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Abstract

Digital hardware is treatedas a collection of interactingparallel components. This
permitsthe useof a standardformal techniquefor specificationand analysisof circuit
designs. The ANISEED method(Analysisin SDL EnhancingElectronicDesign)is pre-
sentedor specifyingandanalysingtiming characteristicef hardwaredesignsusingSDL
(SpecificatiorandDescriptionLanguage) A signalcarriesa binaryvalueandanoptional
time-stamp.Componentsndcircuit designsareinstancef block typesin library pack-
ages. The library containsspecificationsof typical componentsn single/multi-bitand
untimed/timedforms. Timing may be specifiedat an abstract,behaioural or structural
level. Timing propertiesareinvestigatedisingan SDL simulatoror validator Consisteng
of temporalandfunctionalaspectsnay be assessetletweendesignsat differentlevels of
detail. Timing characteristic®f a designmay alsobe inferredfrom validatortraces. A
variety of exampless used rangingfrom a simplegatespecificatiorto realisticexamples
drawn from a standarchardwareverificationbenchmark.

Keywords: ConcurrentSystem,Hardware Description,SDL (Specificationand De-
scriptionLanguage)Timing Specification

1 Intr oduction

1.1 Background

Digital hardwarecanbeviewedasaconcurrensystenwhosecomponentsperaten parallelbut
synchronisedia exchangeof electricalsignals.Although SDL (SpecificatiorandDescription
Languagd15]) wasdevelopedfor specifyingcommunicationsystemsit is ageneral-purpose
languageof wide applicability. It is the contentionof this paperthat SDL is appropriate
andusefulfor specifyingandanalysingdigital hardware ascollectionsof interactingparallel
components.The approachparticularlyfocuseson timing aspectswhich are often tricky in
hardwaredesign.

HDLs (HardwareDescriptionLanguagesyvereinitially developedonly asdescriptvetools,
but they weresoonassociatedavith formal methods.Much of theliteratureon formal methods
for hardware designappearsn the proceedingof CHDL (ComputerHardware Description
Languagesndtheir Applications,e.g.[8]).

SDLisof interesto hardwarespecifierdecausé offersrigorousspecificationgoodsystem
structuringfeatures high-level communicationandthe possibility of hardware-softvare co-
design. In theserespectst complementsndustrial hardware descriptionlanguagesuchas



VHDL (VHSIC (Very High SpeedintegratedCircuit) Hardware DescriptionLanguagg13])
andVERILOG [14].

Most usesof SDL for hardware descriptionhave aimedat synthesisusing standarden-
gineeringtools. As reportedin [2, 7, 9, 19, 20, 21], SDL hardware descriptionsare often
translatednto VHDL. Thisallows SDL to beusedfor high-level hardwaredescriptioncoupled
with commontoolsfor hardwaresynthesisandfurtheranalysis.Hardware-softvare co-design
using SDL hasalsobeeninvestigated10, 17, 18]. Hardwareelementsare usuallygenerated
via VHDL, while softwareelementsaregeneratedia C or similar. SDL toolsetsthatsupport
co-desigrncludeCOSMOS[6] andODE [11].

1.2 Goals

The authorsare engagedin the project ANISEED (Analysis In SDL EnhancingElectronic
Design[1, 5]). Its goalsarecomplementaryo thoseof otherswho have usedSDL for hardware
description. Specifically translationto VHDL and/orC is assumedo be dealtwith by other
tools. Instead the authorshave concentratedn timing aspectof hardware specificationand
analysis.Thegoalis to allow timing constrainton circuitsandcomponentso be specifiedand
analysedat variouslevels: abstract (overall sequencingonstraints) pehavioual (black-box
viewpoint), andstructural (internaldesign).As well asbeingthe projectname , ANISEED also
refersto the hardwaredescriptionmethodandthe special-purpos#ols.

Hardwareengineerindendsto focusondesign.As aresultit dealswith relatively low-level
issues.This alsomeanghatspecificatioranddesignareratherclose.In softwae engineering,
a muchsharperseparations madebetweenrequirementsspecificatioranddesign. ANISEED
bringsthisperspectieto hardwareengineeringdpy usingSDL in theearlystage®f requirements
definition and specification. The aim of ANISEED is thereforeto modela systembeforeit is
realisedasevenahardwareprototype.Thishigherlevel, software-inspiredpproactallowsthe
feasibility andcharacteristicef a circuit to be evaluatedat anearly stage.

Section2 describeghe overall approacho specifying/analysingircuits andtheir timing
characteristicaising SDL. The use of validation and verification for SDL is discussedn
section3 Section4 explainshow SDL canbe usedto specify abstracttiming constraintsof
variousstandardorms. The paperthenpresentsa gradedseriesof examplesto illustratethe
approach.Of necessityasthe level of compleity in the examplesrises,the amountof detail
thatcanbe givenin the paperfalls. More informationis availablein a separateeport[1]. As
asmallbut instructive example,section2.4 shavs how functionalityandtiming of anandgate
canbespecified. A morecomplec componenappearsn sections, whichdescribesD (Delay)
flip-flop. Section6 shovsasimplecircuit, theSinglePulserdravn from acataloguef standard
hardwareverificationbenchmark$23]. Section7 shovsamuchmorecomple circuit, theBus
Arbiter thatis anotherstandarchardwareverificationbenchmark.

2 Approach

Thebehaiour of hardwarecomponentganbe modellednaturallyusingSDL processessince
theserunin parallelandcommunicatevia signals.Thecommunicatiormodelof SDL requires
processedo receve inputs from a queueand is thus asynchronousunlike real hardware.
It is still, however, possibleto use SDL for both synchronouqclocked) and asynchronous



(unclocled)logic. SDL is appropriateor specifyinghardwaretiming sinceit supportanetric
time. Thisisnotnecessarilyealtimesincethepassageftimeisunderthecontrolof ascheduler
For timing analysis,ANISEED can usea standardSDL simulatoror validator However, the
authorshave alsoimplementeda discreteevent simulationby automaticallymodifying the
schedulingstratgy of a standardSDL simulator This givesmore flexibility in the way that
timing analysiss performed.

2.1 Signal Specification

A hardwaresignalis modelledasan SDL signalwith time-stampoptional)andvalueparame-
ters:

Time-stampoptionallyrecordshetime atwhich asignalis consideredo have beengenerated.
This is necessaryartly becausean output signal may not be consumedmmediately;
it still, however, carriesthe time of its generation. If SDL timers causeoutput only
whenrequiredby the timing parametersa standardsimulatorcanbe used.However, as
discussedn section3.2 a time-stamps usefulwhena signalis generatedn advanceof
its propertime.

Value is mandatoryand may simply be a bit. However, in generalit may be multi-bit (i.e.
a list of bits). This is appropriateat a high level of specificatiorwherea bus or group
of wiresis to be specifiedasa whole. For example,a 32-bit registeris corventionally
regardedas having a 32-bit inputs and outputsratherthan 32 individual wires. In a
very abstractspecificationit might even be desirableto carry arbitrary valuessuchas
datastructures. ANISEED supportsuni-bit and multi-bit signals,suchthat a multi-bit
higherlevel specificatiormayberelatedto a uni-bit lower-level specification. Although
binary signalshave the valueof O or 1, a bit variableis alsopermittedto have the value
X (meaningunknawn). This is necessaryhendefiningtheinitial stateof a circuit on
startup.Thebit operatordave to dealwith X values(e.g.1 or Xis 1, 1 andXis X).

ANISEEDallowsuni-bit/multi-bitanduntimed/timedspecificationsLibrary componentare
availablein all four bit/time combinationswith variantsbeingautomaticallygenerated.The
specifiercanthuschoosdow-level (uni-bit) or high-level (multi-bit) modeldor interconnection,
andcanchooseto omit or includetiming characteristicsUntimedspecificationsaresimply a
specialcaseof timedones:only therelative orderingof eventsis specified soatime-stamps
omittedfrom signals. It is usefulto write an untimedspecificatiorfirst in orderto checkthe
functionalcorrectnessf adesign.Timing constraint€anthenbeaddedby achangeof library
componennhames)allowing timing issuessuchasraceconditionsandhazardgo be studied.

2.2 ComponentSpecification

The electronicsdesignercan choosefrom a wide rangeof componentsn variousfamilies.
Theserangefrom simple elementssuchaslogic gates(and, or, etc.), throughintermediate
componentsik e multiplexersandflip-flops, to comple« componentsik e registersandparallel
adders.ANISEED is thereforesupporteday a library of commoncomponentsandcircuits (i.e.
designsconsistingof a numberof components.)Thesearestoredin SDL packagesforming a



modularandeasilyextendedibrary. Someof the packageslependon others(for example,all
packagesisebits).

A typeof components modelledasablocktypein SDL. A blocktypeis a (parameterised)
blockdefinitionthatcanbestaticallyinstantiatedo yield aparticularblock; anexampleappears
in section2.4. The motivationfor choosingblock typesratherthan processypesis mainly
thattheinternalconstructiorof acomponenshouldbeinvisible. Thespecifiershouldnotneed
to know if the componentontainsone processor mary interconnecteghrocesses.This also
meansthat circuit designsaswell asblack-boxcomponentsanbe storedin the library. A
further considerations thatlibrary block typesareinstantiatedstatically bettermatchingthe
notionof usingaspecificcomponentA blocktypeis parameterisely its signalnamesandits
gated(in the SDL sense).Timedcomponentgarealsoparameterisetly characteristicsuchas
their propagatiordelayor setuptime.

Some‘components’in the ANISEED library may not quite correspondo real hardware
elementsFor example,asourceof logic 0 or 1 is apseudo-component thelibrary; in practice
it would beaconnectiorto thecircuit groundor supplylevel. For high-level timing constraints,
pseudo-componengseavailableto definevariousinterrelationshipgmongsignals.Theseare
usedonly in theinitial stagef design,andarelaterreplacedy specificcomponents.

Componentareinterconnectedby no-delaychannelsLik e realwirestheseareconsidered
to cornvey signalsinstantaneouslylf it is necessaryo modelthe propagatiordelayof a wire,
asin high-speedatircuits,adelaycomponentanbeused.A limitation of SDL is thatanoutput
cannotbe broadcasto arbitrary processes.To solve this problem, ANISEED usesjunction
‘componentsthat modelwherewires connect. Although theseappeaiin a circuit diagramas
smallblobs,the specifiermustinstantiatea junctionblock typeto link thecomponents.

Wheremulti-bit componentareinterconnecteavith uni-bit component$e.g.a4-bit adder
feedinginto four inverters) a split ‘component’is usedto separateéhebits. Correspondinglya
meige ‘component’is usedto combineuni-bit signalsinto a multi-bit signal.

2.3 ANISEED Library

It would have beenpossibleto specifyall the library componentsndividually. However this
would have beenvery tedious. For example, a two-input nand gate has largely the same
specificationasonewith three,four or eightinputs. The gatesfor and, or, nor (not-or), xor
(exclusive-or)andxnor (exclusive-not-or)differ from nandonly in their logic function. Since
eachkind of logic gatehasuni-bit/multi-bit anduntimed/timedversionsa total of 4x6x2x2
(inputx<functionxbitxtiming) or 96 variantswould have to be specifiedexplicitly.
Asamorepragmaticsolution,all variantsaregeneratedutomaticallyfrom anSDL template
thatis parameterisetly the logic function, the numberof inputs,whethertimed andwhether
multi-bit. Thetemplatdas anoutlinePR(SDL PhrasaRepresentatiorgpecificatiorthatis pre-
processedo yield the requiredvariants. Although the macrofacility of SDL wasinvestigated
for this, it is not sufiiciently flexible. Insteadthe m4 macroprocessof22] is used. The m4
library modulesare automaticallypre-processetb generatethe PR library packages. The
approacltusingtemplateanakesthe m4library muchsmaller(10%—15%in sizecomparedo
thegeneratedPR). The approachmakesthe library moremaintainablesincea singletemplate
needsto be changedf the model of a components changed. This is alsoimportantsince
differentmodelsmay be usedfor differentpurposeqe.g.validationasopposedo synthesis,
asynchronoussopposedo synchronouslesign). A simple changeof macroparametecan
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Package| Components

arith arithmeticunitssuchasadders
bitl uni-bit valuesandoperators
bitm multi-bit valuesandoperators

coder | decodergbinaryinputto outputs).encoderginputsto binaryoutput)
flipflop | flip-flops (simplememoryelements)

gate logic gatesjogic sinks,logic sources

junction | connection®f wires

latch latcheg(simplestorageslementghatdo not decoupleoutputfrom input)

meige | multiple uni-bit inputsto singlemulti-bit output

mux demultiplexers(oneinput, mary outputs) multiplexers(mary inputs,oneoutput)
seq abstracsequencingonstraints

split singlemulti-bit input to multiple uni-bit outputs

tristate | tri-statedevices(outputdisconnectesvhendisabledg.g.for connectiorto abus)

Figurel: ANISEED Library Packages

selectanappropriatenodelandalsotiming characteristicgor a particularfamily of logic gates.

The current ANISEED library is summarisedn figure 1. It containsover 400 standard
componentsuchasmight befoundin atypical logic family. The averagesizeof eachlibrary
componenspecificationis about80 SDL PR lines, varying from 9 to 300lines. The library
componenthave all beenverified, with an averageof about300 statesper component. A
numberof otherlibrary packagesrecurrentlyunderdevelopment.

Explanatorycommentsare automaticallygeneratedrom the m4 templatesvhenSDL PR
is produced.Thelibrary packagesrethusquite human-readableSinceGR (SDL Graphical
Representation$ oftenpreferredby SDL specifiersthelibrary templatesanalsoautomatically
generatecommentdn the style of CIF (CommoninterchangegFormat[16]). This allows an
SDL tool to produceanacceptablgraphicakepresentationf thelibrary PRcomponents(The
default graphicalrepresentatioproducedoy SDL toolswhencorverting PRis oftennot very
readablesincegraphicallayoutis atricky task.) Most specificationsn this paperaregivenas
PR.Thisis partlybecausé¢helibrary is textualanyway, andpartly becausé is morecorvenient
to presenthe specificationsvith comments.

2.4 A Simple Component: A Nand Gate

As a trivial exampleto illustrate the modelling approach a two-input timed nand (not-and)
gate hasinput signalsSlp1/SlpOand output signal SOp Thesecarry time and bit values.
Hardware componentgypically have differentoutputdelaysTDell and TDelO for outputting
alora0. Timing parameterslependon the family of hardware beingmodelled,e.g.Cm0Os
(Complementaryvletal Oxide Semiconductorpr ECL (Emitte-CoupledLogic). Accordingto
the specifiers choice,a particularsetof delayvaluesis imported. Hypotheticalvaluesmight
be:

synonymCwmosDell = 5; [* 1 outputdelay*/
synonymCwmosDel0 = 4; [* 0 outputdelay*/



The ANISEED library specificatiorof the nandgateis givenbelow. Delayandsignalnames
aregivenascontet parametersSignallists for gatesandsignalroutesareimplicit. Thenand
gateacceptsnputsat ary time andstoresthem. OperatorApplylcalculateghe outputfrom a
namedogical operationandits parameters(The ‘1’ suffix indicatesthatit actson singlebits;
therearealsomulti-bit ‘M’ operators.)OperatoNevOutldecidesf the outputmustchange
asa resultof new input. (If the inputschangefrom 0,0to 0,1 a nandgatedoesnot needto
outputsincethepreviousvalueof 1 is still valid.) A timeris usedto delaytheoutputaccording
to its value. Any furtherinputin the meantimecauseshe outputcalculationto startagain. In
hardwaredescriptiorterminologythisis calledpuredelay: whenaninputdictatesa new output
value,thiswill appearafterthedelay ANISEED alsoallows specificatiorof inertial delay: the
componentloesnot respondo input changeghataretoo short(i.e. brief pulses).

The main complicationis what happensvhenthe nand gatefirst powersup. With real
hardware, power-up resultsin an arbitrary outputuntil this canbe properly determinedrom
theinputs. If the nandhasreceved no input or just oneinput thenits outputmay be random.
For exampleif a nand gatehasreceveda 1 on just oneinput, the stateof its outputis not
yet determined. OperatorAnyOutldecideswhetherary outputis permitted,i.e. whethera
1 or 0 shouldbe chosemon-deterministically The reasonfor outputtingsomethingn these
circumstancearisesvhenacomponenis usedn sequentialogic. Suchdesignave feedback
sothatoutputsfeedinto earlierinputs. If a componendid not outputuntil all its inputshad
beenreceved,therewould be deadlock.

block type Nand2T< [* timed 2-inputnand*/

synonymTDell, TDelO Duration; [* context parametersor timing ... */
signal SIp1(Time, Bit1), SIp0(Time, Bitl), SOp(Time, Bitl);> /* andsignals*/

gatelplin; gatelp0Oin; gate Opout;

procesdNand2T(1, 1);
signalsetSIp1,Slp0;
dcl Blp1, Blp0, BOp, BNextOp Bitl := X;
dcl Tlp, Top Time;
dcl TDel Duration;
timer T;
start;
nextstateReady;
state Ready;
input SIp1(Tlp, Blpl), SIp0(Tlp, BIp0);
nextstate—;
provided NewOut1 (NandB,Blp1, BIp0, BOp);
task BNextOp := Applyl (NandB,Blp1, Blp0);
decisionBNextOp;
(1): task TDel := TDel1;
(0): task TDel := TDelO;
enddecision
task TOp:=Tlp + TDel;
set(now + TDel, T); nextstateWaiting;
provided AnyOutl(NandB,Blp1, Blp0, BOp);
decisionany;
(): taskBOp:=1,;
(): task BOp:=0;
enddecision
output SOp(0, BOp); nextstate—;
state Waiting;

[* input/outputgates*/

[* oneprocessnstance/

/* inputsignals*/

/* input/outputvaluesstartunknawvn */
[* lastinput/nect outputtime */
I* requireddelay*/

[* delaytimer*/

[* componenpower-up*/

/* now readyfor input*/

[* readyfor input*/

[* geteitherinput*/

/* readyfor moreinput*/

[* outputto change?/

[* setnext output*/

[* decidedelay*/

/* 1 outputdelay*/

/* 0 outputdelay*/

/* delaynow set*/

[* setoutputtime */

/* wait for delay*/

/* any outputOK? */

/* random1 or 0 */

/* choosel */

/* choosed */

/* randomoutputnow set*/

[* outputattime O, readyfor moreinput */
/* wait for delay*/



input SIp1(Tlp, Blpl), SIp0(Tlp, Blp0); /* getanew input*/

reset(T); nextstateReady; [* canceldelay readyfor moreinput*/

input T; [* delayexpired*/

task BOp := BNextOp; output SOp(TOp, BOp); [* outputresultat requiredtime */

nextstateReady; /* readyfor moreinput*/
endprocessNand2T,
endblocktype Nand2T,

2.5 OvercomingTool Restrictions

Theauthorauseversion3.5of the TAU/SDT toolset[24]. Thishassomerestrictionghataffect
its suitability for ANISEED. The axiomsof datatypes(the bit typesin the ANISEED library)
areignoredby the SDT simulatorandvalidator Thisis understandablsinceit is difficult to
compileaxiomsinto efficient code. Instead,SDT allows datatype operatordo be definedas
procedure-like SDL operatorsor directly in C. UnfortunatelySDT doesnot permitthe former
to be usedin continuoussignals(which ANISEED requires). The m4 library modulesfor bits
thereforegeneratéwo PR variants:onehasaxioms,andthe otherhasC codefor operators.

A moresevereproblemis thatcommercialSDL tools(SDT, ObjectGeodegio not currently
supportcontext parametersgully. Theseare essentiafor block typessincethe actualtiming
parameterandsignalnamesarenotknown until ablocktypeis instantiatedn aparticularcon-
text. ANISEED allows useof SDL context parameterasnormal. To overcometool limitations,
ANISEED automaticallyinstantiatesypesin the PRgeneratedrom a graphicaldescription.For
example,aninstanceof thetimednandgatediscussedn section2.4:

block SomeNand Nand2T<CwmosDell, CmosDel0, Ip1, Ip0, Op=>;
is translatednto a block definitionwith context parametersubstituted:

block SomeNand;
procesNand2T(1,1);
... input Ip1 (Tlp, Blpl), Ip0 (TIp, BIpO) ...
... task TDel := CmosDell ... task TDel := CmosDelO0 ...
... output Op(TOp,BOp) ...
endprocessSomeNand;
endblock SomeNand;

3 Validation and Verification

3.1 Checking SDL

SDL tendsto beusedin pragmaticways,so validationis usuallythe methodof choice. What
would normally be termedverification(proof, model-checking)s comparatrely rarefor SDL
[3,12].

The SDL community usesthe term validationto meanautomatedcheckingof an SDL
specification.Validationis usedto checkfor undesirableonditionssuchasunreachablstates,
unspecifiedeceptionsgeadlockandprocessnputqueuegrowving withoutbound (asympom
of livelock). A specificatiormay be validatedin isolation;sucha checkis usefulbut doesnot
confirmfunctionalcorrectnessAlternatively a specificatiormay be validatedagainsanMSC
(MessageSequenceéChart[4]). The MSC may be written by the specifier in which casethe

7



validationamountsto testing. The MSC may alsobe derived from an earliervalidationrun.
Thiscanbeusedfor regressiortesting,i.e.to checkwhetherarevisedspecificatiorrespectshe
samebehaiour aspreviously. More usefully the MSC may be derved automaticallyfrom a
higherlevel specification.The MSC thencontainsall the behaiour found at the higherlevel,
andcanthusbe usedto confirm that a lower-level specificationis a correctrefinement. The
confidencdevelin thiskind of validationdependenthecompletenessf thehigherleve| MSC.

A typical SDL validatorlike SDT offers a numberof validationstrategjies. In the caseof
exhaustvevalidation all statesandpathsof thespecificatiorarefollowed. Successfwalidation
of this kind leadsto a completeMSC that canbe usedto verify correctnes®f a refinement.
The SDT validatorcancarry out exhaustve analysisof atypical library componentn abouta
minute,requiringsomehundred®f states.For full circuitdesignsexhaustveanalysidbecomes
computationallyinfeasible.

Instead the SDT random-valk validationis employedfor realisticcircuits. This proceeds
multiple timesfrom agivenstartingpointto agivendepth,makingrandomchoicesvherethere
Is a branchin the statespace. Although this doesnot guaranteecompleteexplorationof the
statespaceijt is very effective. By runningthe validatorsereraltimes,hundredf thousands
of statescanbe checledin a matterof minutes. The validatorhassettings(notablythe search
depth)thatcanbeadjustedo achieze 100%symbolcoverageafteranumberor runs. Thisgives
confidencen thevalidationeventhoughrandom-valk validationis nottechnicallyexhaustve.

3.2 Checking Timing Characteristics

MostSDL validationis orientedowardscheckingunctionalcorrectnessHowever, SDL allows
timing aspectso bespecifiedandthusvalidated.In ANISEED, interactve simulationcanbeused
to checktiming behaiour accordingo thetesters expectations Simulationis time-consuming
sinceit is drivenmanually Instead automatedralidationis preferred. The SDT validatorcan
carryoutexhaustve analysisof atypicallibrary componenin aboutaminute,but random-valk
validationis thenormfor typical circuit specifications.

MSCsare a corvenientgraphicalmeansof shaving how hardware componentsnteract.
However, the MSCsresultingfrom validatingrealisticcircuits tendto be lengthyandhardto
follow. Thisis partly becaus®f thelarge numberof internalsignals,andpartly becausef the
large numberof interactions.The authorsthereforedevelopeda tool that corvertsMSCsinto
the more corventionaltiming diagramsusedby electronicsengineers. An exampleappears
laterin figure5.

For hierarchicaltiming specificationsthe validatoris usefulin checkingconsisteng be-
tweendifferentdesignlevels. Thisis animportantpointin real-world hardwaredesign,since
comple circuitsarecommonlydesignedn atop-dovn fashion.High-level functionalunitsare
progressiely brokendown to thelevel of availablecomponentsThereis arisk of introducing
anerrorduringrefinemenbf acomplex design.With the ANISEEDapproacherrorsshav up as
inconsistencies timing or functionalitybetweerthedifferentdesignlevels. In suchacasean
MSC traceatthehigherlevel will notbeacceptedvhenvalidatingthelowerlevel. Dueto state
spaceexplosion,it is usuallynot practicableto comparewo specificationsat widely differing
levelsof abstractionHowever, it is feasibleto checktherefinemenbf consecutrelevelsin the
designprocess.For examplethe abstracandbehaioural specificationgnay be comparedpr
thebehaiouralandstructuralspecificationsSincethedesignstepsarethensmallef theMSCs
andspecificationaremorecomparable.



TheMSCtracesproduceddy thevalidatorarealsousefulin derving timing characteristics.
Manufacturingtolerancesandenvironmentaldifferencesneanthattwo ‘identical’ components
rarely have the sametiming characteristicSANISEED canthereforebe usedto give a rangeof
valuesfor eachtiming parameter Whenmary componentsre interconnectedthe resulting
validator tracescan be usedto determinethe rangeof high-level timing properties. As an
example,the 1 and0 outputdelaysmay be slightly differentfor eachlogic gate.In a comple
circuit it may not be obvious how thesevariationswill interactto produceoverall timing
characteristics.The validator outputfor a variety of tracescanbe analysedo determinethe
statisticaboundonthesevalues.In effectthevalidatorcanbeusedor Monte-Carlosimulation
andanalysis.Thatis, mary (automatedyalidatorrunsgeneratestatisticaltiming information
from which boundson timing characteristiceanbe derived.

A standar&DL simulationdealswith signalsan theorderthatthey aregeneratedFortiming
simulationthis maybe incorrect,sincea signalshouldbe considerednly atthetime givenby
its time-stamp.This situationcanarisein two circumstanceswhensimulationinputsarenot
in thedesiredime ordetr andduringautomatedalidation. It is corvenientfor someonéesting
acircuit to defineatestscenarian a human-orientedavay (e.g.atruth tablefor combinational
logic or atransitiontablefor sequentialogic). In sucha casetestinputsmaynot be provided
in correcttime order Theotherpossibilityfor misorderingarisesduringautomatedalidation.
The SDT validatordoesnot advancetime during validation,sothe time-sequencingormally
guaranteedby SDL timersis notapplicable.In sucha case gventsmustbe consumedn order
of theirtime stamps.

The signalwith the earliesttime-stampmustbe consumedirst, evenif othersignalshave
beenplacedbeforeit in the input queueof a process.The normalprocedurefor interpreting
SDL maythereforeneedto be modified. Whena signalis addedto aninput queue ANISEED
can be configuredto storeit accordingto the time-stampsof the signals. The usual FIFO
schedulingalgorithmthenselectssignalsin the correctorder The SDT MasterLibrary was
modifiedto achieve this effect. Fortunatelythe MasterLibrary provides‘hooks’ that permit
there-schedulingf signals.Althoughthe MasterLibrary is reasonablyvell documentedthe
changeprovedto beanintricatetaskrequiringanalysisof thecodegeneratedhy SDT. ANISEED
can supply its own schedulingfunctionsfor discreteevent simulation. An SDL systemis
simulatedor validatedby linking the new library with the codeproducedor the system.The
systemcanthenbesimulatedor validatedasnormal,whetherfrom thecommandine or via the
GraphicalUserinterfaceof SDT.

Discreteevent simulationintroducesa numberof complications. Inputs with the same
time-stamp(evenfor differentprocessed)ave to be scheduledtthe sametime, thusavoiding
oneprocessstarvingothersof input. Carefulinvestigationvasalsorequiredto avoid execution
loopsdueto the queuere-orderingstratgly. SDT holdstimer signalsin a separatejueueso
they canbegivenpriority over normalsignals.ANISEED thereforeneeddo schedulehis queue
aswell asthe normalinput queues. SDT treatscontinuoussignalsas specialsignalsin the
input queue. As usual,theseare given lower priority over normalinput signalsfor the same
process However for a discreteevent simulationto work properly a continuoussignalin a
processwithout normalinputshasto be scheduledeforenormalsignalsin otherprocesses.



4 Abstract SequencingConstraints

Constraintatthehighestievel maybegivenwithoutregardto functionality. Thisdefinesgross
sequencingelationshipsamongthe inputsand outputsof a component.The constraintsnay
be givenin untimedform, but are mostusefulwhen usedto expresstiming restrictions. It
is valuableto checkfor timing inconsistencie®eforeany more detailedfunctionaldesignis
undertalen. For example,acomponenmaynotbeableto producats outputin timefor another
one. Abstracttiming constraint@reparticularlyhelpfulin asynchronoudesign sincetheclock
pulsesof a synchronouglesignare not availableto coordinateactions. Abstractsequencing
constraint@appeain thelibrary as‘componentsof variousforms. Oncehigh-level sequencing
propertieshave beenvalidated,these’‘components’arereplacedby real ones. The following
examplesof sequencingonstraintsaredravn from the ANISEED library; the constraintsexist
in untimedandtimedforms. For brevity the correspondingDL is notgivenhere.

An N-Of constraintrequiresan input eventto occurN timesbeforeoutputoccurs. As an
examplewithoutatiming constraintadivide-by-4countemproducesneoutputpulsefor every
four input pulses.A periodduringwhich countingoccursmay optionally be given.

A One-Ofconstraintacceptgust oneinput beforeproducingoutput. For example,a bus
arbitermustservicejust oneclient requestduring a bus cycle of someperiod. A secondnput
within this periodis retaineduntil thenext cycle. A variantof this constraintiscardsadditional
inputsbeforethe periodhaselapsed.

An All-Of constraintrequiresall inputs of a componento be receved beforeoutputis
produced. For example, the inputs to an addermust be receved beforeits output can be
calculated.The orderin which inputsarrive is unimportant,but all inputsmay be requiredin
someperiod. Unlessall theinputsarrive in time, thewhole constrainis re-enforced.

Using the sameprinciplesas the sequencingonstraintsn the library, the specifiermay
alsodefinearbitrary constraint§or complex componentsuchas sequencergyus controllers
andinterfaceadaptors. Sequencingonstraintdeal only with high-level aspectsandso are
considerablysimplerthanthefull functionality of acomponent.

5 A More Complex Component: A Delay Flip-Flop

5.1 Intr oduction

As anexampleof hierarchicakpecificationa DFF (Delayor D Flip-Flop) is the basicstorage
elementn mary hardwaredesigns.For brevity, the detailedSDL specificationsarenot shavn
herebut appeain [1]. TheANISEEDIibrary includesotherkindsof flip-flops (andtheir simpler
relatives,latches).The corventionalsymbolfor a delayflip-flop is shovn in figure 2 (a). The
flip-flop storesonebit from the datainput D undercontrol of a clock signalC. The variantto
bedescribedereis positive edge-triggeredyhich meanghatthe datainputis storedwhenthe
clockgoesfrom 0 to 1. After thedatahasbeenclockedin, it appearstthe outputQ aftersome
propagatiordelaythatdepend®onthe hardwarefamily. Thelogical complemenbf the output,
QBar (Q), is alsoavailable. The outputvalueis presered evenif the D input subsequently
changegi.e.theflip-flop storedts input). A new datavalueis readonly onthenext risingedge
of theclock signal.

Apart from the obvious propagationdelay TProp, a D flip-flop alsoimposestwo other
timing constraintslt is requiredthatthe datainput be steadyfor a periodTSetugbeforeit can
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Figure2: D Flip-Flop

beclockedin. Immediatelyafteraclocktrigger, thedatainput mustremainsteadyfor aperiod
THold. Theseconditionsensurethatthe flip-flop canreliably readin data. In particular the
flip-flop cannotbe expectedo dealwith very shortpulsesof input data. Thetiming constraints
areshownn graphicallyin figure 2 (b).

5.2 Abstract Specification

Thetiming rulesof figure2 canbereadilytranscribednto SDL. Oncetheflip-flop hascommitted
to output (i.e. after setupand hold periods),a separateprocessinstancemust be createdto
produceoutput after the propagationdelay During this period, it is necessaryo allow for
furtherinputsin parallelwith theoutputdelay Theflip-flop thereforeconsistsof asingleinput
processnstanceplusoutputprocessnstancessrequired.

5.3 Behavioural Specification

In hardwaredescriptiorterminology abehaioural specificatiortreatsthecircuit or component
asablack box. Only the externally visible behaiour is specified. Sincethe D flip-flop has
very little functionality, timing considerationglominateits specification. The behaioural
specificatiorof theflip-flop thusdifferslittle from the abstracbne. In generatlhisis nottrue:
a processors anexamplewhosefunctionalspecifications very muchmorecomple thanits
sequencingonstraints.Apart from small changego introducevariablesfor input andoutput
valuesthe mainadditionfor theflip-flop behaioural specificationis how to calculatethe nev
outputvalue. This is generatedn arising clock edgeif theinput datavaluediffersfrom the
currentoutputvalue. Theflip-flop thencommitsto outputthe new valueandits complement
afterthe hold andpropagatiordelayshave expired.

5.4 Structural Specification

A structuralspecificatiorconcerngheinternaldesignof acomponentStructurakpecifications
may form a hierarchyof designsat progressie levels of detail. Designstopsat the level of
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N1 : Nand2T < CMOSDel1, CMOSD€el0, 14712, 11>
N2 : Nand2T < CMOSDel1, CMOSD€l0, I1, C, 12> N1
N3 : Nand3T < CMOSDel1, CMOSD€l0, 12, C), 14, 13>
N4 : Nand2T < CMOSDel1, CMOSD€l0, I3, D, 14> "
N5 : Nand2T < CMOSDel1, CMOSD€I0, 12}, 16, 15> N5
N6 : Nand2T < CMOSDel1, CMOSD€l0, 15}, 13, 16>

N6
J1: Junction2T <C, C, C> N3
J2 : dunction3T <12, 12,12, 12>
J3: Junction2T <13, 13,13> | N4

J4: Junction2T <I4, 14, 14>
J5 : Junction2T <I5, 15, Q>
J6 : Junction2T <I6, 16, QBar>

Figure3: SDL Specificatiorof D Flip-Flop Design

off-the-shelfcomponentsDependingnthelogic family, the off-the-shelfcomponentsnaybe
high-level suchasmemoriesandbuscontrollersor low-level suchaslogic gates.ANISEEDdoes
not attemptto modeldesigndown to thetransistordevel. At eachlevel of the designhierarchy
ANISEED may be usedto specifybothtiming andfunctionality.

As an example,a typical designfor a D flip-flop is shown in figure 2 (c). Theinternal
signalsll to 14 areshown. This circuit usesa numberof nandgates(the D-shapedsymbols);
otherflip-flop designsarepossible.The nandgatesareavailablefrom the ANISEED library as
describedn section2.4.

Eachcomponentrom thelibrary is instantiatednuchasin section2.5. It is corvenientto
useGRwhenspecifyingcircuitssincethe structureof the electronicdesignandthe structureof
the SDL specificatiorarevery close.Basicallyeachcircuit symbolcorrespond$o aninstance
of ablocktype. Thewiresarerepresentedsno-delaychannelgoining theblocksjustasin the
circuit diagram.The SDL equialentof theflip-flop designis shavn in figure 3; comparethis
with the circuit diagramin figure 2 (c). SinceSDL allows channeldetailsto be inferredfrom
block inputsandoutputs,thesedo not strictly needto be dravn andhenceareshovn asgray
in figure 3. For corveniencethe instantiationsof eachblock type arelisted separatelyin the
figure. Recallfrom section2.4 thatthe context parameteref a nandgateare: delays inputs
output Forajunctiontheparameterare:input, outputs Primedsignalsreferto the outputsof
ajunction(e.g.outputl’ would correspondo input|1).

5.5 Timing Analysis

Likeeachof the ANISEEDIibrary componentsheD flip-flop wassimulatedandvalidatedusing
the SDT toolset.Usingthevalidatorit wasshavn thatthedifferentlevelsof abstractiorfor the
D flip-flop areequialentin the sensehatthey respecthe sametraces.Exhaustve validation
of the gate-level specificatiortakesaboutoneminuteand412 states.Random-valk validation
of the gate-level specificationtakesabouttwo minutesto explore over 211,000states. More
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statesarecoveredduringrandom-valk validationbecausé¢hestatespaces repeatedlyexplored
to afixeddepthfrom the startingpoint. Howeverrandomwalksarenotguaranteetb coverthe
entirestatespacepunlike exhaustve validation. Both timing andfunctionalityatdifferentlevels
of abstractiorwereshowvn to be consistentor the D flip-flop. Of coursethis is not surprising
sincefigure 2 (c) shonvs awell-known designfor a D flip-flop.

6 A SimpleCircuit: The SinglePulser

The Single Pulseris a standardchardware verificationbenchmarlkcircuit [23]. It is a clocked
device with a one-bitinput anda one-bitoutput. The purposeof the circuit is to debouncea
push-lutton. The circuit mustsensethe depressiorof the button and assertan outputsignal
for oneclock pulse. The systemshouldnot allow additionalassertion®f the outputuntil after
the operatorasreleasedhebutton. Figure4 shavs the circuit designgivenin thebenchmark
document. It is simple and can be modelleddirectly usingthe ANISEED library. The SDL
specificationand its detailedanalysisare givenin [1], and so are omitted here. The SDL
specificatiorstructurecloselyresembleshe circuit diagram.

N_Find .
Ck ¢ mp | DFF "”l ~y IF'”“ P Out
DFE
o in ! AND2

Figure4: Implementatiorof SinglePulser

The circuit designwasinteractvely simulatedandautomaticallychecled. An exampleof
thecircuit behaiour appearsn figure5; thistiming diagramwasgenerate@utomaticallyfrom
a validatortrace (MSC). The time basecorresponddo a clock rate of 10 MHz (i.e. 100 ns
per clock cycle). Although the functionality is correct,it was found that thereis a flaw in
the supposedlyrovenbenchmarlcircuit! Thefirst outputpulseafterpower-up is longerthan
expected(110ns,from 67 nsto 177 ns)insteadof lastingoneclock cycle. Thereasorfor this
is thaton thefirst pulse,the secondlip-flop doesnot needto completeits setuptime (10 nsin
this example). This causeghefirst outputpulseto appearlO nsearly. On subsequenpulses
the secondlip-flop hasto allow its setupdelayto passsothe outputpulselengthis correctat
100ns(e.g.from 277nsto 377ns).

ok T T LT LT T
Pulse_In _I | I I |
Pulse_Out _I | | I_

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420

Time

Figure5: Timing Behaviour of SinglePulser
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7 A More Complex Circuit: A BusArbiter

TheBusArbiter is anotherstandarchardwareverificationbenchmarlcircuit [23]. It is agood
exampleof a control-dominantircuit. The arbiteralso presentsa scalabledesign,which is
a usefulway of evaluatingverificationtools. The numberof the arbiter cells canbe chosen
accordingto the ability of the verificationtools. The purposeof the Bus Arbiter is to grant
acces®n eachclock cycleto asingleclientamonga numberof clientsrequestingiseof abus.
Theinputsto thearbiterarea setof requestignalsfrom eachclient. The outputsarea setof
acknavledgesignals,ndicatingwhich clientis grantedaccessluringaclock cycle.

As shawvn in the structuralspecificationof figure 6, eachcell of the arbiteris moderately
comple. Thewhole circuit consistsof a numberof suchcells connectedtyclically, e.g.the
threeshavnin figure7.

to
i | DFF
Clk (M And | DFF T
T (W)
gi
Req
o]

Figure6: Designof A BusArbiter Cell

0
Req2 to oi go Ack2
ti 00 (i
Reql to oi go Ackl
ti 00 Qi
Req0 to oi go AckO
ti 00 Qi

Figure7: Interconnectiorof Multiple Bus Arbiter Cells

Thedesignof thecircuit will beexplainedonly briefly here. Theti (tokenin) andto (token
out) signalsarefor circulationof the token. Theto outputof the lastcell is connectedo the
ti input of the first cell to form a tokenring. The gi (grantin) andgo (grantout) signalsare
relatedto priority. The grantof cell i is passedo cell i+1, indicatingthatno client of index
lessthanor equalto i is requestingHencea cell mayasserits acknavledgeoutputif its grant
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| Signal | Cyclel| Cycle2 | Cycle3| Cycle4

Req0 |1 1 1 0

Reql | O 0 0 1

Reg2 | O 0 0 0

AckO |1 1 1

Ackl | O 0 0 1 (behaioural)
0 (structural)

Ack2 |0 0 0

Figure8: Exampleof Inconsisteng betweerBus Arbiter Specifications

input is asserted.The oi (overridein) andoo (override out) signalsare usedto overridethe
priority. Whenthetokenis in a persistentlyrequestingcell, its correspondinglient will get
accesgo the bus; the oo signalof thecell is setto 1. This signalpropagatesiown to thefirst
cell (numbere®) andresetsts grantsignalthroughaninverter As aconsequencthegi signal
of every cell is reset,in otherwordsthe priority hasno effect during this clock cycle. Within
eachcell, registerT storesl whenthetokenis presentandregisterW (waiting) is setto 1 when
thereis a persistentequest.Initially thetokenis assumedo bein thefirst cell.

This circuitis relatively challenging.In the detaileddesignthe SDL specificatiorcontains
56 componentgover 60 concurrenprocessesand93signals.Nonethelesghestructureof the
SDL specificationclosely resembleghe circuit diagram,so translationto SDL is straightfor
ward. All thecomponentsredravn from the ANISEED library.

A behaioural specificationof theintendedbehaiour wasalsowritten, sothatit might be
comparedo the structuralspecification. The behaioural specificatiorreflectsthe arbitration
algorithmof the circuit. Validationof the supposedlyproven benchmarlcircuit uncovereda
problem. As an example,figure 8 shavs client O requestinghe bus in the first threeclock
cycles. In thefourth cycle, client 0 cancelsts requestbut client 1 beginsto requesticcessAt
this point thetwo levels of specificationsaredifferent: the structuralspecificatioroffers 0 for
Ad1, whereaghe behaioural specificatioroffers 1 for Akl

After interactvesimulationof thiscasejt wasdiscoveredthatthecircuit of figure6 provided
in thebenchmarldoesnot properlyresetthe oo (overrideout) signalin thefollowing situation.
In the previous clock cycle, the W (waiting) registerof a cell is set. But in the currentclock
cycle, its clientcancelgherequesandthetokenhappenso moveinto thecell. In thissituation,
becauséhe client hasalreadycancelledts requesit shouldbe possiblefor anotherclient to
getthebus. However, the designstill setsthe oo signalto overridethe priority asif this client
werestill requesting.This meanghatno otherclient hasthe opportunityto accesghe busin
this clock cycle. Fixing the problemwasmucheasierthanfinding it. The correctionwasto
connecthe Regsignalto the And gatethatfollows the W register The outputof the And gate
guaranteeghatthe oo signalis alwayscorrectlysetor resetaccordingto the requestignalin
thecurrentclock cycle.

A furtherproblemwasthendiscoveredduringautomatedalidationusingtherandom-valk
approach. This achieves only 99.2% coveragedespiteincreasingthe searchdepthand the
numberof searchrepetitions. Analysiswith the interactve timing simulatorshaoved that this
is dueto the arbitermisbehaing whenthreeclientssimultaneouslyequestaccess.In sucha
casethe arbiterdesigngrantsrequestgo two of the clientsconcurrently! However the circuit
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behaescorrectlywith zero,oneor two simultaneouglientrequestsThe problemarisesfrom
atiming faultin the givendesign(not respectindlip-flop setuptimes).

8 Conclusions

It hasbeenseerhow ANISEED cansuccessfullymodeldigital hardwareasacollectionof inter-
actingparallelcomponentsThe emphasisn ANISEEDs on timing specificatiorandanalysis.
This complementshe work of otherson hardwaredescriptionandsynthesiausingSDL. The
paperhasexplainedthe approachto modelling signals,wires, componentsand circuits. A
library of typical componentss automaticallygeneratedby the m4macroprocessofrom spec-
ificationtemplateslt wasexplainedhow abstractbehaiouralandstructuralspecificationgan
be given— particularlyfor timing constraints.

The approachhasbeenillustratedwith a variety of samplecomponentsand circuits. It
is goodthat ANISEED cancopewith standardchardware verificationbenchmarksThe authors
weregratifiedto find thattheapproachdiscoveredgenuineproblemswith the SinglePulserand
the Bus Arbiter — standarccircuits that might have beensupposedo be well verified. When
theauthorsreportedtheseproblems the benchmarlcircuit maintainersonsideredhemto be
timing ratherthanverificationissues. This might explain why otherswho have verified the
benchmark$iave not reportedtheseproblems.Sinceary specificatiormakesdecisionsabout
modellingandlevel of abstractionit is alsopossiblehatothersdid notdiscovertheseproblems
dueto their differentapproaches(Equally, the approacthof the authorsmight fail to identify
deficienciesoundby othermethods.)

Work is continuingon the ANISEED library andtools. A GUI editor will be written to
produceSDL hardwaredescriptionsnoredirectly from circuit diagramgthoughthetranslation
is relatively easy). Further casestudiesare being undertalen from hardware verification
benchmarksThesewill allow the ANISEED approactto be comparedully with thoseof other
hardwaredescriptionlanguages Most SDL usersconcentraten validation. Work at Stirling
is alsodevelopingSDL verificationtechniquegor timing characteristicef hardware.
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