Appeasin the Proceeding®f the 21stinternationalConfeenceon ComputerDesign

Exploiting Micr oarchitectural RedundancyFor DefectTolerance

Premkishoré&Shivakumar

StepherW. Keckler

CharlesR. Moore DougBurger

ComputerArchitectureand TechnologyLaboratory
Departmentf ComputerSciences
The Universityof Texasat Austin
cart@cs.utexas.edu - www.cs.utexas.edu/users/cart

Abstract

Thecontinuedincreasein microprocessotclodk frequencythat
hascomefromadvancements fabricationtechnolagy andreduc-
tionsin featue size createschallengesin maintainingbothmanu-
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 improveyield and enablegraceful
performancedggradationin fail-in-place systems.We introduce
a new yield metric called performanceaveragedyield ( )
which accountshoth for fully functional chips and thosethat ex-
hibit someperformancedegradation. Our resultsindicatethat at
250nmwe are able to increasethe of a uniprocessowith
onlyredundantowsin its cachesfroma basevalueof 85%to 98%
using microarchitectuial redundancy Given constantchip area,
shrinking featue sizesincreasedault susceptibilityand reduces
thebase to 60% at 50nm,which exploiting microarchitec-
tural redundancyhenincreasedo 99.6%.

1 Intr oduction

The bulk of the performancémprovementin micropro-
cessorsn recentyearshascomefrom increasesn clock
frequeng predominanthachiezedby aggressiereductions
in technologyfeaturessizesfrom to , and
on-chip transistorcountsthat have soaredfrom 2,300to
over 100 million. While technologytrendssuggestchips
with clock frequenciesn the multigigahertzzangecontain-
ing over a billion transistordyy the endof the decadetwo
substantiathallengesnustbe addressedo enablepracti-
cal deploymentof suchsystems. First, shrinking lithog-
raphy new materialsand processtechnologiesand lower
designtolerancesnake integratedcircuits moresusceptible
to manufcturingdefects requiringsubstantialnvestments
to maintainchip yield at acceptabldevels. Second,some
manufcturingdefectsare latent and manifestthemseles
only afterthe chipshave beendeployed andrun for some
periodof time. As largercommerciablndscienti ¢ systems
areconstructedrom hundredsor thousand®f processors,
theprobabilityandfrequeng of latentfailuresincrease.

In this paperwe examinethe redundang alreadyavail-
able within modernmicroprocessorshat can be usedto

improve chip yield and enhancethe gracefuldegradation
of fail-in-placesystemsWhile modernchipsaretypically
declaredfunctionalonly if all of the componentarefully
functional (taking into accountredundantows to increase
yield in caches),we proposethat chips with somenon-
functioningcomponentsaresstill usefuland cancontribute
to bothoverallyield andgracefullydegradeccomponentin
afail-in-placesystem. Today it hasalsobecomecommon
for manufcturersto separatechips that are for saleinto
speedinsbasedn their operatingfrequeng, andrecently
somehave madeuseof amoregeneraperformanceinning
stratgyy thatseparatepartsinto bins of guaranteegerfor
manceevelsratherthanbinsbasedsolely on operatingre-
queny [11]. We proposethat designsthat include repli-
catedor non-essentidlinctionsin supportof increaseger
formancebe enhancedvith the capabilityto disablesome
of thesestructuresn faceof defectsdetectedvithin thecir-
cuitry. Chipsof differentend-performance;orresponding
to differentdegradedcon gurations,canbe offeredat dif-
ferent prices, extendingthe currentmanufcturersuse of
speedbinning. We formalize this notion of performance
binning,andproposeanew yield metriccalledperformance
avemgedyield( ) in whichthetotalyield is afunction
of the performancerangeof eachbin and the numberof
chipsin the bins. Our resultsindicatethatthe for a
uniprocessocanbe improved from 85%to 98% with cer
tain assumptiongboutdefectdensityand defectsize. For
chip-multiprocessoarchitectureatfuturetechnologieswe
shav that microarchitecturatedundang providessubstan-
tial bene tsachieving of upto 99.6%.

Theremaindeof this papers organizedasfollows. Sec-
tion 2 providesbackgroundn yield lossandsomerelated
work in yield enhancementSection3 identi es andclas-
si es the typesof redundang in modernmicroprocessors
anddescribeshemechanismgequiredo exploit it for yield
andfail-in-placeenhancementSection4 describeghe de-
tails of ouryield, area,andperformancanodels.Section5
presentsesultsshaving theyield bene tsof microarchitec-
turalredundang asafunctionof technologydefectcharac-
teristics,andarchitecture.Section6 summarizeour nd-
ingsanddescribeshe synegy betweerthis work andother
designtrends.



2 Background and RelatedWork

Yield lossovertime canbedividedinto aninitial phase
of technologydeployment dominatedby systematicfail-
ures,with an eventual cross@er to a more maturephase
dominatedby randomdefects[17]. Futuretechnologyad-
vancementareexpectedto involve continuedshrinkingof
featuresizes,andtheintroductionof new processtepsand
materialsncreasingheyield sensitvity to designfeatures,
introducingnew sourceof systematidefects,andrequir
ing afeature-basethethodologyto quantifyyield loss[12].
Thoughwe focusprimarily ontheyield lossdueto random
defectswerecognizehatmary of thetechniquesliscussed
herewill alsohelp in identifying more usablechips dur-
ing theinitial technologylearningphase.In this paperwe
pushthetraditionaltechnique®f yield enhancemenbased
ondetectingandeitherdisablingor recon guringthefaulty
resourcegl10], insidethe boundarieof a single processor
by identifying and exploiting redundanciesat the microar
chitecturallevel. Dueto the enormoussxpenseof suitable
testersand testtime with growing chip compleity, com-
poundedy the ne-grainednatureof redundang proposed
in this paperwe ervisionthe needfor moreadvancedBIST
controllersthat build on the capabilitythat exists for array
repairto include supportfor othertypesof fault tolerance
mechanism§6].

Therearetwo classe®f work relatedto the performance
averaged yield concept. In [20], yield evaluationis done
for memorychipswith redundang that allows the chip to
be partitionedsothatthe fault-freesectionscanoperaten-
dependentlyThe equivalentyield conceptproposedn that
paperaccountdor partially goodchipsby scalingtheyield
by the memorycapacityof the degradedchip. In this pa-
per, we extendtheargumentto processochipsandpropose
a performanceébasedmetricthatis a bettermeasureof the
effect of chip degradationat the systemlevel. Performabil-
ity [14] wasproposedasa re ned measureof availability
by accountingfor the degradedperformancedynamically
Performanceaveragedyield adaptghis dynamicconcepto
staticchipyield evaluationwhile recognizinghefactthatit
directly appliesto fail-in-placesystemswith runtimeBIST
andrepair

3 On-Chip RedundancyModel

This sectiondescribeseachredundang model and our
implementationof the redundang modelsin the different
processocomponentsin thefuture,mary chipswill likely
contain multiple processorsywhen we canimagine a set
of intra-processoredundancieaswell asinter-processor
redundang at the next level of hierarchy As a basisfor
analysingthe effectsof the differentredundang types,we
have de ned a processomodel(Table 1) thatis similar to
the Alpha 21264[9]. Both the integer and oating point
clustersare symmetricand eachhave 2 functional units

within them. The processomlsohasan on-chipL2 cache
of 1MB. The spae entriesprovidedin the componentsre
usedonly in thefaceof defectsanddo not contributeto ad-
ditional performance.We identify three primary types of
redundang asabasisfor our redundang model(Figurel).

Component Level Redundancy ( ): In , the
components typically replicatedo provide additionalper
formancethroughparallelism,but only a subseis actually
requiredfor correctfunctionality. Eachcomponenthathas

hasaresouceline associatedvith it, andthe compo-
nentsBIST modulesetstheresouceline to bepermanently
BUSY in the eventthe components disableddueto inter-
nal faults. The parentcontrollogic alreadycontainsmech-
anismsthat restrictsits useeachcycle to only thosecom-
ponentswhoseresourcdines are FREE. For instance the
instructionschedulingogic is implementedusingwakeup
arraysthat containRESOURCEAVAILABLE linesindicat-
ing which resourcesre FREEin the givencycle [4]. The
executionclustersandthe internal ALUs of the processor
arecoveredby the model. The hierarchicahatureof
the for theclustersandALUs providescoverageover
thecontrollogic of theindividual clusters.

Array Redundancy( ): Whendefectsaredetectedn

rows or columnsof bit cellsin the mainbody of the array

the mechanismganbe con gured to effectively steer
thedecodeowardstheredundanentryratherthantowards
the bad row or column. From a yield perspectie, is

attractive because relatively smallinvestmenin areacan
offer excellentdefecttolerancefor the entirestructure The
setassociatieL1 andL2 cachesareway-interleaedallow-

ing both (disablingoneset)and (redundantow

steeringwithin oneof the operationakets). The for

the cachesprovides coverageover the peripherallogic of

the individual cachebanksalso. Consistentwith the ac-
cepteddesignpractice[8], theredundantows andcolumns
areabout2.5% of the basecachecapacity The TLBs are
alsocoveredby the model.

Dynamic Queue Redundancy ( ): A valid bit is
addedto eachqueueentry that has . If aparticular
gueueentry hasdefects,it canbe permanentlydisabledby
clearingthevalid bit, thusdecreasinghe numberof avail-
able entries. The existing protocolsthatadd queueentries
aremodi ed to stallthe machinewhenthe availablequeue
entriesarefull. Downstreanqueueaccessogic is alsoaug-
mentedso that the queueentriesmarked invalid are never
processedIn highly pipelineddesignsaswell asdesigns
thatsupportdynamicreorderingof operationsmary struc-
turessuchasthereorderbuffer, theissuewindow, theregis-
terremappergheloadandstorebuffersareimplementeds
gueuesln our implementatiorof , we includespare
gueueentriesto provide somedefecttolerancewithout los-
ing ary performancesimilarto . Neverthelessour ex-



ProcessoRedundang Con guration
MicroarchitectureResource | Basecapacity/ Spareentries | Redundang Model | Minimum operationakize
INT, FP InstructionWindow 20/1 DOR 20
INT, FP RagisterFile 80/2 DQR 80
INT, FP Map Table 32/1 DQR 32
Executionunits percluster 2/0 CLR 1
(INT Alu, FPAIuU, INT Mult, FPMult)
INT, FP Clusters 2/0 CLR 1
ReordeBuffer 80/2 DQR 80
Load/ Storequeue 32/1 DQR 32
TLBs (Fully associatie) 128/2 AR 128
L1 I, D cacheg(2-way associatie) 64KB/ 1.5KB AR, CLR 32KB
L2 cacheon-chip 1MB /24KB AR, CLR oMB

Table 1. Processor redundanc y con guration

(a) Component Level Replication (CLR)

HEE BN
HE <N

Only three
are usable

Extra Row
Available

Four built in
for parallelism

Functional, with performance loss

(b) Array Redundancy (AR)

(bad entry)
.

Extra Row used
in place of bad entry

Functional, no performance loss

(c) Dynamic Queue Redundancy (DQFR

l o
(bad entry
All entries available Two entries invalic

Functional, some performance loss

Figure 1. Basic Redundanc y Models.

perimentsshav thatdisablingoneor two entriesin mostof
thesequeuesesultsin at most1% lossin performance.

Elementof the processonotlistedin thetable,like ran-
dom controllogic, andlogic thatis usedto implementthe
redundang modelitself, have no redundang coveragein
our exampledesign. Neverthelessapproximately85% of
thetotal areaof the processohascoveragethroughredun-
dang/, ascomparedo 50% with alonein the L1 and
L2 caches.This con gurationandaggreyatemodelis used
for the uniprocessoand multiprocessorield analysisde-
scribedthroughoutthis paper Since mainstreanmproces-
sors[2] alreadyemploy redundantrows and columnsin
cachesthe baselineyield ( ) correspondg$o a pro-
cessomith in theL1 andL2 caches.

4 Methodology

Our methodologyfor calculatingoverall chip yield inte-
gratesabasicyield modelanda microprocessoareamodel
with the redundang modelof the chip components. The
yield of the chip computedhusis thenlinkedwith its mea-
suredend-performancacrosgherangeof differentcon g-
urationsto obtainthe performanceavetagedyield ( ).
Theremainderof this sectiondescribegachof thesemod-
elsin greaterdetail.

4.1 Random DefectLimited Yield Model

In this paper we have adoptedthe Poisson Yield
modelfor modelingtherandomyield componen{13]. Our

methodologycanbe extendedto useothercommonlystud-
ied and more detailedyield modelssuchas the Negative
Binomial model[10]. The PoissonYield () Modelmod-
elstherandomdefectsto be completelyindependenandis
describedy:

(1)

where isthedefectdensitymeasureih defectper ,
representshe areaof the componentn , and
is thekill ratio or the fraction of the total componentrea
thatis sensitve to defects.Thekill ratio modelsthe inter-
actionbetweenthe defectsize andthe layout featuresize,
andincreasesstheratio of defectsizeto the featuresize
increasesThe ITRS [17] hasseta target of 83% for the
random-defeclimited yield of microprocessorsie obtain
a of 85.4%at 250nmusingthe defectdensitypro-
videdby the ITRS, for anormaldefectto featuresizeratio,
andachipareaof , validatingourinputparameters
to the PoissonYield model.

4.2 Chip AreaModel

Estimationof individual componentyield requiresde-
tailed areamodelsof the processing.oresandcaches.We
con gured Cacti 3.0 [19], an integrated memory access
time, enegy, andareamodel,to derive areaestimate®f L1
andL2 cachesTLBs, register les, andall on-chipqueues.
To modeltheareaof functionalunitswe usedanempirically
derived, technology-independérareamodel [5]. To esti-



Structure

| Percentagef totalarea |

L2 cache 49.0%
L1 D cache 12.7%
L1 I cache 5.5%
Integer functional units 6.3%
Floating point functional units 6.7%
On-chip storagestructures 11.1%
(exceptcaches)

Misc. components 6.0%
(BIU, PLL,I/O padsetc.)

Random control logic 2.7%
Total Areaat 250nm

Table 2. The Uniprocessor Model

matethe areaof miscellaneoublockssuchasl/O padsand
clock distribution trees,we developedan empiricalmodel
basedon our analysisof the Alpha 21264 oorplan [9]. We
validatedourareamodelagainstheAlpha21264micropro-
cessoroorplan areg9] andcalculatedheerrorto be 3.8%.
Table2 showsthe areaof the processomodeldescribedn
Section3, andits distribution amongits most signi cant
components.

4.3 Overall Chip Yield Model

Section3 describehow a single processocomponent
may have morethanoneform of redundang. If the multi-
ple redundanciearenon-hierarchicain nature the overall
componentyield is simply equalto the productof the in-
dividual regionyieldscorrespondingo the differentredun-
dang models.Theindividualyieldscanbecomposedising
a simple productbecausehe Poissonmodeltreatsdefects
ascompletelyindependentOntheotherhandif thecompo-
nenthasredundancieshat composehierarchically we be-
gin by applyingthe methodat the lowestlevel at which the
redundanciesf the regionsare non-hierarchicabndthen
reapplythe methodrecursvely at eachhigherlevel of hier-
archy The chip areamodelis usedto estimatethe areaof
thedifferentcomponentegions. The redundang modelof
aregionis oneof , , ornoredundancyThe
PoissonYield modelis useddirectly to calculatethe statis-
tical yield of a region with no redundang. The methodto
calculatetheyield of aregionwith oneof thethreeprimary
redundang schemess describedelow.

Yield with the basic redundancy models: A redun-
dang modelspeci estheminimumnumberof working en-
tries the componentmust possesso ensurecorrectover-

all functionality. The overall componentyield is therefore
the sumof the probabilitiesassociateavith all the con g-

urationsin which the componentasat leastthe minimum
numberof working entries outof thetotalnumberof entries
including spares.The  from this calculationis summa-
rizedusingthewell known binomialexpansion:

Good Bad
)
where is the combinationsoperatoy is the sub-
setof entriesrequiredfor correctfunctionality,  repre-

sentsthe basenumberof entriesin the componentand

is the numberof spareentries. The probability of a entry
being functional or invalid is computedusing the Poisson
Yield model. For example,cacheshat have are pro-
vided with enoughredundantows andcolumnsto greatly
improveyield andat the sametime shav no reductionfrom
peakperformanceHencein this case become®qual
to ,andthevalueof is dependenbnthecachecapac-
ity. With in the clusters,the processorcould poten-
tially have a con gurationwith only onefunctionalcluster
in which case is equalto zeroand is equalto one.
Hence , our overall yield metric, not only in-
cludesthetraditionallyaccountedully functionalchipsbut
alsoincludeschipswith degradedcomponents.The min-
imum subsetof entriesfor eachon-chipcomponenteter
minedby thespeci ¢ redundang modelis givenin Tablel.

4.4 PerformanceAveragedYield Model

While treatsall the resultingyield con g-
urationsequally regardlessof their degradedstate,
speci cally aimsto differentiatebetweenfully functional
chips and chips with degradedcomponents. Our design
of the metric achieves this by using the of
the resultingchip con guration asthe discriminatingmea-
sure. Using this formulation capturesboth the effects of
redundang—improvemerts in yield and reductionsfrom
peak performance. Adding three stepsto the algorithm
for computing gives us First, the

correspondingo thebasecon guration(which

is the maximalcon guration)is calculated.Eachdegraded
con gurationis thenassociatedavith arelative IPC, which
is theratio of its tothe . Finally theyield
of eachcon gurationis scaledby its relativelPC andaccu-
mulatedto give . Thisis describedy the equation:

(3)

To evaluatethe performancef thevariousdegradedcon-
gurations we usedthe sim-alphasimulator[3] which mod-
els the Alpha 21264 core in detail. First, we con gured
sim-alphato resembleour processomodel. We further
mademaodi cations that enableus to simulatethe differ-
entdegradedcon gurationsby selectvely disablingon-chip
componentsWe choseseren benchmarkgFigure 2) from
the SPEC200®enchmarlsuiteandsphinx aspeechrecog-
nition benchmarkto provide a wide rangeof behaior in
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Figure 2. Benchmarks used for performance experiments
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Figure 3. IPC distrib u-
tion for the different
con gurations.

IntFus 4 3 2 4 4 4 4 4 2 2 1 1 4 2 1
FpFus 4 4 4 3 2 4 4 4 2 2 1 1 4 2 1
IL1 (KB) 64 | 64 64 64 64 32 64 64 64 32 64 32 64 32 32
DL1(KB) | 64 | 64 64 64 64 64 32 64 64 32 64 32 64 32 32

L2(MB) | 1 | 1 1 1 1 1 1

0.5 1 0.5 1 0.5 0 0 0

[ RellPC

[1.0] 097 093] 0.98] 0.99] 0.97 | 0.97 0.94] 0.93] 0.85] 0.73] 0.69 | 0.65 | 0.50 | 0.44 |

Table 3. Relative IPCs for a few sample degraded con gurations.

their usageof the memory systemand the executionre-

sources. Figure2 alsoshawvs the numberof instructions
skippedto reachthe startof the executionphasg ),

the numberof instructionssimulated( ), determined
usingSimPoint[18], andthemaximumIPC for eachbench-
markatthebasecon guration.

Two importantfactorscontribute to being nearly
equalto . To describethe factorswe plot the
normalizedPC distribution for therangeof all the allowed
processocon gurations(Figure3), notaccountingor their
actualyield or likelihood of occurence. First, the graph
shaws that 80% of the con gurationshave a relative IPC
(Rel IPC) greaterthan0.8. The remainingcon gurations
having Rel IPC around0.55correspondo the chipswith a
fully defectve L2 cache.Theleft sectionof Table3 shavs
harmonicmeanRel IPCsof a smallsubsebf chip con gu-
rationshaving RellPC greatetthan0.8. In theright section,
the Rel IPC dropsbelow 0.8, with the last column corre-
spondingo our mostdegradedcon guration. Secondthere
is enoughredundang in our processomodelthat mostof
the yield is also concentratedn con gurationswith high
RellPC, andhighly degradedcon gurationssuchasin the
right sectionof thetablenever occurandhenceprovide no
contributionto yield. Hencein all of the producttermscon-
tributingto (Equation3) with non-zeroyield () the
associatedRelIPC is closeto one.

5 Results

In this sectionwe presentour resultsfor the yield en-
hancementve obsene at future technologiesand chip mi-
croarchitecturess a function of the defectcharacteristics
andtheredundang model.

5.1 Chip Topologies

Future chip microarchitecturefiave substantial e xibil-
ity in usingthe larger numberof transistorghatcan t in
a given chip area. In the caseof special-purpos@roces-
sors, where the desiredfunctionality remainsfairly con-
stantwith time, the requiredperformancecanbe achieved
with no additional featuresin the processorarchitecture.
As shavn in Figure 4a, the areaof the uniprocessoiin
theconstant-architectuschemeadecreasegapidly with de-
creasingfeaturesize becausehe microarchitecturas kept
constant. However, with successie microprocessogen-
erations,the dominanttrendin generalpurposeprocessor
designhasbeento addmicroarchitecturafeatureghaten-
hancethe processos functionality and consumethe extra
silicon area.Figure4b illustratesthis constant-areanipro-
cessormodel, where the relative proportionsof the core
areaandthe areaoccupiedby cachess keptapproximately
constant.Technologyscalingtrendsandconsideration®n
multi-threadperformancenave in uenced someemeging
architectureso includemultiple processorsvithin a single



(a) Constant-architecture scaling (b) Constant-area scaling

(c) Chip-multiprocessor scaling

Processor Processo Processo Processo |:| |:|
core S core _ core core N N |:||:|
- = (.

L2 Cache L2 Cache L2 Cache L2 Cache L2 Cache D D

Figure 4. Chip topologies.

chip,which hassubstantiaimplicationsfor yield. Figure4c
illustratesthe CMP (Chip multiprocessorinodelbuilt using
the constant-architectureniprocessomodel as the build-
ing block.

5.2 UniprocessorYield
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Figure 5. Yield for a constant-ar chitecture
unipr ocessor model at normal defect size.

Constant-architecture Uniprocessor Yield: Figure 5
shavs obtainedby incrementallyadding different
avors of on-chipredundang to the constant-architecture
uniprocessomodel. For instance,at 100nm the maxi-
mum contribution comesfrom L2 banklevel redundang,
and in the functional units dominatesamongall the
othertypesof redundang, whichtogetheincrease to
98.8%.Acrosstechnologies, increase$rom 85.4%
to a maximumof 93.7%becausehe gain from the rapidly
decreasinghip areaoutweighsthe increasedusceptibility
to yield lossdueto the higherkill ratio. Secondthe con-
tribution of L2 banklevel redundang continuesto be sig-
ni cant, andall theothertypesof redundang give progres-

sively diminishingreturns. This is because¢he L1 andL2
cachesoccupy almost70% of the chip areaandthe abso-
lute areaoccupiedby the remainingcomponentdecomes
vanishinglysmall at smallerfeaturesizes. Finally,
increase$rom 98%at 250nmto 99.2%at 50nm,andsince
mostof thecon gurationslie within 20% of maximumper
formance(Figure 3) (indicatedby the dotted
line) is at most0.4% above acrossall technologies.
The above resultis signi cant becauset shaws that even
though improves with technology can be
furtherimprovedby addingmicroarchitecturatedundang.

Constant-area Uniprocessor Yield: Unlike the
constant-architecturaodel decreasesubstantially
from 85.4%at 250nmto 59.5%at 50nm,asthe areaof the
chip componentsemainconstantacrossechnologiesand
thekill ratioincreasesvith decreasindeaturesize.Hence,
exploiting the greater available redundang at smaller
feature sizes, whetherin the form of more functional
units,cachebanksoffersgreateimprovementso ,
achieving ranging from 98% at 250nm to
91.3% at 50nm. However, the increasingdif culty in
achieving scalableperformanceby scalingan out of order
superscalaruniprocessqr has induced the adoption of
CMPsasdiscussedh the next section.

5.3 Multipr ocessorYield

In this paperwe exploretwo typesof multiprocessore-
dundang. In intra-processaredundanyg, achipcanhaveits
processorin ary of the allowedinternally degradedstates,
but the entirechip is considereadoncethe availablere-
dundang is exhaustedn evenoneof its processorsOnthe
otherhanda processoin a chip with only inter-processor
redundang becomesiselessf ary faultresidesn it. How-
ever, if enoughof the remainingprocessorsrefunctional,
the chip canstill be operational.In this paperwe consider
the chip to be functional as long asthereis at leastone
good processarbut in practiceour modelsnever produce
chip con gurationswith morethantwo badprocessorper
chip. We calculatechip performanceasthe aggrejateper
formanceof all the coreson the chip, sincewe modelthe
multiple threadsto be independentThe algorithmfor cal-
culating from Section4.4 canbe naturallyextended
to a multiprocessoby modifying eachstepto accountfor
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Figure 6. Yield with intra-pr ocessor redun-
dancy at normal defect size.

the of theentiremultiprocessofwhetherthe con gu-
rationis fully functionalor degraded).

5.3.1 Yield with Intra-pr ocessoRedundancy

Figure 6 plots , acrossall technologiespbtainedby
incrementallyadding redundang to eachprocessorin a
multiprocessocchip with intra-processoredundang. The
x-axis shows the featuresize and the numberof proces-
sorsper chip at eachtechnology At ary given technol-
ogyaddingredundangimproves substantially
in the functional units give maximumyield bene t, and
the bene ts from L2 banklevel redundang, in the
gueuesand in the clustersare comparable.For in-
stanceat 70nmaddingredundang dramaticallyimproves
from 68.2%to 93.7%. There are three interesting
featuresthat can be obsenred acrosstechnologies. First,
the decreasesubstantiallyfrom 85.4%at 250nm
to 59.5%at 50nm,becausehekill ratioincreasesonsider
ably at smallerfeaturesizes.Secondtheinstance®f intra-
processoredundangonthechipincrease$inearlywith the
numberof processorsandasaresultthe additionof redun-
dang leadsto greateimprovementsn yield at smallerfea-
turesizes.For instanceat 180nm increasedy 4.4%
onadding in thefunctionalunits,whereast increases
by 12.4%at50nm. Third, thehigheryield bene ts,depend-
ing ontheredundang model,imply thatmorechipsarede-
gradedat smallertechnologies.But asthe areaoccupied
by a single processodecreasesis increasegsee
Figure 5), and hencethe probability of it being defectve
decreasesCombinedwith theincreasinghumberof proces-
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Figure 7. Comparison of for diff erent

redundanc y models.

sorsper chip, the fraction of degradedprocessorger chip
decreasewith technology Hence gventhoughthe number
of degradedchipsincreasesat smallertechnologiesgach
resulting degradedchip con guration containsa majority
of fully functional processorcoresandvery few degraded
processorsAs aresult, continuegto bewithin 0.2%
of at all technologies Although therearesig-
ni cant bene tsfrom addingredundany, with all the
typesof redundang dropsfrom 98%at 250nmto 91.3%at
50nmdueto higherkill ratio.

5.3.2 Comparison of RedundancyModels

Figure7 compares obtainedusingfour differentre-
dundang models.With only decreasegrpidly
from 85.4% at 250nmto 59.5% at 50nm. Having intra-
processoredundanyg alone achieses high , Which
decreaseslightly from 98% at 250nmto 91.3%at 50nm.
Inter-processoredundang gives coverageover the entire
areaof thechipandhence increasesiniformly from
85.4%at250nmto 98%at50nm. Theyield bene tsoffered
by intraandinter-processoredundang crosseerat100nm
becausef the oppositetrendsin their acrosstech-
nologies While thisanalysisassumesa constantlefectden-
sity acrosgechnologieslargerdefectdensitieswill shiftthe
crosseer point to the right becausehe fault susceptibility
perunit areaof siliconincreasesandhencene grainedre-
dundang becomesnoreappropriate Also while our CMP
designis composedf a numberof relatively small Alpha
21264-like cores,future CMP designsmay take advantage
of much larger uniprocessorcoresto achieve technology



scalablehigh performanceover a wide rangeof applica-
tions[16]. Consequentlytherewill befewerprocessorand
signi cantly greaterintra-processoredundang thaninter-
processoredundang per chip, which will againshift the
crosswer pointto theright. Sinceintra andinter-processor
redundang offer differenttypesof coverage,having both
intra andinter-processoredundang providesconsistently
high rangingfrom 98%at 250nmto 99.6%at 50nm,
with amaximumimprovementn of 3.75%overhav-
ing only oneof thetypesof redundang.

6 Conclusions

This paperexaminesheredundang in modernmicroar
chitectureghatcanbeusedto enhanceheiryield, andeval-
uatesthe trade-of betweenperformanceandyield within

the context of microprocessorsind chip multiprocessors.

We proposea new yield metric called performanceaver
agedyield ( ) which accountdor the level of perfor
mancedegradationon all functioningchips. By exploiting
microarchitecturatedundang we demonstratehat
canbeimprovedto ashigh as99.6%at 50nm,with a max-
imum reductionin performancein ary chip of lessthan
20%,asubstantialmprovementrom a of 60%
achievedwhenonly consideringhe defect-freeparts.

Today's systemghatprovide fail-in-placecapabilitiesdo
so at the systemlevel andtypically provide hot sparedor
power supplies,processorships, memory modules,and
disks [2]. We adwocate pushingfail-in-place inside the
boundarie®f asinglechip or processoandallowing defec-
tive component$o continueto operateperhapsvith some-
whatdegradedperformance. Of coursefail-in-placealso
requirestechniquedor detectionandrecovery from inter-
mittentandtransientfailuresthatoccurduringa programs
execution,and somesuchmechanismsre summarizedn
theliterature[1, 15].

The regularity and redundang that we exploit is syner
gistic with severaltechnologyanddesigntrends. Manag-
ing increasingdesigncomplexity demandsnodulardesign
techniqueshatreusechip componentshuscreatingredun-
dang opportunities Secondtheincreasen wire delayrel-
ative to transistorswitching time will likely leadto parti-
tionedarchitecturegomposeaf replicatechardwaremod-
ules[16]. Finally, loominglimits on enegy andheathave
led architectgo suggestradingpower for performanceby
selectvely disablingmicroarchitectureomponent§7]. We
expect that future systemsdesignerswill take advantage
of replicationand partitioningto meetthesejoint goalsof
power, performanceteliability, andeaseof design.
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