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Abstract
Aggressivetechnologyscalingovertheyearshashelped

improve processorperformancebut has causeda reduc-
tion in processorreliability. Shrinkingtransistorsizesand
lower supplyvoltageshaveincreasedthe vulnerability of
computersystemstowards transientfaults. An increasein
within-dieanddie-to-dieparametervariationshasalsoled
to a greaternumberof dynamictiming errors. A potential
solutionto mitigatetheimpactof sucherrors is redundancy
via an in-orderchecker processor.

Emerging 3D chip technology promisesincreasedpro-
cessorperformanceas well as reducedpower consump-
tion becauseof shorter on-chip wires. In this paper, we
leverage the“snap-on” functionalityprovidedby 3D inte-
gration and proposeimplementingthe redundantchecker
processoron a seconddie. This allows manufacturers to
easilycreatea familyof “r eliableprocessors” withoutsig-
ni�cantly impactingthecostor performancefor customers
that care lessaboutreliability. We comprehensivelyeval-
uatedesignchoicesfor this seconddie, including the ef-
fectsof L2 cache organization,deeppipelining, and fre-
quency. An interestingfeature madepossibleby 3D inte-
grationis theincorporationof heterogeneousprocesstech-
nologieswithin a singlechip. We evaluatethe possibility
of providing redundancywith anolderprocesstechnology,
anunexploredandespeciallycompellingapplicationof die
heterogeneity. We showthat with themostpessimisticas-
sumptions,theoverheadof theseconddie canbe as high
aseithera 7 °C temperatureincreaseor a 8%performance
loss. However, with theuseof an older process,this over-
headcan be reducedto a 3 °C temperature increaseor a
4%performanceloss,whilealsoprovidinghighererror re-
silience.

Keywords: reliability, redundantmulti-threading, 3D
die-stacking, parameter variation, soft errors, dynamic
timing errors, power-ef�cient microarchitecture, on-chip
temperature.

1. Intr oduction

The probability of erroneouscomputationincreasesas
we employ smallerdevice dimensionsandlower voltages.
Firstly, bit valuescanbeeasilycorruptedby thechargede-
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positedby high-energy particles[21]. This phenomenon
is referredto asa transientfault and it resultsin soft er-
rors that corrupt programoutputs,but do not renderthe
device permanentlyfaulty. Secondly, parametervariation
cancauseuncertaintiesin variousdevicedimensions(such
asgatelength/width,wire height/width/spacing),that can
in�uence thedelaycharacteristicsof circuits[3]. Dynamic
conditionssuchastemperature,supplyvoltagenoise,and
cross-couplingeffectscanalsoin�uence thedelayof acir-
cuit. Becauseof thesevariations,timing constraintsare
occasionallynot metandanincorrectresultis latchedinto
thepipelinestageat theendof thatclockcycle. Wereferto
theseerrorsasdynamictiming errors. Thirdly, processor
componentsgraduallywear out and are renderedperma-
nentlyfaulty, leadingto hard errors.

Varioussolutionsexist to handleeachof the above er-
rors. In the�rst partof this paper, we outlinea designthat
representsa complexity-effective solution to the problem
of comprehensiveerrordetectionandrecovery. This solu-
tion builds upona numberof prior proposalsin theareaof
reliablemicroarchitecture(suchas[1, 12, 19, 22]). In this
design,a redundantchecker coreveri�es thecomputation
of a primary coreand the checker coreemploys in-order
executionandconservativetiming margins.Thisprocessor
modelis thenusedasanevaluationplatformfor thesecond
half of thepaper. The3D proposaldiscussedin thesecond
half representstheprimarycontributionof thiswork.

3D technologyis emergingasanintriguingprospectfor
thefuture(see[44] for a goodoverview). This technology
enablestheverticalstackingof dieswith low-latency com-
municationlinks betweendies. 3D stackingoffers three
primaryadvantagesthatmake it a compellingresearchdi-
rection:

• Stackingof heterogeneousdies: A concreteapplica-
tion of this approachis the 3D stackingof DRAM
chipsuponlarge-scaleCMPs. Inter-die viascantake
advantageof theentiredie surfaceareato implement
a high bandwidthlink to DRAM, therebyaddressing
a key bottleneckin CMPs that incorporatenearly a
hundredcores[27, 32].

• “Snap-on”analysisengines:Chipsemployed by ap-
plication developers can be �tted with additional
stacked dies that containunits to monitor hardware
activity andaid in debugging[24]. Chipsemployed
by applicationuserswill not incorporatesuchfunc-
tionality, therebyloweringthecostfor thesesystems.



• Improvementin CPU performance/power: The com-
ponentsof aCPU(cores/cachebanks,pipelinestages,
individual circuits)canbeimplementedacrossmulti-
ple dies. By lowering thepenaltiesimposedby long
wires,performanceandpower improvementsarepos-
sible.

All of the above advantagesof 3D canbe exploited if
we implementthe checker coreon a die placedabove the
CPUdie: (i) Thecommunicationof resultsbetweencores
is veryef�cient in termsof delayandpowerasshortinter-
die wires canbe used. By isolatingthe checker coreto a
separatedie, the layout and wiring of the main CPU die
canbe simpli�ed. (ii) CPU diesandchecker diescanbe
independentlyfabricatedandchip manufacturerscanoffer
productswith a varyingnumberof checker dies. (iii) The
checkercorescanbeimplementedin aprocesstechnology
that is moreresilientto soft errorsanddynamictiming er-
rors.

The onesalientdisadvantageof 3D technologyis that
it increaseson-chippower densityandtemperature.Tem-
peratureincreasescanhaveasigni�cant impacton lifetime
reliability, soft error rates,leakagepower dissipation,dy-
namictimingerrorrates,andperformance.Weconsiderthe
aboveeffectsandattemptto alleviatethemwith olderpro-
cesstechnologies,deeperpipelines,andthree-dimensional
L2 cacheorganizations.An evaluationof die yield is be-
yond the scopeof this study. While the fabricationof
small-sizeddiesfor a 3D chip will improve yield, this ad-
vantagemay be offset by complicationsin the 3D manu-
facturingprocess.Theeffect on yield will becomeclearer
as3D technologymatures.

Themajorcontributionsof this paperareasfollows:
• We quantify the impact of a 3D checker core on

power, temperature,performance,and interconnect
overhead.

• We arguefor the useof an older processtechnology
for thechecker die to improve its errorresilienceand
quantifytheimpactof this choiceonpower, tempera-
ture,andperformance.

• We show that a high-ILP checker canoperateat low
frequencies,allowing muchmoretiming slackin each
pipelinestageandgreatererrorresilience.

• We argue againstthe use of deeppipelinesfor the
checkercore.

Thepaperthuspresentsadetailedanalysisof thedesign
spaceto determineif the implementationof checker cores
in 3D is anattractiveoption. In Section2, we �rst describe
our checker processormodel. Section3 evaluatesthe im-
pactof leveraging3D interconnectsfor inter-corecommu-
nication. We alsoquantify the impactof this approachon
temperature,interconnectlength,anderror tolerance.The
useof multiple diesenablesthe useof differentparame-
tersfor theprimaryandchecker cores.Section4 analyzes
the effect of older technologyparametersfor the checker

on overall power, temperature,anderrorrates.We discuss
relatedwork in Section5 andsummarizeour conclusions
in Section6.

2. BaselineReliableProcessorModel

This sectiondescribesthe implementationof a checker
core that redundantlyexecutesa copy of an application
thread. This implementationdraws on a numberof con-
ceptsdescribedin recentpapers[1, 11, 12, 19, 22] andis
capableof detectingand recovering from soft, hard, and
dynamictiming errors.We arenot claimingthatthis is an
optimal designfor comprehensive error coverage,a topic
that remainsan active areafor research.We are simply
postulatingthis designasa potentialimplementationthat
canbeemployedfor therestof our3D layoutanalysis.

The architectureconsistsof two communicatingcores
that execute copies of the same application for fault-
detection. This is often referredto as redundantmulti-
threading(RMT). Oneof thecores(the trailing core)exe-
cutesbehindthesecondcore(theleadingcore)by acertain
amountof slackto enablecheckingfor errors. The lead-
ing corecommunicatesits committedregisterresultsto the
trailing corefor comparisonof valuesto detectfaults(the
baselinereliableprocessorarchitectureis graphicallyde-
pictedin Figure1). Loadvaluesarealsopassedto thetrail-
ing coreso it canavoid readingvaluesfrom memorythat
mayhavebeenrecentlyupdatedbyotherdevices.Thus,the
trailing corenever accessesthe L1 datacache.The lead-
ing coreis allowedto commitinstructionsbeforechecking.
Theleadingcorecommitsstoresto a storebuffer (StB) in-
steadof to memory. Thetrailing corecommitsinstructions
only after checkingfor errors. This ensuresthat the trail-
ing core's statecanbe usedfor a recovery operationif an
erroroccurs.Thetrailing corecommunicatesits storeval-
uesto theleadingcore'sStBandtheStBcommitsstoresto
memoryafterchecking.

To facilitatecommunicationof valuesbetweenleading
andtrailing threads,�rst-in-�rst-out registervaluequeues
(RVQ) andloadvaluequeues(LVQ) areused.As aperfor-
manceoptimization,the leadingcore also communicates
its branchoutcomesto the trailing core(througha branch
outcomequeue(BOQ)),allowing it to have perfectbranch
prediction. If theslackbetweenthe two threadsis at least
as large as the re-orderbuffer (ROB) size of the trailing
thread,it is guaranteedthata loadinstructionin thetrailing
threadwill always�nd its loadvaluein theLVQ. Whenex-
ternalinterruptsor exceptionsareraised,theleadingthread
mustwait for thetrailing threadto catchup beforeservic-
ing theinterrupt.

As regardstransientfaults,the assumedfault model is
exactly thesameasin [12, 22]. Theproposedsystemis de-
signedto detectandrecoverfrom transientfaultsthatgoon
to produceanerrorin thedatapath.Thecoresarestill sus-
ceptibleto somefaultsin thecontrol paththat may result
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Summary of results by Madan et al. :
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• Redundant multi-threading can impose a
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Fault model:
• a single error will be detected
• a single error can be recovered

from if the trailing core’s register
file and datapaths are protected

Figure 1. Overview of checker core design proposed in [19].

in errorssuchasresourcesnot beingfreed. Thefollowing
condition is requiredin order to detecta single transient
fault in thedatapath:

• Thedatacache,LVQ, andbusesthatcarryloadvalues
mustbeECC-protectedasthe trailing threaddirectly
usestheseloadvalues.

Otherstructuresin eachcore(includingtheRVQ) neednot
have ECC or other forms of protectionas disagreements
will be detectedduring the checkingprocess.The BOQ
neednot beprotectedaslong asits valuesareonly treated
as branchpredictionhints and con�rmed by the trailing
pipeline.

The following additionalconditionis requiredin order
to detectand recover from a single transientfault in the
datapath:

• Whenanerroris detected,theregister�le stateof the
trailing threadis usedto initiate recovery. Thetrailing
thread's register�le mustbeECC-protectedto ensure
that valuesdo not get corruptedoncethey have been
checkedandwritten into thetrailer'sregister�le. Fur-
ther, the valueand the register tag must not be cor-
ruptedon theirway to theregister�le afterchecking.

We assumeECC-protecteddatacache,LVQ, andtrail-
ing register�le, enablingdetectionof andrecovery from a
singletransientfault. Similarly, dynamictiming errorsin
eithercore that manifestin corruptedregistervalueswill
be detectedby the checkingprocess. Unfortunately, dy-
namictiming errorsareoftencorrelatedandtheprobability
of multiple errorsin a singlecoreis non-trivial. Multiple
errorsin theleadingcorecanstill behandledbecausevalid
statein the trailing register �le will be usedfor recovery
whenthe �rst disagreementis �agged. Multiple errorsin
the trailing core's register �le may however not be han-
dled by ECC andmay impactour ability to recover from
theerrors.As will besubsequentlydescribed,themicroar-
chitectureof the trailing core is de�ned in a mannerthat
minimizesthis probability. As a result,thetrailing coreis
alsomoreresilientto faultsin thecontrolpath.

Thechecker coreis a full-�edged corewith somelogic
extensionsto enableits operationasa checker. Hence,it is
alsocapableof executinga leadingthreadby itself, if nec-
essary. Given the redundancy in the architecture,a hard
error in the leadingcore can also be tolerated,although
at a performancepenalty1. The following sub-sectionde-
scribesmechanismsto implementthetrailing checkercore
in a power-ef�cient manner.

2.1. Power-E�cien t Chec ker Core Design

An RMT systemattemptsto maintaina roughly con-
stantslackbetweenleadingandtrailing threads.Sincethe
trailing threadbene�ts from perfectcachingand branch
prediction, it tendsto catchup with the leading thread.
This providesthe opportunityto throttle the executionof
the trailer in a mannerthat lowersits power consumption
andmaintainsthe roughly constantslack. Building upon
the ideasin [19], we considerthe following techniquesto
reducecheckercorepowerconsumption.
Dynamic FrequencyScaling (DFS) is a well-established
techniquethat allows dynamicpower to scaledown lin-
earlywith clock frequency [20]. It is a low overheadtech-
nique– in Intel'sMontecito,a frequency changecanbeef-
fectedin a singlecycle [20]. We implementthealgorithm
in [19] to scaledown (up) thefrequency of thetrailing core
whentheoccupancy of theRVQ falls below (above)a cer-
tain threshold.This approachhelpsreducedynamicpower
(andenergy) with a negligible impacton performance.To
accomodatea slack of 200 instructions,we implementa
200-entryRVQ, an 80-entryLVQ, a 40-entryBoQ anda
40-entryStB.

Since the coresnow operateat different frequencies,
they must employ GALS-like synchronization[34] for
inter-corecommunication.This usually requiresa buffer
betweencoresthat can be read/writtenat different clock
edges– theRVQ/LVQ/BoQbufferscanbeimplementedin
this manner. Suchan approachtypically introducesocca-
sionaldelaysin inter-corecommunication,but this is nota

1We will assumethata mechanismexists to detecttheharderrorand
re-scheduletasksaccordinglyon theothercoreif necessary.



bottleneckfor theproposedsystem.Thereareotherover-
headsandimplementationissueswhensupportingmultiple
clocks(theneedfor multiple PLLs or clock dividers,mul-
tiple clock trees,etc.).We expectmultiple clocksto bethe
normin futurelargeheterogeneousmulti-coresanddo not
furtherconsidertheseoverheadsin this study.
In-order execution of the trailing core enablesan even
greatersaving in dynamicand leakagepower consump-
tion. This approachextendssomeof the conceptsadvo-
catedin theDIVA [1] designto general-purposecores.Un-
fortunately, for many programphases,an in-order core,
even with a perfect D-cacheand branchpredictor, can-
not matchthethroughputof the leadingout-of-ordercore.
Hence,someenhancementsneedto bemadeto thein-order
core.Weemploy aform of registervalueprediction(RVP).
Along with theresultof an instruction,the leadingthread
also passesthe input operandsfor that instructionto the
trailing thread. Instructionsin the trailing core can now
readtheir input operandsfrom the RVQ insteadof from
theregister�le. Beforetheinstructioncommits,it veri�es
that theresultsreadfrom theRVQ matchthevaluesin the
trailer's register �le. Sucha register value predictorhas
a 100%accuracy, unlessan earlierinstruction's resulthas
beenin�uenced by an error. If an earlier instructionhas
beenaffectedby an error, the trailing threadwill detectit
when it veri�es the predictionand the subsequentexecu-
tion will becorrected.With a perfectRVP, instructionsin
thetrailerareneverstalledfor datadependencesandILP is
constrainedonly by alackof functionalunitsor instruction
fetchbandwidth.

The above two techniquescan be combined. An in-
order checker core with RVP hashigh ILP and tendsto
catchup with the leadingcore. Dependingon the occu-
pancy of the RVQ, the frequency of the checker core is
scaledup or down. This yields a complexity-effective re-
liable processordesign(summarizedin Figure1) thatem-
ploys a low-power and simple in-order core operatingat
a low frequency to verify thecomputationsof the leading
core. In addition to providing toleranceto harderrorsin
theleadingcore,thechecker corecandetecterrorscaused
by high energy particles,noise,anddynamictiming varia-
tion. It mustbenotedthatsuchanef�cient checkercoreis
facilitatedby investingin a largeamountof inter-coretraf-
�c (register operands,load values,and branchoutcomes
are transmittedto the trailing core). This is worthwhile
even in a 2D layoutbecauseof thesigni�cant energy sav-
ingsit enablesin thecheckercore.Theinter-coretraf�c is
anespeciallyworthwhile investmentin a 3D layoutwhere
communicationbetweendieshappenson low-latency and
low-powervias.

3. Proposed3D Implementation
In a2D layoutof thereliableprocessordescribedin Sec-

tion 2, the out-of-orderleadingcoreandin-orderchecker
corearelocatednext to eachother, asshown in Figure2(a).

Inter-corecommunicationof resultsis implementedon in-
terconnectsthat areroutedover a numberof otherblocks
on highermetallayers.Thesearetypically long pipelined
wires with a few repeatersandlatchesper wire that con-
sumenon-trivial amountsof power. Theserepeatersand
latchesalsorequiresilicon areain the blocks that the in-
terconnectshappento �y over. As a resultof thesewiring
andsilicon needsof thechecker, the layoutof the leading
corewill be negatively impacted.The integrationof such
an invasive checker coreon a 2D die will likely increase
thearea,wiring complexity, andcycle time for theleading
core.

In a 3D die-stacked chip, two separatelymanufactured
diescanbe bondedtogetherin variousways. In this pa-
per, we focuson Face-to-Face(F2F)bondingof two dies,
asshown in Figure2(b). Intra-diecommunicationhappens
on conventionalinterconnectsimplementedon that die's
metal layers. Inter-die communicationhappenson inter-
die (or die-to-die)vias thataresimply anextensionof the
vias usedto accesseachdie's metal stack. A collection
of theseinter-dieviasis referredto asan“inter-dievia pil-
lar” [16]. Thus,aregistervaluein thelowerdiecannow be
drivenvertically on an inter-die via pillar to a metallayer
onthedieaboveandthenroutedhorizontallyto theunit on
theupperdie thatneedsthevalue.With anappropriatelay-
out, thehorizontaltraversalon theupperdie canbemade
short.With suchanorganization,theprimaryrequirement
of theinter-coreinterconnectsis metalspaceto implement
the inter-die via pillars. The isolationof the checker core
andits associatedlogic andwiring to a separatedie min-
imizesthe impacton the leadingcore's �oorplan, wiring,
andcycle time. The lower die canthereforealsobe sold
asa stand-aloneentity that offers reducedreliability (and
nearly the sameperformanceandpower asa 2D proces-
sor without the pillars). For customersthat requirehigh
reliability, thelower die is combinedwith a corresponding
upperdie that incorporatesa checker coreto monitor the
registervaluesproducedon the inter-die pillars (shown in
Figure2(c)). This “snap-on”functionalityof 3D dieswas
recentlyproposedby Mysoreet al. [24] to implementsoft-
warepro�ling anddebuggingtools. This paperproposes
a snap-on3D checker coreandvariousaspectsof suchan
organizationarediscussednext. Thenext sectionevaluates
the useof an older processtechnologyto implementthe
checkercore.It mustbenotedthataprimarybene�t of the
proposed3D organizationis theminimal impactonthelay-
out,wiring, andcycle timeof theleadingcore;quantifying
this “non-invasive” effect of the3D checker is beyondthe
scopeof this paper.

3.1. Metho dology

Ourthermalmodelis basedontheHotspot-3.1[37] grid
model. The modelingparametersand thermalconstants
for eachlayer areasdescribedin [2, 26] andreproduced
in Table 3. The heatsink is placedcloseto the bottom
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Figure 2. Baseline (a) and proposed (c) processor models and example F2F 3D stac k (b). Figure not drawn to scale .

BranchPredictor Comb. bimodal/2-level (percore) BimodalPredictorSize 16384
Level 1 Predictor 16384entries,history12 Level 2 Predictor 16384entries

BTB 16384sets,2-way BranchMpredLatency 12cycles
InstructionFetchQueue 32 Fetchwidth/speed 4/1
Dispatch/CommitWidth 4 IssueQsize 20 (Int) 15 (FP)

ReorderBuffer Size 80 LSQsize 40
IntegerALUs/mult 4/2 FPALUs/mult 1/1

(Singlethread)L1 I-cache 32KB 2-way L1 D-cache 32KB 2-way, 2-cyc
L2 NUCA cache 6MB 6-way Frequency 2 GHz

I andD TLB 256entries,8KB pagesize MemoryLatency 300cyclesfor the�rst chunk

Table 1. Simplescalar Simulation Parameter s

Block Ar ea AveragePower
LeadingCore 19.6mm 2 35W
In-orderCore 5 mm 2 7 W / 15W

1MB L2 CacheBank 5 mm 2 0.732W dynamicperaccess
and0.376W staticpower

Network Router 0.22mm 2 0.296W

Table 2. Area and Power Values for various Bloc ks

die thatincludesthehigh-powerout-of-orderleadingcore.
The leadingcore's �oorplan is basedon the Alpha EV7.
The Wattch[4] power modelhasbeenextendedto model
powerconsumptionfor theprocessorat65nmtechnology,
at 2 GHz, and1 V supply voltage. We have addedgate
capacitanceandmetalcapacitancescalingfactorsto scale
Wattch's 90 nm model to 65 nm as done in Orion [42].
Theaggressiveclockgatingmodel(cc3)hasbeenassumed
throughoutanda turn-off factorof 0.2hasbeenusedto ac-
count for higher leakagepower in a 65 nm process.The
power andareavaluesfor theL2 cache's network routers
have beenderived from Orion [42]. Thesepower values
arefed to the Hotspotthermalmodel to estimatetemper-
atures. For our performancesimulations,we employ a
multi-threadedversionof Simplescalar-3.0 [5] for the Al-
phaAXP ISA.

For our cachepower, delay, andareamodels,we em-

Bulk Si Thicknessdie1(next to heatsink) 750� m
Bulk Si Thicknessdie2(stackeddie) 20� m

Active LayerThickness 1� m
CuMetal LayerThickness 12� m

D2D via Thickness 10� m
Si Resistivity 0.01(mK )=W
CuResistivity 0.0833(mK )=W

D2D via Resistivity (accountsfor air 0.0166(mK )=W
cavities anddie to die interconnectdensity)

HotSpotGrid Resolution 50x50
Ambienttemperature 47°C

Table 3. Thermal Model Parameter s

ploy CACTI-4.0 [39]. For large L2 cacheorganizations
with non-uniformcacheaccess(NUCA), we employ the
methodologyin [23] to computedelayandpower per ac-
cess. For example, when modeling a large 15 MB L2
cache,the cacheis partitionedinto 15 1 MB banks. The
banksareaccessedvia agrid network whereeachhopcon-
sumesfour cycles(onecycle for thelink latency andthree
cyclesfor therouterlatency). Thelink latency is computed
basedon wire delay speedsfor top level metal [23] and
therouterlatency is typicalof conventional4-stagerouters
wheretheswitchandvirtual channelallocatorstagesexe-
cutein parallel[8]. Theareaof therouteris takeninto ac-
countin estimatingtheareaof eachcachebank.Thesizeof



thelargecacheis in keepingwith moderntrends(theIntel
Montecitohasa 12 MB L3 cachefor eachcore[20]). The
cachepartitioningnot only allows improved performance
from non-uniformaccess,it alsoallowsusto leverageaddi-
tionalcachebanksontheseconddie in aseamlessmanner.
Our baselinesingle-dieprocessorhas6 1 MB bankssur-
roundingthecoreandoperatesasa6-way6 MB L2 cache.
This model is referredto as“2d-a” throughoutthe paper,
where“a” refersto the total relative area. Whenthe sec-
ond die is added,the spareareaon the seconddie allows
us to implementnine additional1 MB banks,modeledas
a total 15-way 15 MB L2 cache.This modelis referredto
as“3d-2a” becauseit hastwice thetotal areaof the“2d-a”
baseline. For comparisonpurposes,we also modela 2D
die that incorporatesa checker coreanda 15-way 15 MB
L2 cache,thusproviding asmany transistorsasthe3D chip
andreferredto as“2d-2a”. It mustbenotedthatthe2d-2a
modelhasalargersurfaceareaandhencea largerheatsink
thantheothertwo models.All relevantsimulationparam-
etersaresummarizedin Tables1, 2 and3.

As an evaluationworkload, we usethe 7 integer and
12 �oating point benchmarkprogramsfrom the SPEC2k
suitethatarecompatiblewith our simulator. Theexecuta-
blesweregeneratedwith peakoptimization�ags. Thepro-
gramsaresimulatedover 100million instructionwindows
identi�ed by theSimpointframework [36].

We model two differentpolicies for L2 NUCA cache
access.In the �rst approach,we distribute thesetsacross
cachebanks; given an address,the requestis routed to
a uniquecachebank. While this approachis simpler, it
causesall banksto be uniformly accessed,potentiallyre-
sultingin longaveragecacheaccesstimes.In asecondap-
proach,we distribute thewaysacrosscachebanks.Since
a block cannow resideanywhere,we needa mechanism
to searchfor the data. Insteadof sendingthe requestto
multiple banks,we maintaina centralizedtag array near
the L2 cachecontroller. The tagsare �rst looked up be-
fore forwardingtherequestto thecorrespondingL2 cache
bank. With this policy, oneof the L2 cachebanksin the
�oorplan is replacedby this centralizedtagstructure.De-
pendingon theapproach,anincreasein cachesizeis mod-
eledasanincreasein thenumberof setsor ways.Weadopt
thedistributed-setspolicy for mostof theevaluationsin the
paper.

3.2. Thermal Ov erheads of 3D checkers

We �rst evaluatethethermalimpactof implementinga
checker coreon a separatedie. Wattch doesnot provide
accuraterelative power estimatesfor in-orderandout-of-
ordercoresasit doesnotmodelcontrolpaths.Thereis also
a wide spectrumin power andareacharacteristicsof com-
mercial implementationsof in-ordercores. For example,
eachcorein theSunNiagaraconsumes8 W [14] andthe
Alpha in-ordercoresEV4 andEV5 consume1.83W and
4.43 W respectively at 100 nm technology[15]. Hence,

we presentmostof our resultsfor a rangeof in-ordercore
power numbersandhighlight the conclusionsfor two in-
order core implementations:one that consumesan opti-
mistic7 W andanotherthatconsumesapessimistic15W.

Figure 3(a) shows the �oorplan of a baseline2D im-
plementationof a single-diesingle-coreprocessormodel
(model 2d-a) and Figure 3(b) shows the �oorplan of the
upperdie in a 3D chip that includesthe in-ordercore(up-
perdie of model3d-2a). The layout in Figure3(c) shows
a secondbaseline2D layout (2d-2a)that hasasmuchto-
tal areaand the samestructuresas the 3D processorim-
plementation,but implementedin 2D. The�oorplan of the
out-of-ordercoreis modeledlooselyafter the EV7 core's
�oorplan. Sincethe original EV7 �oorplan is basedon a
130 nm process,we scalethe areadown usingnon-ideal
scalingfactorsfor SRAMandlogic,asdescribedin [10] for
a 65 nm process.To reducetemperatureandthe lengthof
theinter-coreinterconnectsin 3D, theinter-corebuffersof
thecheckercoreontheupperdieareplacedascloseaspos-
sible to thecachestructuresof the leadingcore. We have
alsoattemptedto reducetemperatureby placingL2 cache
banksabovethehottestunitsin theleadingcore,whenpos-
sible.

Figure4 shows the peaktemperaturesaveragedacross
all benchmarkprogramsfor thetwo baseline2D organiza-
tions andfor the 3D implementation(for variouschecker
corepower values). Per-benchmarkresultsareshown in
Figure5. The horizontalbar (labeled“2d-a”) shows the
temperatureof the baseline2D chip that hasa 6 MB L2
cacheandno checkercore(thechip thatwill bepurchased
by customerswith low reliability requirements).Thelight
bars(labeled“3d-2a”) representthe reliablechip with an
additionalchecker core and 9 MB L2 cachesnappedon
the “2d-a” baseline.The dark bars(labeled“2d-2a”) rep-
resenta 2D implementationof the 3D chip (with 15 MB
L2 cacheandchecker core). If the checker power is low
enough(lessthan10 W), the 2d-2abaselinehasa lower
temperaturethan the 2d-a baselinebecauseof the lateral
heatspreadingpromotedby themany (relatively) cool L2
cachebanksandits largerheatsink. EachL2 cachebank
is alsocoolerin the2d-2acaseasthesamenumberof L2
accessesare distributedacrossmorebanks. We also ob-
servethatthethermaloverheadsdueto 3D stackingarenot
high for mostchecker corevalues.For a checker coredis-
sipating7 W, the3D modelis only 4.5degreeshotterthan
the2d-2amodeland4 degreeshotterthanthe2d-amodel.
If the checker core consumesroughly half the power of
theleadingcore(15W), it is 7 degreeshotterthanthe2d-a
model.Thus,3D integrationdoeshaveacost.Eventhough
3D integrationenablesa3.4W powerreduction,relativeto
the 2d-2amodel, becauseof shorterinterconnects(clari-
�ed in the next sub-section),it still leadsto higherpower
densities. Not surprisingly, the temperatureincreaseis a
strongfunctionof thepowerdensityof thehottestblock in
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Figure 3. Floorplans for each processor model: (a) represents the baseline 2d-a model and the bottom die of the 3d-2a

model, (b) represents the upper die of the 3d-2a model, (c) represents the 2d-2a model.
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Figure 4. Thermal overhead analysis of 3D checker

thein-ordercore.If thepowerdensityof the15W checker
is further doubled,the temperaturerise canbe ashigh as
19degrees,although,this is anadmittedlypessimisticsce-
nario. Higher temperatureswill eitherrequirebettercool-
ing capacitiesor dynamicthermalmanagement(DTM) that
canleadto performanceloss.

We alsomodeledthe effect of temperatureon leakage
powerin L2 cachebanks.Veryfew banksin 3dhavehigher
temperatureif stacked above a hot unit in the main core.
We found the overall impact of temperatureon leakage
powerof cachesto benegligible.

It is possibleto lower temperaturesby not employing
thespaceon the top die for L2 cache.For the3d-2acase
with the7 W (15 W) checker core,if thetop die's checker
coreis surroundedby inactive silicon, the temperaturere-
ducesonly by 2 degrees(1 degree). As we show in the
next sub-section,theimpactof this choiceonperformance
is marginal given the working setsof the SPEC2kappli-
cations. However, it is unlikely that manufacturerswill
chooseto wastesilicon in this manner, especiallysincethe
cacheneedsof multi-corechipswill likely behigher. Hsu

et al. [13] show thatfor heavily multi-threadedworkloads,
increasingthe cachecapacityby many mega-bytesyields
signi�cantly lower cachemiss rates. A secondapproach
to loweringtemperatureis to move thechecker coreto the
cornerof thetopdie(while incurringahighercostfor inter-
corecommunication).Our experimentsshow that this ap-
proachhelpsreducetemperatureby about1.5degrees.
Results Summary: A low-power (7 W) checker core
causesa temperatureincreaseof only 4.5 degrees(com-
paredto anunreliablebaseline),while ahigh-power(15W)
checkercorecanincreasetemperatureby 7 degrees.

3.3. Performance

Figure6 shows performanceof the leadingcorefor all
threemodelswithout any thermalconstraintandusingthe
NUCA policy wheresetsaredistributedacrossbanks.We
alsoshow theperformanceof amodel(3d-Checker)where
the top die consistsof only the checker core and no ad-
ditional L2 cachebanks. As describedin Section2, the
checker coreis operatedat a frequency suchthat it rarely
stalls the leadingthreadand imposesa negligible perfor-
manceoverhead.The3d-checkermodelcon�rms this fact
as its performanceis the sameas the 2d-a baselinethat
doesnot have a checker coreandhasan equalcacheca-
pacity. Hence,mostof theperformancedifferencesin the
2d-a,2d-2a,and3d-2amodelscanbeattributedto theL2
cacheorganization.For the SPECbenchmarks,a 15 MB
L2 cachedoesnot offer muchbettercachehit ratesthana
6 MB cache(thenumberof L2 missesper10K instructions
reducesfrom 1.43 to 1.25). The 2d-2amodelperformsa
little worsethanthe 2d-amodelbecausecachevaluesare
morespreadout andthe averagelatency for an L2 hit in-
creasesfrom 18 cycles (2d-a) to 22 cycles (2d-2a). The
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Figure 5. Thermal overhead analysis of 3D checker for each benc hmark

move to 3D doesnot help reducethe averageL2 hit time
comparedto 2d-aastheaveragehorizontaldistanceto the
banksremainsthesame.Relativeto the2d-2abaseline,the
3D chipyieldsa 5.5%performanceimprovement.

Evenwith aNUCA policy thatdistributesways,we ob-
servethesamerelativeresultsbetween2d-a,2d-2a,and3d-
2a.However, theperformancewith thethedistributed-way
policy is slightly (< 2%)betterthanwith thedistributed-set
policy becausedatablockstendto migratecloserto theL2
cachecontroller(especiallysincetheprogramworkingsets
for SPEC2karetypically smallerthantheL2 capacity).

The3D reliableprocessorcausesatemperatureincrease
thatcanimpactpackaging/coolingcost,leakagepower, and
even reliability. Hence, it is also important to evaluate
thevariousprocessormodelswhile maintaininga constant
thermalconstraint.Weexecutethe3D processorata lower
voltageandfrequency thanthe 2D baselineprocessorun-
til its averagepeaktemperaturematchesthat of the base-
line. Similar to the methodologyin [2], we assumethat
voltageandfrequency scalelinearly for thevoltageranges
consideredhere. We observedthat a 3D processorwith a
7 W checker (15 W checker) operatingat a frequency of
1.9GHz (1.8GHz) hasthesamethermalcharacteristicsas
a2D baselineprocessoroperatingata frequency of 2 GHz.
Thus,assumingconstantthermals,the designof a 3D re-
liable processorentailsa performancelossof 4.1%for the
7 W in-orderchecker coreand8.2%for the15 W checker
core(theperformancelossis alittle lessthanthefrequency
reductionbecausememorylatency is un-changed).

ResultsSummary: Without a thermalconstraint,thesec-
ond die hasa negligible impact on performancebecause
the additionalcachespaceneitherimproveshit ratesnor
degradesaverageaccesstime. Theextra cachespacemay
be more valuableif it is sharedby multiple threadsin a
large multi-corechip [13]. With a thermalconstraint,the
performanceloss(4%/8%)is afunctionof thecheckercore
power (7 W/15W).

Data Width Placementof via
Loads load issue width � 64 LSQ

Branchoutcome branch pr ed por ts� 1 Bpred
Stores stor e issue width � 64 LSQ

Registervalues issue width � 192 RegisterFile
Die to die 384 L2 Cache

L2 cachetransfer Controller

Table 4. D2D inter connect band width requirements

3.4. In terconnect Evaluation

Wenext considerthechangesto interconnectpowerand
areaasa resultof the3D organization.Our methodology
is basedon themodelingdescribedin [24].

To quantifytherequirementfor thenumberof die-to-die
(d2d) vias, we computethe datathat getscommunicated
acrossboth dies per cycle. As describedin the previous
section,theleadingcoresendsloadvalues,registervalues,
andbranchoutcomesto the checker coreandthe checker
coresendsstorevaluesback. Table4 quanti�es themaxi-
mumper-cycle databandwidthof theseinter-die transfers
andwherethed2dviasneedto beplaced.Themaximum
bandwidthis afunctionof thecore'sissue/executionwidth.
For a4-widecore,1025viasarerequiredbetweenthelead-
ing andchecker cores.In addition,we introducea 384-bit
via pillar to transmitaddressesand databetweenthe L2
cachecontrolleron the lower die andtheL2 bankson the
upperdie (64-bit address,256-bitdata,and64-bit control
signals).

The d2d vias imposea minor power andperformance
overhead.State-of-the-art3D integrationemploysthin dies
that resultsin d2d via lengthsfrom 5 � m to 20 � m [9].
Assuminga d2d via lengthof 10 � m, the worst-caseca-
pacitanceof a d2dvia surroundedby 8 othervias is com-
putedas0.594e-15F=�m . The capacitancefor a via of
length10 � m is therefore0.59e-14F . Thedynamicpower
at 65 nm (2 GHz frequency and1 V) is calculatedto be
0.011mW for eachd2dvia. Thetotal powerconsumedby
all 1409vias addsup to only 15.49mW. State-of-the-art
width of eachvia is 5 � m [9]. The areaoverheadfor all
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Figure 6. Performance Evaluation (with a NUCA polic y that distrib utes sets across banks).

theviasis 0.07mm2 assumingthatthewidth andspacing
betweeneachvia is 5 � m.

We next look at metalizationareasavings due to re-
ductionin horizontalinterconnectlength.Thetotal length
of horizontalwires in 2D for inter-corecommunicationis
7490mm andin 3D is 4279mm. If we assumethat these
areglobalwires thenthe total metalizationarea(givenby
pitch � length, pitchof 210nmat65nmtechnology)in 2d
is 1.57mm2 andin 3d is 0.898mm2 resultingin netmetal
areasavingsof 42%.Similarly, we computenetmetalsav-
ingsin L2 interconnectfor aNUCA cache.The2d-abase-
line hastheleastmetalarearequirementof 2.36mm2, and
the2d-2abaselinehasarequirementof 5.49mm2. The3D
NUCA layout requires4.61mm2, about16% lower than
2d-2a.

Finally, we look at power consumptionof thesemetal
wires.Weassumethattheinterconnectis power-optimized
andcomputethetotal powerbasedon methodologyin [6].
We observe that the L2 cacheandinter-coreinterconnect
powerconsumedby the2d-abaselineis 5.1W, 2d-2acon-
sumes15.5W, and3d-2aconsumes12.1W. Thenetpower
savingsdueto 3D integrationcomparedto 2d-2ais 3.4W.
The additional10 W interconnectpower in moving from
2d-a to 3d-2a is primarily becauseof the additional L2
banks– the transferof registerandload valuesincursan
overheadof only 1.8W.
ResultsSummary: Thepower andareaoverheadsof the
inter-die vias are marginal. The horizontal interconnects
that feedthechecker coreconsumeonly 1.8W. Theinter-
connectsfor thelargercacheon thetopdieareresponsible
for anadditional9 W of power.

3.5. Conserv ativ e Timing Margins

In theprevioussection,we arguedthatthecheckercore
is capableof detectinga singledynamictiming error that
manifestsin an incorrectregistervalue. Recovery is also
almostalwayspossiblewith anECC-protectedregister�le,
unlessthe timing error (or soft error) happenswhenwrit-
ing theresultinto thechecker core's register�le afterver-

i�cation. Unfortunately, dynamictiming errorsareoften
correlatedandmultiple sucherrorsin thesameor succes-
sivecyclescanhappen.The�rst sucherrorwill bedetected
by thecheckercore,but recoverymaynotbepossibleif the
checker'sregister�le stateiscorruptedbeyondrepair(ECC
may not be able to repair multiple bit �ips, nor a result
beingwritten to the wrong register). Further, the checker
coreis not resilientto faultsin thecontrolpath.Hence,the
processor's ability to recover from an errorcanbegreatly
improvedif thechecker coreis mademoreresilientto dy-
namictiming errorsandsofterrors.In this sub-section,we
exploretheoptionof introducingconservativetiming mar-
ginsin every pipelinestageof thechecker core.First, this
reducesthechancesof a softerrorasthereis enoughslack
within thecycle time to allow thecircuit to re-stabilizeaf-
ter thepulseandmasktheerror. Second,evenwith timing
variations,it improvesthelikelihoodthattheresultis ready
whenthepipelinelatchreceivestheclockedge.

We �rst assumethat thepeakfrequency of thechecker
coreis maintainedthesameastheleadingcore'speakfre-
quency. To introducea conservativetiming margin in each
stage,wemustperformlesswork in eachstage.Hence,the
work requiredof thecheckercoreis now distributedacross
many morepipelinestages,i.e., thecheckeris implemented
asa deeppipeline.Notethatthedeeppipelineis not being
exploitedto improve thechecker's clock frequency, but to
providemoreslackin eachpipelinestage.

Unfortunately, thepower dissipationof a processorin-
creasesas its pipeline depth increasesdue to the higher
numberof requiredlatchesandincreasedbypassingcom-
plexity. To modelthepoweroverheadsof deeppipelining,
weemploy theanalyticalmodelsproposedby Srinivasanet
al. [38] to computepower-optimal pipelinedepths.More
detailsof this modelandassumptionscanbe found in the
originalwork [38].

Table5 summarizestheimpactof pipelinedepthontotal
power, relative to a baselinepipelinethathasa cycle time
of 18 FO4. While performinglesswork in eachpipeline
stagehelpsreduceerrorrates,thepowercostis enormous.



Pipelinedepth DynamicPower LeakagePower TotalPower
Relative Relative Relative

18FO4 1 0.3 1.3
14FO4 1.65 0.32 1.97
10FO4 1.76 0.36 2.12
6 FO4 3.45 0.53 3.98

Table 5. Impact of pipeline scaling on power over-

heads in terms of baseline dynamic power consumption
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Evenif thecircuits in eachstagetake up 14 FO4gatede-
lays,thepowerconsumptionof thechecker coreincreases
by 50%. Besides,it maybedif�cult to pipelinethestruc-
turesof the processorinto the requirednumberof stages.
Hence,we don't considerthis optionany morein this pa-
per.

Fortunately, our checker core is designedsuchthat it
often operatesat a frequency much lower than the peak
frequency. As describedin Section2, the checker core
lowersits frequency if the slackbetweenthe leadingand
checker coredecreases.In Figure7, we show a histogram
of thepercentageof timespentateachfrequency level. For
mostof thetime,thecheckeroperatesat0.6timesthepeak
frequency of 2 GHz. This meansthat the circuits in each
pipelinestagehave usually�nished their operationwithin
half thecycletimeandminorvariationsin circuit delaywill
likely notimpactthevaluelatchedattheendof thepipeline
stage.Thus,anaturalfall-outof ourcheckercoredesignis
thatit is muchmoreresilientto dynamictiming errorsand
softerrors.
Results Summary: Deep pipelining has an inordinate
power overhead.Becauseof its high ILP, thecheckercore
can typically operateat a fraction of its peakfrequency.
This allows eachpipelinestageto alreadyhave plenty of
slackandtoleratenoise.

4. The Impact of Heterogeneity on the
Checker

3D integration enablesthe snap-onfunctionality of a
checker corefor customersthat requirehigh reliability. It
alsoenableseachdieto bemanufacturedin adifferentpro-
cess.This hasespeciallyfavorableimplicationsfor thede-

signof a checker core. Unlike the leadingcore(thatmust
beoptimizedfor performance),thecheckercorecanafford
to give up someperformancefor a manufacturingprocess
thatprovideshigh reliability. This allows thechecker core
to bemoreresilientto faultsin thecontrolpath,something
that cannotbe handledby the register checkingprocess.
Further, if the checker corehasa muchlower probability
for anerror, its resultcanbe directly employed in caseof
a disagreementbetweenthe leadingandchecker cores. If
the checker core is equally likely to yield an error as the
leadingcore,recovery requiresanECC-protectedchecker
register �le and possiblyeven a third core to implement
triple modularredundancy (TMR). In thissection,wecon-
sidertheuseof anolderprocesstechnologyto implement
thechecker core's die. We have seenthatthecheckercore
is alreadymorereliablebecauseit hasconservative timing
margins– theolderprocessfurtheraugmentscheckercore
reliability.

Theuseof anolderprocesstechnologyhasthe follow-
ing impact:

• Parametervariationsand dynamic timing errorsare
reduced.

• The critical charge requiredto switch a transistor's
stateincreases,reducingthe probability of a soft er-
ror.

• Leakagepower is reduced(notethat a large fraction
of thedie is L2 cachethatdissipateslargeamountsof
leakage).

• Dynamicpowerincreasesbecauseof higherswitching
capacitance.

• Delayof a pipelinestageincreases,possiblynecessi-
tatinga lowerclock speedandpoorerperformance.

We next analyzeeachof thesefactors.

Techgen Vth Variability Circuit Performance Circuit Power
nm Variability Variability
80 26% 41% 55%
65 33% 45% 56%
45 42% 50% 58%
32 58% 57% 59%

Table 6. Impact of Technology Scaling on Variability

Figure8 shows scalingof per-bit SRAM soft-errorrate
acrossprocessnodesdue to neutronand alphaparticles.
Figure9 shows the probability of per-bit multiple-bit up-
set(MBU) rateasa functionof decreasingcritical charge.
Eventhoughsingle-biterror ratesper transistorarereduc-
ing at futuretechnologies,theoverall errorrateis increas-
ing becauseof highertransistordensity. Themulti-bit error
rateper transistoris increasingat future technologiesand
canbeproblematicevenwith a checker core. Further, Ta-
ble 6 shows ITRS data[35] exhibiting projectedvariabil-
ity (asa +/- percentagechangefrom nominal)in threshold
voltage,performance,andpower, asa functionof process
technology. All of this dataarguesfor theuseof anolder
technologyto implementanerror-tolerantcheckercoredie.
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Figure 9. SRAM Multi-bit Soft Error Probability [33]

To modelpower consumptionof the samecoreimple-
mentedon differentprocesstechnologies,we employ de-
vice model parametersfrom ITRS reports[35] (summa-
rized in Table7). Theseweresubstitutedin equationsfor
leakageanddynamicpower to generatetherelative power
estimatesfor varioustechnologies(listedin Table8).

The datain Table8 shows that if the older processis
90 nm, the dynamicpower consumptionis morethan2x
and3x the dynamicpower of the core implementedin a
morerecenttechnology(65 nm and45 nm, respectively).
However, leakagepower is reducedquite signi�cantly by
moving to the older process. Thus, the useof an older
technologymay increase/decreasethe overall power dis-
sipationdependingon the relative contribution of leakage
anddynamicpower. If thedie containingthecheckercore
is primarily composedof L2 cachebanks,leakagelikely
accountsfor a largefractionof diepower. It mustbenoted
that theseargumentsarelessclearfor newer processtech-
nologiesasnew materialsareexpectedto alleviateleakage
concerns(asis observedfor thecomparisonof 65 nm and
45nmtechnologynodesin Table8).

For our power-hungrychecker coreandL2 cachemod-
els,we observeda total power dissipationof 18 W for the
checker die at 65 nm technology(14.5W for the checker
coreand3.5 W for the 9 MB of L2 cachebanks). If we
maintainaconstantdieareaandmigrateto 90nmtechnol-
ogy, thecheckercorenow consumes23.7W andthe5 MB
of L2 cacheconsumes1.2 W, leadingto a net power in-
creaseof 6.9W. In spiteof thepower increase,weobserve
a drop in temperature(of 4 °C, comparedto the 3D chip
with homogeneous65nmtechnologydies).This is aresult
of anincreasein checkercoreareaandanoverall reduction

Techgen Voltage Gatelength Capacitance Sub-threshold
nm V nm perum leakagecurrent

perum
90 1.2 37 8.79E-16 0.05
65 1.1 25 6.99E-16 0.2
45 1 18 8.28E-16 0.28

Table 7. Impact of technology scaling on various de-

vice characteristics

Techgen DynamicPower LeakagePower
nm/nm Relative Relative
90/65 2.21 0.4
90/45 3.14 0.44
65/45 1.41 0.99

Table 8. Impact of technology scaling on power con-

sumption

in its powerdensity.
Finally, theolderprocesstechnologycausesanincrease

in the delayof eachcircuit andpipeline stage. We have
assumeda peakclock frequency of 2 GHz in this study,
meaningeachpipeline stagecan take as long as 500 ps
(including overheadsfor latch, skew, and jitter). If the
checker core is now implementedin a 90 nm processin-
steadof a 65 nm process,a pipelinestagethattook 500ps
in 65 nm process,now takes714ps. This limits thepeak
frequency of the checker core to 1.4 GHz. Our simula-
tions have shown that a checker coreneedsto operateat
anaveragefrequency of only 1.26GHz to keepup with a
2 GHz leadingcore. If thechecker corebegins to fall be-
hindthetrailer, it mustincreaseits frequency, but is limited
to a peakfrequency of only 1.4 GHz. This modi�cation
causesonly a minor slowdown to the leadingcore (3%).
Thelongerdelaysfor thecircuitsimply lessslackuntil the
next clock edge. On average,given the frequency pro�le
of thechecker core,therestill remainsnon-trivial slackin
eachpipelinestageevenwith theslowercircuits.

The L2 cachebanksin theolderprocessoperateat the
samefrequency (2 Ghz) as the other bankson the lower
die. The accesstime for eachL2 cachebankin the older
processincreasesby a singlecycle. Overall cacheaccess
times are not greatly impactedas the fewer cachebanks
leadto fewerhopsonaverage.
Results Summary: An older processincreasesoverall
power consumption,but reducesthepower densityfor the
hottestunits on the chip, allowing overall temperatureto
decreaseby up to 4 degrees.Thus,with a constantthermal
constraint,overall performanceactuallyimprovesover the
designwith homogeneousdies. A 15 W checker coreim-
plementedin anolderprocesswill eitherincreasetempera-
tureby 3 degreesor suffer a performancelossof 4%under
a constantthermalconstraint(relative to the2D baseline).
Theolderprocessis moreresilientto faultsandalargepor-
tionof theexecutioncontinuesto enjoy conservativetiming
marginsfor thepipelinestages.
Discussion:WeobservedthattheDFSheuristicfor match-
ing throughputcanplayasigni�cant rolein powerandther-



mal propertiesof thechecker. An aggressiveheuristicthat
can slow down the checker core further resultsin lower
temperaturevalues. However, suchan aggressive mecha-
nismcanstall themaincoremorefrequentlyandresultin
performancelosscomparedto an unreliable2D baseline.
In our models,we haveemployeda lessaggressiveheuris-
tic thatdoesn't degradethemaincore'sperformanceby it-
self. Thisheuristicdoesleadto highertemperatures,which
in turnleadto thermalemergenciesandlowerperformance.

5. RelatedWork

Many fault-tolerantarchitectures[1, 12, 19, 22, 28, 30,
31, 41, 43] havebeenproposedoverthelastfew years.Not
all of thesedesignsareamenableto aconvenient3D imple-
mentation.Most reliableimplementationsthatexecutethe
redundantthreadon a separatecorewill likely be a good
�t for a 3D implementation.While our evaluationfocuses
on thespeci�c implementationoutlinedin [19], theresults
will likely apply to otherRMT implementationsthat pro-
vide low-overheadredundancy ona separatecore.

Therehasbeenmuchrecentwork onarchitecturaleval-
uationsinvolving 3D chips. Many have focusedon im-
proving single-coreperformanceandpower [2, 7, 26, 44].
Some of this attention has focusedon implementinga
cachein 3D [25, 29, 40], evenin thecontext of amulti-core
NUCA layout[16]. Few studieshaveconsideredusingad-
ditionaldiesentirelyfor SRAM or DRAM [2, 17, 18].

The work in this paperis most closely relatedto the
work by Mysore et al. [24]. That work focuseson im-
plementingsoftwarepro�ling andanalysisengineson the
seconddie. Further, it doesnot exploremicroarchitectural
designchoicesfor the seconddie and doesnot consider
heterogeneousdies.Many of the�ndings of this studyare
speci�c to theimplementationof acheckercoreonthesec-
onddie: mostnotably, theeffectof technology, pipelining,
and frequency scalingon the ability of the checker core
to resisttransientanddynamictiming errors. A software
pro�ling andanalysisapplication,ontheotherhand,is dif-
ferent in its needs:it may be moretolerantof errorsand
lesstolerantof performanceslowdowns.

6. Conclusions

In this paper, we proposea 3D reliable processoror-
ganizationandevaluatemany of its designconsiderations.
A checker coreon theupperdie helpsreduceinterconnect
lengthsandpart of theupperdie canalsobe employedto
increaseL2 cachesize. The isolationof the checker core
to a separatedie reducesthe impacton the leadingcore's
layout,wiring, andcycle time. The snap-onfunctionality
allowscustomerstheoptionto detectandrecoverfrom fail-
ures,while not impactingthemanufacturingcostfor cus-
tomersthatarelessconcernedaboutreliability. The most
signi�cant impactof this designis a temperatureincrease
of up to 7 °C or alternatively, a performancelossof up to

8%if aconstantthermalconstraintis imposed.Theimpact
ontemperatureandperformanceis muchlessif weassume
asimplelow-powermicroarchitecturefor thein-ordercore.
We alsoshow that thechecker coreis moreerror-resilient
becauseit typically operatesat a much lower frequency.
Error tolerancecanbe further increasedby implementing
theupperdieonanolderprocessthatsufferslessfrom dy-
namictiming errorsandsoft errors.Themove to anolder
technologyincreasespowerconsumption,but reducestem-
peraturebecausethe power densityof thehottestblock is
lowered.This helpslimit theoverheadof thecheckercore
to a 3 °C temperatureincreaseor a 4% performanceloss.
Our resultslargely argue in favor of heterogeneousdies
for thisspeci�c applicationdomainof low-overheadredun-
dancy.
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