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Abstract

Continuedadvancementsin fabricationtechnology andreduc-
tions in feature sizecreatechallengesin maintainingbothmanu-
facturingyield ratesandlong-termreliability of devices.Methods
basedon defectdetectionand reductionmaynot offer a scalable
solutiondueto costof eliminatingcontaminantsin themanufac-
turing processand increasingchip complexity. This paper pro-
posesto usetheinherentredundancyavailablein existingandfu-
ture chip microarchitecturesto improveyield andenablegraceful
performancedegradation in fail-in-place systems.We introduce
a new yield metric called performanceaveragedyield (

�������

)
which accountsboth for fully functionalchips and thosethat ex-
hibit someperformancedegradation. Our resultsindicatethat at
250nmwe are able to increasethe

�
�����

of a uniprocessorwith
only redundantrows in its cachesfrom a basevalue of 85% to
98% using microarchitectural redundancy. Given constantchip
area,shrinkingfeature sizesincreasesfault susceptibilityandre-
ducesthebase

�
�����

to 60% at 50nm,which microarchitectural
redundancythenincreasesto 99.6%.

1 Intr oduction

Since the advent of the microprocessorin 1971 [5],
technologyfeaturessizeshave beenreducedfrom ���
	��

to ��
����
	�� and transistorcountshave soaredfrom 2,300
to over 100 million. While lithography trends suggest
chipscontainingover a billion transistorsby theendof the
decade,two substantialchallengesmustbeaddressedto en-
ablepracticaldeploymentof suchsystems.

First, shrinking lithography makes integrated circuits
moresusceptibleto manufacturingdefectsthat tendto re-
duceyield. The SemiconductorIndustryAssociation[20]
hasseta targetof 75%(75 goodchipsfor every100manu-
factured)for overallmicroprocessoryield. While manufac-
turingengineershavemadesubstantialinnovationsin mate-
rials andcleanroomsto achieve this targetat currenttech-
nologies,realizingthis targetin futureprocessesmayprove
extremelycostly.

Second,somemanufacturingdefectsarelatentandman-
ifestthemselvesonlyafterthechipshavebeendeployedand

run for someperiodof time. As largercommercialandsci-
enti�c systemsareconstructedfrom hundredsor thousands
of processors,the probability andfrequency of latent fail-
uresincrease.Becausethecostof replacingfaultycomputer
systemcomponentsin a large systemcan be high, many
vendorshave developedfail-in-placesystemsrequiringhot
spares[23].

In this paperwe examinethe redundancy alreadyavail-
able within modernmicroprocessorsthat can be usedto
improve chip yield and enhancethe gracefuldegradation
of fail-in-place systems. While modern chips are typi-
cally declaredcorrect only if all of the componentsare
fully functional(taking into accountredundantrows to in-
creaseyield in caches),we proposethat chips with some
non-functioningcomponentsare still useful and can con-
tributeto bothoverallyield andgracefullydegradedcompo-
nentsin a fail-in-placesystem.We furtherexploredifferent
granularitiesof degradedcomponents,from processorsub-
componentsto wholeprocessors,for uniprocessorchipsand
futurearchitecturesbasedonchip-multiprocessors[25]. To
computethe chip yield we usea microprocessorcompo-
nentareamodel in combinationwith a basicyield model.
Sincetherecanbea performancepenaltydependingon the
degradedcon�guration,we usea microprocessorsimulator
to measurethe chip end-performanceacrossthe rangeof
differentcon�gurations. Basedon this analysiswe extend
performancebinningto includeanew methodof differenti-
atingchipsthatcomeoff thefabricationline. Chipsof dif-
ferentend-performancecanbemarketedatdifferentprices,
extendingthe currentmanufacturersuseof speedbinning,
in whichchipsthatrunatdifferentpeakclockratesaresold
atdifferentprices.Weformalizethisnotionof performance
binning,andproposeanew yield metriccalledperformance
averagedyield( ������� ) in whichthetotalyield is a function
of the performancerangeof eachbin and the numberof
chipsin thebins.

Ourresultsindicatethatthe �
����� for auniprocessorcan

be improved from 85% to 98% with certainassumptions
aboutdefectdensityanddefectsize.We extendthis analy-
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Figure 1. Yield Loss Components.
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sis to chip-multiprocessorarchitecturesat future technolo-
gies, where we show that microarchitecturalredundancy
provides greaterbene�ts in improving �

����� . Thesere-
sults show that many randommanufacturingdefectscan
be toleratedby exploiting microarchitecturalredundancy.
They also suggestthat augmentingfail-in-place systems
with chip-level diagnosticsandrecon�gurationcould pro-
vide moregracefuldegradationwhencomponentsbecome
faulty. Theremainderof this paperis organizedasfollows.
Section2 providesbackgroundon thetrendsin systemde-
sign andmanufacturing,suchasyield, speedbinning,and
built-in self-test(BIST) that motivateour work. Section3
identi�es andclassi�esthetypesof redundancy in modern
microprocessorsanddescribesthemechanismsrequiredto
exploit it for yield andfail-in-placeenhancement.Section4
describesthe detailsof our yield, area,and performance
models. Section5 presentsresultsshowing the yield ben-
e�ts of microarchitecturalredundancy asafunctionof tech-
nology, defectcharacteristics,andarchitecture.Section6
summarizesour �ndings anddescribesthesynergy between
thiswork andothermajortechnologyanddesigntrends.

2 Background

Understandingyield loss is a critical activity in semi-
conductordevice manufacturing. The overall yield is in-
�uencedby many factors,includingthematurityof thefab-
ricationprocess,theability of aparticulardesignto tolerate
defects,andthe ability to identify usablepartsfrom unus-
ableones.

2.1 Sourcesof Yield Loss

Figure 1 provides a simple breakdown of someof the
commonyield losscategories.Functionalyield lossoccurs
whena device fails to meettheintendedfunctionalityfrom
a logical point of view. Parametricyield lossoccurswhen

otherwisefunctionaldevicesfail to fall within theallowed
rangeof acceptableelectricalcharacteristics.Both typesof
yield losscanbecausedby eithersystematicdefectsor ran-
domdefects.Systematicdefectsresultfrom problemsin the
manufacturingprocesssuchascontaminationof materials
or imprecisecalibrationof theequipment.Randomdefects,
on the otherhand,are the resultof inevitable particle im-
puritiesin theair andaremuchmoredif�cult to overcome.
Theeffectsof thesedefectsover time areillustratedin Fig-
ure 2 which shows an initial phaseof technologydeploy-
ment dominatedby systematicfailures, with an eventual
crossoverto amorematurephasedominatedby therandom
defects.

2.2 Designfor Yield

Thegroundrulesde�ne thebasicallowablestructuresin
a particulartechnology. Thereare several ways in which
they can be modi�ed to incorporateadditionaldesignfor
yield guidelinesthatminimizetheeffectsof commonyield
detractors.For example,at thecircuit level, guidelinesthat
discouragethe useof tall stacked transistorstructuresand
noisesensitive structurescanhelp reduceparametricyield
losses.In layout,�lling otherwiseunusedtrackswith metal
to establisha regular patterncanenablebetterequipment
calibrationduring manufacturing. For high volumemanu-
facturing,feedbackfrom yield analysisanditerationof the
designto addressthesedetractorsis animportantaspectof
yield management.A goodoverview of the differentde-
fect tolerancetechniquesusedin VLSI circuits is provided
in [12].

In designswith a high degree of regularity, such as
DRAMs andSRAMs,it is commonto make useof explicit
redundancy to help improve yield. By including a small
numberof redundantrows andcolumnsin thestructureof
the RAM, along with steeringlogic in the decoders,the
yield lossesthatwouldnormallyresultfrom asmallnumber
of randomdefectsin themainarraycanbeminimized.We



observethatmany structuresin modernchipdesign,beyond
just DRAM andSRAM, containsomedegreeof regularity.
In thispaperweproposeto extendthedesignfor yield tech-
niquesin themicroarchitecturallevel by speci�cally identi-
fying the redundancy in differenton-chipcomponentsand
themechanismsby which it canbeexploited.

2.3 Product Binning

Some degree of processvariation acrosswafers and
wafer lots is a naturalandacceptedaspectof semiconduc-
tor fabrication.As aresultof theseprocessvariations,some
chips can operateat fasterclock frequenciesthan others.
Today, it hasbecomecommonfor manufacturersto sepa-
ratethesepartsinto speedbinsandto offer themfor saleat
differentprices. This practiceenablesa broaderspectrum
of potentialapplicationsfor theproduct,andeffectively in-
creasestheproductiveyield aswell.

Recently, and at varioustimes in the past,someman-
ufacturershave madeuseof a more generalperformance
binningstrategy thatseparatespartsinto binsof guaranteed
performancelevelsratherthanbinsbasedsolelyon operat-
ing frequency [13]. Although the currentpracticeis moti-
vated,at leastin part,by marketingtactics,it opensup the
option for improving yield basedon partially good chips
thatoffer a rangeof performance.We proposethatdesigns
thatincludereplicatedor non-essentialfunctionsin support
of increasedperformancebe enhancedwith the capability
to disablesomeof thesestructuresin faceof defectsde-
tectedwithin thecircuitry. Theresultingproductwould of-
fer somewhatlessperformance,but whenbinnedappropri-
ately, offersoverallenhancedproductyield.

2.4 EnhancedBIST

As thenumberof transistorsonachip increases,sodoes
thecomplexity andvolumeof the testpatternsrequiredto
identify anddiagnosefaults. Driven by the enormouspo-
tential expenseof suitabletestersand the associatedtest
time, many chips today are augmentedwith built-in self
test(BIST) functionsto partially relieve thetestingburden.
Although BIST doesnot eliminatethe needfor traditional
testpatterns,it is usedextensively for testingon-chipRAM
structures,for stressingthe designduring burn-in, andfor
speedbinning.

The yield improvementschemesproposedin this paper
rely on theability to speci�cally identify wherefaultshave
beendetected,and whenever possible,to circumvent the
problemby disablingor recon�guring the faulty resource.
As a result,we envision theneedfor moreadvancedBIST
controllersthatbuild on thecapabilitythatexists for array
repair to includesupportfor othertypesof fault tolerance
mechanisms.Thechallengesherewill be to de�ne theap-

propriategranularityfor theBIST domains,andto develop
automaticpatterngeneratorsfor isolatingfaultsin structures
thatcontainmorelogic circuitry thanbasicRAMs.

By exploiting thenaturalstructuralregularity andrepli-
cationapparentin many chipstoday, alongwith enhanced
BIST controllers,we expectto reduceboth the systematic
andrandomyield losses.In doing so, the techniqueoffers
the possibility of identifying moreusablechipsduring the
critical technologylearningphase,andincreasingthe ulti-
mateyield during the full productionphase.In this paper,
we focusprimarily on theyield lossdueto randomdefects,
but recognizethat many of the techniquesdiscussedcan
also help improve yield lossesdue to sometypesof sys-
tematicdefects.

3 On-Chip RedundancyModel

In this paper, we identify threeprimary typesof redun-
dancy asabasisfor ourredundancy model(Figure3). Com-
ponent level redundancy ( ���! ) involves multiple exact
copiesof somecomponentin the microarchitecture.With
Array Redundancy ( "� ), array structuresand the associ-
ateddecodersareexpandedto includeredundantrows and
columnsof cells.DynamicQueueRedundancy ( #%$& ) rec-
ognizesthat the useof dynamicallyallocatedqueuesin-
volvesa protocol that mustbe preparedfor the possibility
thataparticularqueueiscurrentlyfull, andnew entriesmust
be heldoff until a spotopensup. Eachredundancy model
is explainedin detailbelow.

3.1 BasicRedundancyTypes

In ���! , the componentis typically replicatedto pro-
vide additionalperformancethroughparallelism,but only
a subsetis actually requiredfor correct functionality. In
essence,eachcomponentthathas ���' hasa resourceline
associatedwith it. Thecomponent'sBIST modulesetsthe
resourceline to bepermanentlyBUSY in theeventthatthe
componentis disableddue to internal faults. The parent
control logic is thenaugmentedto useonly thosecompo-
nentswhoseresourcelines areFREE.The intra andinter-
clusterissuelogic andothercomponentsthatuse ���' can
usethis mechanismto avoid defective units during execu-
tion. TheAlpha21264 [11, 7], for example,hastwo integer
clusterseachwith two integer arithmeticunits. The ���! 

conceptcanbeappliedwithin a clustersinceit canoperate
correctlywith only onefunctionalunit. Theclustersarenot
exactcopiesof eachotherin this particulardesign,andthe
instructiondispatchlogic is statically biasedto distribute
instructionsbetweenthem.But it is possibleto formulatea
similardesignwherethey aresymmetric,andthenthe ���' 

modelcould be appliedhereaswell. In the future, asde-
signerscontinueto strugglewith managingthecomplexity
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Figure 3. Basic Redundanc y Models.

of large designs,we expectthis sort of designfor reuseto
becomemorecommon.

Whendefectsaredetectedin rowsor columnsof bit cells
in themainbody of thearray, the "( mechanismscanbe
con�guredtoeffectivelysteerthedecodetowardstheredun-
dantentryratherthantowardsthebadrow or column.This
techniqueis alreadycommonlyusedin many typesof RAM
chipsaswell asin theembeddedRAM structuresfoundin
moregeneralpurposechipssuchasmicroprocessors.From
a yield perspective, theattractive thing about "� is thata
relatively small investmentin areacanoffer excellentde-
fect tolerancefor the entirestructure. In many cases,this
candrive theyield lossdueto thesestructuresto very low
levelswith no lossin performance.

#)$* is the third type of redundancy we explore. Ba-
sically, a valid bit is addedto eachqueueentry that has

#%$* . If a particularqueueentry hasdefects,it can be
permanentlydisabledby clearingthevalid bit, andtheex-
isting protocolscanbeleveragedto stall themachinewhen
theavailablequeueentriesarefull. Downstreamlogic sim-
ply needsto understandthat queueentriesmarked invalid
shouldnever beprocessed.In highly pipelineddesigns,as
well asdesignsthat supportdynamicreorderingof opera-
tions, thesetypesof queuesarecommon.For example,in
theAlpha 21264,thereorderbuffers,theissuewindow, the
register remappers,the load buffers, and the storebuffers
areall implementedasqueues.Thereis a minimumsizeto
thesequeuesto supportbasicfunctionality, andthe larger
sizesareintentionallyusedto gainperformance.Neverthe-
less,ourexperimentsshow thatdisablingoneor two entries
in mostof thesequeuesresultsin atmost1%lossin perfor-
mance.Alternatively, a designmight includesparequeue
entriesin thesestructuresto allow somedefect tolerance
without losingany performance,similar to "� .

In somecases,it is possiblefor a singlestructureto of-
fer morethanonetype of redundancy. For example,a set
associative cachemight be structuredto allow both ���' 

(disablingoneset)and "� (redundantrow steeringin one
of the othersets). Similarly, in the future, it is likely that
many chipswill containmultiple processors.In this case,

we can imaginea set of intra-processorredundanciesas
well asinter-processorredundancy at thenext level of hier-
archy. As designsstrive for moreoutstandingoperationsin
�ight, it is likely thatpotentialfor redundancy will increase
over time.

3.2 ProposedMicr oarchitecture

As abasisfor analysingtheeffectsof thedifferentredun-
dancy types,wehavede�nedaprocessormodelthatis sim-
ilar to theAlpha 21264[11, 7]. Both the integerand�oat-
ing pointclustersaresymmetricandeachhave2 functional
unitswithin them.Theprocessormodelalsohasanon-chip
L2 cacheof 1MB. Table1 showsmoredetailonthespeci�c
parametersof our processormodel,alongwith the redun-
dancy modelthatwe have adoptedfor eachof theon-chip
components.Thebasecapacitiescharacterizetheprocessor
con�guration at which it achievesmaximumperformance.
Thespareentriesprovidedin thecomponentsareusedonly
in thefaceof defectsanddonotcontributeto additionalper-
formance.TheexecutionclustersandtheinternalALUs are
coveredwith the ���' model.Thehierarchialnatureof the
redundancy for the clustersand ALUs provides coverage
over thecontrol logic of thesecomponents.TheL1 caches
andL2 cachearecoveredby both the Array Redundancy
modeland,sincethey aresetassociative, the ���' model.
Consistentwith thecommonindustrypractice[10], there-
dundantrowsandcolumnsareabout2.5%of thebasecache
capacity. The bank level redundancy for the cachespro-
videscoverageover theperipherallogic of thesestructures
also. We alsoallow the con�guration with no on-chipL2
cache,ie., with bothL2 cachebanksdefective. TheTLBs
arecoveredby the "( model. All of the instructionwin-
dow queues,register�les, maptables,reorderbuffers,and
storagequeuesareassociatedwith the #%$* model,imple-
mentedby providing spareentriesand therebyexhibit no
loss in performance.Elementsof the processornot listed
in thetable,includingrandomcontrollogic, havenoredun-
dancy coveragein our exampledesign. Nevertheless,the
partsof thedesignthathave coveragethroughredundancy



ProcessorRedundancy Con�guration
Resource Basecapacity/ Spareentries Redundancy Model Minimum operationalsize

IntegerInstructionWindow 20 / 1 DQR 20
Floatingpoint InstructionWindow 20 / 1 DQR 20

IntegerRegisterFile 80 / 2 DQR 80
FloatingpointRegisterFile 72 / 2 DQR 72

IntegerMap Table 32 / 1 DQR 32
FPMapTable 32 / 1 DQR 32

Int Alus percluster 2 / 0 CLR 1
Int Mult percluster 2 / 0 CLR 1
FPAlus percluster 2 / 0 CLR 1
FPMult percluster 2 / 0 CLR 1

Integerclusters 2 / 0 CLR 1
Floatingpoint clusters 2 / 0 CLR 1

ReorderBuffer 80 / 2 DQR 80
Loadqueue 32 / 1 DQR 32
Storequeue 32 / 1 DQR 32

ITLB (Fully associative) 128/ 2 AR 128
DTLB (Fully associative) 128/ 2 AR 128

L1 I cache(2-way associative) 64KB / 1.5KB AR, CLR 32KB
L1 D cache(2-wayassociative) 64KB / 1.5KB AR, CLR 32KB

L2 cacheon-chip 1MB / 24KB AR, CLR 0MB

Table 1. Processor redundanc y con�guration

constituteapproximately85% of the total areaof the pro-
cessor. This con�gurationandaggregatemodelis usedfor
the yield analysisdescribedthroughoutthis paper. Since
mainstreamprocessors[2] alreadyemploy redundantrows
andcolumnsin caches,the baselineyield ( ��+

��,.- ) corre-
spondsto a processorwith "� in the L1 andL2 caches.
To modeltheeffectsfor largerchipsin futuretechnologies,
this samebasiccon�guration is usedwith a varietyof chip
mulitprocessor(CMP) topologies.

4 Methodology

Our methodologyfor calculatingchip yield integratesa
basicyield modelandamicroprocessorareamodelwith the
redundancy modelof thechipcomponents.Thebasicyield
modelis asimpleprobabilitydistributionthatcalculatesthe
randomyield of a given areaof silicon. The areaof the
chipcomponentsthemselvesareestimatedusingthemicro-
processorarea model. The yield with redundancymodel
breaksa componentinto its redundantandnon-redundant
piecesbeforecomputingthecomponentyield. Theyield of
thechipcomputedthusis thenlinkedwith its measuredend-
performanceacrosstherangeof differentcon�gurationsto
obtainthe performanceaveraged yield ( �

����� ). The met-
ric of performancein this paperis throughput(measured
in instructionsper clock or /10&� ), and is computedusing
a microprocessorsimulator. The remainderof this section
describeseachof thesemodelsin greaterdetail.

4.1 RandomDefectLimited Yield Model

Yield lossis a functionof thesize,material,locationand
the processstepin which a defect is introduced. In this
paperwe have adoptedthe PoissonYield model [14] for
modelingthe randomyield component,becauseit allows
us to simplify the mathematicaltreatmentandfocusmore
on the interactionbetweenthe redundancy modelsandthe
resultingyield trends. Our methodologycanbe extended
to useother commonlystudiedyield modelssuchas the
NegativeBinomialmodel.

ThePoissonYield ( �
� ) Model [14] assumestherandom

defectsto becompletelyindependentandis describedby:

���32547698�:<;>=

�

=�?A@�B (1)

where #C� is thedefectdensitymeasuredin defectsper
D

�FE , " representsthe areaof the componentin D

�GE , and
H

 is thekill ratio which is the fractionof the total com-
ponentareathat is sensitive to defects. The kill ratio is a
functionof thedefecttype,defectsizeandthefeaturesize,
andincreasesasthe ratio of defectsizeto the featuresize
increases.For instance,a largerdefectcanmoreeasilylead
to a bridging fault betweentwo metaltracks. ThePoisson
Yield modelequationexhibits an exponentialdependence
of die yield on componentarea,defectdensity, andthekill
ratio. Therefore,manufacturerscanimproveyield eitherby
reducingthe chip areaor by reducingthe defectdensity;
yield tendsto getworsewith smallerfeaturesizesbecause
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the kill ratio increases.The ITRS [20] hasseta target of
83% for the random-defectlimited yield of microproces-
sors. We obtain a �

+
��,.- of 85.4%at 250nmusing the

defectdensityprovidedby theITRS, for a normaldefectto
featuresizeratio, anda chip areaof �1I
�J�)�KE . This result
validatesour inputparametersto thePoissonYield model.

4.2 Chip Ar eaModel

Estimationof individual componentyield requiresde-
tailed areamodelsof the processingcoresandcaches.To
model the areaof the on-chipL1 andL2 cacheswe used
Cacti 3.0 [22] which accountsfor the cachecapacity, sub-
bankorganization,line size,associativity, numberof ports
and the technologygeneration. Cacti also provides the
cacheaspectratio andareaef�ciency1 which canbe used
to determinethe fraction of areaoccupiedby the periph-
erallogic andthedata.Sincethedesignstyleof mostother
on-chipstoragestructureslike theregister�les, instruction
window are similar to caches,Cacti can be appropriately
con�gured to derive a reasonableestimateof the area,as-
pectratio andef�ciency of thesestructuresalso. To model
theareaof functionalunitswe usedanempiricallyderived,
technology-independentareamodel[8]. We useda method
of simple manuallayoutsto estimatethe areaof random
control logic componentsincluding theselect,renameand
instructionwakeuplogic, basedon thelogic level block di-
agramsthatareavailablein the literature[16]. To estimate
theareaof miscellaneousblockssuchasI/O padsandclock
distribution treeswe developedan empiricalmodelbased
onour analysisof theAlpha21264�oorplan [7, 11].

We validatedour areamodel againstthe Alpha 21264
microprocessorwhosedetailed�oorplan statisticsareavail-
able in [7, 11]. Alpha 21264areafrom the �oorplan is

1The areaef�ciency of a memorystructurecanbe de�ned as
the ratio of the areaof the memorycells to the total areaof the
cache.

���MLJ�N�NE and the estimatedareausing the areamodel is
�J�1I>�N�NE , which is an error of 3.8%. Figure4 illustrates
theuniprocessormodeldescribedin Section3, with theL2
cachecoupledto the processorcore. The total areaof the
chip wascalculatedusingtheareamodelto be �1IJO
�)�KE at
250nm.Figure4 alsoshowsthedistributionof thechiparea
amongits mostsigni�cant components.

4.3 Yield with RedundancyModel

To computetheyield of a componentrequiresbreaking
it into its redundantandnon-redundantpieces.For exam-
ple,Array Redundancy in memorystructuresprovidescov-
erageover defectsthat occur in the areaoccupiedby the
datacells,but adefectin thedecodelogic wouldstill befa-
tal. Theability to distinguishbetweentheregionsincluded
in the redundancy model and thosethat are still vulnera-
ble to defectsis fundamentalto calculatingthecomponent
yield.

Yield with partial redundancy: Since defects in the
PoissonYield model are consideredto be completelyin-
dependent,theyield of a componentthathaspartialredun-
dancy canbedescribedby theequation:

�QPR�
��S

@UT

�

@

(2)

where����S

@

representstheyield for theareaof thecom-
ponentthat hasno redundancy, and �

@

is the yield of the
region that is coveredby theredundancy model. ThePois-
sonYield modelalonecanbedirectly usedto computethe
yield of the areawithout redundancy. For storagecompo-
nentsthatuseeithertheAR or theDQRmodelswe usethe
ef�ciency of theSRAMarrayto evaluatethefractionof area
devotedto the peripherallogic andthe data. On the other
hand,on-chip structureswith CLR have their entire area
coveredby the redundancy model. The yield of the area



with redundancy is alsocomputedusingthePoissonYield
modelbut is a functionof theredundancy modelemployed.

Yield with the basic redundancymodels: Thethreere-
dundancy modelswe describedin Section3 offer coverage
over thebuilding blocksof on-chipcomponents.A compo-
nentbuilding block is eitheranentry in a storagestructure
or queue,or a unit suchas a clusteror a functionalunit,
which we will generallyrefer to hereasa primary redun-
dant circuit ( 0* *� ). The total capacityof a componentis
thenthesumof its basenumberof 0* *�*V andthenumber
of spare0* *�*V .

A redundancy modelspeci�es theminimum numberof
working 0* *�*V thecomponentmustpossessto ensurecor-
rectoverall functionality. Thecomponentyield is thensim-
ply theprobabiltythat it hasat leastits minimumsubsetof

0* ��*V workingoutof thetotalnumberof 0* ��*V including
thespares.A particularcon�guration of thecomponentis
speci�edby its numberof working 0* *�*V . A speci�edcon-
�guration canbe achieved in multiple waysdependingon
exactly which of its 0* *�*V areworking, andis calculated
usingthecombinations( �*W

X ) operator. Both thenumberof
working 0* *�*V andthenumberof waysin which thecon-
�guration canbemetdecidetheprobabilityof acomponent
being in that con�guration. The overall componentyield
is thereforethe sumof the probabiltiesof all the con�gu-
rationsin which the componenthasat leastthe minimum
numberof 0* *�*V working. The �

@

from thiscalculationis
summarizedusingthewell known binomialexpansion:

�

@

P
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wherePRCW is a working 0* �� , PRCD is a defective

0* �� , �Nneo�V is the subsetof 0* *�*V requiredfor correct
functionality, pqV representsthe basenumberof 0* *�*V in
thecomponent,and VM4 is thenumberof spare0* *�*V . The
probability of a 0* *� beingfunctionalor invalid is com-
putedusingthePoissonYield model.

For example, cachesthat have "� are provided with
enoughredundantrows and columnsto greatly improve
yield and at the sametime show no reductionfrom peak
performance.Hencein this case�)neo�V becomesequalto

prV , and the value of VM4 is dependenton the cachecapac-
ity. Componentswith DQR alsohave very similar speci�-
cations. On the otherhand,choosingto have CLR in the
clustersfor example, introducesthe possibility of having
con�gurationswith only oneclusterfunctional. Hencein
this caseV�4 is equalto zeroand �Nn[o�V is strictly lesserthan

prV , with its exact value determinedby the speci�c com-
ponent. The minimum subsetof 0* *�*V for eachon-chip
componentdeterminedby thespeci�c redundancy modelis

givenin Table1.

4.4 PerformanceAveragedYield Model

To have a fair comparisonbetweenthe processorsthat
are fully functional and thosewith /10&� degradationwe
mustaccountfor the performancewhile calculatingyield.
The processormodeldescribedin Section3.2 de�ned the
peakperformanceof the processoras that achieved when
all of its componentscontaintheir basecapacity. Theover-
all yield describedabove includesprocessorsthatexhibit a
rangeof differentend-performanceresults,which we will
refer to as �tsu�u-

@

��v�v . We have formulatedthe �������

metricso that it capturesboth theeffectsof redundancy—
improvementsin yield and reductionsfrom peak perfor-
mance. ������� is calculatedby associatingwith the yield
of eachpossibleprocessorcon�guration( �

a ), a scoreequal
to its performancerelative to the maximum,and is given
by:
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To evaluatetheperformanceof thevariousdegradedcon-
�gurationsweusedthesim-alphasimulator[3] whichmod-
els the Alpha 21264core in detail. First, we con�gured
sim-alphato resembleour processormodel.We thenmod-
i�ed the simulatorto supportsymmetricclusters.We fur-
thermademodi�cations thatenableus to simulatethedif-
ferentdegradedcon�gurationsby selectively disablingon-
chip components.Figure5 shows thebenchmarkswe used
in our experiments.We chosesevenbenchmarksfrom the
SPEC2000benchmarksuiteandsphinxa speechrecogni-
tion benchmarkto provide a wide rangeof behavior. The
applicationsmesa,equake, eon, and gzip show relatively
high IPC andaremoresensitive to theavailableexecution
resources.The applicationssphinx,mcf, swimandart are
memoryintensive in natureandshow greatersensitivity to
cachecapacities. For eachbenchmarkwe simulatedthe
sequenceof instructionswhich capturethe representative
phaseof theprogram,determinedby usingSimPoint[21].
Figure5 alsoshows thenumberof instructionsskippedto
reachthestartof theexecutionphase( †*†&j‡# ), thenum-
ber of instructionssimulated(  *ˆ*‰ ), and the maximum
IPCfor eachbenchmarkat thebasecon�guration.

Figure 6 plots the normalizedIPC distribution for the
rangeof allowedcon�gurations.Thegraphshowsthatmost
of thecon�gurationsfall into theregion that is within 20%
of MaxIPC. The set of barsaround55% MaxIPC corre-
spondto the con�gurationswith no on-chipL2 cache.To
give an idea of the sensitivity of IPC to the capacitiesof
different components,Table 2 shows the normalizedhar-
monicmeanIPCvaluesfor asubsetof all thechipcon�gu-
rationsallowedby ourmethodology. Thetopportionof the



Benchmarkcategory Benchmarkname FFWD RUN MaxIPC
(x100M)

INT MemoryIntensive 181.mcf 336.3 100M 0.1330
sphinx 60 200M 0.5707

Processorbound 164.gzip 332 100M 1.7588
252.eon 207.3 100M 1.2909

FP MemoryIntensive 171.swim 1196 100M 1.0245
179.art 66.3 100M 0.2616

Processorbound 183.equake 193.4 100M 1.1109
177.mesa 639.9 100M 1.3398

Figure 5. Benc hmarks used for perf ormance experiments
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Figure 6. IPC distrib u­
tion for the diff erent
con�gurations.

table containsthe con�gurationsfor which the maximum
reductionin IPC is lessthan20%acrossall benchmarkcat-
egories.In thebottomportionthereis at leastonecategory
for whichtherelativeIPCdropsbelow 80%.Whenwecom-
bine this IPC binning with the yield model,our resultsin-
dicatethatthenumberof chipswith lessthan80%MaxIPC
rapidlyapproacheszero.

5 Results

This sectionpresentsour resultsfor theyield anddefect
densityprojectionsat futuretechnologiesandchipmicroar-
chitectures.We begin by describingthethreedifferentchip
architecturesthat are investigatedin this paper. We pro-
ceeedto examinethe yield trendsfor a uniprocessorwith
andwithout redundancy. We thenanalysethe bene�ts of
microarchitecturalredundancy for chip-multiprocessorar-
chitectures,and�nally endwith a comparisonof theyield
improvementsattainedusingdifferentredundancy models.

5.1 Chip Topologies

Futurechip microarchitectureshave substantial�e xibil-
ity in usingthelargernumberof transistorsthatcan�t in a
givenchip area,to achieve their targetperformance.If the
desiredfunctionality remainsfairly constantwith time, as
in thecaseof specialpurposeprocessors,the requiredper-
formancecanbeachievedwith no addtionalfeaturesin the
processorarchitecture.Theconstant-architectureschemeis
shown in Figure 7a, wherethe capacitiesof the microar-
chitecturalstructuresarekeptconstantacrossall technolo-
gies. Becausethe capacitiesarekept constant,the areaof
theuniprocessordecreasesrapidly with decreasingfeature
size. However, trendsin generalpurposeprocessordesign

havedemonstratedthatdie sizesdonot shrinkwith succes-
sivemicroprocessorgenerations.Insteadmicroarchitectural
featureshavebeenaddedthatenhancetheprocessor'sfunc-
tionality andconsumethesiliconarea.Figure7b illustrates
theconstant-areauniprocessormodel,wherethechipareais
keptconstantacrossall technologiesandhencethesizesof
the microarchitecturalstrucuturesareallowed to increase.
Therelative proportionsof thecoreareaandtheareaoccu-
piedby cachesarekeptapproximatelyconstant.

Technologyscalingtrendsandconsiderationson multi-
threadperformancehave in�uenced someemerging archi-
tecturesto includemultipleprocessorswithin asinglechip,
whichhassubstantialimplicationsfor yield. Figure7cillus-
tratesthe �

ƒ

0 modelbuilt usingtheconstant-architecture
uniprocessormodelasthe building block. The numberof
processorsthatcanbeaccomodatedperchip increasesfrom
1 at 250nmto 24 at 50nm,given that the fraction of chip
areaconsumedby L2 cachesis keptapproximatelyat 49%
acrossall technologies.

5.2 Unipr ocessorYield

Technologyadvancementsin the future areexpectedto
involve introduction of new processstepsand materials,
thuspotentiallyincreasingthe yield sensitivity to particles
andthedefectdensity. Figure8 plots �

+
��,1- of theunipro-

cessorchipassumingthatthedefectdensitiesarekeptcon-
stantat their valueat 250nm,with substantialinvestments
in processcontrol mechanisms.The ��+

��,.- for a unipro-
cessorwith constantareadecreasesfrom 85%at 250nmto
60% at 50nm. As the areaof the uniprocessorincreases
the areaof the componentswithout any redundancy also
increases.This factor is compoundedby the growing kill
ratio at smallertechnologiesto resultin considerableyield



Con�gurations BenchmarkCategory
IntFus FpFus IL1 DL1 L2 IntegerMemory IntegerMemory FPMemory FPMemory All

(KB) (KB) (MB) Intensive Non-Intensive Intensive Non-Intensive Benchmarks
4 4 64 64 1 1.0 1.0 1.0 1.0 1.0
3 4 64 64 1 0.998 0.97 0.997 0.94 0.975
2 4 64 64 1 0.986 0.874 0.999 0.884 0.932
4 3 64 64 1 0.999 0.987 0.997 0.95 0.983
4 2 64 64 1 0.999 0.999 0.997 0.95 0.986
4 4 32 64 1 0.999 0.904 0.997 0.999 0.973
4 4 64 32 1 0.995 0.956 0.995 0.937 0.97
4 4 64 64 0.5 0.94 0.999 0.872 0.949 0.938
2 2 64 64 1 0.986 0.868 0.999 0.882 0.93
2 2 32 32 0.5 0.928 0.80 0.877 0.80 0.848

1 1 64 64 1 0.935 0.56 0.961 0.625 0.728
1 1 32 32 0.5 0.885 0.54 0.848 0.609 0.689
4 4 64 64 0 0.492 0.618 0.76 0.8737 0.654
2 2 32 32 0 0.474 0.369 0.749 0.555 0.503
1 1 32 32 0 0.432 0.319 0.702 0.450 0.439

Table 2. Relative IPCs for the diff erent classes of benc hmarks
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Figure 7. Chip topologies.

loss. On the other hand, �
+

��,.- for a uniprocessorwith
constantarchitecureincreasesfrom 85%at 250nmto 93%
at50nm.This increasein yield is becausethegainfrom the
rapidly decreasingchip areaoutweighsthe increasedsus-
ceptibility to yield lossdueto thehigherkill ratio. For both
uniprocessormodels, �

+
��,.- decreaseswith larger defect

sizebecauseof thehigherkill ratio.

Figure 9 shows how defect densitiesmust scalewith
technologyto achieve the target 83% yield. While ag-
gressive reductionsin defectdensitiesare requiredin the
constant-areauniprocessormodel, larger defect densities
can be toleratedat future technologiesin the constant-
architecturemodel.Thereasonsfor this trendarelogically
thesameasfor Figure8. Therefore,in theabsenceof mi-
croarchitecturalredundancy, manufacturersmusteitherin-
vestin moreaggressive mechanismsto decreasethedefect
sensitivity in thedesignsor acceptlower �nal yieldsat fu-
turetechnologies.

Figure 10 shows �
su�u-

@

��v�v obtainedby incremen-
tally addingdifferent�a vors of on-chipredundancy to the
constant-architectureuniprocessormodel. At 100nm for

example,the maximumcontribution comesfrom L2 bank
level redundancy, whichincreases��su�u-

@

��v�v to 96%from
a �

+
��,.- of 92.2%. ���! in the functional units domi-

natesamongall the other typesof redundancy, which to-
getherfurther increase��su�u-

@

��v�v to 99.2%. Sincebins
with �nite numberof chipshave anobservedperformance
loss of at most 20% (Section4.4), regardlessof technol-
ogy, ������� (indicatedby the dottedline) is 98.8%,which
is only 0.4% lessthan ��su�u-

@

��v�v . Acrosstechnologies,
�t+

��,.- increasesfrom 85.4%to a maximumof 93.7%,the
contribution of L2 bank level redundancy continuesto be
signi�cant, andall theothertypesof redundancy give pro-
gressively diminishingreturns.This is becausetheL1 and
L2 cachesoccupy almost70%of thechip areaandtheac-
tual areaoccupiedby the remainingcomponentsbecomes
vanishingly small at smaller featuresizes. As a result,

��s<�u-

@

��v�v with all thetypesof redundancy increasesfrom
98%at250nmto 99.6%at50nm,and������� is atmost0.4%
below �tsu�u-

@

��v�v acrossall technologies.Theaboveresult
is signi�cant becauseit showsthateventhough�

+
��,.- im-

proveswith technology, ������� canbefurther improvedby
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Figure 8. The effect of technology and pro­
cessor model on yield.
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Figure 9. Target defect densities required to
achieve 83% random­def ect limited yield.

addingmicroarchitecturalredundancy.
Unliketheconstant-architecturemodelwheretheareaof

somecomponentsbecomeinsigni�cant at smaller feature
sizes,the areaof all the componentsremainconstantwith
technologyin theconstant-areamodel. As a result,adding
redundancy to a componentwill provide sustainedbene�ts
atall technologies.Henceaddingmicroarchitecturalredun-
dancy will offer evengreaterimprovementsto ������� in the
constant-areamodel.

5.3 Multipr ocessorYield

In thispaper, weexploretwo typesof multiprocessorre-
dundancy. In intra-processorredundancy,achipcanhaveits
processorsin any of theallowedinternallydegradedstates,
but theentirechip is consideredbadoncetheavailablere-
dundancy is exhaustedin even oneof its processors.On
the other handin a chip with inter-processorredundancy,
any defectwithin a processorwill renderthewholeproces-
sor bad,all the remainingprocessorshave maximumper-
formanceandthe chip cancontinueto function aslong as
thereis at leastoneoperationalprocessor.

Regardlessof the redundancy model employed, multi-
processorperformanceis determinedby two parameters—
the total numberof cores( ‰

| ), and the performanceof
eachcore( /10&�

a ). The performanceof an individual core
( /10&�

a ) is dependenton theapplicationcharacteristics,the
communicationoverheadamongthreads,and the level of
degradation. Our baseassumptionin this study is that
threadsareall independentof oneanother. Thereforethe

performanceof a workloadcanbede�ned astheaggregate
performanceof all thecoreson thechip.

Extendingtheequationfor �
����� from Section4.4 to a

multiprocessorwith intra-processorredundancy:
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where,
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|_}

X

^ is the peakIPC of a fully func-
tional processor. Sincetheatomicityof failurein theinter-
processorredundancy model is a whole processor, a core
hasat mosttwo statescorrespondingto

ƒ

"’„“/70&�

|_}

X

^ or
zeroIPC.Theexpressionfor �

����� of amultiprocessorwith
inter-processorredundancy is thengivenby:
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where, ‰–” is thenumberof fully functionalprocessorson
thechip.

5.3.1 Yield with Intra-pr ocessorRedundancy

Figure 11 plots �
su�u-

@

��v�v , acrossall technologies,ob-
tained by incrementallyadding redundancy to processor
componentsin a multiprocessorwith intra-processorre-
dundancy. The xaxis shows the featuresizeandthe num-
ber of processorsper chip at eachtechnology. At a given
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Figure 10. Yield for a constant­ar chitecture unipr ocessor model at normal defect size.

technologye.g.,70nm,addingredundancy dramaticallyim-
proves � su�u-

@

��v�v from 68.2%to 93.8%.Sincefunctional
units exhibit the maximumamountof ���! they provide
the greatestimprovementin yield. The bene�ts from L2
banklevel redundancy, #%$* in the queues,and ���! in
the clustersare comparableacrossall technologies. Our
experimentsindicatethatwith all the typesof redundancy,
the fractionof degradedprocessorsperchip is small. Fur-
ther, theobservedperformancelossat thedifferentproces-
sorcon�gurationsis alsosmall(Table2). As aresult,�������

(indicatedby thedottedline) is within 0.1%of ��s<�u-

@

��v�v .
The total amountof intra-processorredundancy on the

chip increaseslinearly with the numberof processors.As
a resulttheadditionof ���' and #%$* leadto greaterim-
provementsin yield at smallerfeaturesizes. For instance,
at 180nm �

s<�m-

@

��v�v with #%$* in theon-chipqueuesis
91.1%which is improvedto 95.5%by adding ���' in the
functionalunits. At 50nm, ��su�u-

@

��v�v with #%$* in the
on-chip queuesis 73.4% which increasesto 85.8% with

���' in the functional units. The greaterdifferencebe-
tween the two �ts<�m-

@

��v�v valuesimplies that there are
more degradedchips at smaller technologies.But as the
areaoccupiedby a singleprocessordecreases,its �

+
��,.-

increases(seeFigure 10), and hencethe probability of it
being defective decreases.Combinedwith the increasing
numberof processorsperchip,thefractionof degradedpro-
cessorsper chip decreaseswith technology. As a result,

�
����� continuesto be within 0.2% of �

su�u-

@

��v�v at all
technologies.Although therearesigni�cant bene�ts from
addingredundancy, ��su�u-

@

��v�v with all thetypesof redun-
dancy dropsfrom 98%at 250nmto 91.3%at 50nmdueto
higherkill ratio.

5.3.2 Yield with Inter -processorRedundancy

Figure 12 plots �
����� for a multiprocessorwith inter-

processorredundancy. Inter-processorredundancy gives
coverageover the entire areaof the chip and hencedra-

maticallyimproves�ts<�m-

@

��v�v , approaching100%attech-
nologies beyond 180nm. The yield at 250nm alone is
low becauseonly oneprocessorresideson thechip, which
amountsto having no redundancy at all. Also recall that
thefractionof degradedprocessorsperchipdecreaseswith
technology. As a result, �

����� increasesuniformly from
85%at250nmto 98%at 50nm.

5.3.3 Combining Intra and Inter -processor Redun-
dancy

Sinceintra and inter-processorredundancy offer different
typesof coverage,combiningthe two redundancy models
provides even greaterbene�ts in yield. Figure 13 com-
pares�

����� obtainedusingfour differentredundancy mod-
els. Having both intra andinter-processorredundancy pro-
videsconsistentlyhigh ������� rangingfrom 98%at 250nm
to 99.6%at 50nm,with a maximumimprovementin �������

of 3.75%overhaving only oneof thetypesof redundancy.

A comparisonof theimprovementsofferedby intra and
inter-processorredundancy models shows that, down to
100nm ������� obtainedusing intra-processorredundancy
is higherthanfrom inter-processorredundancy afterwhich
weseegreaterbene�tsfrom theinter-processorredundancy
model. Thecrossover point is dependenton thedefectpa-
rametersandtheprocessorgranularityat eachtechnology.
While the analysishasassumeda constantdefectdensity
acrosstechnologies,larger defect densitieswill shift the
crossover point to the right becausethe fault susceptibility
of a givenareaof silicon increases,andhence�ne grained
redundancy becomesmoreappropriate.Alsoamorecoarse-
grained�

ƒ

0 built out of muchlargeruniprocessorcores
will have fewer numberof processorsper chip. Conse-
quently, there will be substantiallymore intra-processor
thaninter-processorredundancy, which will againshift the
crossoverpoint to theright.
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Figure 11. Yield with intra­pr ocessor redun­
danc y at normal defect size.
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danc y at normal defect size.
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6 Conclusions

In this paper, we examinethe featuresof modernmi-
croprocessorsthat can be usedto enhancetheir reliabil-
ity by exploiting regularity andredundancy within thechip
microarchitecture.We alsoevaluatethe trade-off between
performanceandyield throughthe useof redundantcom-
ponentswithin thecontext of a microprocessoranda chip
multiprocessor. Wefocusonrelatively coarsegraincompo-
nentswithin the microarchitecturesuchasexecutionunits
and cachebanks,and show that mechanismsalreadyex-

ist within theprocessorcontrol logic thateasilydisablethe
defective componentsfrom beingusedduringprogramex-
ecution.By exploiting suchintra-processorredundancy, we
demonstratethat the total fraction of functional chips at
50nmcan be increasedfrom 60% to 91.3%,with a max-
imum reductionin performancein any chip of less than
20%. Inter-processorredundancy, in which someprocess-
ing coresin a chip multiprocessorare allowed to be de-
fective, hasa similar effect. Basedon theseobservations,
we proposea new yield metric called performanceaver-
aged yield ( ������� ) which accountsfor the level of perfor-



mancedegradationonall functioningchips.Exploitingmi-
croarchitecturalredundancy canimprove ������� to ashigh
as 99.6% at 50nm, a substantialimprovementfrom 60%
achievedwhenonly consideringthedefect-freeparts.

Thesesametechniquesof intra and inter-processorre-
dundancy canbe appliedto fail-in-placesystems.Today's
systemsthat provide fail-in-placecapabilitiesdo so at the
systemlevel andtypically providehotsparesfor powersup-
plies, processorschips,memorymodules,anddisks [23].
Weadvocatepushingfail-in-placeinsidetheboundariesof a
singlechipor processorandallowing defectivecomponents
to continueto operate,perhapswith somewhat degraded
performance.Defectscanbedetectedthroughperiodicin-
systemtestingsuchasbuilt-in self test(BIST), anddefec-
tivecomponentscanbedisableddynamically, with theover-
all systemexperiencinggraceful degradation. Of course
fail-in-placealso requiresmechanismsfor recovery from
failuresthatoccurduringa program'sexecution.Hardware
andsoftwaretechniquesthat offer this capabilityaresum-
marizedin theliterature[1, 6, 17, 18, 4].

Theregularityandredundancy thatweexploit in thispa-
per is alsosynergistic with several technologyanddesign
trends.First, designcomplexity hasgrown dramaticallyas
moretransistorshavebecomeavailableto integratedcircuit
designers.Managingthiscomplexity hasbecomeatremen-
douschallengefor bothdesignandveri�cation, andwill de-
mandmodulardesigntechniquesthatreusehardwarecom-
ponentswithin a chip, thuscreatingredundancy opportuni-
ties.Second,theincreasein wire delayrelativeto transistor
switchingtime will likely leadto partitionedarchitectures
composedof replicatedhardwaremodules,whetherthey be
processors,ALUs, or a combinationof both [24, 15]. Fi-
nally, loominglimits onenergy andheathave ledarchitects
to suggesttradingpowerfor performanceby modulatingthe
clock frequency in differentregionsof a chip [19], dynam-
ically reducingmemorystructuresizes,or selectively dis-
abling microarchitecturecomponents[9]. We expect that
futuresystemsdesignerswill take advantageof replication
andpartitioningto meetthesejoint goalsof power, perfor-
mance,reliability, andeaseof design.
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