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1 Intr oduction

1.1 Applications of LOTOS

This paperaddressethe specificatiorandvalidationof digital logic componentaindcircuits
usingLotos (LanguageOf Tempoarl Ordering Specification[14]). LoTos hasbeenwidely and
successfullysedto specifycommunicationsystemsuchasstandard$or OSI (OpenSystems
Interconnectiol. This is hardly surprisingsinceLotos wasdevelopedfor just this purpose.
LoTtos hasalsobeenusedto specify standardsn the areaof distributed systemssuchasthe
Traderof ODP (OpenDistributedProcessing[15]) and TP (TransactionProcessing[26]).

However, LoTos might claim to be a general-purposéanguagefor applicationsthat are
sequentialbr concurrent,closely-coupledor distributed, communicationsor otherwise. The
origins of LOTos meanthatit hasso far seenlittle applicationoutsideOSI. Someforayshave
beenmadeinto relatedareassuchasmobile communication$8], spacecommunication$22],
telephory [6] andCIM (ComputerntegratedManufacturing [17]). However, completelynen
applicationareasareonly now beingsought. [10], for example,exploresthe value of LoTos
in the specificationof artificial neuralnetworks. This paperinvestigateshow LoTOS canbe
usedfor the specificatiorandanalysisof digital logic designs.Othersimilar work on hardware
descriptionin LOTOS s reportedn [7].

1.2 Digital Logic Specificationin LOTOS
Digital logic designis well-understoodmary textbooks(e.g.[16]) explain the operationof
logic gatesandhow to combinetheminto larger circuits. Digital logic designis in practice
constrainedy the availability of specifichardwarecomponentghat might be found in ary
manufactures catalogue This allows standarccomponent&ndcircuitsto be used.
Hardwaredescriptionhasbeenextensvely studied. Languagesuchas CIRCAL, ELLA,
HOL, LCF/LSM, RTL, temporallogic, VHDL andmary othershave beenusedto specifyand



analysehardware.Theliteratureon this subjectis vast;afew selectedeferencesre[3, 9, 11—
13,19, 20]. An interestingfoil to the work reportedin this paperis [24], which usesoccam
to specify and simulatelogic circuits. In commonwith all suchapproachesthe goal of the
work reportedn this paperis to allow digital logic designgo be specifiedandanalysedefore
actuallybuilding hardware.Sowhy try to tackletackledigital logic usingLotos whenthere
arealreadywell establishe@dndsuccessfuapproachesThereareseseralgoodreasons.

As a fully formal language LoTOS supportsrigorous specificationand analysisin a way
that semi-formallanguagege.g.VHDL) do not. The formal basisof LoTtos alsoallows full
verification of designs. LoTos inheritsa well-developedtheory of equivalencesandrelations
from thefield of processalgebras.Hardwaredescriptionlanguagesvith a similar origin (e.g.
CIRCAL) have a similar advantage. However, becauseof its origin in datacommunications,
Lotos alsohasa well-developedtheoryof testingandtestderivation(e.g.[2, 25]). This offers
interestingalternatvesto corventionalhardwardgestingandsimulation.

Somehardwaredescriptionanguagese.g.ARCHI, MIDL) areintendedfor specificatiorat
the micro-architecturdevel only. Others(e.g.CDL, DDL, ISPS,RTL) areusedat theregister
transferlevel only. LoTos canbe usedin a wide-spectrunmannerat a numberof levels of
abstraction. This allows a consistenformalismto be usedduring hardwaredesign,from the
high-level architecturedown to the gateor componentevel. Refinementbetweenevels can
be checkedusingstandard_otos validationandverificationapproaches.

It is valuableto investigatethe applicability of a languageoutsideits original field (com-
municationsfor LoTos). New applicationscan helpto discover the strengthsand limitations
of a language. Lotos may be able to offer new insightsand benefitscomparedto existing
approachesLoTos is supportedwith tools that allow differentanalysedrom thosepossible
with otherhardwaredescriptionrmethods.Sincethe LoTos philosophyis to write constructve
specificationgthoughthisis notenforced) simulationandrapidprototypingthroughtoolsoffer
attractve possibilitiesfor hardwarevalidation.

[23] shavshow a‘component-basedtylein LoTtos canbesuccessfullysedo specifydigital
logic designs.In particular thisapproacHhaithfully reflectstheview a hardwaredesignemwould
take,allowing a clearcorrespondencbetweenrcircuit designsandtheir LOTOS specifications.
As notedby [7], akey ingredientin the successfuliseof LoTos for hardwaredescriptionis its
supporf multi-way synchronisationExtensionso Lotoshavebeerproposedor specification
of metrictime and probability (e.g.[1, 18]). Theseextensionswould allow timing (e.g.race
conditions)andperformancéde.g.reliability) to be specifiedandanalysedormally in hardware
designusingLoTos.

1.3 Overall Approach

Designis partly decompositiona{top-dovn) and partly compositional(bottom-up). Engi-
neeringexploits this by aimingto usecommoncomponentsn differentdesigns.Components
aredesignecandmanufacturedo definedinterfacesandstandardsenablingthemto beassem-
bledwith confidencento moreelaboratestructures Anotherimportantaspecbf engineerings
thatready-madelesignsareoftenavailable. Thesecombineknown componentén known ways
to achieve predictableresults.

Componente-usehasbeenamajorthemein softwareengineeringor mary years.However,
in formal methodstherehasbeenlittle identificationof useful specificationcomponentsand
specificatiorstructuresisingthese.Thisis unfortunatesinceamajorpromiseof formalmethods



is verificationof thesystembeingspecified.Verificationis very hardfor ary but trivial systems,
soverificationof largeor complex systemss usuallyinfeasiblein practice.A component-based
styleallows componentso be verifiedindividually. Larger combinationg‘designs’)of trusted
componentganthenbe verifiedmoreeasily A component-basestyle allows the specifierto
takea higherlevel, architecturalview of the specification.This approachs elaboratedn [23],
wherea component-basestyle for specifyingdigital logic is discussed[21] givesa catalogue
of logic componentanddesignsn LoTos. Theearlierwork of [7] takesa similar approach.

The purposeof this paperis to presenthe essentialdeasof DILL (Digital Logic in LOTOS),
asacomplemento thework reportedn [21, 23]. TheDILL approachs explainedin section2,
alongwith the logic componentibrary thatis currently supported.Section3 discussesome
fundamentalssuedor useof Lotos to specifydigital logic. As sectiond4 shavs, evensimple
logic gatescanbe modelledin a numberof differentways. A larger applicationof DILL in
section5 describeshow a keyboard controller can be specified. Validation and verification
issuesareconsideredn section6.

2 The DILL Approach

This sectionexplainsthe philosophyandelementsf the DILL approach.

2.1 Philosophy

Thebasicphilosophyof DILL is thatit shouldbe easyfor the hardwareengineetto translate
a circuit schematianto a LoTos specificationandthento analyseandverify the propertiesof
this specification. Oncethe specificationis consideredo be correct,it shouldbe practicable
to realiseit usingthe choserhardwaretechnology This approachhasseveralimplicationsfor
DILL.

Thereis a needfor acomponentibrary — a collectionof LoTtos specificatiorfragmentshat
describecommonlyavailable components.To easethe designers task,the componentibrary
shouldmatchthehardwardechnologythatwill beused.For example the CMOSchipssupplied
by a particularmanufacturemight bethetarget. Thelibrary shouldcontaingenericdefinitions
of componentghat can be instantiatedin a specification. Since componentsare specified
in LoTos, the designemustbe familiar with how to combineLoTos behaiour expressions;
fortunatelythe rulesarereasonablystraightforwardanddo not requirean in-depthknowledge
of LoTtos.

It shouldbe easyto referencehe specificationof componentsn the library. This requires
documentatiorof the library, and a tool to extract the requiredspecificationfragments. The
designershouldnot needto know the internal constructionof the library. In particular if a
components built from simplerones,thentheir definitionsshouldbe includedautomatically
Thelibrary tool shouldalsoavoid multiple copiesof a componenspecificationasmightarise
if asimplercomponents usedin severallargercomponentshatareneeded.

It shouldbepossiblego describdogic designsatdifferentevelsof abstactionandtorefineone
level into a moredetaileddesign.DILL doesnot provide guidelinesfor this, sincerefinements
will be motivatedby normalhardwaredesignproceduresHowever, DILL —throughLoOTOS —
supportswide-spectrunspecificatiorat a variety of levels,andhasa well-developedtheoryof
equialencesandrelationsbetweenrspecifications.

It shouldbepossibleto analyseandverify thespecificatiorgeneratedrom adesign.Happily,



thereis a wealth of LoTtos tools to help here,so this aspectdoesnot require specific DILL
support. Existing LOTOS tools supporta variety of analyses.Simulationcanbe usedto check
behaiour of acircuit manually Unfolding behaiour to a certaindepthmight be usedto detect
deadlocks Checkingequivalencesndrelationsbetweerspecificationgouldverify correctness
of alower-level designwith respecto a high-level one. Specificationsnight be analysedor
behaioural propertiessuchassafetyor liveness.

It shouldbe possibleto realisea specificatiorgeneratedby DILL fairly directly in hardware.
Thisis straightforwardn thesensehatDILL mirrorsacorventionalhardwaredesign.However,
anexciting possibility thathasnot (yet) beenexploredwould be to designa ‘silicon compiler’
for Lotos. VariousLoTtos compilersalreadytranslatdow-level LoTtos (with annotationsjnto
a programminglanguagesuchasC or Ada. In principle, a compiler could also be designed
thatwould turn LoTos into, say a maskto be etchedonto silicon or links to be setin a PLA
(Programmabld_ogic Array).

Thekey elementsn DILL arethusthecomponentibrary andtheassociatedetrievaltool. A
theoryof refinementandgeneralLoTos tools alreadyexist. Only a silicon compilermight be
neededasaspecialdevelopment.

2.2 Library Components

A preliminary componentlibrary hasbeenproducedfor DILL. This is constructedn a
bottom-upfashion,from basicgatesto more complexc components.The internal structureof
compositecomponentss hidden,sotheir behaiour is obsenationallyequivalentto thedesired
behaiour andtheir constructionis hiddenfrom the user The componentibrary shouldbe
orientedtowardsparticularchip sets,but hasnot yet been. Insteadthe emphasishasbeenon
definingcommonlyavailablecomponentsValidationof thelibrary is discussedn section6.

The currentlibrary is summarisedn figure 1; the structureshavn is for conveniencein
presentatioronly. The namesof componentsarederivedfrom hardwaredesignpractice. The
library hassomefundamentatomponentge.g.agenericone-inputiogic gate)thatareunlikely
to be usefulto a designerandso are not shovn. Componentwith a repeatedstructurehave
beensuppliedonly for limited casege.g.atwo-inputdecoderatwo-stageshift register). There
wouldbenodifficulty in generalisinghesecomponent$or somesizen (e.g.a2"-inputdecoder
ann-stageshift register).

2.3 Accessingthe Library

Theuseof acomponenfrom theDILL library is declaredoy giving its nameandthe suffix
‘Decl. Thedocumentatiomeededo usethelibrary s little morethananelaboratiorof figure 1.
Mostcomponentfiave unparameterisedeclarationge.g.Inverter _Decl for inverters).A few
have parameterslescribingtheir function (e.g.Gate_Decl(nand,3)for three-inputhandgates).
All componentsirespecifiedasLOTOS processabstractionsthoughtherearesomesupporting
datatype definitions. An instanceof a componenis thusa LOTOS procesdnstantiation. A
completespecifications generatedavith appropriatérubric’ usingthedeclaration:

circuit(specification parameters,specificain_behaviou)

In fact, DILL is aratherthin veneeron top of LOTOS, so the specificationparameterand
behaiour aregiven directly in Lotos. Componenspecificationsare includedautomatically
by declaringthemafter the behaiour, but it is up to the designerto sayhow the components
arewired up. Thisis doneby combiningthe componentsn a LOTos behaiour expression,



| Componenflype | Name | Purpose

BasicLogic One Sourceof logic 1
Sink Sink of logic signal
Zero Sourceof logic 0

1-InputGate Delayl,Delay2 | Repeatnputafterl, 2 unit delay
Inverter Complementnput
Repeater Repeainput

2-InputGate And2 Binaryand
Nand?2 Binary nand
Nor2 Binary nor
Or2 Binary or
Xor2 Binary xor

3-InputGate Ands3, ... Ternaryand ...

4-InputGate And4,... Quaternanandg, ...

Coder Decoder2 Decode2 bits asoneof 4 outputs
Encoder2 Codeoneof 4 inputsas? bits

Plexer Demultiplexer2 | Selectoneoutputusing2-bit code
Multiplexer2 Selectoneinput using2-bit code

Adder HalfAdder Sumandcarryof 2 bits
FullAdder Sumandcarryof 2 bitsandpreviouscarry
ParallelAdder2 | Parallelsumof 2 bit pairs
RippleAdder2 | Ripple-throughsumof 2 bit pairs

Latch CDRSLatch (Re-)settabletwo-input,clockedbistable
CRSLatch (Re-)settableglockedbistable
DLatch One-inputclockedbistable
DRSLatch (Re-)settabletwo-inputbistable
RSLatch (Re-)settabldistable

Flip-Flop DFlipFlop One-inputclockedmemory
JKFlipFlop Reliable two-input,clockedmemory
MSFlipFlop Two-input,clockedmemory
TFlipFlop Divide-by-2counter

Counter Clock Sourceof clock pulses
Divider2 Divide-by-2counter
Divider4 Divide-by-4counter
Divider8 Divide-by-8counter

Ragister BucketBrigade2 Two-stagebit sequenceepeater
PassOn2 Two-stagesventsequencer
ShiftReyister2 | Two-stagebit patternshifter

Figurel. DILL Componentibrary




synchronisingonthegateshatcorrespondo connectionsinternalconnectiongsirespecifiedas
hiddengates.

A largerapplicationof DILL is givenin section5. As a simpleillustrationfor now, consider
a circuit designto carry out anandnotfunction— a binary and whereoneinputis inverted. Its
DILL declaratiommightbe:

circuit(
‘AndNot2[Ip1, Ip2, Op]’,*
hide Notlp2in And2[lp1, Notlp2,0p] |[Notlp2]| Inverter[Ip2, Notlp2]
where
And2_Decl
Inverter _Decl
)

A DILL descriptions runthrougha pre-processao extracttherequiredcomponentieclara-
tionsandproducea L otos specification.Thepre-processarequirescommasn argumentgo be
guotedwhich explainsthe syntaxabove. For theabove descriptionthe generatedpecification
would have thefollowing form; the specificationnrappingandthe componentieclarationsre
generatecutomatically Theauxiliary processekogiclandLogic2arediscussedn section4.

specificationAndNot2[lp1, Ip2, Op] : noexit
library ...

type ...
behaviour

hide Notlp2in And2[lp1, Notlp2,0p] |[Notlp2]| Inverter[Ip2, Notlp2]
where
procesd.ogic?2...
processAnd?2...
procesd.ogicl...
procesdnverter...
endsped* AndNot2*)

DILL is supportedy alibrary of macroswrittenin m4—awidely availablemacroprocessor
thatrunson Unix andothersystems.The macrosaremerelya corvenientmeansof parameter
ising andgeneratind-otos text for eachkind of logic gateor componentThelibrary contains
about70 macrosn 900lines of m4to specifythecomponentsnentionedn this paper

3 Digital Logic SpecificationStyle

Whenspecificationdiave to bewrittenin a new applicationarea,it is commonto find thata
significantamountof experimentations neededo discover the bestapproach.For specifying
digital logic, the authorsevaluatedseveral approachebeforefinding a satisfactorystyle. In
particular it turnedout that the way in which even simple gateswere modelledwas critical
to combiningtheminto larger circuits. Thisis especiallytrue of circuits with feedback(such
asflip-flops). It is easyto introduceinadwertentdeadlock if the specifiedcomponentslo not
quitefit togethemroperly eventhoughthey seemto behae correctlyin isolation. See[21] for
examplesof thekinds of problemsthatarisewith anincorrectapproach.

1Real hardwaredeadlocksf it entersa statein which subsequeninputs have no effect. Livelock occurswhen
hardwarendefinitely processemternalsignalswithout reactingto externalones.



3.1 Modelling Digital Signals

In reality, digital signalstake on a rangeof analoguevalues(e.g.from O to 5 volts) but
thresholdsare setso thatthey may be treatedaslogic 0 or 1. As a signalchangedrom one
valueto anothey it may passthroughan indeterminatestatethatis neitherlogic O nor 1. It
might thereforeseemthat tri-statelogic shouldbe used,allowing for an ‘undefined’ stateof
signals. This, however, would makespecificationgnuchmorecomple. An undefinedsignal
level shouldalwaysbe transientand thereforeshouldbe ignoredif possible. As a workable
abstractionsignalsareregardedashaving only two states.

Logic designproceed®n thebasisof binarysignals.However, asanimplementatiormatter
thereis achoiceof how logic 0 andl correspondo electricalsignals.Normally 0/1 corresponds
to low/high, called positive logic. However, negative logic may also be usedin which 0/1
correspondso high/low. Thisis animplementatiordecisionthatdependson the components
available. Eitherapproaclcanbe usedwith the samelogic design. Sincethis is essentiallyan
implementatiommatterit is ignoredin a functionalspecification put is consideredn a lower
level specification.

Thereis alsoa choiceof whethera signal(alevel) or achangen signal(anedge)shouldbe
modelledasa LoTos event. Choosingo modelsignallevelsmeanghata gatemustrepeatedly
offer its currentoutputvaluein eventssincea signallevel is continuous. LOTOS eventsare
discrete soalevel canberepresentednly asa successiownf arbitrarily closeeventsgiving the
signalvalue. Specifyingthis would confusethe behaiour with identicalrepeatedvents. It is
thereforemoresatisfactoryto modelsignalchangesasLOTOS events.

Giventhatsignalchangeshouldbe modelled thereis still achoicein LoTos. Eventscould
simply indicatea changewithout sayingwhetherthiswasfrom 0 to 1 or vice versa.This would
not be a goodreflectionof reality, wherethe direction of a changeis explicit. The overall
conclusionis that LoTtos eventsshouldindicatethe directionof a changeby giving the newly
establishedevel (e.g.g! 1 for atransitionfrom Oto 1).

Opencircuitshave to beallowedfor. For example,aninputmaybeleft floating,acomponent
input may not be used,or anunusedoutputmay not be attachedo anything. A floatinginput
corresponds$o somedefaultvalue. Signalson an unusednput aresimply absorbed.Floating
outputsproducesignals but they go nowhere;in Lotos terms,thesearehiddeninternalevents.

3.2 Modelling Logic Gates
3.2.1 ReflectingRealGates

Logic functions (logic gate$) are the basiccomponentsf digital logic. Logic functions
couldperhapsemodelledasADT (Abstiact Data Type operation®n inputvalues.However,
the time-dependenbehaiour of logic circuitsis oftenimportant,soit is betterto useLoTos
behaiour expressionsMoreimportantly aspecificatiorusingADTs wouldnotreadilysupport
‘wiring up’ acircuit. Eachlogic gateis thereforespecifiedasa LOTOS processinstantiatedvith
appropriatgparameters.

A real logic gate exhibits a propagationdelay from a changein input to the subsequent
output. This appearsaturallyin a LoTos specificatiorsinceoutputeventsfollow input events.
However, the actualtime delay betweensucheventsis not modelledin Lotos. For mary
purposesheexactdelayis unimportantsinceadesignthatassumedpecificoropagatiordelays
in eachreal gatemight be proneto raceconditions. Many logic designsare synchronougo

2Since‘'gate’ hasbotha hardwaremeaninganda Lotos meaning thetermis qualifiedwherenecessary



avoid suchproblemsandthis removesthe needto modeldelaysexplicitly. If it werenecessary
to quantifythe propagatiordelays,oneof severaltimedvariantsof Lotos suchas[1, 18] could
be used. Suchan approachmight be justified for asynchronousogic or for investigatingrace
conditions.

Real gatesare connectedby wires from outputsto inputs. The wires (should)accurately
transmitsignals butthey canintroducea propagatiordelaythatis critical in high-speedatircuits.
Thewires couldbe considerecascomponentaswell, but to do sowould makespecifications
very unwieldy. In virtually all logic designsthe wires canbe ignored,but wheretheir effect
is significantthenthey can be specifiedas delays. Ignoring the wires makesconnectionof
componentyery easyin LOTOS. eventsat connectedutputandinput gatesaresynchronised
by giving themthe samel.oTos gatename.In effect,agatenameis givento awire. Multi-way
synchronisatiorin LoTos alsoallows oneoutputto be sentto severalinputs’,

Realgateshave a fan-out(the maximumnumberof othergatesthat canbe connectedo an
output). Thisis animplementatiorrestrictionthatis bestignoredin a specification(thougha
staticanalysiscould perhapsleterminevhetherfan-outlimits have beencompliedwith). Real
gatesalsohave afan-in (the numberof inputs)thatis intrinsic andshouldbe specified.

In reallife, andin a specificationswitchingon a circuit leadsto a certainamountof settling
down. Fasterhardwaregateswill produceheiroutputsearlier andthismaydeterminghestable
state(especiallyif the circuit hasfeedback). However, the circuit shouldentera stablestate
afterashorttime. The specificatiorof sucha circuit will behae similarly, with internalevents
initially until the behaiour settlesdown. Sinceexact propagatiordelaysare not specifiedin
standard_oTos, theremay be non-determinisnin which stablestateis reached- aswith real
hardware.

Switchingoff acircuitislikely to resultin comple« behaiour assignalsandpowerdecaysuch
behaiourisunlikelyto beinteresting.Theeffectof acleanswitch-of couldbemodelledsimply
asdisruptionin Lotosterms.If atidy hardwargpower-down wererequired thecircuitry would
be specificallydesignedor it; the LoTos specificationwould thereforebe written to match.

3.2.2 Gatelnputsand Outputs

Thedecisionto modelsignalchangessLotos eventsmeanghatlogic gatesnustremember
the previous stateof inputs. This s realisticsincea hardwaregatewill bein somestate,with
currentflowing or not. Thepreviouslevelsoneachinputarethereforgparametersf theprocess
that modelsa logic gate. Default valuesmustbe suppliedwhen the processs instantiated,
correspondingo the stateof a hardwaregatewhenswitchedon. Typically, inputswill initially
actasif 0, but this maybe gate-dependentincethe defaultsmaydependon the specificgate,
they aregivenin its definitionratherthanasparametersf the procesghatis instantiated.

Thereis a little subtletyin specifyingwhen outputshouldoccur In practice,a logic gate
reactsto a changein just oneof its inputs. The specificationof a logic gateshouldtherefore
reflectthis andshouldnot, for example,requireall input eventsto occurbeforeproducingan
output. The specificatiorof a logic gatemustalsonot force the outputof a new valueafteran
input changes.In circuitsinvolving feedbacke.g.a flip-flop), requiringoutputbeforefurther
input couldleadto deadlock.In practice theremay be a shortinput pulse(say from 0 to 1 to
0) to which a gatecannotreactquickly enough. Sincereal gateshave a propagatiordelay an

30f course,no attemptshouldbe madeto synchronisewo outputs,ary morethanthe outputof two real gates
shouldbe connected.



input pulseof shortdurationmaynot produceanoutput. Allowing afurtherinput beforeoutput
is thereforebothrealisticandnecessary

An importantcorollary of modellingonly signalchangesneansthata new input to alogic
gatemaynot produceanew output,thoughinitially alogic gatemay produceoutput. Considey
for example,anandgatewith 0 andO asinitial inputs;it may at first producean outputevent
with valueO. If oneinput subsequentlhangedo 1, the outputwill remainat O andthere
will be no outputevent. A shortinput pulsemay not resultin outputasdescribedabove. All
theseconsiderationmeanthatalogic gatemustknow its previousoutputaswell asits previous
inputs.

3.2.3 ParameterisingGates

Loros offers more possibilitiesfor dealingwith inputs and outputsthanarefound in real
hardware. An obvious approachis to make eachinput and output correspondo a LOTOS
gate. This might betermed‘physicalmultiplexing’, becauseachLoTos gatecorrespondso a
physicalconnection(e.g.eventsg3! 0 andg4! 1). Lotos alsoallows whatmightbe described
as‘logical multiplexing’, in whichaLoTos gateis qualifiedby a connectiomumberparameter
in events(e.g.eventsg! 3! 0andg! 4! 1). Theadwantageof thesecondhpproachsthatalL otos
gatemaythencorrespondo anarbitrarynumberof inputsor outputs. This doesnot faithfully
reflectreallogic gateshowever, which arebuilt with a fixed numberof connections.Also it
considerablomplicateshow thewiring up of componentss specified.With onegateperinput
or output,wiring upmerelyrequiresnputsandoutputsto be synchronisedWith gatesjualified
by connectiomumbersa‘masterconfigurationprocesswould beneededo synchronisenall
eventsandallow only connectedutputsandinputsto communicate Physicalmultiplexing is
thereforepreferablen theinterestf simplicity andrealism.

Althoughgateswith ary numberof inputsaboretwo arepossiblepreferrechumberof inputs
(e.g.3,4, 8) tendto beusual;unusednputscanbewired to logic O or 1 asappropriatéo make
themineffective. LoTos couldallow alogic gateprocesave aparameterisedumberof inputs
by makinguseof logical multiplexing, but asarguedabove thisis undesirable A fixednumber
of inputsandoutputsis thereforespecified eachbeinga LoTos gate.

Hardwaregatesare designedo implementa fixed functiorf. Although eachkind of gate
couldbeseparatelgpecifiedn full, thiswouldleadto alot of duplicationsincethebehaiour of
agateis largely separatérom its actuallogic function. Lotos canbe moreflexible by allowing
genericlogic gatedefinitions,parameterisedith their function. Suchan approachappearso
breakfrom a strict representationf realgates.However, the instantiationof a processs akin
to the fabricationof a real gate. Justas fabricationfixesthe function of a real gate,so does
instantiationof a logic gateprocess.

Becausd.otosdoesnotallow operationgo begivenasparameterto processegheirnames
ratherthanthe operationghemselesaresupplied.An Apply operationis usedto calculatethe
resultof a logic functionfrom its nameandoperands For example,Apply (nor, 1, 0) yieldsO.
Thespecificatiorof ADTs for logic functionsis straightforwardandis notconsideredurtherin
this paper

4A ULA (UncommittedLogic Array), PLA (ProgrammableLogic Array) or CLA (Configuable Logic Array)
might be consideregsanexception.



4 BasicLogic Gates
This sectiondiscussefow basiclogic signalsandlogic gatesarespecified.

4.1 Logic Sourcesand Sinks

Sometimest is necessaryo specifya sourceof logic 0 or 1, sayto tie aninputto a specific
level. Thisis anullarylogic function,specifiedoy the processSoucethatoutputsits parameter
once (since the signal never changes). ProcesseZer and One provide logic 0 and 1 by
instantiatingSouce

processSourcdOp] (BOp: Bit) : noexit .=
Op! BOp; stop
endproc (* Source*)

It mayalsobenecessaryo absorbaninput signalwithoutusingit:

processSink[lp] : noexit :=
Ip? b: Bit; Sink[Ip]
endproc (* Sink*)

4.2 One-Input Gate

A one-inputgatecan play one of two differentroles: asa repeater(amplifier, delay)or as
aninverter The correspondindogic functionsare sameandnot The approachdiscussedn
section3 leadsto a surprisinglycomplex specificatiorof agenericone-inputgate:

procesd.ogicl[lp, Op] (BOp: BitOp): noexit :=
LogiclAT[lp, Op] (BOp, O of Bit)
where
procesd.ogiclA [Ip, Op] (BOp: BitOp, BIn : Bit) : noexit :=
Ip ? BInNew : Bit; LogiclA[lp, Op](BOp,BInNew)
I
( let BOutNew : Bit = Apply (BOp,BIn) in
Op! BOutNewv; LogiclB[lp, Op] (BOp,Bin, BOutNaw) )
endproc (* LogiclA*)
procesdogiclB [Ip, Op] (BOp: BitOp, BIn, BOut: Bit) : noexit :=
Ip ? BInNew : Bit; LogiclB[lp, Op] (BOp, BInNew, BOut)
I
( let BOutNew : Bit = Apply (BOp,BIn) in
Op! BOutNeav [BOutNew neBOut]; LogiclB]lp, Op] (BOp,BIn, BOutNew) )
endproc (* LogiclB*)
endproc (* Logicl¥*)
This logic gateprocesss parameterisetly a unarylogic functionandhasa defaultinputvalue
of 0. Initially it mayinput valuesandoutputtheresultinglogic value. But onceit hasoutputa
value,it mayoutputonly if the valuechangesAlthoughthis specificationis complex for good
reasonsthe specifiercantreatit asa black box and not be concernedwith its details. As a
concreteexampleof aone-inputlogic gate,aninverterhasthe specification:

procesdnverter[lp, Op]: noexit ;=
Logicl]lp, Op] (not)
endproc (* Inverter*)



4.3 Two-Input Gate
A two-input gatecanperformoneof 16 differentlogic functions. Only someof theseare
usuallygivennamessuchasand or (inclusive or), xor (exclusive or). Certainlogic functions
areconvenientto implementin hardware sonandandnor arealsocommon. Namescouldbe
givento the other binary logic functions,but would rarely be neededand would be unlikely
to correspondo real gates. A generictwo-input gateis specifiedmuch as a one-inputgate,
andis parameterisedith the nameof a binarylogic function. Becauseof its similarity to the
one-inputgate,only anoutline specificationis given:
procesd.ogic2[lpl, Ip2, Op] (BOp: BitOp) : noexit ;=
Logic2A[Ip1, Ip2, Op] (BOp, 0 of Bit, O of Bit)
where

procesd.ogic2B[Ipl, Ip2, Op] (BOp: BitOp, Binl, BIn2,BOut: Bit) : noexit := ...
endproc (* Logic2*)
For this logic gate,thereare two inputs with defaultvalue0. As a concreteexampleof a
two-inputgate,a nor gatehasthe specification:
processNor2[lpl, Ip2, Op]: noexit ;=
Logic2[lpl, Ip2, Op] (nor)
endproc (* Nor2*)

4.4 Higher-Level Components

Somelogic gatescanbebuilt in otherways. For example,a nandgatecouldbe built from an
andgatefeedinginto aninverter Thegatemightactuallybebuilt thisway, but theavailability of
nandgatesn practicemeanghatit is realisticto specifythemdirectly. However, theandnotgate
describedn section2.3is not a normalhardwarecomponentandsois specifiedcompositely
Logic gateswith morethantwo inputs(e.g.afour-inputandgate)canbe specifiedike simpler
gateshut usingn-ary Booleanoperations.Three-inputandfour-inputgateshave beenspecified
in the courseof thiswork.

More complex componentsanbe built progressiely out of basiclogic gates. [23] gives
somerepresentatie exampleswhile [21] presentsa catalogueof the componenspecifications
correspondingo figure 1. Thenext sectionshavs someof thesecomponentatworkin alarger
example.

5 Designinga Keyboard Controller
This sectionpresents largerapplicationof DILL for specifyinga keyboardcontroller

5.1 Controller Design

A computerkeyboardis usuallya matrix of switcheghatareoperatedy pressingeys. The
keyboardis associatedvith a keyboardcontrollerthat dealswith low-level hardwareaspects
andpresents simpleinterfaceto the CPU.For this example,the CPU treatsthe keyboardasa
device thatcanbe periodicallypolledto find outwhich key (if ary) is currentlypressed(in a
moresophisticatedesignthekeyboardcontrollercouldinterruptthe processoonakey press.)
A computerengineeringeferencebook might suggesthe keyboarddesignshawn in figure 2.

Thekeyboardcontrollerdoesnot includethe keyboardmatrix — a rectangulamatrix whose
intersectionsontainkeyboardswitches.For this example,a small4 < 4 keyboardis assumed
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(say a numerickeypad). In mostcaseghereare parallelconnectiondetweenthe controller
components;arryinganumberof bits. Theconnectiomamesaregivenin figure2: C—column,
Ck - clock, H — horizontal,K — key, R —row, V — vertical. The componentsn the keyboard
controllerareasfollows.

Clock producesalternate0 and 1 signalsat a rate which is unimportantin this example;in
practice,theratewould have to be muchfasterthanthe expectedrate of key pressesCounter
cyclesthrougha sequencef binaryvalues:00to 11 in this examplesincethe matrix hasfour
rows. Decoderproducesa 1 signal on the outputthatis uniquely determinedby its binary
input; a four-from-two decoderis needed. As an example, input of 10 to Decoderwould
resultin a1l signalon R2 Encoderreverseghe actionof Decoder producingthe binary code
correspondingo theinput thatis setto 1; a two-from-four encodelis neededsincethe matrix
hasfour columns. As anexample,a 1 signalon C1to Encodemwouldresultin anoutputof 01.
Memoryis afour-bit memorythatstoresthe row andcolumnnumbersof the currentlypressed
key. Valuesareperiodicallyclockedin, andmay be readout independenthby the CPU. The
sixteenkeys areidentifiedby afour-bit number two bits giving therow andtwo bits giving the
column.

5.2 DILL Representation

Thetargetchip setis likely to includecomponentgsorrespondinglirectly to Clodk, Counter
Decoderand Encoder in DILL termstheseare Clodk, Divider4, Decoder2and Encoder2
componentsThe specificatiorof Memorycanbe putto onesidefor themoment,allowing the
currentdesignto bedeclaredn DILL as:

circuit(
‘KeyCon[CO0, C1,C2,C3,K0, K1, K2, K3, RO,R1,R2,R3]’,*

5To guardagainstkeys in differentcolumnsbeing pressedsimultaneouslyor no keys being pressedat all, this
shouldbe a priority encoderhowever, thesimpleencodeiin theDILL library hasbeenusedfor this example.



hide Ck, HO, H1, VO, V1in
(
EncoderCO0, C1,C2,C3,V0, V1]
[l

(
DecoderZHO, H1,R0,R1,R2,R3]
[HO, H1]|

(
Divider4[Ck, HO, H1]
[[CK]|
Clock[CK]
)
)
)
[[Ck, HO, H1, VO, V1]|
Memory[Ck, HO, H1,VO0, V1, KO, K1, K2, K3]
where
Encoder2 Decl
Decoder2 Decl
Divider4 _Decl
Clock_Decl

)

Memoryis likely to be built from four instancef DFlipFlop (a standardone-bitmemory
element)all sharingacommonclockinput. The negatedoutputof eachflip-flop is notrequired
andcanbehidden.TheDILL declaratiorfor thewholedesigncanthereforebe completedwith
thefollowing specificatiorof Memory

hide NotKO, NotK1, NotK2, NotK3 in

DFlipFlop[HO, Ck, KO, NotKO0] |[CK]| DFlipFlop[H1, Ck, K1, NotK1]
[[CK]|

DFlipFlop[VO, Ck, K2, NotK2] |[CK]| DFlipFlop [V1, Ck, K3, NotK3]

The specificationfor the keyboardcontrolleris generatedy runningthe DILL description
throughthe pre-processorThe resultingLoTos text is about290lines (including blanklines)
andis not given herefor spacereasons.ldeally, the designerwill not needto evenreadthe
specificationandshouldbeableto simulateor analysat directly. However, asthenext section
showvstherearepracticaldifficultiesin handlingeven examplesof this size.

6 Validation and Verification

The specificationof every DILL library componentasbeencheckedn considerableletalil
by simulationwith the SMILEtool [5]. Thisrequiredeachcomponento be synchronisedvith
atestharnesgo driveit. Althoughthe specificationsisefull LoTos, the eventsareof rathera
simpleform: agatewith paramete® or 1. It mightthereforehave beenpossibleto determinghe
canonicatesterautomaticallyusingresultsfrom Lotos testingtheory[25]. Validationconsists
of steppingthe specificationof the componentindtestharnesshroughevery significantpath.
For largercomponentsthisis a manageabléut tediousoperation.



The Lotos simulatorsavailable to the authors(SMILE and hippo) causeddifficulties with
internalevents,especiallywhensimulatinglarger specifications For example,a JK flip-flop at
switch-onpresentsl2 internaleventsthat shouldbe allowed to occurbeforethe first external
input event. This is a reflectionof what actually happenswith the hardware but it placesa
heary overheadon the simulation. Theinternaleventsrepresenspontaneousstablishmenof
internalsignallevels. Componentsvith feedback(suchasflip-flops) ‘race’ to establishone of
the possiblestablestates.Otherflurries of internaleventsoccurafteraninputsignal.

Whenthewhole specificationof the keyboardcontrollerin section5 is simulated theinitial
eventmenupresents1 eventsof which 69 areinternal! The internaleventsmustbe allowed
to happenfirst sothat the circuit cansettledown. After initial settlingdown, the obserable
eventsthatarepossibleare: strobinga keyboardmatrix row; readingout asignalonakeyboard
matrix column;andreadingthe currentstateof the key memory After eachobsenrableevent,
there may be further internal eventsas new signal levels are communicatedand new stable
statesare reachedvia transientunstableones. The numberof internal eventsafter the initial
settlingis muchless,but it still placesa burdenon the userof the simulator It requiresnearly
100 simulatorevent selectionsto go throughthe following behaiour: initial settling of the
keyboardcontroller; strobingthe keyboardmatrix once; registeringthe key pressedyeading
out the numberof the currentkey; and advancingthe clock, readyfor the next strobe. Each
subsequentlocktick needsoughly 10 simulatoreventselections.

What is clearly requiredis a meansto control the simulatoras far as internal eventsare
occurred.Mostinternaleventsareuninterestingandshouldbeallowedto happenn ary order
until only obsenableeventshave to be selectedor simulation. In fact, only oneinternalevent
in the keyboardcontrollerspecifications of ary interestfor simulationpurposestheinternal
clock tick. In reallife —andin anideal simulation— the otherinternaleventswill occurin
a spontaneouandirrelevant fashionafter eachobsenrable event. Anotherproblemwith the
simulatorsis thatinternaleventsin replicatedcomponentsre presentedvith the samename
in the eventmenu,makingpreciseselectiondifficult. Simulatorlimitationsarea difficulty for
the DILL approachthoughthetoolsratherthanDILL areatfault. Simulatordevelopershave
alreadyrecognisedhe problemof eventcontrol. For example,a future versionof SMILE [4]
will incorporateaTool ControlLanguageamongotherthingsthiswill allow automaticselection
of internaleventsuntil a new stablestateis reached.

The ultimate objectie of this work is to have a fully verified library of componentghat
can be usedin the designof arbitrarily complex logic systems. Verification of components
by exhaustve testingis possiblein principle, thoughit is very time-consumingvith comple
circuits. Otherapproachesuchas model-checkingnay be attractve alternatves. As larger
circuits are consideredjt becomedarderto seewhentwo designsare equialent; the same
behaiour may be obtainedfrom two designsthat at first sight are ratherdifferent. This is
an obviousrole for equivalencesn LoTos, particularly obsenational congruenceandtesting
congruenceAlthoughtoolsthatcheckLotosequialencegenerallywork only onbasicLoTos,
thesimpleeventstructureoffershopeof eitherenhancinghetoolsor translatinghefull Lotos
specificationsnto basicLoToS.

Hardwareengineersftenusetechniquedor minimisationof logic designsn orderto reduce
the numberof componentsieeded. Equivalencecheckingwould be usefulto verify thatthe
simplifieddesignconformsto the original design.Certainkindsof simplificationin LoTtos (e.g.
parameterisedxpansion)might berelevantto carryingout minimisationdirectly.



7 Conclusions

A style for specifyingdigital logic in Lotos hasbeenintroducedand justified. This has
beenusedto specifya variety of logic gatesandlarger components.A particularly pleasing
outcomeis that componentscan be specifiedand analysedin isolation, and can be easily
built into larger combinations.However, sucha component-basestyle depend<critically on
specifyingcomponentshatfit togethermproperly The weakestspecbf thework at presents
thedifficulty of checkingcomponentdy simulation,thoughplannedsimulatorimprovements
will helpgreatly

Futurework requiredon digital logic specificationin LoTos includesinvestigationof test
derivation, equivalencechecking,model checking,and LoTos timing and probability exten-
sionsfor analysisof performancassues.DILL currentlylacksa facility to declarearraysof
componentsthoughthis would not be difficult to achieve.

If LoToswereto becomeaseriouscompetitorto establishedhardwaredescriptionanguages,
much morework would be necessary A wider rangeof casestudiesincluding ratherlarger
exampleswould be needed. A more comprehensk library would be essential. Efficient
simulationandtheorem-preing capabilitiesvould have to bedeveloped.Nonethelesst is felt
thatthe presentevel of thiswork shavs promisein thefield of hardwaredescription.
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