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Abstract

We presentX-Gen, a model-basedtest-casegenerator
designedfor systemsand systemson a chip (SoCs). X-
Gen provides a framework and a set of building blocks
for system-level test-casegeneration. At the core of this
framework lies a systemmodel,which consistsof compo-
nenttypes,theirconfiguration,andtheinteractionsbetween
them. Building blocks include commonlyusedconcepts
suchasmemories,registers,andaddresstranslationmech-
anisms.Oncea systemis modeled,X-Genprovidesa rich
languagefor describingtestcases.Throughthis language,
userscanspecifyrequeststhat cover the full spectrumbe-
tweenhighly directedteststo completelyrandomones.X-
Genis currentlyin preliminaryuseat IBM for theverifica-
tion of two differentdesigns—ahigh-endmulti-processor
serverandastate-of-the-artSoC.

Intr oduction

During the last few years,complex hardwaredesigns
haveshiftedfrom customASICstowardsSystemona Chip
(SoC) baseddesigns,which include readymadecompo-
nents(’cores’). The verificationof suchsystemsrequires
new tools andmethodologiesthat areup to the new chal-
lengesraisedby thecharacteristicsof systemsandSoCs.At
theheartof thesechallengesstandstherequirementtoverify
the integrationof severalpreviously designedcomponents,
in a relatively shorttime.

Often,a singleorganizationdevelopsa family of sim-
ilar systemsduringa shortperiodof time, wherea number
of systemsaredevelopedin parallelor asafollow-onto one
another. Therefore,the verification environmentusedfor
thesesystemsneedsto be flexible enoughto be applicable
for afollow-onor for asimilarsystem.To achievethis,parts
of the verificationenvironmentshouldbe reusable.These
requirementsfrom the verification environmentalso arise
whenthesamecoresareusedin severalsystems.

As systemsbecomemorecomplex, their interfacesbe-
comeincreasinglyintricate. As a result, test-casegener-
ation and checkingmechanisms[3] have to be expressed
at a higherlevel of abstraction.This forms a gapbetween
thehigh-level functionalspecificationof thesystemandthe

concrete,low-level interfacesof its components.For ex-
ample,considerthesystem-level transactionsthat form the
interfaceof thesystemasawholeversusassemblylanguage
instructionsfor aprocessorcore.

The verificationchallengesreflectedin theseobserva-
tions characterizea wide variety of systems,rangingfrom
complex SoCsto full-scale,multi-processor(MP) systems.

Model basedtestgenerationscheme[2] proved to be
highly effective in otherdomains.In this scheme,a genera-
tor is partitionedinto ageneric,systemindependentengine,
anda modelwhich describesthe verifieddesign. This ap-
proachhasa numberof advantages.First, test-casegenera-
tion for new designsbecomesaneasiertask.Second,there
is a structured,well definedway to integratenew knowl-
edgeaboutthe verified designinto the tool. And third, a
generictest-casegeneratorcanincludegenericknowledge
thatappliesto many designs.

In this paper, we presentX-Gen: a model-basedran-
domtest-casegeneratoraimedatcopingwith thechallenges
discussedabove and generatingpotent test-benchesfor a
wide variety of systems.A high-level depictionof X-Gen
is shown in Figure1. As input, X-Genacceptsa modelof
the designundertest(DUT), containingcomponenttypes,
theconnectionsbetweenthemandtheinteractionsthey per-
form. X-Genalsoacceptsa setof user-definedrequests(a
requestfile). For a given requestfile, it generatesa setof
differenttest-cases,eachof which realizestherequestfile.
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Figure 1. X-Gen: High-le vel Description

While X-Gen initially generatesabstractsystem-level
tests,thesetestsarerefinedin alaterstageintoconcretetests
in aform suitablefor simulation(e.g.,onanRTL simulator).



This enablesthe main body of X-Gen to ignore low-level
detailswhich areirrelevant to the system-level verification
process.

X-Gen provides a framework and a set of building
blocks for systemand SoC modeling. Oncea systemis
modeled,requestsareexpressedthrougha rich requestlan-
guage,supportedby a GUI. X-Genalsoprovidesextensive
internal testingknowledge(e.g., in a systemthat contains
caches,it is typically beneficialto accessthesameaddress
morethanonce).

X-Gen’s uniqueness,when comparedto generalpur-
poseverification tools or languages[5, 6], lies in the fact
thatboth the generalframework andthe building blocksit
providesareorientedat systemsandSoCs(seelastsection
for details).

It should be noted that X-Gen is dedicatedto stim-
uli generation. In most cases,it is usedin conjunction
with someseparate,on-the-flycheckingmechanism.X-Gen
mayalsogenerate,whenrequested,end-of-testexpectedre-
sults[1]. UsingX-Genin thismodepreventsit from gener-
atingcertainclassesof tests.

Therestof this paperis structuredasfollows: thenext
sectiondescribesthesystemmodelingframework. We then
describethe requestfile language,the generationscheme,
andthe way X-Gen is currentlyusedin IBM. Finally, we
compareX-Gen to generalpurposeverification tools and
languages.

SystemModel

X-Gen’smodelingframework containsthreebasiccon-
cepts: the componenttypesof the system,the interactions
(or transactions)betweenthemandthesystem’s configura-
tion (Seefigure1). Themodelingof componenttypesand
interactionsis donethroughaspecial-purposegraphicaled-
itor, in whichformsarefilled to describethevariousaspects
of the system.Typically, several similar systemsaremod-
eledthroughthe useof several configurations,basedon a
singlecollectionof componenttypesandinteractions.

ComponentTypes
Componenttypesdescribethe typesof hardware compo-
nentsusedin the systembeingverified. Examplesinclude
a processorcore,a busbridge,anda bus functionalmodel
(BFM). Ratherthandescribingcomponents,X-Gen’smod-
eling languagedescribestypesof components.Thisenables
theuseof multiple instancesof thesamecomponenttypein
asinglesystem(asin thecaseof anMP system),or theuse
of samecomponenttypein severaldifferentsystems.

A componenttype containsthreemain aspects:ports
through which it connectsto other components,internal
state, and behavior. Eachcomponenttype containsa set
of ports. For example,a simple Ethernetto ATM bridge
hastwo ports. A port in X-Genconsistsof thesetof prop-
erties that defineits interfaceto neighboringcomponents.
Examplesof propertiesmay be address,data,access-size,
L2 cacheline, andinterruptpriority.

Internal stateis the set of resourcesthat residein a
componentandaffect its behavior. Examplesof resources
include registers,memory, etc. The contentsof thesere-
sourceswill generallychangeduring the executionof the
test. As part of the generationprocess,the corresponding
stateof eachresourceis updatedaccordingto the interac-
tions in which the componentparticipates.The generated
testcaseincludesthe initial valuesgeneratedfor thesere-
sources.WhenX-Gen is usedin ’expectedresults’mode,
their end-of-testexpectedvaluesarecalculatedaswell.

A componentbehavior is modeledvia constraintsthat
describethe relationshipsbetweenpropertieson its ports
or betweenthesepropertiesand its internal state. A pro-
cessor, for example,mayconstraintheaddress andac-
cess size propertiesandrequirethatall 8-byteaccesses
to memory are 4-byte aligned. A more complex con-
straint may relate to the PCI-to-fabric addresstranslation
performedby a bus bridge. This constraintwill restrict
the PCI addresspropertyand the fabric addressproperty,
accordingto a systemof memory-basedtranslationtables
pointedto by a setof registers.

X-Gen’s modeling environment provides building
blocks for both internal statesand constraints. Internal
statebuilding blocksincluderegisters,memory, etc. Mod-
eling aidsfor constructingconstraintsincludea declarative
languagethat containsarithmetic,bit-wise, and logic op-
erators[4]. In addition, X-Gen provides building blocks
for modelingconstraintsthat representtranslationtables,
system-wideconsistency rules,andothercommonpatterns
of behavior. Constraintsthatcannotbedefinedusingany of
theabove,arewrittenasC++ procedures.
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Figure 2. Interaction Model Overview

Configuration
Givenasetof componenttypesusersconstructsystemcon-
figurations. First the system’s topology is definedby in-
stantiatingcomponents(e.g.,cpu-1, . . . ,cpu-8 of type
Processor) anddepictingtheconnectionsbetweenthem.
Thenstaticcharacteristicsof thesecomponents(e.g.,thead-
dressspacefor amemorycomponent)arebeingsetto com-
plete the configuration’s definition. A requestfile writer
may refer to the componentsdefinedin the configuration,



for example,by requestingX-Gento generateasetof inter-
actionsin whichPCI-01 participates.

In many cases,thesamesetof componenttypesis used
in differentsystems.From X-Gen’s point of view, 8-way
and 2-way multi-processorservers from the samefamily
differ only in their configuration:their setsof interactions
andcomponenttypesare identical. Moreover, a single8-
waysystemmayhaveseveralconfigurations(e.g.,different
memorymaps).

Interactions
Interactionsdescribethewaycomponentsinteractwith each
other, accordingto thespecificationof thesystem.
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Figure 3. Interaction Example: DMA

Figure2 showsX-Gen’s interactionview, andFigure3
shows anexampleof aninteraction.Theinteractionmodel
consistsof oneor moreactsthat embodythe activity that
takesplaceduringtheinteraction.Severalcomponentsmay
participatein eachact.

Actors relateto theprincipalcomponentsparticipating
in anact. Differentinstancesof componenttypes,or com-
ponentsof different types,canserve as the sameactor in
differentoccurrencesof an interactionduring a test. Note
thatnot all componentsalongthepathof anactneedto be
definedasactors(Componentsnotdefinedasactorsarecal-
culatedautomaticallyby X-Gen).

Therelationshipbetweeninteractionsandcomponents
is expressedthroughpropertieswhich aredefinedfor each
actorin an interaction.Any componentthatplaysthe role
of anactorin anactmustcontainthe actor’s propertieson
oneof its ports(seefigure 2).

An interactionmodelalsoincludesconstraintsoverac-
tor properties,actoridentities,or acombinationof these.

Theinteractionexampleof Figure3 shows a DMA. In
this interaction,a processorperformsa seriesof storein-
structionsto specificaddresseswithin a DMA engine,noti-
fying it of thesourceaddress,thetargetaddress,thetransfer
size,andpossiblyothercharacteristicsof the DMA opera-
tion. As a result, the DMA enginetransfersthe required

block of memory, andsendsan interruptto theoriginating
processor. X-Gen’smodelof suchaninteractionwouldtyp-
ically containthreeacts: (a) the seriesof storesperformed
by the processor;(b) the DMA transferitself, and (c) the
interrupt.Themodelwouldalsoincludeconstraintsbothon
theidentityof theparticipatingcomponents(e.g.,theDMA
engineis a componentof type ’D-engine’, the originating
processorandthe interruptedprocessorarethe samecom-
ponent)andon otherpropertiesof the interaction(e.g.,the
sizeof theDMA mustbea multiple of 128bytes,thedoor-
bell storemustaccessanaddressdefinedby a baseregister
in theDMA engine).

TestingKnowledge
Testingknowledgeis expert knowledgeincorporatedinto
thesystemmodelin orderto stressbug-proneareas;it does
not requireexplicit input from therequest-filewriter.

Examplesof testing knowledgebuilding blocks pro-
vided by X-Gen include: (1) a collision mechanismthat
biasesthe test-casetowardsthe reuseof certainsystemre-
sources(e.g.,many accessesto thesamecache-line);(2) a
placementmechanismthatbiasesmemoryaccessestowards
eventssuchascross-page(anaccessthatbeginsin onepage
andendsin another)or segmentboundary;and(3) weighted
randomchoiceof thevaluesfor a certainproperty.

RequestLanguage

A user-definedrequestfile servesas a templatefor a
setof tests;it describesthecharacteristicsrequiredfor tests
aimedat specificverificationgoals. Throughrequestfiles,
userscanprovide a full or partialdescriptionof a required
scenario,andleave all thesurroundingparametersunspeci-
fied. This enablesX-Gento hit a targetedeventin a practi-
cally unlimitednumberof differentways.Thus,whenatar-
getedscenariois definedby theuserin looseterms,X-Gen,
throughits randomnessandtestingknowledgemaygenerate
theactualbug-revealingtest-casearoundthelooselydefined
scenario.

Interactionsarethebasicbuilding blocksof therequest
file language.Usersmayconstraindifferentinteractionat-
tributes;amongthesearetheidentity of theactorsthatpar-
ticipatein theinteractionandtheir properties.Eventhough
actorsrepresentonly someof the componentsthat partic-
ipate in an interaction,usersmay usethe participant con-
structto requirethata specificcomponentparticipatein an
interaction,withoutexplicitly specifyingtheidentityof any
of the actors. For example,in a sequenceof interactions
consistingof a singleactbetweentwo actors,a BFM anda
memorycomponent,usersmaystressacertainbus-bridgein
thesystemby directlyrequestingthatthisbus-bridgepartic-
ipatein all theinteractions.Thisway, theBFM andmemory
actorsmay randomlyvary from oneinteractionto another,
while thebus-bridgeremainsthesame.

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



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

statements,(seeFigure4): (1) anall of statementgen-
eratesall its sub-statements;(2) a one of statementpro-
videsaweightedchoicebetweenits sub-statements;and(3)
arepeat statementgeneratesmultipleinstancesof its sub-
statements.As thesehigh level statementscanbe usedto
groupsingleinteractions,or to groupotherhigh-level state-
ments,a requestfile canbe viewed asa treewith interac-
tionsat its leavesandhigh-level statementsat its intermedi-
atenodes.

Userscaninfluenceany singleinteractionin therequest
file by directly specifyingactorsandproperties.To biasa
largesetof interactions,usersattachdirectivesto high level
statements.A directiveaffectsall theinteractionscontained
in thesub-treeof thestatementtowhichit isattached.When
attachedto the root of the requestfile, directivesprovide a
compactway to biasall the interactionsin the test. More-
over, they provide a way to establishdifferentcharacteris-
tics in differentpartsof therequestfile: For example,90%
of the DMAs that passthroughbus-bridge � are ’short,’
while 90%of theDMAs thatpassthroughbus-bridge� are
’ long.’ X-Gen providesa large numberof directives, that
representtestingknowledge,whichaffectsdifferentaspects
of thesystembehavior. Directivesaredefinedaspartof the
systemmodel.

X-Gen’s requestlanguageprovides,in additionto the
conceptsdescribedabove,aprogramming-language-likeas-
pect that enablesusersto depict very specific scenarios.
This aspectincludesvariables,a rich expressionlanguage,
variableassignments,andtheusageof variablesto constrain
theselectionof valuesfor actorsandproperties.It maybe
usedto form practicallyany type of complex relationship
betweena setof interactions.

Normally, interactionsgeneratedby X-Genmaybeex-
ecutedin any orderby the verified system,not necessarily
in theorderin which they weregenerated.For example,X-
Genmaygeneratean interactionfor processor��� andthen

an interactionfor anotherprocessor��� . However, because
thetwo processorsrun in paralleltheinteractionof �	� may
beexecutedfirst. X-Genprovidesmeansto explicitly con-
trol the executionorder. This is doneby specifyingoneof
the threeorder-control constructssequence, mutual-
exclusion, orrendezvous in thescopeof anall of
or arepeat statement.Whenthis is done,all interactions
(or high-level statements)in this scopeare executedin a
sequence,in mutual-exclusionfrom eachother, or in ren-
dezvouswith eachother, respectively. The descriptionsof
the mechanismswith which thesetypesof schedulingsce-
nariosareenforcedarepartof thesystem’smodel.

To summarizethis section,X-Gen’s requestlanguage
embodiesadualeffort methodology(seeFigure5), wherea
singletestgeneratedby X-Gencontainsbothauser-directed
scenario,targetedat a specificlogical areaof the verified
design,and’intelligent’ backgroundnoise,stimulatingthe
restof thesystemin anon-trivial randommanner. Variables
and expressionsprovide the ability to specify the former,
while directivesandtheuseof testingknowledgeenablethe
latter.
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Figure 5. Dual Effor t Methodology



Generationscheme

For a given requestfile, X-Gen’s generationprocess
can be divided into two layers: traversing the high-level
statementtreeandgeneratingthe interactionsat its leaves.
The statementtreetraversalis donein a hierarchicalman-
ner, whereeachstatementis responsiblefor thegeneration
of all its sub-statements.An all of statement,for exam-
ple, would generateall its sub-statements,while aone of
statementwould randomlypick oneof its sub-statements,
andthengenerateit.

For a given interaction,X-Gen randomlychoosesits
actorsandassignsrandomvaluesto the interaction’s prop-
erties. Theseselectionsmustcomply with the constraints
definedon the interactionand the constraintsimposedby
the componentsthat participatein the interaction. The re-
questfile mayfurtherrestrictthechoiceof actorsandprop-
ertyvalues;theselectionsmadeby X-Genmustalsosatisfy
theserestrictions.

X-Gen generatesan interactionby constructingand
solving two constraintnetworks: one representsactor se-
lectionandtheotherrepresentspropertyselection.Theso-
lution of theformernetwork is usedasthebasisfor thecon-
structionof the latter. After identifying the actors,X-Gen
calculatesthepathbetweentheactorsof everyact,andcon-
structsa constraintnetwork that containsthe propertiesof
all theparticipatingcomponentsalongthepaths.Both net-
works aresolved usinga variantof the well-known main-
tainingarc consistency(MAC) algorithm[4, 7].

Therandomchoiceof actorsandpropertyassignments
is influencedby testingknowledgethat was modeledfor
the interactionor for the componentsparticipatingin the
interaction.Testingknowledgeis incorporatedinto thecon-
straintnetworks assoft constraintsthat areactivatedwith
somepresetprobability. Thesekind of constraintsinfluence
theresultingtestwhenthey do not contradictany architec-
tural requirementor explicit userrequest.Usersmayusedi-
rectivesin therequestfile to settheprobabilitywith which
eachsuchconstraintis activated,andto determineits exact
behavior.

Thesolutionsof the actorandpropertyconstraintnet-
works for all the interactionsin the requestfile form the
abstracttestgeneratedby X-Gen.

Refinement

Often,someof thelow-level detailsnecessaryin a test
areirrelevantto thesystem-level verificationprocess.Such
a detail in the caseof an MP system,for example,is the
identityof a registerusedby a CPUin astore instruction
(e.g., 
�� or 
�
 ). To decouplethe relevantdetailsfrom the
low-level ones,X-Genusesatwo phasegenerationscheme:
first, anabstracttestis generated.Thelion’sshareof gener-
ationeffort is investedin this stage.Then,theabstracttest
goesthrougha simple stageof refinementto producethe
actualconcretetest,suitablefor simulation.
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Figure 6. X-Gen Usage Scheme

The refinementprocessdoesnot containany signifi-
cant randomdecisions,andcannotbe controlledby users
throughthe requestfile. As it relieson the systemmodel,
therefinementenginecanbeusedfor differentsystems.

For anexampleof the refinementprocessconsiderthe
DMA interactiondiscussedpreviously. In this case,theab-
stracttestmay includetheDMA sourceaddress,targetad-
dress,andtransfer-size,aswell asthedoor-bell address(or
addresses)to be accessedby the processorto kick-of the
DMA. This informationwould thenbeexpandedduringthe
refinementstageto includea setof store instructionsto
the door-bell register for the processor, possiblyfollowed
by a loop waiting for aninterrupt.

Usage

X-Gen’s usagescheme(Figure6) consistsof two dif-
ferent roles: (1) applicationengineers,or local support,
modelthe interactionsandcomponenttypesof theverified
system,usingX-Gen’smodelingenvironmentandbuilding
blocks; and(2) userswrite configurationfiles andrequest
files. The rationalebehindthis usageschemeis the pace
at which differentaspectsof the test-casegenerationpro-
cesschange,and their correlationwith a specificverifica-
tion task: the genericpartsof X-Gen arerelatively stable.
Interactionandcomponenttypes,aswell assystem-specific
testingknowledge,evolveandneedto bemodifiedmoreof-
ten. Several configurationstypically exist for a given set
of interactionsandcomponenttypes. Finally, requestfiles
maybecreatedandmodifiedon a daily basis,andaim at a
specificverificationgoal.

X-Genis currentlyin preliminaryuseby two IBM de-
velopmentorganizationsfor theverificationof botha high-
endMP server anda state-of-the-art,highly complex, MP
SoC.X-Gen is part of a verification environmentthat in-
cludeshundredsof requestfiles,andin which a largenum-
berof testsaregeneratedandsimulatedeachday. Testsgen-
eratedby X-Gen have alreadyrevealedbugs that escaped
othergenerators.

Comparison with Other Tools

X-Gen is different from generalpurposeverification
tools, suchasSpecman[5] (Verisity) or Vera [6] (Synop-



sys). It wasdesignedandbuilt with systemsandSoCsin
mind: the conceptsit relieson (components,interactions,
etc.)arespecificallytargetedatsystems.Thisway, theaddi-
tional level of abstractionbetweentheatomicpropertyand
theentiresystemis inherentto X-Gen.

In contrast,toolswhich do not have this naturalability
to dealwith the differentabstractionlevels areat a disad-
vantagewhenusedfor systemverification.With suchtools,
apreliminarynecessarystepbeforegettinginto theverifica-
tion processis creatingpreciselythis additionalabstraction
level.

Moreover, becauseX-Genis awareof thesystem-level
abstraction,it canprovide extensive aids for modelingre-
latedtestingknowledge.

There are other aspectsin which X-Gen is different
from generalpurposeverificationtools.X-Genclearlysep-
aratesbetweenthe systemmodel and the test description
(requestfile). This separationprovidesfor a betterverifi-
cation methodology, as thesedifferent aspectsof the ver-
ification processare bestconceptualizedin different lan-
guages.On theotherhand,a single-languagemethodology
reducesoverheadandis cheaperto usein small, homoge-
neousteams.Larger designs,suchascomplex systemsor
SoCs,requireverificationteamslargeenoughto besplit into
modelingandtestcasewriting teams—thuspermittingthe
useof thelanguagesuitablefor eachpartof theprocess.

X-Gen’srefinementprocessallowsthebodyof thesys-
tem modelto ignorepartsof the generationprocesswhich
areirrelevantto thesystem-level verificationprocess.Gen-
eralpurposeverificationenvironmentsdo not supportthis.

As opposedto Vera and Specman,The X-Gen inter-
facesfor modelingthe system,andmostof its requestfile
language,arenot a programminglanguage.This is demon-
stratedby the fact that systemmodelingand requestfile
writing is performedundera graphicalenvironment,rather
thanin a text editor.

Vera and Specman’s capabilitiesexceed generation.
Both tools provide aids for coverageandchecking,while
X-Genconcentrateson test-casegeneration.

Summary

In this paper, wedescribedX-Gen,amodel-basedtest-
casegeneratortargeted at systemsand SoCs. X-Gen’s
modeling platform includescomponenttypes, configura-
tion, and interactions. X-Gen provides a set of building
blocksandmodelingaidsto easethecreationof new com-
ponents,interactions,andsystem-level testingknowledge.
X-Gen’s requestlanguageenablesthe generationof tests
acrossthe full spectrum,from completelyrandomthrough
testing-knowledgebiasedrandom,to highly directed.Dif-
ferentlogicalsectionsin thetestmaybecreatedwith differ-
entdegreesof this freedom.
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