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Abstract

We presentX-Gen, a model-basedest-casagenerator
designedfor systemsand systemson a chip (SoCs). X-
Gen provides a framavork and a set of building blocks
for system-leel test-casegeneration. At the core of this
framawork lies a systemmodel, which consistsof compo-
nenttypes,theirconfigurationandtheinteractionsbetween
them. Building blocks include commonly usedconcepts
suchasmemoriesyegisters,andaddresgranslationmech-
anisms.Oncea systemis modeled X-Gen providesarich
languagdor describingtestcases.Throughthis language,
userscanspecify requestghat cover the full spectrumbe-
tweenhighly directedteststo completelyrandomones. X-
Genis currentlyin preliminaryuseat IBM for the verifica-
tion of two differentdesigns—ahigh-endmulti-processor
seneranda state-of-the-arSoC.

Intr oduction

During the last few years,complex hardware designs
have shiftedfrom customASICstowardsSystemon a Chip
(SoC) baseddesigns,which include ready made compo-
nents(’cores’). The verification of suchsystemsrequires
new tools and methodologieghat are up to the new chal-
lengegaisedby thecharacteristicef systemandSoCs.At
theheartof thesechallengestandgherequiremento verify
theintegrationof several previously designeccomponents,
in arelatively shorttime.

Often, a single organizationdevelopsa family of sim-
ilar systemgduring a shortperiodof time, wherea number
of systemsaredevelopedn parallelor asafollow-onto one
another Therefore,the verification ernvironmentusedfor
thesesystemaeedsto be flexible enoughto be applicable
for afollow-onorfor asimilarsystem.To achievethis, parts
of the verificationenvironmentshouldbe reusable. These
requirementsrom the verification ervironmentalso arise
whenthe samecoresareusedin severalsystems.

As systemdecomemorecomple, their interfacesbe-
comeincreasinglyintricate. As a result, test-casegener
ation and checkingmechanismg3] have to be expressed
at a higherlevel of abstraction.This forms a gapbetween
the high-level functionalspecificatiorof the systemandthe

concrete,low-level interfacesof its components.For ex-
ample,considerthe system-lgel transactionghatform the
interfaceof thesystemasawholeversusassemblyanguage
instructionsfor a processocore.

The verificationchallengeseflectedin theseobsena-
tions characterizea wide variety of systemsyangingfrom
complex SoCsto full-scale,multi-processofMP) systems.

Model basedtest generationschemd2] provedto be
highly effectivein otherdomains.In this schemea genera-
tor is partitionedinto a generic systemndependenéngine,
anda modelwhich describeghe verified design. This ap-
proachhasa numberof advantagesFirst, test-caseenera-
tion for new designdbecomesn easiertask. Secondthere
is a structured,well definedway to integrate nen knowl-
edgeaboutthe verified designinto the tool. And third, a
generictest-caseyeneratorcaninclude genericknowledge
thatappliesto mary designs.

In this paper we presentX-Gen: a model-basedan-
domtest-casg@eneratoaimedatcopingwith thechallenges
discussedabore and generatingpotenttest-benchesor a
wide variety of systems.A high-level depictionof X-Gen
is shavn in Figurel. As input, X-Gen acceptsa modelof
the designundertest(DUT), containingcomponentypes,
theconnectionbetweerthemandtheinteractionghey per
form. X-Genalsoacceptsa setof userdefinedrequestga
requesffile). For a givenrequesffile, it generates setof
differenttest-casesachof which realizesherequesfile.
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Figure 1. X-Gen: High-le vel Description

While X-Geninitially generatesbstractsystem-lgel
teststheseestsarerefinedin alaterstaganto concretdests
in aform suitablefor simulation(e.g.,onanRTL simulator).



This enableshe main body of X-Gento ignore low-level
detailswhich areirrelevantto the system-lgel verification
process.

X-Gen provides a framawvork and a set of building
blocks for systemand SoC modeling. Oncea systemis
modeledrequestareexpressedhrougharich requestan-
guage supportediy a GUI. X-Genalsoprovidesextensie
internaltestingknowledge(e.g., in a systemthat contains
cachesit is typically beneficialto accesghe sameaddress
morethanonce).

X-Gen’s uniquenesswhen comparedto generalpur-
poseverificationtools or languagegs, 6], lies in the fact
thatboth the generalframeawvork andthe building blocksit
providesareorientedat systemsand SoCs(seelastsection
for details).

It should be notedthat X-Gen is dedicatedto stim-
uli generation. In most cases,it is usedin conjunction
with someseparatepn-the-flycheckingmechanismX-Gen
mayalsogeneratewhenrequestedend-of-tesexpectede-
sults[1]. Using X-Genin this modepreventsit from gener
atingcertainclasse®f tests.

Therestof this paperis structuredasfollows: the next
sectiondescribeghe systemmodelingframeavork. We then
describethe requesffile languagethe generationscheme,
andthe way X-Genis currently usedin IBM. Finally, we
compareX-Gen to generalpurposeverification tools and
languages.

SystemModel

X-Gen’smodelingframenork containghreebasiccon-
cepts:the componentypesof the system the interactions
(or transactionspetweerthemandthe systems configua-
tion (Seefigure 1). The modelingof componentypesand
interactionds donethrougha special-purposgraphicaled-
itor, in whichformsarefilled to describéhevariousaspects
of the system. Typically, several similar systemsare mod-
eledthroughthe useof several configurationsbasedon a
singlecollectionof componentypesandinteractions.

ComponentTypes

Componenttypesdescribethe typesof hardware compo-
nentsusedin the systembeingverified. Examplesinclude
a processocore,a bus bridge,anda bus functionalmodel
(BFM). RatherthandescribingcomponentsX-Gen’s mod-
elinglanguagealescribesypesof componentsThis enables
theuseof multiple instance®f the samecomponentypein
asinglesystem(asin thecaseof an MP system)or theuse
of samecomponentypein severaldifferentsystems.

A componentype containsthreemain aspects:ports
through which it connectsto other componentsjnternal
state and behavior Eachcomponentype containsa set
of ports. For example,a simple Ethernetto ATM bridge
hastwo ports. A portin X-Gen consistsof the setof prop-
ertiesthat defineits interfaceto neighboringcomponents.
Examplesof propertiesmay be addressdata,access-size,
L2 cachdine, andinterruptpriority.

Internal stateis the set of resourceghat residein a
componentand affect its behaiior. Examplesof resources
include registers,memory etc. The contentsof thesere-
sourceswill generallychangeduring the executionof the
test. As part of the generationprocessthe corresponding
stateof eachresourcds updatedaccordingto the interac-
tions in which the componentparticipates.The generated
testcaseincludesthe initial valuesgeneratedor thesere-
sources.When X-Genis usedin 'expectedresults’mode,
their end-of-tesexpectedvaluesarecalculatecaswell.

A componenbehaior is modeledvia constraintshat
describethe relationshipsbetweenpropertieson its ports
or betweenthesepropertiesand its internal state. A pro-
cessorfor example,may constraintheaddr ess andac-
cess si ze propertiesandrequirethatall 8-byteaccesses
to memory are 4-byte aligned. A more complex con-
straint may relate to the PCI-to-fabric addresdranslation
performedby a bus bridge. This constraintwill restrict
the PCI addressroperty and the fabric addressproperty
accordingto a systemof memory-basedranslationtables
pointedto by a setof registers.

X-Gen's modeling ernvironment provides building
blocks for both internal statesand constraints. Internal
statebuilding blocksincluderegisters,memory etc. Mod-
eling aidsfor constructingconstraintsncludea declaratve
languagethat containsarithmetic, bit-wise, and logic op-
erators[4]. In addition, X-Gen provides building blocks
for modeling constraintsthat representranslationtables,
system-wideconsisteng rules,andothercommonpatterns
of behavior. Constraintghatcannotbe definedusingary of
theabove, arewritten asC++ procedures.
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Figure 2. Interaction Model Overview

Configuration

Givenasetof componentypesusersconstrucisystemcon-
figurations. First the systems topology is definedby in-

stantiatingcomponentge.g.,cpu- 1, ...,cpu- 8 of type
Pr ocessor ) anddepictingtheconnectionbetweerthem.
Thenstaticcharacteristicef thesecomponentge.g.,thead-
dressspacefor amemorycomponentarebeingsetto com-
plete the configurations definition. A requestfile writer

may refer to the componentslefinedin the configuration,



for example,by requesting-Gento generate setof inter-
actionsin which PCl - 01 patrticipates.

In mary casesthe samesetof componentypesis used
in differentsystems. From X-Gen'’s point of view, 8-way
and 2-way multi-processorseners from the samefamily
differ only in their configuration:their setsof interactions
and componentypesareidentical. Moreover, a single 8-
way systemmay have several configurationge.g.,different
memorymaps).

Interactions
Interactionglescribeheway componentinteractwith each
other, accordingto the specificatiorof the system.
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Act 1: A CPU stores to the DMA door-bell register
Act 2: The DMA itself, from a BFM to a Memory
Act 3: The DMA engine interrupts the CPU

Actors in Act 2

Figure 3. Interaction Example: DMA

Figure2 shavs X-Gen'sinteractionview, andFigure3
shavs anexampleof aninteraction. Theinteractionmodel
consistsof one or more actsthat embodythe actiity that
takesplaceduringtheinteraction.Severalcomponentsnay
participatein eachact.

Actors relateto the principal componentgarticipating
in anact. Differentinstancesf componentypes,or com-
ponentsof differenttypes,cansene asthe sameactorin
differentoccurrence®f aninteractionduring a test. Note
thatnot all componentglongthe pathof anactneedto be
definedasactors(Componentsot definedasactorsarecal-
culatedautomaticallyby X-Gen).

Therelationshipbetweeninteractionsandcomponents
is expressedhroughpropertieswvhich aredefinedfor each
actorin aninteraction. Any componenthat playsthe role
of anactorin anact mustcontainthe actor’s propertieson
oneof its ports(seefigure 2).

An interactionmodelalsoincludesconstraintverac-
tor propertiesactoridentities,or acombinationof these.

Theinteractionexampleof Figure3 shavsa DMA. In
this interaction,a processoiperformsa seriesof storein-
structiongto specificaddressewithin a DMA engine hoti-
fying it of thesourceaddressthetargetaddressthetransfer
size,andpossiblyothercharacteristicof the DMA opera-
tion. As aresult,the DMA enginetransfersthe required

block of memory and sendsan interruptto the originating
processarX-Gen’smodelof suchaninteractionwould typ-
ically containthreeacts: (a) the seriesof storesperformed
by the processorib) the DMA transferitself, and (c) the
interrupt. Themodelwould alsoincludeconstraintdothon
theidentity of the participatingcomponentge.g.,the DMA
engineis a componenbf type 'D-engine’, the originating
processomandtheinterruptedprocessorrethe samecom-
ponent)andon otherpropertiesof theinteraction(e.g.,the
sizeof the DMA mustbea multiple of 128bytes,thedoor
bell storemustaccessanaddresslefinedby a baseregister
in theDMA engine).

TestingKnowledge
Testingknowledgeis expert knowledgeincorporatedinto
the systemmodelin orderto stressug-proneareasijt does
notrequireexplicit input from therequest-filewriter.
Examplesof testing knowledge building blocks pro-
vided by X-Gen include: (1) a collision mechanismthat
biaseshe test-casa@owardsthe reuseof certainsystemre-
sourcege.g.,mary accesseto the samecache-line);(2) a
placemenmechanisnthatbiasesnemoryaccessetowards
eventssuchascross-pagéanaccesshatbeginsin onepage
andendsin another)or sggmentboundaryand(3) weighted
randomchoiceof thevaluesfor a certainproperty

RequestLanguage

A userdefinedrequestfile senesas a templatefor a
setof tests;it describeshecharacteristicsequiredfor tests
aimedat specificverificationgoals. Throughrequesfiles,
userscanprovide a full or partial descriptionof a required
scenarioandleave all the surroundingparametersinspeci-
fied. This enablesX-Gento hit atargetedeventin a practi-
cally unlimitednumberof differentways. Thus,whenatar
getedscenarids definedby the userin looseterms,X-Gen,
throughits randomnesandtestingknowledgemaygenerate
theactualbug-revealingtest-cas@aroundhelooselydefined
scenario.

Interactionsarethebasicbuilding blocksof therequest
file language.Usersmay constraindifferentinteractionat-
tributes;amongthesearethe identity of the actorsthat par
ticipatein theinteractionandtheir properties Eventhough
actorsrepresenbnly someof the componentghat partic-
ipatein aninteraction,usersmay usethe participant con-
structto requirethata specificcomponenparticipatein an
interactionwithoutexplicitly specifyingtheidentity of any
of the actors. For example,in a sequencef interactions
consistingof a singleactbetweenwo actors,a BFM anda
memorycomponentyseranaystressacertainbus-bridgen
thesystemby directly requestinghatthis bus-bridgepartic-
ipatein all theinteractions.Thisway, theBFM andmemaory
actorsmay randomlyvary from oneinteractionto another
while the bus-bridgeremainghe same.

The requestfile languagecontainsseveral high-level
statementsisedto group interactionsor other high-level



Figure 4. X-Gen Request File (GUI Screen Shot)

statements(seeFigure4): (1) anal | _of statemengen-
eratesall its sub-statementg2) a one_of statemenpro-
videsaweightedchoicebetweerits sub-statementsind(3)
ar epeat statemengeneratemultipleinstance®f its sub-
statements As thesehigh level statementgan be usedto
groupsingleinteractionspr to groupotherhigh-level state-
ments,a requestfile canbe viewed asa tree with interac-
tionsatits leavesandhigh-level statementatits intermedi-
atenodes.

Userscaninfluenceary singleinteractionin therequest
file by directly specifyingactorsandproperties.To biasa
large setof interactionsusersattachdirectivesto high level
statementsA directive affectsall theinteractionscontained
in thesub-treeof thestatemento whichit is attachedWhen
attachedo the root of therequesfile, directivesprovide a
compactway to biasall the interactionsin the test. More-
over, they provide a way to establishdifferentcharacteris-
ticsin differentpartsof the requesfile: For example,90%
of the DMAs that passthroughbus-bridge are’short;
while 90% of the DMAs thatpasshroughbus-bridge are
'long. X-Gen providesa large numberof directives, that
representestingknowledge which affectsdifferentaspects
of thesystembehavior. Directivesaredefinedaspartof the
systemmodel.

X-Gen's requestianguageprovides, in additionto the
conceptslescribedibove,aprogramming-languagkk eas-
pect that enablesusersto depict very specific scenarios.
This aspectincludesvariables,a rich expressionanguage,
variableassignmentsndtheusageof variablego constrain
the selectionof valuesfor actorsandproperties.lt may be
usedto form practically any type of complex relationship
betweera setof interactions.

Normally, interactiongyeneratedy X-Genmaybe ex-
ecutedin arny orderby the verified system not necessarily
in the orderin which they weregeneratedrFor example X-
Genmay generataninteractionfor processor andthen

aninteractionfor anothemprocessor . However, because
thetwo processorsun in paralleltheinteractionof  may
be executedfirst. X-Genprovidesmeango explicitly con-
trol the executionorder This is doneby specifyingone of
the three ordercontrol constructssequence, nut ual -
excl usi on, orr endezvous inthescopeof anal | _of
orar epeat statementWhenthisis done,all interactions
(or high-level statements)n this scopeare executedin a
sequencein mutual-eclusionfrom eachother, or in ren-
dezwuswith eachother, respectiely. The descriptionsof
the mechanismsvith which thesetypesof schedulingsce-
nariosareenforcedarepartof the systems model.

To summarizethis section,X-Gen’s requestanguage
embodiesa dualeffort methodology(seeFigure5), wherea
singletestgeneratedy X-Gencontainsbothauserdirected
scenario targetedat a specificlogical areaof the verified
design,and’intelligent’ backgrounchoise,stimulatingthe
restof thesystemin anon-trivial randommanner Variables
and expressionsprovide the ability to specify the former,
while directivesandtheuseof testingknowledgeenablethe
latter.

A specific scenario Intelligent background
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Figure 5. Dual Effort Methodology



Generation scheme

For a given requestfile, X-Gen’s generationprocess
can be divided into two layers: traversing the high-level
statementree and generatinghe interactionsat its leaves.
The statementreetraversalis donein a hierarchicalman-
ner, whereeachstatements responsibldor the generation
of all its sub-statementsAn al | _of statementfor exam-
ple, would generateall its sub-statementsyhile a one _of

statementvould randomlypick one of its sub-statements,

andthengeneratet.

For a given interaction, X-Gen randomly choosests
actorsandassigngandomvaluesto the interactions prop-
erties. Theseselectionsmustcomply with the constraints
definedon the interactionand the constraintsmposedby
the componentghat participatein the interaction. The re-
guestfile mayfurtherrestrictthe choiceof actorsandprop-
erty valuesitheselectionsnadeby X-Genmustalsosatisfy
theserestrictions.

X-Gen generatesan interactionby constructingand
solving two constraintnetworks: one representsctor se-
lectionandthe otherrepresentpropertyselection.The so-
lution of theformernetwork is usedasthe basisfor thecon-
structionof the latter. After identifying the actors,X-Gen
calculateghe pathbetweertheactorsof everyact,andcon-
structsa constraintnetwork that containsthe propertiesof
all the participatingcomponentslongthe paths.Both net-
works are solved using a variantof the well-known main-
taining arc consistencyMAC) algorithm[4, 7].

Therandomchoiceof actorsandpropertyassignments
is influencedby testing knowledge that was modeledfor
the interactionor for the componentgarticipatingin the
interaction.Testingknowledgeis incorporatednto thecon-
straintnetworks as soft constraintshat are activatedwith
somepresefprobability Thesekind of constraintsnfluence
theresultingtestwhenthey do not contradictary architec-
tural requiremenbr explicit userrequestUsersmayusedi-
rectivesin therequesfile to setthe probability with which
eachsuchconstraintis activated,andto determineits exact
behaior.

The solutionsof the actorandpropertyconstraintnet-
works for all the interactionsin the requestfile form the
abstractestgeneratedby X-Gen.

Refinement

Often,someof thelow-level detailsnecessaryn atest
areirrelevantto the system-lgel verificationprocess Such
a detail in the caseof an MP system,for example,is the
identity of aregisterusedby a CPUin ast or e instruction
(e.g., or ). Todecoupletherelevantdetailsfrom the
low-level ones X-Genusesatwo phasegeneratiorscheme:
first, anabstractestis generatedThelion’s shareof gener
ation effort is investedin this stage.Then,the abstractest
goesthrougha simple stageof refinementto producethe
actualconcreteest,suitablefor simulation.
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Figure 6. X-Gen Usage Scheme

The refinementprocessdoesnot containary signifi-
cantrandomdecisions,and cannotbe controlledby users
throughthe requesffile. As it relieson the systemmodel,
therefinemenenginecanbe usedfor differentsystems.

For an exampleof the refinementrocessonsiderthe
DMA interactiondiscussegbreviously. In this casetheab-
stracttestmayincludethe DMA sourceaddresstargetad-
dressandtransfersize,aswell asthe doorbell addresgor
addresses)o be accessedby the processotto kick-of the
DMA. Thisinformationwould thenbeexpandedduringthe
refinementstageto includea setof st or e instructionsto
the doorbell registerfor the processarpossiblyfollowed
by aloop waiting for aninterrupt.

Usage

X-Gen’s usageschemgFigure 6) consistsof two dif-
ferentroles: (1) applicationengineers,or local support,
modeltheinteractionsandcomponentypesof the verified
system using X-Gen’s modelingenvironmentandbuilding
blocks; and (2) userswrite configurationfiles and request
files. The rationalebehindthis usageschemeis the pace
at which differentaspectof the test-casegenerationpro-
cesschange,andtheir correlationwith a specificverifica-
tion task: the genericpartsof X-Gen arerelatively stable.
Interactionandcomponentypes,aswell assystem-specific
testingknowledge evolve andneedto bemodifiedmoreof-
ten. Several configurationstypically exist for a given set
of interactionsand componentypes. Finally, requesffiles
may be createdandmodifiedon a daily basis,andaim ata
specificverificationgoal.

X-Genis currentlyin preliminaryuseby two IBM de-
velopmentorganizationdor the verificationof botha high-
end MP sener and a state-of-the-arthighly comple, MP
SoC. X-Gen is part of a verification ervironmentthat in-
cludeshundredsf requesfiles, andin which a large num-
berof testsaregenerate@ndsimulatedeachday Testsgen-
eratedby X-Gen have alreadyrevealedbugsthat escaped
othergenerators.

Comparisonwith Other Tools

X-Gen is different from generalpurposeverification
tools, suchas Specmari5] (Verisity) or Vera[6] (Synop-



sys). It wasdesignedand built with systemsand SoCsin

mind: the conceptst relieson (componentsinteractions,
etc.) arespecificallytargetedat systemsThisway, theaddi-
tional level of abstractiorbetweerthe atomicpropertyand
theentiresystemis inherentto X-Gen.

In contrasttoolswhich do not have this naturalability
to dealwith the differentabstractiorlevels are at a disad-
vantagewvhenusedfor systenverification. With suchtools,
apreliminarynecessargtepbeforegettinginto theverifica-
tion processds creatingpreciselythis additionalabstraction
level.

Moreover, becauseX-Genis awareof the system-lgel
abstractionjt canprovide extensve aidsfor modelingre-
latedtestingknowledge.

There are other aspectsn which X-Gen is different
from generalpurposeverificationtools. X-Genclearly sep-
aratesbetweenthe systemmodel and the test description
(requestfile). This separatiorprovidesfor a betterverifi-
cation methodology as thesedifferent aspectsof the ver
ification processare bestconceptualizedn differentlan-
guagesOntheotherhand,a single-languagenethodology
reducesoverheadandis cheapetto usein small, homoge-
neousteams. Larger designs,suchascomple systemsor
SoCsrequireverificationteamdargeenougho besplitinto
modelingandtestcasewriting teams—thupermittingthe
useof thelanguagesuitablefor eachpartof the process.

X-Gen'srefinemenprocessllowsthebodyof thesys-
tem modelto ignorepartsof the generatiomprocesswhich
areirrelevantto the system-lgel verificationprocess Gen-
eralpurposeverificationervironmentsdo not supportthis.

As opposedto Veraand Specman,The X-Gen inter-
facesfor modelingthe system,and mostof its requesfile
languagearenot a programminganguage This is demon-
stratedby the fact that systemmodeling and requestfile
writing is performedundera graphicalervironment,rather
thanin atext editor.

Vera and Specmars capabilities exceed generation.
Both tools provide aids for coverageand checking,while
X-Genconcentratesn test-casgeneration.

Summary

In this paperwe describedX-Gen,a model-basedest-
casegeneratortargeted at systemsand SoCs. X-Gen’s
modeling platform includes componenttypes, configura-
tion, and interactions. X-Gen provides a set of building
blocksandmodelingaidsto easethe creationof new com-
ponents,interactions,and system-lgel testingknowledge.
X-Gen'’s requestlanguageenablesthe generationof tests
acrossthe full spectrumjfrom completelyrandomthrough
testing-knevledgebiasedrandom,to highly directed. Dif-
ferentlogical sectionsn thetestmaybe createdwith differ-
entdegreesof this freedom.
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