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ABSTRACT
We reporton our experiencewith a new testgenerationlanguage
for processorverification.Theverificationof two superscalarmul-
tiprocessorsis describedandwe show theeaseof expressingcom-
plex verification tasks. The cost and benefit are demonstrated:
training takes up to six months;the simulationtime requiredfor
a desiredlevel of coveragehasdecreasedby a factorof twenty;the
numberof escapebugshasbeenreduced.
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1. INTRODUCTION
Functionalverificationis widely recognizedasthebottleneckof

the hardwaredesigncycle. The ever-growing demandfor perfor-
manceandtime-to-market, coupledwith the exponentialincrease
in hardwaresize,causetheverificationtaskto becomeincreasingly
difficult. This problemis exacerbatedby low tolerancefor bugs
on thefinishedproduct.While noticeableprogresshasbeenmade
throughthe useof formal methods,suchas model checking[5]
andtheoremproving [11], theseapproachesarestill limited to the
verification of relatively small designblocks, or to very focused
verificationgoals. Simulation-basedtechniquesstill play a major
role in functionalverification.

In recentyearsspecialpurposeverificationlanguageshave been
developedto supportautomaticstimulusgeneration. Synposys’
Vera[7], Verisity’s e [10] andCadence’s System-CVerificationli-
brary[8] aretheprimeexamples.Theselanguagesallow engineers
to expresspseudorandomgenerationin conjunctionwith intricate
eventscenarios.This shouldenablebettercoverageof thespecifi-
cationanddesign,especiallyin cornercases.Theexpectedresultis
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to uncover bugsearlyandto achieve high quality of thedesignfor
the silicon tape-out.However, thesepowerful languagesarecon-
ceptuallycomplex andentailasignificantlearningperiodandhigh
level of expertisein orderto benefitfrom their potential.

In this paperwe presentthecostsandbenefitsof a similar veri-
fication languagein an industrialsetting.Our context is relatively
narrow — theverificationof high-endprocessorsusingautomatic
generationtools. The languageis relatively domainspecificand
theunderlyingtool maybemorepowerful in thespecificdomain.
However, the languageincludesmany of the programmingcon-
structssupportedby thegeneralpurposeverificationlanguages,and
wesuspectthatourexperienceis highly relevantto thegenerallan-
guages.In particular, we have foundthat learningto fully exploit
the languagetakesseveral monthsfor an experiencedverification
engineer. We alsodiscoveredthat thebenefitis considerable— a
compacttestsuiteanda twenty fold speedup in simulationtime,
bettercoverageandfewer bugsthatescapeto hardware. We have
further learnedthat thepowerful languagechangedthemethodol-
ogy of the verification team. Previously many verification engi-
neerswrote test templates,but with the new languagethis taskis
doneby only a few experts;the testtemplatesarenow sharedbe-
tweendifferentdesignprojects.

The new languageis a resultof morethantwenty yearsof test
generationfor processorverificationwithin IBM. Thefirst tool was
developedin the mid eightiesand describedin the IBM System
Journalin 1991 [2]; it allowed limited usercontrol. The second
generationof thesetools wasdescribedin a 1995DAC paper[3]
andit is usedin this work asa baseline.Thetool, namedGenesys,
allows usersto selectprocessorinstructionsfor randomgeneration
andglobalpoliciesto biastherandomness.Thelanguageis repre-
sentedin theGUI of the tool asshown in Figure1. The language
allows theuserto expressregularexpressionsover the instruction
set. The third generationof this line of tools is called Genesys-
Pro[1] andincludesa specialpurposeprogramminglanguagethat
allows theuserto expressbothwide biasingpoliciesandintricate
scenariosof events.Thetool’s GUI includesa syntaxdirectededi-
tor aspresentedin Figure2. Thenew languageis asexpressive as
a probabilisticTuringmachine[12].

The two languagesarecomparedby contrastingour experience
in verifying the IBM POWER4 processor[9] in the late 1990s
with Genesyswith the recentverificationof the POWER5 design
(duein IBM productsin 2004)with Genesys-Pro.Theprocessors
are comparablesuperscalarmultiprocessorRISC machineswith
multi-threadingonly in the POWER5 design. The comparisonis
doneby implementingseveral verificationtasksby both Genesys
and Genesys-Pro.The tasksinclude verifying the coherency of
an L2-cache,checkingthe branchinstructionqueue,and verify-
ing the functionalityof an instruction-cachewhenmultiple copies
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Figure 1: Genesys GUI

Figure 2: Genesys-Pro syntax-directed editor

of a cacheline residein the cache. The control capabilitiesof
theGenesys-Prolanguageallowedverificationengineersto gener-
ateteststhatprovidedexcellentcoverageof theverificationtasks;
someof theseverificationtaskswereimpossibleto expresswith the
Genesyslanguage.Theendresulthasbeenhigherqualityfirst pass
hardwarefor POWER5.

Thepapercontinueswith a descriptionof the two languagesin
Section2 and the detailsof our experiencein Section3; a brief
discussionsectionfollows.

2. THE TEST GENERATION LANGUAGE
Genesysis arandomtestgeneratorfor processorverification[3].

Userscancontrolthegeneratedtestsvia aGraphicalUserInterface
that allows the definition of instructionlists and generationcon-
straints.Duringatestgeneration,theinstructionsareselectedfrom
thelist accordingto a sequencepolicy, whichmaybe

Random Instructionsareselectedrandomlyfromthelist. Theuser
is allowed to set relative weightson instructionsand is re-
quiredto seta globalInstructions per test direc-
tive.

Cyclic Instructionsaregeneratedin the order they appearin the
instructionlist while their numberis definedby the global
Instructions per test directive.

Ordered Theinstructionlist definesbothinstructionorderandtest
length.

For eachinstructiontheuseris furtherallowedto settheaddress,
data,lengthandotherpropertiesof theinstructionoperandsexplic-
itly or via a biasfunctionor to leave their valuefor randomgener-
ation. Finally, the languagealsosupportssymbolswhich enables
usersto statedependenciesbetweenoperandsandinstructions.

In Genesys-Prothe usercontrol hasevolved into a specialpur-
poseprogramminglanguage;it provides virtually unlimited con-
trol over the events to be generated,and at the sametime it al-
lows the user to leave non-critical parametersunspecified. The
languageconsistsof four typesof statements:basic instruc-
tion statements,sequencing control statements,
standard programming constructs, andconstraint
statements.
Instruction statements specifytherequiredproperties

of aninstructionto beplacedin thegeneratedtest.Userscanspec-
ify propertiesof instructionsin severalways.They canleave prop-
ertiescompletelyunspecified,provide themwith specificvalue,or
specifypropertiesvia user-definedvariablesandotherexpressions.
Sequencing control consistsof the following four state-

ments

Sequence directsGenesys-Proto generatea list of sub-statements
in theorderthey appearin thesequence.

Permute directsGenesys-Proto generatea list of sub-statements
in somerandomlyselectedorder.

Select directsGenesys-Protogenerateasinglesubstatementwhich
is selectedrandomlyfrom thelist of substatementsaccording
to theweightattribute.

Repeat causesits child statementsto berepeateda givennumber
of timesor as long asa booleanexpression,definedasthe
repeatcondition,evaluatesto True.

Concurrent directsGenesys-Proto generateinstructionstreams
for eachprocessor/threadin a multiprocessorconfiguration.
Theinstructionsteamswill executeconcurrently.

Programming constructs of the Genesys-Prolanguage
includevariables,assignmentstatements,expressions,anda con-
ditional generationcontrolmechanism.Theseconstructscombine
with othersub-statementsto definetheflow of thetesttemplateor
to give imperative directionsto thetestprogramgenerator.

Genesys-Prosupportstyped, scopedvariables,including array
variables. The scopeof a variable is limited to the sequencing
statementin which it is declared,or to any of its sub-statements.
A variablecanbeusedasthetargetof anassignmentstatementor
in any placethatanexpressionis expected.Variablesareevaluated
to setsof objects.Theseincludesetsof integers,bit vectors,strings
andbooleans.Thesedatatypesaredefinedin moredetailsin [4].
Variablescanbeusedto provide partialspecificationof valuesfor
specificpropertiesof aninstructionstatement.

Expressionsinvolve all the standardarithmetical,Boolean,and
bit vectoroperatorsoverconstants,variablesandseveralpredefined
functionsusefulfor templateconstruction(e.g.,a randomnumber
generator).Therearemany placeswhereexpressionscanbeused
in thelanguage.Expressionsgenerallyrefer to templatevariables,
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Test Program Template Test Program
Variable:addr= 0x100 ResourceInitial Values:
Variable:reg R6=8, R3=-25,..., R17=-16
Bias: register-dependency 100=7, 110=25,..., 1F0=16

Instructions:
Instruction: StoreR5 � ? 500: Store R5 � FF0
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 R9 � R4+R17

Figure 3: Test template and corresponding test

resourcevalues(e.g.,thevalueof a registeror amemorysegment),
test generationinformation (e.g. the numberof registersusedin
the testso far), andseveral systemconstants(e.g.,the numberof
processes,memorysize).

Theconditionalgenerationcontrolmechanismincludespre-and
post-conditionexpressionsthat may be attachedto any statement
in thetemplate.Pre-conditionsimply thatthecorrespondingstate-
mentshouldbesolvedonly if theconditionholdsbeforethestate-
ment is generated,while post-conditionsindicate that the corre-
spondingstatementshouldbeundoneif theconditionfailsafterthe
statementis generated.
Constraint statements influencethe validity andqual-

ity of generatedtests. Validity constraintsarealwaysmandatory,
in thesensethat they musthold in all thetestsgeneratedfrom this
template. Quality constraintsmay be mandatory, but it is more
commonto requestthemasprioritizednon-mandatoryconstraints.

All theselanguageconstructsenableusersto control thedegree
of randomnessin thegeneratedtests,rangingfrom completelyran-
dom to completelydirected. In mostcasesthe templatewill be a
balanceof both.

Figure3 shows an exampleof a test templateexpressedin the
Genesys-Prolanguagethatdefinesa table-walk scenario.Thesce-
nario loadsregistersfrom contiguousaddressesin memory. Each
Load instructionis followed by eitheranAdd or a Sub instruc-
tion. Theright partof thefigureshows anexampleof a testgener-
atedfrom this template.Thescenariois solvedsuccessfullyby the
generator. The memorylocationsaccessedby theLoad instruc-
tionsareindeedcontiguousasshown in theResourceInitial Values
sectionof thetest(addresses0x100–0x1F0).

Thetemplateincludesfourbasicinstructionstatementsfor Store,
Load, Add, andSub. Eachstatementspecifiesrequiredproperties
of aninstructionto beplacedin thegeneratedtest.Userscanspec-
ify propertiesof instructionsin severalways.They canleaveprop-
ertiescompletelyunspecified(‘?’ in thefigure),provide themwith
specificvalue(R5 in theStore instruction),or specifyproperties
usinguser-definedvariables(reg in Load andAdd).

Variablesareusedin theexampleto providepartialspecification
of values.In particular, thereg variableis usedto specifythatthe
target registerof theLoad instructionis equalto the sourcereg-
ister of theAdd instruction. Note that variablesusedin thespec-
ification have no correspondingresourcein the resultingtest. A
similar exampleis theconditionalRepeat statement— it directs
the generatorto keepgeneratingthe pairs of Load andAdd or
Sub instructions,aslongastheaddressvariableaddr is lessthan
0x200. Therefore,thereshouldbe 16 pairsof Load andAdd or
Sub instructionsin thetest.Noteagainthatthereis no actualloop
in thecorrespondingtest.

Figure3 alsoincludesanexampleof a constraintstatement.In
particular, the register-dependency bias,which causesthe genera-
tion engineto selectthe sameregistersfor adjacentor nearadja-
centinstructionsin thetest.This biascausesthegenerationengine
to selectR5 asthetargetregisterof theSub instructionlocatedin
address0x508.

The languagealso includessupportfor CoverageDriven Gen-
erationthat influencesthe generationof multiple tests. Userscan
definea coveragemodel[6] (a family of relatedcoveragetasks)to
directthegenerationprocess.Eachchoicepoint in thetesttemplate
canbemarkedasa coveragepoint. Thecoveragemodelis defined
asanexpressionover coveragepoints. For example,theSelect
statementin Figure3 canbemarkedasa coveragepoint andform
a coveragemodel. In this case,Genesys-Prowill generateenough
testsuntil all of theSelect’s sub-statements(Add andSub) are
generated.

3. INDUSTRIAL EXPERIENCE WITH THE
LANGUAGES

In this sectionwe contrastour experiencesin verifying two pro-
cessordesignsusingtheGenesysandGenesys-Proverificationlan-
guages.TheexamplesarethePOWER4andPOWER5processors;
both are comparablesuperscalar, multiprocessorRISC machine.
The POWER5 designis somewhat more complex becauseof its
SimultaneousMultithreading(SMT) capability. We presentthree
verificationtasks:

� Verifying thecoherency of anL2-Cachein amultiprocessing
configuration.This is possiblewith Genesys,however, only
50% of the generatedtestssatisfy the requiredmicroarchi-
tecturalevent. In contrast,Genesys-Prois fully efficient and
all thegeneratedtestssatisfythedesiredevent.

� Verifying thefunctionalityof abranchinstructionqueue(BIQ).
Testsgeneratedby Genesyscoversomeof theBIQ function-
ality, but donotreachboundarycases.Genesys-Proachieves
full coverageof theboundarycases.

� Verifying thefunctionalityof aninstructioncachewhenmul-
tiple copiesof the sameline residein differentcacheloca-
tions. Genesysis not ableto producethe requiredscenario,
while GenesysProproducesthis scenarioeasily.

Our first exampleis the verificationof the behavior of the L2-
Cachein a multiprocessingconfiguration.Therequestedevent in-
volvestwo processors.The first processoris requiredto access5
to 15 cacherows with 50 load instructionsandthesecondproces-
soris requiredto generate50storeinstructionsthataccessbetween
10 and20 cachelinesusedby thefirst processor. In Genesys,we
usedthe global cachebiasesprovided by the tool to expressthis
scenario.In Genesys-Prowewereableto expressthedesiredevent
moreaccurately, usingsharedvariablesto restricttheaddressesac-
cessedby thesecondprocessorto thecachelinesaccessedby the
first processor. Figure4 showsthecoverageresults.Wecanseethat
all 50 testsgeneratedby Genesys-Prosatisfythe desiredevent in
anevenlydistributedmanner, while thetestsgeneratedby Genesys
wereroughlyin theareaof theeventto becovered,but did notfully
hit theevent.

Thesecondexampleis theverificationof theBranch-Instruction
Queue(BIQ). In bothdesigns,thesizeof theBIQ determineshow
many unresolvedbranchescanbein flight atany point in time. The
queuesizeis cut in half whenrunningin simultaneousmultithread-
ing modesincetheBIQ is sharedequallybetweenthe threads.A
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Figure 4: Bias vs. Language Expressiveness

testfor verifying BIQ behavior shouldspecifya sequenceconsist-
ing of a long latency instruction(e.g.a loadwhich missesthedata
cache)followedby a sequenceof brancheswith particularknown
properties(e.g. correctly predictedor mis-predicted). Genesys
doesnot provide the meansfor ensuringcertaincombinationsof
predictedand mis-predictedbranches. In addition, Genesysre-
quiresthe BIQ size to be a constant,entailing separatetest tem-
platesfor thesingle-threadedandmulti-threadedconfiguration.Ge-
nesys-Pro,on the other hand,allows to definethe BIQ-size as a
variable,andto usespecialdirectivesto enforcetheapplicationof
therequiredbias. The following codeexampleillustratestheease
with which suchtestscanbe generatedin Genesys-Pro.The ex-
pressionBIQ size/NumOfThreads()determinesthe length of the
BIQ perthreaddynamically, thusreducingthenumberof testtem-
platesthatneedsto bemaintained.In addition,thepredictedtaken-
actually takenbiasstatementis setto 100%,which causesthebias
to becomea hardconstraintwith respectto this particulartesttem-
plate,andensuresthatevery testgeneratedfrom this templatewill
satisfythebias.

Variable:BIQ size= 16;
Repeat times=BIQsize/NumOfThreads()

�
Permute

�
Instruction-Group: LoadStore
Instruction-Group: Branch

Bias: predictedtaken actually taken=100
�

�
In Genesys,very specifictest templateswerewritten to verify

this areaof the design. Consequently, somebugswerenot found
until the initial POWER4 hardwarewasavailable. For POWER5,
Genesys-Protest templatesuncovered3 designbugsprior to first
passsilicon. As a result,no bugsescapedtheverificationphaseto
hardwaredespitethe addedcomplexity introducedby Simultane-
ousMultithreading(SMT).

Thethird exampleinvolvestestingthefunctionalityof anInstruc-
tion-Cache(I-Cache)whenmultiple copiesof thesamecacheline
residein differentlocationsin thecache.To exercisethis,we try to
generateteststhat repeatedlyaccessthe sameset of lines in the
I-Cachewith different Effective to Real addressmappings. We
do this by specifyinga sequenceof branchinstructionsfor each
selectedline in the I-Cache,suchthat the target addressof each
branchis restrictedto therealaddressrangein therespectivecache
line. To keepthe testsasgeneralaspossiblethebranchtargetad-

dressis selectedrandomlyfrom this range. Thus, the input test
templatemust specify additional restrictionson the rangeof the
targetaddress,to avoid infinite loopsin thegeneratedtests.Since
theGenesyslanguageprovidesnomeansfor expressingtheseaddi-
tional restrictions,thescenariocouldnotbedescribedin its general
form. Only very directedscenarioscouldbewritten,but thosedid
notcover thedesiredevent.

Genesys-Pro,in contrast,providesenoughprogrammingcontrol
to allow easyimplementationof thegeneralscenario,asillustrated
by thefollowing codeexample.WeusethearrayvariableisUsed
to ensurethatthereis atmostonebranchinstructionto eachaddress
locationin theselectedline. TheEffectiveto Realaddressmapping
is affectedby settingtheAddress-Aliasingbiasstatementto 50%,
which directsthe generatorto selectdifferenteffective addresses
thatmapto thesamerealaddresslocation.

Variable:i,j=0;
Variable:isUsed[]=0;
Variable:MaxInstructionsPerLine=32;
Variable:MaxNumOfCacheLines=8;
Bias: Address-Aliasing= 50;
Repeat (i � Random(1,MaxNumOfCacheLines))

�
CacheLineStart[i]= Random(0bXXX...XXX0000000);
Repeat (j � MaxInstructionsPerLine)

�
k = Random(0,MaxInstructionsPerLine-1);
Instruction: Branch

precondition:(isUsed[i,k]== 0);
targetRealAddr= (CacheLineStart[i]+ k);

isUsed[i,k]= 1;
j++;

�
i++

�
A summaryof thethreeverificationtasksappearsin Figure5.
Theexpressivenessof thenew languageis alsodemonstratedby

the size of the verification suite. For Genesys,we used35,000
testtemplateswhile theGenesys-Prosuiteincludesonly 2,000test
templates.Thenatureof thesetemplateshaschangedaswell. For
Genesyswe usedtwo typesof templates— the majority covered
syntacticalarchitectureevents(e.g. all pairsof instructions)and
wereproducedfrom simplescriptsthatenumeratedthem. A rela-
tively small numberof test templateswerewritten directly in the
Genesyslanguage.In total,we have about33,000scriptgenerated
test templatesand 1,900manuallywritten templates. The 2,000
test templateswe have for Genesys-Prohave all beenwritten di-
rectly in the new languagewhich allows knowledgeableverifica-
tion engineersto targetmicroarchitecturalevents.Thecoverageof
both suitesis the same,however the 35,000test templatestakes
90 daysto simulate,while the2,000testtemplatesrequireonly 4
daysof simulationwith thesamehardwareresources.This 20 fold
speedup is critical in increasingverificationproductivity because
it allows for morerapid breakagetestingof the designwhenlate
changesareintroducedshortlyprior to tapeout, therebyreducing
time to market.

4. DISCUSSION
Theintroductionof a powerful verificationlanguageinto IBM’ s

testgeneratorfor processorverificationhadtwo significantconse-
quences.The first is several changesin the verification method-
ology. The large numberof test templateshave beenreplacedby
abouttwo thousandtemplateswhich aresharedbetweenprojects.
Also, theteamof abouttenverificationengineerswho usedto de-
fine templateshasbeenreplacedby two to four expertswho are
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Genesys Genesys-Pro Technique
L2-Cache inefficient, full coverage, DirectedRandom

50%coverage uniformdistribution
BIQ boundarycasesnotcovered, full coverage, Local constraints

bugsescapedto hardware nobugsescaped
I-Cache impossibleto specify, full coverage, Utilization of programming

bugsescapedto hardware nobugsescaped constructs

Figure 5: Genesys/Genesys-Pro comparison table

now responsiblefor coding the new templates.The secondcon-
sequenceof the new languageis the performanceof the testgen-
erationtool. Testshave betterquality, the test suite is compact,
simulationtime is twentytimeslower andmostimportantly, fewer
bugshave escapedinto silicon despitetheaddedcomplexity of si-
multaneousmultithreading.

The reasonsfor thesetwo importantconsequencesis the lan-
guage’sability toexpressin minutedetailtherequiredmicro-archit-
ecturescenarios,leaveunnecessarydetailopento exerciseanevent
in variouscontexts,andparameterizetesttemplatesfor variousver-
ification tasksandprojects.

The cost of betterexpressivenessand performanceis twofold.
First, building of a testgeneratorthat fully supportsthe new lan-
guage.Considerableinvestmenthasbeenrequiredmostly for de-
veloping a powerful constraintsatisfaction solver. Secondly, the
training periodof verificationengineershasincreased;it takesan
experiencedengineerfrom two to six monthsto learnto utilize the
full capabilitiesof the language.Still, novicescanexploit the tool
with minimal learningtime to createbasicscenarios.

Our conjectureis thatour experiencewith theGenesys-Prolan-
guageis applicableto generalverification languageslike e, Vera
andtheSystem-CVerificationlibrary. Thecomplexity of systems
anddesignsandthetime pressureson teamsrequirefull program-
ming languagesandpowerful generationtools. Thecostsarecon-
siderable,but thebenefitsaremoreso.

Themaincontributionof thispaperis in reportingreal-world ex-
periencewith averificationlanguage.Theprojectsandverification
taskswe describedarehigh-endreal examples;we alsosupplied
someanalysisof thecostsandbenefitsof thenew language.This
typeof datais significantwhenbothvendorsandcustomersinvest
considerablyin verificationlanguages.An additionalcontribution
is thedescriptionof theverificationlanguage.

Themain limitation of this studyis its narrow context. We de-
scribea languagefor processorverificationwhile mostverification
languagesaremoregeneral.However, theunderlyingmechanisms
are the same— modelingof events,constraintssatisfaction,ran-
domness— andwe assumethat our conclusionshold for a more
generalscope.Furtherinvestigationof actualusageof verification
languagesis calledfor.
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