardisedby IEEE[IEE95].

B DI L L Library Components

This sectionsummarisesthecomponentsin theDILL library. Thecomponentsof synchronouscircuitsare
foundin table7, of asynchronouscircuitsin table8, andof timedcircuitsin table9.

Component Variants
Adder 2/4 inputs,behavioural/structural,half/full/parallel/ripple
And, ... 2/3/4/8inputs,0/1-active
Clock -
Comparator 1/4/8/n inputs,behavioural/structural
Counter behavioural/structural
Decoder 2/3 inputs,behavioural/structural,0/1-active outputs,BCD-Decimal/Excess-3/Gray
Demultiplexer 1/2 inputs,behavioural/structural
Divider 2/4/8inputs,behavioural/structural, +ve/-ve trigger
Encoder 4/8 inputs,behavioural/structural,0/1-active outputs
FlipFlop D/JK/MS/RS/T, behavioural/structural, +ve/-ve trigger, preset,preclear, lockout
Inverter 1/4/8inputs,0/1-active tri-stateenable
Latch D/RS,1/4/8bits,behavioural/structural,preset,preclear, clocked
Memory behavioural/structural
Multiplexer 2/4 inputs,1/8/n-bit, behavioural/structural
One,... sourceof logic 1/0,sink
Parity 8 inputs,white-box/gate-level
Register 4/8/n bits,black-box/gate-level, +ve/-ve trigger, loadenable/preclear,

bucket brigade/pass-on/shift
Repeater 1/4/8inputs,0/1-active

Table7: Thecomponentsof synchronouscircuitsin theDILL library

Component Function
And, ... basiclogic gates
C Element(Join) usedfor synchronisingsignaltransitions
Fork forking wires
Latch storagecomponents
Merge for merging signaltransitionson two inputs
RGD Arbiter request–grant–donearbiter
Selector selectingnondeterminisiticlyfrom two inputs
Sequencer sequencingtwo inputs
Wire for explicitly introducingdelay

Table8: Thecomponentsof asynchronouscircuits

LOTOS Syntax
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Thissectiongivesselectedsyntaxfor LOTOS in table10. Only theinformalexplanationsarepresented
here.Thedefinitionof LOTOS syntaxandits formal semanticscanbefoundin [ISO89].

ET-LOTOS Syntax
Thissectiongivesthesyntaxof ET-LOTOS which is relatedto its timing featrues.Thedefinitionof the

syntaxof ET-LOTOS andits formal semanticscanbefoundin [LL97].

Component Function
GeneralDelay generaldelays,canincludeinertialandpuredelays
Hold hold timing constraints
InertialDelay inertial delays
Period timing constraints,for checkingtheperiodsof signals
PureDelay puredelays
Setup setuptiming constraint
Width timing constraints,for checkingthewidthsof signals

Table9: Timedcomponentsin theDILL library

104



Notation Meaning
(* text *) acomment
stop abehaviour thatdoesnothing(no furtheraction)
exit abehaviour thatimmediatelyterminatessuccessfully
exit (results) successfulterminationwith resultvalues
gate a `port' atwhicheventoffersmaysynchronise
gate!value anoffer to synchroniseona givenvalue
gate?variable:sort anoffer to synchroniseonany valueof thegivensort,bindingtheactual

valueto thegivenvariablename
gate!... ?... [predicate] aneventoffer with apredicateonvaluessynchronised
processname[gates](parameters): noexit
:= behaviour

anamedprocessabstractionwith givengatesandvalueparameters,but
no termination(e.g.it repeatsindefinitely)

processname[gates](parameters): exit
(results):= behaviour

aprocessthatterminatessuccessfullywith thegivenresultsorts

name[gates](parameters) aninstantiationof anamedprocess
offer ; behaviour prefixesaneventoffer to somebehaviour (`followedby')
[guard] » behaviour offersbehaviour only if theguardconditionis satisfied(`if ')
behaviour1 behaviour2 offersachoicebetweentwo behaviours(`or')
behaviour1 »Ó» behaviour2 allows the secondbehaviour to occur if the first behaviour terminates

successfully(`enables')
exit (results) »¡» successfulterminationwith export of resultvalues

acceptdeclarationsin behaviour
behaviour1 » behaviour2 allows the secondbehaviour to disrupt the first behaviour unlessthis

terminatessuccessfullyfirst (`disabledby')
behaviour1 Ô�Ô behaviour2 allows two behavioursto run in parallel,but fully synchronisedontheir

events(`synchronisedwith')
behaviour1 Ô�Ô�Ô behaviour2 allows two behaviours to run in parallel,but with independentoccur-

renceof their events(`interleavedwith')
behaviour1 Ô Õ gatesÖCÔ behaviour2 allows two behaviours to run in parallel,synchronisingon all eventsat

thegivengates(`synchronisedongateswith')

Table10: SelectedLOTOS syntax
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Notation Meaning×ÙØ
Q processQ is delayedby d

exit Ú dÛ successfulterminationwithin [0, d], otherwisebehaveslike stop
exit (results)Ú d Û sameasabove but terminationwith results
gate!... ?...@ t thetime whengate!... ?... takesplaceis recordedin t
gate!... ?... Ú d Û gate!... ?... happenswithin [0, d], otherwisebehaveslike stop
gate!... ?...@t [f(t)] thetime whentheeventtakesplacesatisfiesf(t), otherwisestop
i Ú dÛ i musthappenwithin [0, d]
i @ t Ú d Û i mut happenwithin [0, d] andthetime is recordedin t

Table11: SeclectedET-LOTOS syntax
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