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ABSTRACT

We reporton our experiencewith a new testgenerationanguage
for processoverification. The verificationof two superscalamul-
tiprocessorss describecandwe shaw the easeof expressingcom-

plex verification tasks. The cost and benefitare demonstrated:

training takes up to six months;the simulationtime requiredfor
adesiredevel of coveragehasdecreasetly afactorof twenty;the
numberof escapdugshasbeenreduced.
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1. INTRODUCTION

Functionalverificationis widely recognizedasthe bottleneckof
the hardware designcycle. The ever-growing demandfor perfor
manceand time-to-marlet, coupledwith the exponentialincrease
in hardwaresize,causeheverificationtaskto becomeancreasingly
difficult. This problemis exacerbatedy low tolerancefor bugs
on thefinishedproduct. While noticeableprogresshasbeenmade
throughthe use of formal methods,suchas model checking[5]
andtheoremproving [11], theseapproachesrestill limited to the
verification of relatively small designblocks, or to very focused
verification goals. Simulation-basedechniquesstill play a major
role in functionalverification.

In recentyearsspecialpurposeverificationlanguage$ave been
developedto supportautomaticstimulus generation. Synposys’
Vera[7], Verisity's e [10] andCadences System-CVerificationli-
brary[8] arethe prime examples.Thesdanguagesllow engineers
to expresspseudarandomgeneratiorin conjunctionwith intricate
eventscenariosThis shouldenablebettercaverageof the specifi-
cationanddesignespeciallyin cornercasesTheexpectedresultis
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to uncover bugsearly andto achieve high quality of the designfor
the silicon tape-out. However, thesepowerful languagesre con-
ceptuallycomplex andentaila significantlearningperiodandhigh
level of expertisein orderto benefitfrom their potential.

In this paperwe presenthe costsandbenefitsof a similar veri-
ficationlanguagen anindustrialsetting. Our context is relatively
narrav — the verificationof high-endprocessorsisingautomatic
generationtools. The languageis relatively domainspecificand
the underlyingtool may be more powerful in the specificdomain.
However, the languageincludesmary of the programmingcon-
structssupportedy thegenerapurposeverificationlanguagesand
we suspecthatourexperiencads highly relevantto thegeneralan-
guages.In particular we have foundthatlearningto fully exploit
the languagetakes several monthsfor an experiencedverification
engineer We alsodiscoseredthatthe benefitis considerable— a
compacttestsuiteanda twenty fold speedup in simulationtime,
bettercoverageandfewer bugsthat escapdo hardware. We have
furtherlearnedthat the powerful languagechangedhe methodol-
ogy of the verificationteam. Previously mary verification engi-
neerswrote testtemplateshbut with the new languagethis taskis
doneby only a few experts;the testtemplatesare now sharedbe-
tweendifferentdesignprojects.

The new languagess a resultof morethantwenty yearsof test
generatiorfor processoverificationwithin IBM. Thefirsttool was
developedin the mid eightiesand describedn the IBM System
Journalin 1991[2]; it allowed limited usercontrol. The second
generatiorof thesetools wasdescribedn a 1995 DAC paper[3]
andit is usedin thiswork asa baseline Thetool, namedGenesys,
allows usersto selectprocessoinstructionsfor randomgeneration
andglobal policiesto biastherandomnessThelanguages repre-
sentedn the GUI of thetool asshavn in Figurel. Thelanguage
allows the userto expressregular expressionover the instruction
set. The third generationof this line of tools is called Genesys-
Pro[1] andincludesa specialpurposeprogrammindanguagehat
allows the userto expresshoth wide biasingpoliciesandintricate
scenario®f events. Thetool's GUI includesa syntaxdirectededi-
tor aspresentedn Figure2. The new languagds asexpressie as
aprobabilisticTuring maching[12].

Thetwo languagesre comparedy contrastingour experience
in verifying the IBM POWER4 processoif9] in the late 1990s
with Genesyswith the recentverification of the POWVERS design
(duein IBM productsin 2004)with Genesys-ProThe processors
are comparablesuperscalamultiprocessoRISC machineswith
multi-threadingonly in the PONERS design. The comparisoris
doneby implementingseveral verificationtasksby both Genesys
and Genesys-Pro.The tasksinclude verifying the cohereng of
an L2-cache,checkingthe branchinstruction queue,and verify-
ing the functionality of aninstruction-cachevhenmultiple copies
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Figure 2: Genesys-Pro syntax-directed editor

of a cacheline residein the cache. The control capabilitiesof
the Genesys-Prtanguageallowed verificationengineerso gener
ateteststhat provided excellentcoverageof the verificationtasks;
someof theseverificationtaskswereimpossibleto expresswith the
Genesydanguage Theendresulthasbeenhigherquality first pass
hardwarefor PONVERS.

The papercontinueswith a descriptionof the two languagesn
Section2 andthe detailsof our experiencein Section3; a brief
discussiorsectionfollows.

2. THE TEST GENERATION LANGUAGE

Genesyss arandomtestgeneratofor processoverification[3].
Userscancontrolthegeneratedestsvia a GraphicalUserInterface
that allows the definition of instructionlists and generationcon-
straints.During atestgenerationtheinstructionsareselectedrom
thelist accordingto a sequencgolicy, which maybe

Random Instructionsareselectedandomlyfromthelist. Theuser
is allowed to setrelative weightson instructionsandis re-
quiredto setagloball nstructi ons per test direc-
tive.
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Cyclic Instructionsare generatedn the orderthey appearin the
instructionlist while their numberis definedby the global
Instructions per test directve.

Ordered Theinstructionlist definesbothinstructionorderandtest
length.

For eachinstructiontheuseris furtherallowedto settheaddress,
data,lengthandotherpropertiesf theinstructionoperandsxplic-
itly or via abiasfunctionor to leave their valuefor randomgener
ation. Finally, the languagealso supportssymbolswhich enables
usersto statedependenciesetweerpperandsandinstructions.

In Genesys-Prthe usercontrol hasevolved into a specialpur
poseprogramminglanguage;it provides virtually unlimited con-
trol over the eventsto be generatedand at the sametime it al-
lows the userto leave non-critical parameterainspecified. The
languageonsistof four typesof statementsbasi ¢ i nstruc-
tion statenents,sequencing control statements,
standard programmi ng constructs,andconstrai nt
statenents.

I nstruction statenents specifytherequiredproperties
of aninstructionto beplacedin the generatedest. Userscanspec-
ify propertiesof instructionsn severalways.They canleave prop-
ertiescompletelyunspecifiedprovide themwith specificvalue,or
specifypropertiesvia userdefinedvariablesandotherexpressions.

Sequenci ng control consistsof the following four state-
ments

Sequence directsGenesys-Prto generata list of sub-statements
in theorderthey appeain thesequence.

Permute directsGenesys-Préo generate list of sub-statements
in somerandomlyselectecbrder

Select directsGenesys-Prto generat@asinglesubstatementhich
is selectedandomlyfrom thelist of substatementccording
to theweightattribute.

Repeat causests child statements$o be repeateda given number
of timesor aslong asa booleanexpressiondefinedasthe
repeatcondition,evaluatesto True.

Concurrent directsGenesys-Prdo generateinstruction streams
for eachprocessor/threaih a multiprocessorconfiguration.
Theinstructionsteamswill executeconcurrently

Progranmi ng constructs of the Genesys-Prdanguage
include variables,assignmenstatementsexpressionsanda con-
ditional generatiorcontrol mechanism.Theseconstructscombine
with othersub-statement® definethe flow of the testtemplateor
to give imperatve directionsto thetestprogramgeneratar

Genesys-Prsupportstyped, scopedvariables,including array
variables. The scopeof a variableis limited to the sequencing
statementn which it is declared,or to ary of its sub-statements.
A variablecanbe usedasthe targetof anassignmenstatemenor
in ary placethatanexpressions expected Variablesareevaluated
to setsof objects.Thesencludesetsof integers bit vectors strings
andbooleans.Thesedatatypesaredefinedin moredetailsin [4].
Variablescanbe usedto provide partial specificationof valuesfor
specificpropertieof aninstructionstatement.

Expressionsnvolve all the standarcarithmetical,Boolean,and
bit vectoroperator®ver constantsyariablesandseveralpredefined
functionsusefulfor templateconstruction(e.g.,a randomnumber
generator).Therearemary placeswhereexpressionsanbe used
in thelanguage Expressiongienerallyreferto templatevariables,



Test Program Template Test Program

Variable:addr= 0x100 Resoucelnitial Values:

Variable:reg R6=8, R3=-25,..., R17=-16

Bias: registerdependenc 100=7, 110=25,..., 1F0=16
Instructions:

Instruction: StoreR5— ? 500: Store R5 — FFO

Repeat (addr< 0x200) 504: Load R4 «— 100
Instruction: Loadreg < addr 508: Sub R5 «— R6-R4
Select 50C. Load R4 — 110
Instruction: Add ? < reg + ? 510: Add R6 «— R4+R3
Bias: sum-zero :
Instruction: Sub? «— ?-? 57C. Load R4 — 1F0
addr= addr+ 0x10 580: Add RO «— R4+R17

Figure 3: Test template and corresponding test

resourcevalues(e.g.,thevalueof aregisteror amemorysegment),
testgenerationnformation (e.g. the numberof registersusedin
the testso far), and several systemconstantqe.g.,the numberof
processesnemorysize).

Theconditionalgeneratiorcontrolmechanisnincludespre-and
post-conditionexpressionghat may be attachedo ary statement
in thetemplate.Pre-conditionsmply thatthe correspondingtate-
mentshouldbe solved only if the conditionholdsbeforethe state-
mentis generatedwhile post-conditiongndicate that the corre-
spondingstatemenshouldbeundonef theconditionfails afterthe
statements generated.

Constrai nt statenents influencethe validity and qual-
ity of generatedests. Validity constraintsare always mandatory
in the sensehatthey musthold in all the testsgeneratedrom this
template. Quality constraintsmay be mandatory but it is more
commonto requesthemasprioritized non-mandatorgonstraints.

All theselanguageconstructsenableusersto controlthe degree
of randomness thegeneratedests rangingfrom completelyran-
domto completelydirected. In mostcaseghe templatewill be a
balanceof both.

Figure 3 shawvs an exampleof a testtemplateexpressedn the
Genesys-Prtanguagehatdefinesa table-walk scenario.The sce-
nario loadsregistersfrom contiguousaddresses memory Each
Load instructionis followed by eitheran Add or a Sub instruc-
tion. Theright partof thefigure shavs anexampleof atestgener
atedfrom this template.The scenarids solved successfullyby the
generatar The memorylocationsaccessedby the Load instruc-
tionsareindeedcontiguousasshavn in theResourcénitial Values
sectionof thetest(addresse8x100-0x1F0).

Thetemplatencludesfour basicinstructionstatementéor St or e,
Load, Add, andSub. Eachstatemenspecifiegequiredproperties
of aninstructionto beplacedin thegeneratedest. Userscanspec-
ify propertiesof instructionsin severalways. They canleave prop-
ertiescompletelyunspecified'?’ in thefigure), provide themwith
specificvalue (R5 in the St or e instruction),or specifyproperties
usinguserdefinedvariables(r eg in Load andAdd).

Variablesareusedin theexampleto provide partialspecification
of values.In particular ther eg variableis usedto specifythatthe
target registerof the Load instructionis equalto the sourcereg-
ister of the Add instruction. Note that variablesusedin the spec-
ification have no correspondingesourcein the resultingtest. A
similar exampleis the conditionalRepeat statement— it directs
the generatorto keep generatingthe pairs of Load and Add or
Sub instructionsaslong astheaddreswvariableaddr is lessthan
0x200. Therefore thereshouldbe 16 pairsof Load and Add or
Sub instructionsin thetest. Note againthatthereis no actualloop
in the correspondingest.
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Figure3 alsoincludesan exampleof a constraintstatement.In
particular the registerdependengc bias, which causeghe genera-
tion engineto selectthe sameregistersfor adjacentor nearadja-
centinstructionsin thetest. This biascauseshe generatiorengine
to selectR5 asthetargetregisterof the Sub instructionlocatedin
addres9x508.

The languagealsoincludessupportfor CoverageDriven Gen-
erationthat influencesthe generatiorof multiple tests. Userscan
definea coveragemodel[6] (afamily of relatedcoveragetasks)to
directthegeneratiorprocessEachchoicepointin thetesttemplate
canbemarkedasa coveragepoint. The coveragemodelis defined
asan expressionover coveragepoints. For example,the Sel ect
statementn Figure3 canbe marked asa coveragepointandform
a coveragemodel. In this case Genesys-Praill generateenough
testsuntil all of the Sel ect ’s sub-statement§Add andSub) are
generated.

3. INDUSTRIAL EXPERIENCEWITH THE

LANGUAGES

In this sectionwe contrastour experiencesn verifying two pro-
cessodesignaisingthe GenesysandGenesys-Pragerificationlan-
guagesTheexamplesarethe PONER4andPONERS5 processors;
both are comparablesuperscalarmultiprocessoRISC machine.
The PONERS designis somevhat more comple becauseof its
SimultaneoudMultithreading (SMT) capability We presenthree
verificationtasks:

o Verifying thecohereng of anL2-Cachen amultiprocessing
configuration.This is possiblewith Genesyshowever, only
50% of the generatedestssatisfy the requiredmicroarchi-
tecturalevent. In contrastGenesys-Pré fully efficientand
all thegeneratedestssatisfythe desiredevent.

e Verifyingthefunctionalityof abranchinstructionqueugBIQ).
Testsgeneratedy Genesysover someof the BIQ function-
ality, but do notreachboundarycasesGenesys-Prachiees
full coverageof theboundarycases.

e Verifying thefunctionalityof aninstructioncachewhenmul-
tiple copiesof the sameline residein differentcacheloca-
tions. Genesyss not ableto producethe requiredscenario,
while Genesy$roproduceghis scenariceasily

Our first exampleis the verification of the behaior of the L2-
Cachein a multiprocessingonfiguration.The requestedventin-
volvestwo processorsThe first processois requiredto access
to 15 cacherows with 50 loadinstructionsandthe secondproces-
soris requiredto generaté0 storeinstructionghataccesdbetween
10 and 20 cachelines usedby thefirst processorIn Genesyswe
usedthe global cachebiasesprovided by the tool to expressthis
scenarioln Genesys-Prave wereableto expresghedesiredevent
moreaccuratelyusingsharedvariablesto restricttheaddresseac-
cessedy the secondprocessoto the cachelines accessedby the
firstprocessorFigure4 shavsthecoverageresults.We canseethat
all 50 testsgeneratedy Genesys-Praatisfythe desiredeventin
anevenly distributedmannerwhile thetestsgeneratedy Genesys
wereroughlyin theareaof theeventto becovered,but did notfully
hit theevent.

Thesecondexampleis the verificationof the Branch-Instruction
Queue(BIQ). In bothdesignsthe sizeof the BIQ determinesow
mary unresoledbrancheganbein flight atary pointin time. The
queussizeis cutin half whenrunningin simultaneousnultithread-
ing modesincethe BIQ is sharedequallybetweerthe threads.A
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Figure4: Biasvs. Language Expressiveness

testfor verifying BIQ behaior shouldspecifya sequenceonsist-
ing of along lateng instruction(e.g. aloadwhich misseghedata
cache)followed by a sequencef brancheswith particularknown
properties(e.g. correctly predictedor mis-predicted). Genesys
doesnot provide the meansfor ensuringcertaincombinationsof
predictedand mis-predictedbranches. In addition, Genesyse-
quiresthe BIQ sizeto be a constant,entailing separateesttem-
platesfor thesingle-threadedndmulti-threadedtonfiguration Ge-
nesys-Propon the other hand,allows to definethe BIQ-sizeasa
variable,andto usespecialdirectivesto enforcethe applicationof
therequiredbias. The following codeexampleillustratesthe ease
with which suchtestscanbe generatedn Genesys-ProThe ex-
pressionBIQ_size/NumOfThreads(jletermineghe length of the
BIQ perthreaddynamically thusreducingthe numberof testtem-
platesthatneedgo bemaintainedln addition,thepredictedtaken-
actually takenbiasstatemenis setto 100%,which causeshebias
to becomea hardconstrainwith respecto this particulartesttem-
plate,andensureghatevery testgeneratedrom this templatewill
satisfythebias.

Variable:BIQ_size= 16;
Repeat times=BIQsize/NumOfThreads(}
Permute {
Instruction-Group: LoadStore
Instruction-Group: Branch

Bias: predictedtaken.actually taken=100

In Genesysyery specifictesttemplateswere written to verify
this areaof the design. Consequentlysomebugswere not found
until the initial POWERA4 hardwarewas available. For POVERDS,
Genesys-Preesttemplatesuncovered3 designbugs prior to first
passsilicon. As aresult,no bugsescapedhe verificationphaseto
hardware despitethe addedcomplity introducedby Simultane-
ousMultithreading(SMT).

Thethird exampleinvolvestestingthefunctionalityof anInstruc-
tion-Cachg(l-Cache)whenmultiple copiesof the samecacheline
residein differentlocationsin the cache.To exercisethis, wetry to
generateteststhat repeatedlyaccesshe sameset of linesin the
I-Cachewith different Effective to Real addressmappings. We
do this by specifyinga sequencef branchinstructionsfor each
selectedine in the I-Cache,suchthat the target addresf each
branchis restrictedto therealaddressangein therespectie cache
line. To keepthe testsasgeneralaspossiblethe branchtargetad-
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dressis selectedrandomlyfrom this range. Thus, the input test
templatemust specify additional restrictionson the rangeof the
targetaddressto avoid infinite loopsin the generatedests. Since
the Genesysanguagerovidesno meangor expressingheseaddi-
tionalrestrictionsthescenariacouldnotbedescribedn its general
form. Only very directedscenarioxould be written, but thosedid

not cover thedesiredevent.

Genesys-Pran contrastprovidesenoughprogrammingcontrol
to allow easyimplementatiorof thegenerakcenarioasillustrated
by thefollowing codeexample.We usethearrayvariablei sUsed
to ensurdhatthereis atmostonebranchinstructionto eachaddress
locationin theselectedine. TheEffectiveto Realaddressnapping
is affectedby settingthe Address-Aliasingbiasstatemento 50%,
which directsthe generatorto selectdifferent effective addresses
thatmapto thesamerealaddresdocation.

Variable:i,j=0;

Variable:isUsed[]=0;

Variable:MaxInstructionsPerLine=32;

Variable:MaxNumOfCacheLines=8;

Bias: Address-Aliasing= 50;

Repeat (i < Random(1MaxNumOfCacheLines)y
CacheLineStart[iF Random(0bXXX...XXX0000000);
Repeat (j < MaxInstructionsPerLine]

k = Random(OMaxInstructionsPerLine-1);
Instruction: Branch
precondition:(isUsed[i,k]==0);
targetRealAdde (CacheLineStart[if k);
isUsed[i,k]=1;
i+t
}

++

A summaryof thethreeverificationtasksappearsn Figure5.

Theexpressienesf the new languages alsodemonstratedy
the size of the verification suite. For Genesyswe used35,000
testtemplatesvhile the Genesys-Prauiteincludesonly 2,000test
templates.The natureof thesetemplateshaschangedaswell. For
Genesyswve usedtwo typesof templates— the majority covered
syntacticalarchitectureevents(e.g. all pairsof instructions)and
were producedrom simplescriptsthatenumeratedhem. A rela-
tively small numberof testtemplatesverewritten directly in the
Genesydanguageln total, we have about33,000scriptgenerated
testtemplatesand 1,900 manually written templates. The 2,000
testtemplateswve have for Genesys-Prinave all beenwritten di-
rectly in the new languagewhich allows knowvledgeableverifica-
tion engineerdo targetmicroarchitecturaévents. The coverageof
both suitesis the same,however the 35,000testtemplatestakes
90 daysto simulate,while the 2,000testtemplatesequireonly 4
daysof simulationwith the samehardwareresourcesThis 20 fold
speedup is critical in increasingverificationproductvity because
it allows for more rapid breakageestingof the designwhenlate
changesareintroducedshortly prior to tapeout, therebyreducing
time to marlet.

4. DISCUSSION

Theintroductionof a powerful verificationlanguagento IBM’ s
testgeneratoffor processowerificationhadtwo significantconse-
guences. The first is several changesn the verification method-
ology. Thelarge numberof testtemplateshave beenreplacedby
abouttwo thousandemplateswhich are sharedbetweenprojects.
Also, theteamof aboutten verificationengineersvho usedto de-
fine templateshasbeenreplacedby two to four expertswho are



[ | Genesys |  GenesysPro | Technique
L2-Cache| inefficient, full coverage, DirectedRandom
50%coverage uniform distribution
BIQ boundarycasesiotcovered, | full coverage, Local constraints
bugsescapedo hardware no bugsescaped
I-Cache | impossibleto specify full coverage, Utilization of programming
bugsescapedo hardware no bugsescaped constructs

Figure5: Genesys/Genesys-Pro comparison table

now responsiblefor codingthe new templates. The secondcon-
sequenc®f the new languages the performanceof the testgen-
erationtool. Testshave betterquality, the test suite is compact,
simulationtime is twenty timeslower andmostimportantly fewer
bugshave escapednto silicon despitethe addedcompleity of si-
multaneousnultithreading.

The reasondor thesetwo importantconsequencess the lan-
guages ability to expressn minutedetailtherequiredmicro-archit-
ecturescenarioslease unnecessargtetailopento exerciseanevent
in variouscontets, andparameterizéesttemplategor variousver-
ificationtasksandprojects.

The costof betterexpressienessand performances twofold.
First, building of a testgeneratoithat fully supportsthe new lan-
guage. Considerablénvestmenthasbeenrequiredmostly for de-
veloping a powerful constraintsatisfiction solver. Secondly the
training period of verificationengineershasincreasedijt takesan
experiencecengineefrom two to six monthsto learnto utilize the
full capabilitiesof the language Still, novicescanexploit the tool
with minimal learningtime to createbasicscenarios.

Our conjecturds thatour experiencewith the Genesys-Prtan-
guageis applicableto generalverificationlanguagedike e, Vera
andthe System-CVerificationlibrary. The compl«ity of systems
anddesignsandthetime pressure®n teamsrequirefull program-
ming language&ndpowerful generatiortools. The costsarecon-
siderableput the benefitsaremoreso.

Themaincontribution of this paperis in reportingreal-world ex-
periencewith averificationlanguage The projectsandverification
taskswe describedare high-endreal examples;we also supplied
someanalysisof the costsandbenefitsof the new language.This
type of datais significantwhenbothvendorsandcustomersnvest
considerablyin verificationlanguagesAn additionalcontribution
is thedescriptionof the verificationlanguage.

The main limitation of this studyis its narrav context. We de-
scribealanguagdor processowerificationwhile mostverification

languagesremoregeneral.However, theunderlyingmechanisms

arethe same— modelingof events,constraintssatisiction, ran-
domness— andwe assumehat our conclusionshold for a more
generalscope.Furtherinvestigationof actualusageof verification
languagess calledfor.
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