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Abstract

Continuedadvancement® fabricationtechnolagy andreduc-
tionsin featule sizecreatechallengesin maintainingboth manu-
facturingyield ratesandlong-termreliability of devices.Methods
basedon defectdetectionand reductionmaynot offer a scalable
solutiondueto costof eliminatingcontaminantsn the manufac-
turing processand increasingchip compleity. This paper pro-
posedo usetheinherentredundancyvailablein existingandfu-
ture chip microarchitectuiesto improve yield and enablegraceful
performancedeggradationin fail-in-place systems.We introduce
a new yield metric called performanceaveragedyield ( )
which accountsboth for fully functional chips and thosethat ex-
hibit someperformancedegradation. Our resultsindicatethat at
250nmwe are able to increasethe of a uniprocessowith
only redundantrowsin its cachesfrom a basevalue of 85% to
98% using microarchitectual redundancy Given constantchip
area, shrinkingfeatuse sizesincreasedault susceptibilityand re-
ducesthe base to 60% at 50nm,which microarchitectural
redundancyhenincreasego 99.6%.

1 Intr oduction

Since the adwent of the microprocessolin 1971 [5],
technologyfeaturessizeshave beenreducedfrom
to and transistorcountshave soaredfrom 2,300
to over 100 million. While lithography trends suggest
chipscontainingover a billion transistordy the endof the
decadetwo substantiathallengesnustbeaddressetb en-
ablepracticaldeploymentof suchsystems.

First, shrinking lithography makes integrated circuits
more susceptibleéo manugcturingdefectsthattendto re-
duceyield. The Semiconductoindustry Association[20]
hassetatargetof 75% (75 goodchipsfor every 100manu-
factured¥or overall microprocessoyield. While manufic-
turing engineerhave madesubstantiainnovationsin mate-
rials andcleanroomsto achiese this targetat currenttech-
nologiesrealizingthis targetin future processemayprove
extremelycostly.

Secondsomemanuficturingdefectsarelatentandman-
ifestthemselesonly afterthechipshave beendeployedand

run for someperiodof time. As largercommercialndsci-
enti ¢ systemsareconstructedrom hundredor thousands
of processorsthe probability and frequeng of latentfail-
uresincreaseBecause¢hecostof replacingfaulty computer
systemcomponentsn a large systemcan be high, mary
vendorshave developedfail-in-placesystemgequiringhot
spareg23].

In this paperwe examinethe redundang alreadyavail-
able within modernmicroprocessorshat 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(takinginto accountredundantows to in-
creaseyield in caches)we proposethat chips with some
non-functioningcomponentsare still useful and can con-
tributeto bothoverallyield andgracefullydegradeccompo-
nentsin afail-in-placesystem.We furtherexploredifferent
granularitiesof degradedcomponentsfrom processosub-
component$o wholeprocessordpr uniprocessochipsand
futurearchitecturedasedon chip-multiprocessorf25]. To
computethe chip yield we usea microprocessocompo-
nentareamodelin combinationwith a basicyield model.
Sincetherecanbe a performanceenaltydependingpn the
degradedcon guration, we usea microprocessosimulator
to measurethe chip end-performanceacrossthe rangeof
differentcon gurations. Basedon this analysiswe extend
performancevinningto includea new methodof differenti-
ating chipsthatcomeoff the fabricationline. Chipsof dif-
ferentend-performanceanbe marketedat differentprices,
extendingthe currentmanuficturersuse of speedbinning,
in which chipsthatrun atdifferentpeakclockratesaresold
atdifferentprices.We formalizethis notionof performance
binning,andproposeanew yield metriccalledperformance
avemgedyield( ) in whichthetotalyield is afunction
of the performancerangeof eachbin and the numberof
chipsin thebins.

Ourresultsindicatethatthe for auniprocessocan
be improved from 85% to 98% with certainassumptions
aboutdefectdensityanddefectsize. We extendthis analy-
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Figure 1. Yield Loss Components.

sisto chip-multiprocessoarchitecturest future technolo-
gies, where we shav that microarchitecturaredundang
provides greaterbene ts in improving Thesere-
sults shav that mary randommanufcturing defectscan
be toleratedby exploiting microarchitecturaredundang.
They also suggestthat augmentingfail-in-place systems
with chip-level diagnosticsandrecon gurationcould pro-
vide moregracefuldegradationwhencomponentdbecome
faulty. Theremainderof this paperis organizedasfollows.
Section2 providesbackgroundn the trendsin systemde-
signand manufcturing,suchasyield, speedbinning, and
built-in self-test(BIST) that motivate our work. Section3
identi es andclassi esthetypesof redundang in modern
microprocessoranddescribeghe mechanismsequiredto
exploit it for yield andfail-in-placeenhancemenSectiord
describegthe details of our yield, area,and performance
models. Section5 presentgesultsshaving the yield ben-
e ts of microarchitecturatedundang asafunctionof tech-
nology, defectcharacteristicsand architecture. Section6
summarizesur ndings anddescribeshesynegy between
thiswork andothermajortechnologyanddesigntrends.

2 Background

Understandingyield lossis a critical actiity in semi-
conductordevice manufcturing. The overall yield is in-
uencedby mary factors,jncludingthe maturity of thefab-
ricationprocesstheability of a particulardesignto tolerate
defects,andthe ability to identify usablepartsfrom unus-

ableones.

2.1 Sourcesof Yield Loss

Figure 1 provides a simple breakdavn of someof the
commonyield losscateyories.Functionalyield lossoccurs
whena device fails to meetthe intendedfunctionalityfrom
alogical point of view. Parametricyield lossoccurswhen
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otherwisefunctionaldevicesfail to fall within the allowed
rangeof acceptablelectricalcharacteristicsBoth typesof

yield losscanbe causedy eithersystematiclefectsor ran-

domdefects.Systematiaefectsesultfrom problemsn the
manufcturingprocesssuchas contaminatiorof materials
or imprecisecalibrationof the equipmentRandomdefects,
on the other hand,are the result of inevitable particleim-

puritiesin the air andaremuchmoredif cult to overcome.
The effectsof thesedefectsover time areillustratedin Fig-

ure 2 which shows aninitial phaseof technologydeploy-

ment dominatedby systematicfailures, with an eventual
cross@erto amorematurephasedlominatecby therandom
defects.

2.2 Designfor Yield

Thegroundrulesde ne thebasicallowablestructuresn
a particulartechnology Thereare several waysin which
they canbe modi ed to incorporateadditional designfor
yield guidelinesthat minimize the effectsof commonyield
detractorsFor example,at thecircuit level, guidelinesthat
discouragethe useof tall stacled transistorstructuresand
noisesensitve structurescanhelp reduceparametricyield
losseslin layout, lling otherwiseunusedrackswith metal
to establisha regular patterncan enablebetterequipment
calibrationduring manufcturing. For high volumemanu-
facturing,feedbackrom yield analysisanditerationof the
designto addresghesedetractords animportantaspecof
yield management.A goodoverview of the different de-
fecttolerancetechniquesisedin VLSI circuitsis provided
in[12].

In designswith a high degree of regularity, such as
DRAMs andSRAMs, it is commonto make useof explicit
redundang to help improve yield. By including a small
numberof redundantows andcolumnsin the structureof
the RAM, along with steeringlogic in the decodersthe
yield losseghatwould normallyresultfrom asmallnumber
of randomdefectsin the mainarraycanbe minimized. We



obsenethatmary structuresn modernchip designpeyond
just DRAM andSRAM, containsomedegreeof regularity.
In this papemwe proposdo extendthe designfor yield tech-
niguesin the microarchitecturalevel by speci cally identi-
fying the redundanyg in differenton-chipcomponentsand
themechanismy whichit canbeexploited.

2.3 ProductBinning

Some degree of processvariation acrosswafers and
waferlots is a naturaland acceptedispeciof semiconduc-
tor fabrication.As aresultof theseproceswvariations some
chips can operateat fasterclock frequencieshan others.
Today it hasbecomecommonfor manuficturersto sepa-
ratethesepartsinto speedvinsandto offer themfor saleat
differentprices. This practiceenablesa broaderspectrum
of potentialapplicationdor the product,andeffectively in-
creasesheproductiveyield aswell.

Recently and at varioustimesin the past,someman-
ufacturershave madeuse of a more generalperformance
binning strategy thatseparatepartsinto binsof guaranteed
performancdevelsratherthanbinsbasedsolely on operat-
ing frequeng [13]. Althoughthe currentpracticeis moti-
vated,at leastin part, by marketingtactics,it opensup the
option for improving yield basedon partially good chips
thatoffer arangeof performanceWe proposethatdesigns
thatincludereplicatedor non-essentigunctionsin support
of increasederformancebe enhancedvith the capability
to disablesomeof thesestructuresin faceof defectsde-
tectedwithin thecircuitry. Theresultingproductwould of-
fer somavhatlessperformancebut whenbinnedappropri-
ately, offersoverallenhancegbroductyield.

2.4 EnhancedBIST

As thenumberof transistoronachipincreasessodoes
the compleity andvolumeof the testpatternsrequiredto
identify and diagnosefaults. Driven by the enormouspo-
tential expenseof suitabletestersand the associatedest
time, mary chips today are augmentedwith built-in self
test(BIST) functionsto partially relieve the testingburden.
Although BIST doesnot eliminatethe needfor traditional
testpatternsit is usedextensvely for testingon-chipRAM
structuresfor stressinghe designduring burn-in, and for
speedinning.

Theyield improvementschemegproposedn 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 aresult,we ervision the needfor moreadvancedBIST
controllersthat build on the capabilitythat exists for array
repairto include supportfor othertypesof fault tolerance
mechanismsThe challengeserewill beto de ne the ap-

propriategranularityfor the BIST domains,andto develop
automatigatterngeneratorfor isolatingfaultsin structures
thatcontainmorelogic circuitry thanbasicRAMSs.

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

3 On-Chip RedundancyModel

In this paper we identify threeprimary typesof redun-
dang asabasisfor ourredundang model(Figure3). Com-
ponentlevel redundang ( ) involves multiple exact
copiesof somecomponenin the microarchitecture With
Array Redundang (), array structuresandthe associ-
ateddecodersare expandedo includeredundantows and
columnsof cells. DynamicQueueRedundang ( ) rec-
ognizesthat the use of dynamically allocatedqueuesin-
volvesa protocolthat mustbe preparedor the possibility
thataparticularqueuss currentlyfull, andnew entriesmust
be held off until a spotopensup. Eachredundang model
is explainedin detailbelow.

3.1 BasicRedundancyTypes

In , the components typically replicatedto pro-
vide additionalperformancehroughparallelism,but only
a subsetis actually requiredfor correctfunctionality. In
essencegachcomponenthathas hasaresouceline
associateavith it. Thecomponens BIST modulesetsthe
resouceline to be permanenthBUSY in the eventthatthe
componentis disableddue to internal faults. The parent
control logic is thenaugmentedo useonly thosecompo-
nentswhoseresourcdines are FREE. The intra andinter-
clusterissuelogic andothercomponentshatuse can
usethis mechanisnto avoid defectie units during execu-
tion. TheAlpha21264[11, 7], for example hastwo integer
clusterseachwith two integer arithmeticunits. The
conceptcanbe appliedwithin a clustersinceit canoperate
correctlywith only onefunctionalunit. The clustersarenot
exactcopiesof eachotherin this particulardesign,andthe
instructiondispatchlogic is statically biasedto distribute
instructionsbetweerthem. But it is possibleto formulatea
similardesignwherethey aresymmetric andthenthe
modelcould be appliedhereaswell. In the future, asde-
signerscontinueto strugglewith managinghe compleity



(a) Component Level Replication (CLR)

HEE EE
HE X

Four built in
for parallelism

Extra Row
Available

Only three
are usable

Functional, With performance loss

(b) Array Redundancy

Extra Row used
in place of bad entry

Functional, No performance loss

(c) Dynamic Queue Redundancy (DQR;

(bad entry)
N l (bad entry)
3 " (bad entry)

All entries available Two entries invalid

Functional, Some performance loss

Figure 3. Basic Redundanc y Models.

of large designswe expectthis sort of designfor reuseto
becomemorecommon.

Whendefectsaredetectedn rows or columnsof bit cells
in the mainbody of the array the mechanismganbe
con guredto effectively steethedecodaowardstheredun-
dantentryratherthantowardsthe badrow or column. This
techniques alreadycommonlyusedin mary typesof RAM
chipsaswell asin theembeddedRAM structurefoundin
moregeneraburposechipssuchasmicroprocessord=rom
ayield perspectie, the attractve thing about is thata
relatively small investmentin areacan offer excellentde-
fect tolerancefor the entire structure. In mary casesthis
candrive theyield lossdueto thesestructurego very low
levelswith nolossin performance.

is the third type of redundang we explore. Ba-
sically, a valid bit is addedto eachqueueentry that has
If a particularqueueentry hasdefects,it canbe
permanenthdisabledby clearingthe valid bit, andthe ex-
isting protocolscanbeleveragedo stallthe machinewhen
theavailablequeueentriesarefull. Downstreamogic sim-
ply needsto understandhat queueentriesmarked invalid
shouldnever be processedIn highly pipelineddesignsas
well asdesignsthat supportdynamicreorderingof opera-
tions, thesetypesof queuesare common. For example,in
the Alpha 21264 thereorderbuffers,theissuewindow, the
register remappersthe load buffers, and the store buffers
areall implementedasqueuesThereis aminimumsizeto
thesequeuedo supportbasicfunctionality, andthe larger
sizesareintentionallyusedto gainperformanceNeverthe-
less,our experimentshav thatdisablingoneor two entries
in mostof thesequeuegesultsin at most1%lossin perfor
mance. Alternatively, a designmight include sparequeue
entriesin thesestructuresto allow somedefecttolerance
withoutlosingary performancesimilarto
In somecasesit is possiblefor a singlestructureto of-
fer morethanonetype of redundang. For example,a set
associatie cachemight be structuredto allow both
(disablingoneset)and (redundantow steeringin one
of the other sets). Similarly, in the future, it is likely that
mary chipswill containmultiple processorsin this case,

we canimagine a set of intra-processorredundanciess
well asinter-processoredundang atthe next level of hier-
archy As designsstrive for moreoutstandingpperationsn
ight, it is likely thatpotentialfor redundang will increase
overtime.

3.2 ProposedMicr oarchitecture

As abasisfor analysingheeffectsof thedifferentredun-
dang types,we have de ned aprocessomodelthatis sim-
ilar to the Alpha 21264[11, 7]. Boththe integerand oat-
ing point clustersaresymmetricandeachhave 2 functional
unitswithin them.The processomodelalsohasanon-chip
L2 cacheof 1MB. Tablel shovs moredetailonthespeci ¢
parameter®f our processomodel, alongwith the redun-
dang modelthatwe have adoptedfor eachof the on-chip
componentsThebasecapacitiescharacterizéheprocessor
con guration at which it achiezesmaximumperformance.
Thespare entriesprovidedin thecomponentsreusedonly
in thefaceof defectsanddonot contribtuteto additionalper
formance.TheexecutionclustersandtheinternalALUs are
coveredwith the model. The hierarchialnatureof the
redundang for the clustersand ALUs provides coverage
over the controllogic of thesecomponentsThe L1 caches
andL2 cacheare coveredby both the Array Redundang
modeland,sincethey aresetassociatie, the model.
Consistentvith the commonindustrypractice[10], there-
dundantowsandcolumnsareabout2.5%of thebasecache
capacity The banklevel redundang for the cachespro-
videscoverageover the peripheralogic of thesestructures
also. We alsoallow the con guration with no on-chipL2
cache,e., with both L2 cachebanksdefectve. The TLBs
arecoveredby the model. All of the instructionwin-
dow queuesregister les, maptables,reorderbuffers,and
storagequeuesareassociateavith the model,imple-
mentedby providing spareentriesand therebyexhibit no
lossin performance.Elementsof the processomnot listed
in thetable,includingrandomcontrollogic, have no redun-
dang coveragein our exampledesign. Neverthelessthe
partsof the designthat have coveragethroughredundang



ProcessoRedundang Con guration
Resource | Basecapacity/ Spareentries | Redundang Model | Minimum operationakize
IntegerInstructionWindow 20/1 DQR 20
Floatingpoint InstructionWindow 20/1 DQR 20
Integer RegisterFile 80/2 DQR 80
Floatingpoint RegisterFile 7212 DQR 72
IntegerMap Table 32/1 DQR 32
FPMap Table 32/1 DQR 32
Int Alus percluster 2/0 CLR 1
Int Mult percluster 2/0 CLR 1
FP Alus percluster 2/0 CLR 1
FP Mult percluster 2/0 CLR 1
Integerclusters 2/0 CLR 1
Floatingpoint clusters 2/0 CLR 1
ReordeBuffer 80/2 DQR 80
Loadqueue 32/1 DQR 32
Storequeue 32/1 DQR 32
ITLB (Fully associatie) 128/ 2 AR 128
DTLB (Fully associatie) 128/ 2 AR 128
L1 | cache(2-way associatie) 64KB/1.5KB AR, CLR 32KB
L1 D cache(2-way associatie) 64KB/1.5KB AR, CLR 32KB
L2 cacheon-chip 1MB / 24KB AR, CLR oOMB

Table 1. Processor redundanc y con guration

constituteapproximately85% of the total areaof the pro-

cessor This con guration andaggregatemodelis usedfor

the yield analysisdescribedthroughoutthis paper Since
mainstreanprocessor$2] alreadyemploy redundantows

andcolumnsin cachesthe baselineyield ( ) corre-
spondsto a processomwith in the L1 andL2 caches.
To modelthe effectsfor largerchipsin futuretechnologies,
this samebasiccon gurationis usedwith a variety of chip

mulitprocessofCMP) topologies.

4 Methodology

Our methodologyfor calculatingchip yield integratesa
basicyield modelandamicroprocessoareamodelwith the
redundang modelof the chip componentsThebasicyield
modelis asimpleprobabilitydistributionthatcalculateghe
randomyield of a given areaof silicon. The areaof the
chipcomponentshemselesareestimatedisingthe micro-
processorarea model. The yield with redundancymodel
breaksa componeninto its redundantand non-redundant
piecesbeforecomputingthe componenyield. Theyield of
thechipcomputedhusis thenlinkedwith its measure@nd-
performancecrosgherangeof differentcon gurationsto
obtainthe performanceaveraged yield ( ). Themet-
ric of performancen this paperis throughput(measured
in instructionsper clock or ), andis computedusing
a microprocessosimulator The remainderof this section
describegachof thesemodelsin greaterdetail.

4.1 Random DefectLimited Yield Model

Yield lossis afunctionof thesize,material locationand
the processstepin which a defectis introduced. In this
paperwe have adoptedthe PoissonYield model[14] for
modelingthe randomyield componentbecauset allows
usto simplify the mathematicatreatmentand focus more
on the interactionbetweenthe redundang modelsandthe
resultingyield trends. Our methodologycan be extended
to use other commonly studiedyield modelssuchas the
Negative Binomial model.

ThePoissonvYield ( ) Model[14] assumesherandom
defectsto be completelyindependenandis describedy:

(1)

where is the defectdensitymeasuredn defectsper
, representshe areaof the componenin , and
is thekill ratio which s the fraction of the total com-
ponentareathatis sensitve to defects. TheKkill ratiois a
function of the defecttype, defectsizeandthefeaturesize,
andincreasesstheratio of defectsizeto the featuresize
increaseskor instancealargerdefectcanmoreeasilylead
to a bridging fault betweentwo metaltracks. The Poisson
Yield model equationexhibits an exponentialdependence
of die yield on componenarea,defectdensity andtheKkill
ratio. Therefore manufcturerssanimproveyield eitherby
reducingthe chip areaor by reducingthe defectdensity;
yield tendsto getworsewith smallerfeaturesizesbecause



 Processor core Structure Percentagef totalarea |
L2 cache 49.05%
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Figure 4. The Uniprocessor Model

thekill ratio increases.The ITRS [20] hasseta tamet of
83% for the random-defectimited yield of microproces-
sors. We obtaina of 85.4% at 250nmusing the
defectdensityprovidedby the ITRS, for anormaldefectto
featuresizeratio, anda chip areaof . Thisresult
validatesour input parameterso the PoissonYield model.

4.2 Chip AreaModel

Estimationof individual componentyield requiresde-
tailed areamodelsof the processingoresandcaches.To
modelthe areaof the on-chipL1 andL2 cacheswe used
Cacti 3.0[22] which accountdor the cachecapacity sub-
bankorganizationline size,associatiity, numberof ports
and the technologygeneration. Cacti also provides the
cacheaspectratio and areaef ciency? which canbe used
to determinethe fraction of areaoccupiedby the periph-
erallogic andthe data.Sincethe designstyle of mostother
on-chipstoragestructuredik e the register les, instruction
window are similar to caches,Cacti can be appropriately
con gured to derive a reasonable@stimateof the area,as-
pectratio andef ciency of thesestructuresalso. To model
theareaof functionalunitswe usedanempirically derived,
technology-independeareamodel[8]. We useda method
of simple manuallayoutsto estimatethe areaof random
controllogic componentsncluding the select,renameand
instructionwakeuplogic, basedon thelogic level block di-
agramghatareavailablein the literature[16]. To estimate
theareaof miscellaneoublockssuchasl/O padsandclock
distribution treeswe developedan empirical modelbased
onour analysisof the Alpha 21264 oorplan [7, 11].

We validatedour areamodel againstthe Alpha 21264
microprocessowhosedetailed oorplan statisticsareavail-
ablein [7, 11]. Alpha 21264 areafrom the oorplan is

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

and the estimatedareausing the areamodel is
, which is an error of 3.8%. Figure 4 illustrates
the uniprocessomodeldescribedn Section3, with the L2
cachecoupledto the processorcore. The total areaof the
chip wascalculatedusingthe areamodelto be at
250nm.Figure4 alsoshavsthedistribution of thechiparea
amongits mostsigni cant components.

4.3 Yield with RedundancyModel

To computetheyield of a componentequiresbreaking
it into its redundantand non-redundanpieces. For exam-
ple, Array Redundang in memorystructuregprovidescov-
erageover defectsthat occurin the areaoccupiedby the
datacells,but adefectin thedecoddogic would still befa-
tal. The ability to distinguishbetweertheregionsincluded
in the redundang model and thosethat are still vulnera-
ble to defectsis fundamentato calculatingthe component
yield.

Yield with partial redundancy: Since defectsin the
PoissonYield model are consideredo be completelyin-
dependenttheyield of a componenthathaspartialredun-
dang canbedescribedy the equation:

(2)

where representtheyield for theareaof thecom-
ponentthat hasno redundang, and s theyield of the
region thatis coveredby the redundang model. The Pois-
sonYield modelalonecanbe directly usedto computethe
yield of the areawithout redundang. For storagecompo-
nentsthatuseeitherthe AR or the DQR modelswe usethe
ef ciency of theSRAM arrayto evaluatethefractionof area
devotedto the peripherallogic andthe data. On the other
hand, on-chip structureswith CLR have their entire area
coveredby the redundang model. The yield of the area



with redundanyg is alsocomputedusingthe PoissonYield
modelbut is afunctionof theredundang modelemployed.

Yield with the basicredundancymodels: Thethreere-
dundang modelswe describedn Section3 offer coverage
overthe building blocksof on-chipcomponentsA compo-
nentbuilding block is eitheranentryin a storagestructure
or queue,or a unit suchasa clusteror a functional unit,
which we will generallyreferto hereasa primary redun-
dant circuit ( ). Thetotal capacityof a componenis
thenthe sumof its basenumberof andthe number
of spare

A redundang modelspeci esthe minimum numberof
working thecomponenmustposses$o ensurecor-
rectoverallfunctionality Thecomponenyield is thensim-
ply the probabiltythatit hasat leastits minimum subsebf

working out of thetotal numberof including

the spares.A particularcon guration of the componenis
speci edby its numberof working . A speci edcon-
guration canbe achievedin multiple waysdependingon
exactly which of its areworking, andis calculated
usingthe combinationy ) operator Both the numberof
working andthe numberof waysin which the con-
guration canbemetdecidethe probabilityof acomponent
beingin that con guration. The overall componentyield
is thereforethe sumof the probabiltiesof all the con gu-
rationsin which the componentasat leastthe minimum
numberof working. The  from this calculationis
summarizedisingthewell known binomial expansion:

3)
wherePRCW is aworking , PRCD is adefective
, is the subsetof requiredfor correct
functionality,  representshe basenumberof in
thecomponentand is the numberof spare . The
probability of a beingfunctional or invalid is com-
putedusingthe PoissonYield model.

For example, cachesthat have are provided with
enoughredundantrows and columnsto greatly improve
yield and at the sametime shav no reductionfrom peak
performance.Hencein this case becomesqualto

, andthe valueof is dependenbn the cachecapac-
ity. Componentsvith DQR alsohave very similar speci -
cations. On the otherhand,choosingto have CLR in the
clustersfor example, introducesthe possibility of having
con gurationswith only one clusterfunctional. Hencein
thiscase is equalto zeroand is strictly lesserthan

, with its exact value determinedby the speci ¢ com-
ponent. The minimum subsetof for eachon-chip
componentieterminedy the speci ¢ redundang modelis

givenin Tablel.
4.4 PerformanceAveragedYield Model

To have a fair comparisorbetweenthe processorsghat
are fully functional and thosewith degradationwe
mustaccountfor the performancewhile calculatingyield.
The processomodeldescribedn Section3.2 de ned the
peakperformanceof the processoiasthat achieved when
all of its componentgontaintheir basecapacity The over
all yield describedabove includesprocessorshatexhibit a
rangeof differentend-performanceesults,which we will
refer to as We have formulatedthe
metric sothatit captureshoththe effectsof redundang—
improvementsin yield and reductionsfrom peak perfor
mance. is calculatedby associatingwith the yield
of eachpossibleprocessocon guration( ), ascoreequal
to its performanceelative to the maximum,andis given
by:

To evaluatetheperformancef thevariousdegradecdcon-
gurations we usedthe sim-alphasimulator[3] which mod-
els the Alpha 21264 core in detail. First, we con gured
sim-alphato resembleour processomodel. We thenmod-
i ed the simulatorto supportsymmetricclusters. We fur-
thermademodi cations that enableus to simulatethe dif-
ferentdegradedcon gurationsby selectvely disablingon-
chip componentsFigure5 showvs thebenchmarksve used
in our experiments.We choseseven benchmarkgrom the
SPEC200enchmarksuite and sphinxa speechrecogni-
tion benchmarkto provide a wide rangeof behaior. The
applicationsmesa,equale, eon, and gzip shav relatively
high IPC andare more sensitve to the available execution
resources.The applicationssphinx,mcf swimandart are
memoryintensive in natureandshow greatersensitvity to
cachecapacities. For eachbenchmarkwe simulatedthe
sequencef instructionswhich capturethe representatie
phaseof the program,determinedy using SimPoint[21].
Figure5 alsoshaws the numberof instructionsskippedto
reachthe startof the executionphasg ), the num-
ber of instructionssimulated( ), and the maximum
IPC for eachbenchmarlatthe basecon guration.

Figure 6 plots the normalizedIPC distribution for the
rangeof allowedcon gurations.Thegraphshovsthatmost
of the con gurationsfall into the region thatis within 20%
of MaxIPC. The set of barsaround55% MaxIPC corre-
spondto the con gurationswith no on-chipL2 cache.To
give anidea of the sensitvity of IPC to the capacitiesof
different componentsTable 2 shavs the normalizedhar
monicmeanlPC valuesfor a subsef all the chip con gu-
rationsallowedby our methodology Thetop portionof the
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Figure 5. Benchmarks used for performance experiments

table containsthe con gurationsfor which the maximum
reductionin IPC is lessthan20%acrossll benchmarlcat-
egories.In thebottomportionthereis atleastonecateyory
for whichtherelative IPC dropsbelow 80%. Whenwe com-
bine this IPC binning with the yield model,our resultsin-
dicatethatthe numberof chipswith lessthan80% MaxIPC
rapidly approachegero.

5 Results

This sectionpresentur resultsfor theyield anddefect
densityprojectionsat futuretechnologiegndchip microar
chitecturesWe begin by describinghethreedifferentchip
architecturegshat are investigatedn this paper We pro-
ceeedto examinethe yield trendsfor a uniprocessowwith
andwithout redundang. We then analysethe bene ts of
microarchitecturatedundang for chip-multiprocessoar-
chitecturesand nally endwith a comparisorof theyield
improvementsattainedusingdifferentredundang models.

5.1 Chip Topologies

Futurechip microarchitecturefave substantiale xibil-
ity in usingthelargernumberof transistorghatcan t in a
givenchip area,to achieve their target performancelf the
desiredfunctionality remainsfairly constantwith time, as
in the caseof specialpurposeprocessorghe requiredper
formancecanbe achiezedwith no addtionalfeaturesn the
processoarchitectureTheconstant-architecturschemes
shawvn in Figure 7a, wherethe capacitiesof the microar
chitecturalstructuresare kept constantacrossall technolo-
gies. Becausehe capacitiesare kept constant the areaof
the uniprocessodecreasesapidly with decreasindeature
size. However, trendsin generalpurposeprocessodesign

(2]
c
o
Benchmarlkcatgiory | Benchmarkname| FFWD | RUN | MaxIPC 3 0.8
(x100M) =
INT | MemoryIntensie 181.mcf 336.3 | 100M | 0.1330 = 0.61
Ssphinx 60 200M | 0.5707 3
Processobound 164.9zip 332 100M | 1.7588 G 0.4+
252.eon 207.3 100M | 1.2909 S
FP Memory Intensie 171.swim 1196 | 100M | 1.0245 § 0.2
179.art 66.3 100M | 0.2616 i
Processobound 183.equak 1934 | 100M | 1.1109 0.0-
177.mesa 639.9 | 100M | 1.3398 SN S~ =l = S i <l ~l el
5235235235252 2
0OF5O0FOFOFOFOE

Figure 6. IPC distrib u-
tion for the diff erent
con gurations.

have demonstratethatdie sizesdo not shrinkwith succes-
sive microprocessagenerationslnsteadmicroarchitectural
featureshave beenaddedhatenhancéheprocessosfunc-
tionality andconsumehesilicon area.Figure7b illustrates
theconstant-areaniprocessomodel,wherethechipareas
keptconstantacrossall technologieendhencethe sizesof
the microarchitecturaktrucuturesare allowed to increase.
Therelative proportionsof the coreareaandthe areaoccu-
pied by cachesarekeptapproximatelyconstant.

Technologyscalingtrendsand consideration®n multi-
threadperformancehave in uenced someemeging archi-
tecturedo includemultiple processorsvithin a singlechip,
whichhassubstantiaimplicationsfor yield. Figure7cillus-
tratesthe modelbuilt usingthe constant-architecture
uniprocessomodelasthe building block. The numberof
processorthatcanbeaccomodategerchipincrease$rom
1 at 250nmto 24 at 50nm, given that the fraction of chip
areaconsumedy L2 cacheds keptapproximatelyat 49%
acrossall technologies.

5.2 UniprocessorYield

Technologyadvancementén the future are expectedto
involve introduction of new processstepsand materials,
thuspotentiallyincreasingthe yield sensitvity to particles
andthe defectdensity Figure8 plots of theunipro-
cessorchip assuminghatthe defectdensitiesarekeptcon-
stantat their value at 250nm,with substantiainvestments
in processcontrol mechanismsThe for a unipro-
cessomwith constantareadecreasefrom 85% at 250nmto
60% at 50nm. As the areaof the uniprocessoincreases
the areaof the componentsvithout any redundang also
increases.This factoris compoundedy the growing Kill
ratio at smallertechnologiego resultin considerablgield



Con gurations BenchmarkCateyory
IntFus | FpFus| IL1 DL1 L2 IntegerMemory | IntegerMemory | FPMemory | FPMemory All
(KB) | (KB) | (MB) Intensie Non-Intensie Intensive Non-Intensie | 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

(a) Constant-architecture scaling (b) Constant-area scaling
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Figure 7. Chip topologies.

loss. On the other hand, for a uniprocessomwith

constantarchitecurencreasegrom 85% at 250nmto 93%
at50nm. Thisincreasen yield is becaus¢hegainfrom the
rapidly decreasinghip areaoutweighsthe increasedsus-
ceptibility to yield lossdueto the higherkill ratio. For both
uniprocessomodels, decreasewvith larger defect
sizebecausef the higherkill ratio.

Figure 9 shavs how defect densitiesmust scalewith
technologyto achieve the target 83% yield. While ag-
gressve reductionsin defectdensitiesare requiredin the
constant-areainiprocessomodel, larger defect densities
can be toleratedat future technologiesin the constant-
architecturanodel. Thereasondor this trendarelogically
the sameasfor Figure8. Therefore,n the absencef mi-
croarchitecturatedundang, manugctureramusteitherin-
vestin moreaggressie mechanismso decreaséhe defect
sensitvity in the designsor acceptiower nal yieldsat fu-
turetechnologies.

Figure 10 shaws obtained by incremen-
tally addingdifferent a vors of on-chipredundang to the
constant-architecturaniprocessomodel. At 100nm for

example,the maximumcontribution comesfrom L2 bank
level redundang, whichincreases t0 96%from
a of 92.2%. in the functional units domi-
natesamongall the othertypesof redundang, which to-
getherfurther increase to 99.2%. Sincebins
with nite numberof chipshave anobsenred performance
loss of at most20% (Section4.4), regardlessof technol-
ogy, (indicatedby the dottedline) is 98.8%,which
is only 0.4% lessthan . Acrosstechnologies,
increase$rom 85.4%to a maximumof 93.7%,the
contribution of L2 banklevel redundang continuesto be
signi cant, andall the othertypesof redundang give pro-
gressvely diminishingreturns. This is becausehe L1 and
L2 cachesccupy almost70% of the chip areaandthe ac-
tual areaoccupiedby the remainingcomponentdecomes
vanishingly small at smaller featuresizes. As a result,
with all thetypesof redundang increasefrom
98%at250nmto 99.6%at50nm,and isatmost0.4%
belov acrossll technologiesTheaboveresult
is signi cant becausét shavsthateventhough im-
proveswith technology canbe furtherimprovedby
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Figure 8. The effect of technology and pro-
cessor model on yield.

addingmicroarchitecturatedundang.
Unliketheconstant-architectum@odelwherethe areaof

somecomponentdecomeinsigni cant at smallerfeature
sizes,the areaof all the componentsemainconstantwith

technologyin the constant-areanodel. As a result,adding
redundang to a componentvill provide sustainedene ts
atall technologiesHenceaddingmicroarchitecturatedun-
dang will offer evengreateimprovementgo in the
constant-areeodel.

5.3 Multipr ocessorYield

In this paperwe exploretwo typesof multiprocessore-
dundang. In intra-processaredundang, achipcanhaveits
processorin ary of the allowedinternally degradedstates,
but the entirechip is consideredadoncethe availablere-
dundang is exhaustedn even one of its processors.On
the otherhandin a chip with inter-processoredundany,
ary defectwithin a processowill renderthewholeproces-
sor bad, all the remainingprocessorfiave maximumper
formanceandthe chip cancontinueto functionaslong as
thereis atleastoneoperationaprocessar

Regardlessof the redundang model employed, multi-
processoperformanceas determinedy two parameters—
the total numberof cores( ), and the performanceof
eachcore( ). The performanceof anindividual core
( ) is dependenbn the applicationcharacteristicsthe
communicationoverheadamongthreads,and the level of
degradation. Our baseassumptionin this study is that
threadsare all independenbf oneanother Thereforethe

Figure 9. Target defect densities required to
achieve 83% random-def ect limited vyield.

performancef aworkloadcanbe de ned asthe aggreyate
performancef all the coresonthechip.

Extendingthe equationfor from Section4.4to a
multiprocessowith intra-processoredundang:

(4)

where, is the peakIPC of a fully func-

tional processarSincethe atomicity of failurein theinter-

processoredundang modelis a whole processqgra core

hasat mosttwo statescorrespondindo or

zerolPC.Theexpressiorfor of amultiprocessowith
inter-processoredundang is thengivenby:

()

where, is the numberof fully functionalprocessorsn

thechip.

5.3.1 Yield with Intra-pr ocessoRedundancy

Figure 11 plots , acrossall technologiesob-
tained by incrementallyadding redundang to processor
componentsn a multiprocessorwith intra-processore-
dundang. The xaxis shaws the featuresize and the num-
ber of processorper chip at eachtechnology At a given
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technologye.g.,70nm,addingredundang dramaticallyim-
proves from 68.2%to 93.8%.Sincefunctional
units exhibit the maximumamountof they provide
the greatestimprovementin yield. The bene ts from L2
banklevel redundang, in the queuesand in
the clustersare comparableacrossall technologies. Our
experimentsindicatethatwith all the typesof redundany,
the fraction of degradedprocessorger chip is small. Fur-
ther, the obsened performancdossat the differentproces-
sorcon gurationsis alsosmall(Table2). As aresult,
(indicatedby thedottedline) is within 0.1%of .
The total amountof intra-processoredundang on the

chip increasedinearly with the numberof processorsAs
aresultthe additionof and leadto greaterim-
provementdn yield at smallerfeaturesizes. For instance,
at 180nm with in the on-chipqueuess
91.1%whichis improvedto 95.5%by adding in the
functionalunits. At 50nm, with in the
on-chip queuesis 73.4% which increasego 85.8% with

in the functional units. The greaterdifferencebe-
tween the two valuesimplies that there are
more degradedchips at smallertechnologies. But asthe
areaoccupiedby a single processodecreasests
increaseqseeFigure 10), and hencethe probability of it
being defective decreases.Combinedwith the increasing
numberof processorperchip,thefractionof degradedoro-
cessorger chip decreasesvith technology As a result,

continuesto be within 0.2% of at all
technologies.Although thereare signi cant bene ts from
addingredundany, with all thetypesof redun-
dang dropsfrom 98% at 250nmto 91.3%at 50nmdueto
higherkill ratio.

5.3.2 Yield with Inter-processomRedundancy

Figure 12 plots for a multiprocessorwith inter
processorredundang. Inter-processoredundang gives
coverageover the entire areaof the chip and hencedra-

maticallyimproves , approachind.00%attech-
nologies beyond 180nm. The yield at 250nm alone is
low becaus®nly one processoresideson the chip, which
amountsto having no redundanyg at all. Also recall that
thefractionof degradedprocessorperchip decreasewith
technology As aresult, increasesuniformly from
85%at 250nmto 98%at 50nm.

5.3.3 Combining Intra and Inter-processor Redun-
dancy

Sinceintra and inter-processoredundang offer different
typesof coverage,combiningthe two redundang models
provides even greaterbene ts in yield. Figure 13 com-
pares obtainedusingfour differentredundang mod-
els. Having bothintra andinter-processoredundang pro-
videsconsistentlyhigh rangingfrom 98%at 250nm
t0 99.6%at 50nm,with a maximumimprovementin

of 3.75%over having only oneof thetypesof redundang.

A comparisorof theimprovementsofferedby intra and
inter-processoredundang models shows that, down to
100nm obtainedusing intra-processoredundang
is higherthanfrom inter-processoredundang afterwhich
we seegreatetbene tsfrom theinterprocessoredundang
model. The cross@er pointis dependenbn the defectpa-
rametersandthe processogranularityat eachtechnology
While the analysishasassumed constantdefectdensity
acrosstechnologies larger defect densitieswill shift the
crosswer point to the right becausehe fault susceptibility
of a givenareaof silicon increasesandhence ne grained
redundang becomesnoreappropriate Alsoamorecoarse-
grained built out of muchlargeruniprocessocores
will have fewer numberof processorger chip. Conse-
quently therewill be substantiallymore intra-processor
thaninter-processoredundang, which will againshift the
crosseerpointto theright.
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6 Conclusions ist within the processocontrollogic thateasilydisablethe
defective componentdrom beingusedduring programex-
In this paper we examinethe featuresof modernmi- ecution.By exploiting suchintra-processoredundang, we
croprocessorshat can be usedto enhancetheir reliabil- demonstratethat the total fraction of functional chips at

ity by exploiting regularity andredundang within the chip 50nmcan be increasedrom 60% to 91.3%, with a max-
microarchitecture We also evaluatethe trade-of between  imum reductionin performancein ary chip of lessthan

performanceandyield throughthe useof redundantom- 20%. Inter-processoredundany, in which someprocess-
ponentswithin the context of a microprocessoanda chip ing coresin a chip multiprocessorare allowed to be de-
multiprocessarWe focuson relatively coarsegraincompo- fective, hasa similar effect. Basedon theseobsenations,

nentswithin the microarchitecturesuchasexecutionunits we proposea new yield metric called performanceaver
and cachebanks,and shav that mechanismsalready ex- agedyield ( ) which accountdor the level of perfor



mancedegradationon all functioningchips. Exploiting mi-
croarchitecturatedundang canimprove to ashigh
as 99.6% at 50nm, a substantiaimprovementfrom 60%
achievedwhenonly consideringhe defect-freeparts.

Thesesametechniquesof intra and inter-processorre-
dundang canbe appliedto fail-in-placesystems.Today's
systemghat provide fail-in-placecapabilitiesdo so at the
systemevel andtypically provide hot sparegor power sup-
plies, processorghips, memory modules,and disks[23].
We advocatepushingfail-in-placeinsidetheboundarie®f a
singlechip or processoandallowing defectve components
to continueto operate,perhapswith somevhat degraded
performance Defectscanbe detectedhroughperiodicin-
systemtestingsuchashbuilt-in self test(BIST), anddefec-
tivecomponentsanbedisableddynamically with theover-
all systemexperiencinggraceful degradation. Of course
fail-in-place also requiresmechanismdor recovery from
failuresthatoccurduringa programs execution.Hardware
andsoftwaretechniqueghat offer this capability are sum-
marizedin theliterature[1, 6,17, 18, 4].

Theregularityandredundang thatwe exploit in this pa-
peris alsosynegistic with seseral technologyand design
trends.First, designcompleity hasgrown dramaticallyas
moretransistordave becomeavailableto integratedcircuit
designersManagingthis compleity hasbecomeatremen-
douschallengédor bothdesignandveri cation, andwill de-
mandmodulardesigntechniqueghatreusehardwarecom-
ponentswithin a chip, thuscreatingredundang opportuni-
ties. Secondtheincreasen wire delayrelative to transistor
switchingtime will likely leadto partitionedarchitectures
composedaf replicatechardwaremoduleswhetherthey be
processorsALUs, or a combinationof both[24, 15]. Fi-
nally, loominglimits on enegy andheathave led architects
to suggestradingpowerfor performancdy modulatingthe
clock frequeng in differentregionsof a chip[19], dynam-
ically reducingmemorystructuresizes,or selectvely dis-
abling microarchitecturecomponentg9]. We expectthat
future systemgadesigneraill take advantageof replication
andpartitioningto meetthesejoint goalsof power, perfor
mance eliability, andeaseof design.
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