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Abstract

Aggressivdednolagyscalingovertheyeaishashelped
improve processorperformancebut has causeda reduc-
tion in processoreliability. Shrinkingtransistorsizesand
lower supplyvoltages haveincreasedthe vulnerability of
computersystemsowards transientfaults. Anincreasein
within-dieanddie-to-dieparametervariationshasalsoled
to a greaternumberof dynamictiming errors. A potential
solutionto mitigatetheimpactof suc errorsis redundancy
via anin-ordercheder processar

Emeging 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 proposeimplementinghe redundantcheder
processoron a seconddie. This allows manufactuers to
easilycreatea family of “r eliable processaos” withoutsig-
ni cantly impactingthecostor performancédor customes
that care lessaboutreliability. WWe compehensivelyeval-
uate designchoicesfor this seconddie, including the ef-
fectsof L2 cache organization,deeppipelining, and fre-
guency An interestingfeatuie madepossibleby 3D inte-
grationis theincorporation of hetepgeneougprocessec-
nologieswithin a single chip. We evaluatethe possibility
of providing redundancyvith an older procesgechnolagy,
anunexploredandespeciallycompellingapplicationof die
hetepgeneity We showthat with the mostpessimistias-
sumptionsthe overheadof the seconddie canbe as high
aseithera 7 °C tempeatureincreaseor a 8% performance
loss. However, with the useof an older processthis over
headcanbereducedo a 3 °C tempeature increaseor a
4% performancéoss,while alsoproviding highererror re-
silience

Keywords: reliability, redundantmulti-threading 3D
die-staking, parametervariation, soft errors, dynamic
timing errors, powerefcient microarchitecture, on-chip
tempeature.

1. Intr oduction

The probability of erroneouscomputationincreasesas
we employ smallerdevice dimensionsandlower voltages.
Firstly, bit valuescanbeeasilycorruptedby thechagede-
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positedby high-enegy particles[21]. This phenomenon
is referredto asa transientfault andit resultsin softer-
rors that corrupt programoutputs,but do not renderthe
device permanenthfaulty. Secondly parametewrariation
cancauseuncertaintiesn variousdevice dimensiongsuch
asgatelength/width,wire height/width/spacing)that can
in uence thedelaycharacteristicsf circuits[3]. Dynamic
conditionssuchastemperaturesupplyvoltagenoise,and
cross-couplingeffectscanalsoin uence the delayof acir-
cuit. Becauseof thesevariations,timing constraintsare
occasionallynot metandanincorrectresultis latchedinto
thepipelinestageattheendof thatclock cycle. We referto
theseerrorsas dynamictiming errors. Thirdly, processor
componentgyraduallywear out and are renderedperma-
nentlyfaulty, leadingto hard errors.

Varioussolutionsexist to handleeachof the above er-

rors. In the rst partof this paperwe outline a designthat
represent® compleity-effective solutionto the problem
of comprehensie error detectionandrecovery. This solu-
tion builds upona numberof prior proposalsn the areaof
reliablemicroarchitecturdsuchas(1, 12, 19, 22)). In this
design,a redundanthecler coreveri es the computation
of a primary core andthe checler core employs in-order
executionandconsenrative timing mamgins. This processor
modelis thenusedasanevaluationplatformfor thesecond
half of thepaper The 3D proposakliscussedn thesecond
half representshe primary contribution of thiswork.

3D technologyis emepging asanintriguing prospector

thefuture (see[44] for agoodoverview). Thistechnology
enableghe verticalstackingof dieswith low-lateng com-
municationlinks betweendies. 3D stackingoffers three
primary advantageghat make it a compellingresearchdi-

rection:

« Stackingof heterogeneoudies: A concreteapplica-
tion of this approachis the 3D stackingof DRAM
chipsuponlarge-scaleCMPs. Inter-die vias cantake
adwantageof the entiredie 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 developerscan be tted with additional
stacled dies that contain units to monitor hardware
activity andaid in detugging[24]. Chipsemployed
by applicationuserswill not incorporatesuchfunc-
tionality, therebyloweringthe costfor thesesystems.



 Improvementin CPU performance/pwer: The com-
ponentsof a CPU(cores/cachbanks pipelinestages,
individual circuits) canbeimplementedacrosamulti-
ple dies. By lowering the penaltiesmposedby long
wires, performancendpowerimprovementsarepos-
sible.

All of the above advantageof 3D canbe exploited if
we implementthe checler coreon a die placedabove the
CPUdie: (i) Thecommunicatiorof resultsbetweercores
is very ef cient in termsof delayandpower asshortinter-
die wires canbe used. By isolatingthe checler coreto a
separatelie, the layout and wiring of the main CPU die
canbesimpli ed. (ii) CPUdiesandchecler diescanbe
independentlyabricatedandchip manufcturerscanoffer
productswith a varyingnumberof checler dies. (iii) The
checler corescanbeimplementedn aprocesgechnology
thatis moreresilientto soft errorsanddynamictiming er-
rors.

The one salientdisadwantageof 3D technologyis that
it increase®n-chippower densityandtemperature Tem-
peraturdéncreasesanhave asigni cant impacton lifetime
reliability, soft error rates,leakagepower dissipation,dy-
namictiming errorrates andperformanceWe considetthe
above effectsandattemptto alleviate themwith olderpro-
cesgechnologiesgdeeperpipelines,andthree-dimensional
L2 cacheorganizations.An evaluationof die yield is be-
yond the scopeof this study While the fabrication of
small-sizeddiesfor a 3D chip will improveyield, this ad-
vantagemay be offset by complicationsin the 3D manu-
facturingprocess.The effect on yield will becomeclearer
as3D technologymatures.

Themajorcontributionsof this paperareasfollows:

* We quantify the impact of a 3D checler core on
power, temperature performance,and interconnect
overhead.

* We arguefor the useof an older procesgechnology
for the checler die to improve its errorresilienceand
guantifytheimpactof this choiceon power, tempera-
ture,andperformance.

« We show thata high-ILP checler canoperateat low
frequenciesallowing muchmoretiming slackin each
pipelinestageandgreatererrorresilience.

* We argue againstthe use of deeppipelinesfor the
checlercore.

Thepaperthuspresenta detailedanalysisof thedesign
spaceto determingf theimplementatiorof checler cores
in 3D is anattractve option. In Section2, we rst describe
our checler processomodel. Section3 evaluategheim-
pactof leveraging3D interconnectgor inter-corecommu-
nication. We alsoquantify the impactof this approachon
temperatureinterconnectength,anderrortolerance.The
useof multiple dies enablesthe useof differentparame-
tersfor the primary andchecler cores.Section4 analyzes
the effect of oldertechnologyparametergor the checler

on overall power, temperatureanderrorrates.We discuss
relatedwork in Section5 and summarizeour conclusions
in Sectioneé.

2.BaselineReliable ProcessoMModel

This sectiondescribeghe implementatiorof a checler
core that redundantlyexecutesa copy of an application
thread. This implementationdravs on a numberof con-
ceptsdescribedn recentpaperdl1, 11, 12, 19, 22] andis
capableof detectingand recovering from soft, hard, and
dynamictiming errors. We arenot claimingthatthis is an
optimal designfor comprehensie error coverage,a topic
that remainsan active areafor research. We are simply
postulatingthis designas a potentialimplementatiorthat
canbeemployedfor therestof our 3D layoutanalysis.

The architectureconsistsof two communicatingcores
that execute copies of the same application for fault-
detection. This is often referredto as redundantmulti-
threading(RMT). Oneof the cores(the trailing core)exe-
cutesbehindthesecondcore(theleadingcore)by acertain
amountof slackto enablecheckingfor errors. The lead-
ing corecommunicatefts committedregisterresultsto the
trailing corefor comparisorof valuesto detectfaults (the
baselinereliable processomarchitectureis graphicallyde-
pictedin Figurel). Loadvaluesarealsopassedo thetrail-
ing coresoit canavoid readingvaluesfrom memorythat
mayhave beerrecentlyupdatedy otherdevices. Thus,the
trailing core never accessethe L1 datacache. The lead-
ing coreis allowedto commitinstructionsbeforechecking.
Theleadingcorecommitsstoresto a storebuffer (StB) in-
steadof to memory Thetrailing corecommitsinstructions
only after checkingfor errors. This ensuregshatthe trail-
ing core's statecanbe usedfor a recovery operationif an
erroroccurs.Thetrailing corecommunicateds storeval-
uesto theleadingcore's StB andthe StB commitsstoresto
memoryafterchecking.

To facilitatecommunicatiorof valuesbetweeneading
andtrailing threads, rst-in- rst-out registervaluequeues
(RVQ) andloadvaluequeuegLVQ) areused.As aperfor
manceoptimization, the leading core also communicates
its branchoutcomedo the trailing core (througha branch
outcomequeue(BOQ)), allowing it to have perfectbranch
prediction. If the slackbetweerthe two threadss at least
aslarge asthe re-orderbuffer (ROB) size of the trailing
thread,t is guaranteethataloadinstructionin thetrailing
threadwill always nd its loadvaluein theLVQ. Whenex-
ternalinterruptsor exceptionsareraised theleadingthread
mustwait for thetrailing threadto catchup beforeservic-
ing theinterrupt.

As regardstransientfaults, the assumedault modelis
exactlythesameasin [12, 22]. Theproposedystemis de-
signedto detectandrecoverfrom transienfaultsthatgoon
to produceanerrorin the datapathThe coresarestill sus-
ceptibleto somefaultsin the control paththat may result



Trailing checker core:
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Summary of results by Madan et al. :

» No performance loss for the leading core

less than 2 W
« Redundant multi-threading can impose a
power overhead of less than 10%

« In-order trailing core executes at a frequency
that is only 45% of leading core’s frequency

« Inter-core interconnects typically consume

an in-order pipeline
« can execute at a lower frequency
than the leading core

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 errorssuchasresourcesot beingfreed. The following
conditionis requiredin orderto detecta single transient
faultin the datapath:

» Thedatacache| VQ, andbuseghatcarryloadvalues
mustbe ECC-protecte@sthe trailing threaddirectly
usesheseoadvalues.

Otherstructuresn eachcore(includingthe RVQ) neednot
have ECC or otherforms of protectionas disagreements
will be detectedduring the checkingprocess. The BOQ
neednot be protectedaslong asits valuesareonly treated
as branchprediction hints and con rmed by the trailing
pipeline.

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

« Whenanerroris detectedtheregister le stateof the
trailing threadis usedto initiate recovery. Thetrailing
threadsregister le mustbe ECC-protectedo ensure
that valuesdo not get corruptedoncethey have been
checledandwritteninto thetrailer'sregister le. Fur
ther, the value and the registertag mustnot be cor-
ruptedon their way to theregister le afterchecking.

We assumeECC-protectedlatacache LVQ, andtrail-
ing register le, enablingdetectionof andrecovery from a
singletransientfault. Similarly, dynamictiming errorsin
either core that manifestin corruptedregistervalueswill
be detectedby the checkingprocess. Unfortunately dy-
namictiming errorsareoftencorrelatecandthe probability
of multiple errorsin a single coreis non-trivial. Multiple
errorsin theleadingcorecanstill behandledbecausealid
statein the trailing register le will be usedfor recovery
whenthe rst disagreemenis agged. Multiple errorsin
the trailing core's register le may however not be han-
dled by ECC and may impactour ability to recover from
theerrors.As will besubsequentlgescribedthe microar
chitectureof the trailing coreis de ned in a mannerthat
minimizesthis probability. As aresult,thetrailing coreis
alsomoreresilientto faultsin the controlpath.

The checler coreis afull- edged corewith somelogic
extensiongo enabléets operationasa checler. Hencejt is
alsocapableof executinga leadingthreadby itself, if nec-
essary Given the redundang in the architecturea hard
error in the leading core can also be tolerated,although
at a performancepenaltyt. The following sub-sectiorde-
scribesmechanism$o implementthetrailing checler core
in a power-ef cient manner

2.1. Power-Ecien t Checker Core Design

An RMT systemattemptsto maintaina roughly con-
stantslackbetweeneadingandtrailing threads.Sincethe
trailing threadbene ts from perfectcachingand branch
prediction, it tendsto catchup with the leadingthread.
This providesthe opportunityto throttle the executionof
thetrailer in a mannerthatlowersits power consumption
and maintainsthe roughly constantslack. Building upon
theideasin [19], we considerthe following techniquego
reducechecler corepower consumption.

Dynamic FrequencyScaling (DFS) is a well-established
techniquethat allows dynamic power to scaledown lin-
earlywith clock frequeng [20]. It is alow overheadech-
nigue—in Intel'sMontecito,afrequeng changecanbeef-
fectedin a singlecycle [20]. We implementthe algorithm
in [19] to scaledown (up) thefrequeng of thetrailing core
whenthe occupang of the RVQ falls below (above) a cer
tainthreshold.This approacthelpsreducedynamicpower
(andenegy) with a negligible impacton performanceTo
accomodate 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-core communication. This usually requiresa buffer
betweencoresthat can be read/writtenat differentclock
edges- theRvQ/LVQ/BoQ bufferscanbeimplementedn
this manner Suchan approachtypically introducesocca-
sionaldelaysin inter-corecommunicationput thisis nota

Iwe will assumehata mechanisnexiststo detectthe harderrorand
re-schedul¢asksaccordinglyon the othercoreif necessary



bottleneckfor the proposedsystem.Thereare otherover
headsandimplementationssuesvhensupportingmultiple
clocks(the needfor multiple PLLs or clock dividers,mul-
tiple clock trees.etc.). We expectmultiple clocksto bethe
normin futurelarge heterogeneousulti-coresanddo not
furtherconsidertheseoverheadsn this study
In-order execution of the trailing core enablesan even
greatersaving in dynamicand leakagepower consump-
tion. This approachextendssomeof the conceptsadwo-
catedin the DIVA [1] designto general-purposeores.Un-
fortunately for mary programphases,an in-order core,
even with a perfect D-cacheand branch predictor can-
not matchthe throughputof theleadingout-of-ordercore.
Hence someenhancementiseedio bemadeto thein-order
core.We employ aform of registervalueprediction(RVP).
Along with theresultof aninstruction,the leadingthread
also passeshe input operandsfor that instructionto the
trailing thread. Instructionsin the trailing core can now
readtheir input operandsrom the RVQ insteadof from
theregister le. Beforetheinstructioncommits,it veri es
thattheresultsreadfrom the RvQ matchthevaluesin the
trailer's register le. Sucha registervalue predictorhas
a 100%accurag, unlessan earlierinstructions resulthas
beenin uenced by an error. If an earlierinstructionhas
beenaffectedby an error, the trailing threadwill detectit
whenit veri es the predictionandthe subsequengxecu-
tion will be corrected.With a perfectRVP, instructionsin
thetrailer areneverstalledfor datadependencesndILP is
constraineanly by alack of functionalunitsor instruction
fetchbandwidth.

The above two techniquescan be combined. An in-
order checler core with RVP hashigh ILP and tendsto
catchup with the leadingcore. Dependingon the occu-
pang of the RVQ, the frequeng of the checler coreis
scaledup or down. This yields a compleity-effective re-
liable processodesign(summarizedn Figurel) thatem-
ploys a low-power and simple in-order core operatingat
alow frequeng to verify the computationf the leading
core. In additionto providing toleranceto harderrorsin
theleadingcore,the checler corecandetecterrorscaused
by high enepgy particles,noise,anddynamictiming varia-
tion. It mustbe notedthatsuchanef cient checler coreis
facilitatedby investingin alargeamountof inter-coretraf-
¢ (register operandsjoad values,and branchoutcomes
are transmittedto the trailing core). This is worthwhile
evenin a 2D layoutbecausef the signi cant enegy sav-
ingsit enablesn thechecler core. Theintercoretraf ¢ is
anespeciallyworthwhileinvestmenin a 3D layoutwhere
communicatiorbetweendieshappenon low-lateng and
low-powervias.

3. Proposed3D Implementation

In a2D layoutof thereliableprocessodescribedn Sec-
tion 2, the out-of-orderleadingcore andin-orderchecler
corearelocatednext to eachother asshavn in Figure2(a).

Inter-corecommunicatiorof resultsis implementecn in-
terconnectshat are routedover a numberof otherblocks
on highermetallayers. Thesearetypically long pipelined
wires with a few repeatersaandlatchesper wire that con-
sumenon-trivial amountsof power. Theserepeatersand
latchesalsorequiresilicon areain the blocksthatthe in-
terconnecthiapperto y over. As aresultof thesewiring
andsilicon needsof the checler, the layout of the leading
corewill be negatively impacted. The integrationof such
an invasve checler coreon a 2D die will likely increase
theareawiring compleity, andcycle time for theleading
core.

In a 3D die-stacled chip, two separatelymanufctured
diescanbe bondedtogetherin variousways. In this pa-
per, we focuson Face-to-Face(F2F) bondingof two dies,
asshovnin Figure2(b). Intra-diecommunicatiorhappens
on corventionalinterconnectsmplementedon that die's
metal layers. Inter-die communicationhappenson inter-
die (or die-to-die)viasthatare simply an extensionof the
vias usedto accessachdie's metal stack. A collection
of theseinter-die viasis referredto asan“inter-die via pil-
lar” [16]. Thus,aregistervaluein thelowerdie cannow be
drivenvertically on aninter-die via pillar to a metallayer
onthedie above andthenroutedhorizontallyto theuniton
theupperdie thatneedghevalue.With anappropriatday-
out, the horizontaltraversalon the upperdie canbe made
short. With suchanorganizationthe primary requirement
of theinter-coreinterconnectss metalspaceo implement
theinter-die via pillars. Theisolationof the checler core
andits associatedogic andwiring to a separatelie min-
imizesthe impacton the leadingcore's oorplan, wiring,
andcycle time. The lower die canthereforealsobe sold
asa stand-aloneentity that offers reducedreliability (and
nearly the sameperformanceand power asa 2D proces-
sor without the pillars). For customerghat requirehigh
reliability, the lower die is combinedwith a corresponding
upperdie thatincorporatesa checler coreto monitor the
registervaluesproducedon the inter-die pillars (shavn in
Figure2(c)). This “snap-on”functionality of 3D dieswas
recentlyproposedy Mysoreetal. [24] to implementsoft-
warepro ling anddehuggingtools. This paperproposes
a snap-or3D checler coreandvariousaspect®f suchan
organizatiorarediscusseaext. Thenext sectionevaluates
the useof an older processtechnologyto implementthe
checlercore. It mustbenotedthata primarybene t of the
proposedD organizatioris theminimalimpactonthelay-
out,wiring, andcycle time of theleadingcore;quantifying
this “non-invasive” effect of the 3D checleris beyondthe
scopeof this paper

3.1. Metho dology

Ourthermalmodelis basedntheHotspot-3.137] grid
model. The modeling parametersand thermal constants
for eachlayer areasdescribedn [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 stack (b). Figure not drawn to scale.

BranchPredictor Comb bimodal/2-leel (percore) || BimodalPredictorSize 16384
Level 1 Predictor 16384entries history 12 Level 2 Predictor 16384entries
BTB 16384sets 2-way BranchMpredLateny 12cycles
InstructionFetchQueue 32 Fetchwidth/speed 4/1
Dispatch/Commiwidth 4 IssueQsize 20(Int) 15(FP)
ReordeBuffer Size 80 LSQsize 40
Integer ALUs/mult 4/2 FPALUs/mult 1/1
(Singlethread)L1 I-cache 32KB 2-way L1 D-cache 32KB 2-way, 2-¢yc
L2 NUCA cache 6MB 6-way Frequeng 2GHz
| andD TLB 256entries,8KB pagesize MemoryLateny 300cyclesfor the rst chunk
Table 1. Simplescalar Simulation Parameter s
Block Area AveragePower Bulk Si Thicknesdliel(net to heatsink) 750 m
LeadingCore 19.6mm? 35W Bulk Si Thicknesdlie2 (stacled die) 20 m
In-orderCore 5mm 2 7TW/15W Active LayerThickness 1m
1MB L2 CacheBank 5mm 2 0.732W dynamicperaccess Cu Metal LayerThickness 12 m
and0.376W staticpower D2D via Thickness 10 m
Network Router 0.22mm 2 0.296W Si Resistvity 0.01(mK )=wW
. Cu Resistvity 0.0833mK )=W
Table 2. Area and Power Values for various Bloc ks D2D via Resistiity (accountsor air 0.0166(mK )=W
die thatincludesthe high-pover out-of-orderdeadingcore. cavities aﬂgfs'ig)tg'r‘ied'rgifscgggggdens'tw £0x50
The leadingcore's oorplan is basedon the Alpha EV7. Ambienttemperature 47°C

The Wattch[4] power modelhasbeenextendedto model
power consumptiorfor the processoat 65 nmtechnology
at 2 GHz, and 1 V supply voltage. We have addedgate
capacitancend metalcapacitancecalingfactorsto scale
Wattch's 90 nm modelto 65 nm as donein Orion [42].
Theaggressie clock gatingmodel(cc3)hasbeenassumed
throughoutandaturn-off factorof 0.2 hasbeenusedto ac-
countfor higherleakagepowerin a 65 nm process.The
power andareavaluesfor the L2 caches network routers
have beenderived from Orion [42]. Thesepower values
arefed to the Hotspotthermalmodelto estimatetemper
atures. For our performancesimulations,we employ a
multi-threadedversionof Simplescalaf3.0[5] for the Al-
phaAXP ISA.

For our cachepower, delay and areamodels,we em-

Table 3. Thermal Model Parameters

ploy CACTI-4.0 [39]. For large L2 cacheorganizations
with non-uniformcacheaccesgNUCA), we employ the
methodologyin [23] to computedelay and power per ac-
cess. For example, when modeling a large 15 MB L2
cache the cacheis partitionedinto 15 1 MB banks. The
banksareaccessedtia a grid network whereeachhopcon-
sumedour cycles(onecycle for thelink lateng/ andthree
cyclesfor therouterlateng). Thelink lateng is computed
basedon wire delay speeddor top level metal [23] and
therouterlateng is typical of corventional4-stageouters
wherethe switch andvirtual channelallocatorstagesxe-
cutein parallel[8]. Theareaof therouteris takeninto ac-
countin estimatingheareaof eachcachebank. Thesizeof



thelarge cacheis in keepingwith moderntrends(the Intel
Montecitohasa 12 MB L3 cachefor eachcore[20]). The
cachepartitioning not only allows improved performance
from non-uniformaccessit alsoallowsusto leverageaddi-
tional cachebanksonthesecondliein aseamlessnanner
Our baselinesingle-dieprocessohas6 1 MB bankssur
roundingthecoreandoperatessa 6-way 6 MB L2 cache.
This modelis referredto as“2d-a” throughoutthe paper
where“a” refersto the total relative area. Whenthe sec-
ond die is added the spareareaon the seconddie allows
usto implementnine additionall MB banks,modeledas
atotal 15-way 15 MB L2 cache.This modelis referredto
as“3d-2a” becausét hastwice thetotal areaof the“2d-a”
baseline. For comparisonpurposeswe also modela 2D
die thatincorporatesa checler coreanda 15-way 15 MB
L2 cachethusproviding asmary transistorasthe3D chip
andreferredto as“2d-2a”. It mustbe notedthatthe 2d-2a
modelhasalargersurfaceareaandhencealargerheatsink
thanthe othertwo models.All relevantsimulationparam-
etersaresummarizedn Tablesl, 2 and3.

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

We modeltwo differentpolicies for L2 NUCA cache
access.n the rst approachwe distribute the setsacross
cachebanks; given an address the requestis routed to
a unigue cachebank. While this approachis simpler, it
causesall banksto be uniformly accessedpotentiallyre-
sultingin long averagecacheaccesgimes.In asecondap-
proach,we distribute the waysacrosscachebanks. 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 forwardingthe requesto the correspondind.2 cache
bank. With this policy, oneof the L2 cachebanksin the
oorplan is replacedby this centralizedag structure.De-
pendingontheapproachanincreasen cachesizeis mod-
eledasanincreasen the numberof setsor ways.We adopt
thedistributed-setgolicy for mostof theevaluationsn the
paper

3.2. Thermal

We rst evaluatethe thermalimpactof implementinga
checler coreon a separatalie. Wattch doesnot provide
accuraterelative power estimatedor in-orderand out-of-
ordercoresasit doesnotmodelcontrolpaths.Thereis also
awide spectrumin power andareacharacteristicef com-
mercialimplementationf in-order cores. For example,
eachcorein the SunNiagaraconsumes$ W [14] andthe
Alpha in-ordercoresEV4 and EV5 consumel.83W and
4.43 W respectrely at 100 nm technology[15]. Hence,

Overheads of 3D checkers

we presenimostof our resultsfor a rangeof in-ordercore
power numbersand highlight the conclusionsfor two in-
order core implementations:one that consumesan opti-
mistic 7 W andanotherthatconsumes pessimisticl5 W.

Figure 3(a) shaws the oorplan of a baseline2D im-
plementationof a single-diesingle-coreprocessomodel
(model 2d-a) and Figure 3(b) shaws the oorplan of the
upperdie in a 3D chip thatincludesthe in-ordercore (up-
perdie of model3d-2a). The layoutin Figure 3(c) shaovs
a secondbaseline2D layout (2d-2a)that hasasmuchto-
tal areaandthe samestructuresasthe 3D processoim-
plementationbut implementedn 2D. The oorplan of the
out-of-ordercoreis modeledlooselyafter the EV7 core's
oorplan. Sincethe original EV7 oorplan is basedon a
130 nm processwe scalethe areadown using non-ideal
scalingfactorsfor SRAM andlogic, asdescribedn [10] for
a 65 nm process.To reducetemperatur@ndthe length of
theinter-coreinterconnectsn 3D, theinter-corebuffers of
thecheclercoreontheupperdie areplacedascloseaspos-
sible to the cachestructuresof the leadingcore. We have
alsoattemptedo reducetemperaturdoy placingL2 cache
banksaborethehottestunitsin theleadingcore,whenpos-
sible.

Figure 4 shows the peaktemperaturesveragedacross
all benchmarkprogramdor thetwo baseline2D organiza-
tions andfor the 3D implementation(for variouschecler
core power values). Perbenchmarkresultsare shovn in
Figure5. The horizontalbar (labeled“2d-a”) shows the
temperatureof the baseline2D chip thathasa 6 MB L2
cacheandno checler core(thechip thatwill bepurchased
by customerswith low reliability requirements)Thelight
bars(labeled“3d-2a") representhe reliable chip with an
additionalchecler coreand 9 MB L2 cachesnappedon
the“2d-a” baseline.The dark bars(labeled“2d-2a") rep-
resenta 2D implementatiorof the 3D chip (with 15 MB
L2 cacheandchecler core). If the checler power is low
enough(lessthan 10 W), the 2d-2abaselinehasa lower
temperaturdhan the 2d-a baselinebecauseof the lateral
heatspreadingpromotedby the mary (relatively) cool L2
cachebanksandits larger heatsink. EachL2 cachebank
is alsocoolerin the 2d-2acaseasthe samenumberof L2
accessesre distributed acrossmore banks. We also ob-
senethatthethermaloverheadslueto 3D stackingarenot
high for mostchecler corevalues.For a checler coredis-
sipating7 W, the 3D modelis only 4.5 degreeshotterthan
the 2d-2amodeland4 degreeshotterthanthe 2d-amodel.
If the checler core consumesgoughly half the power of
theleadingcore(15W), it is 7 degreeshotterthanthe2d-a
model. Thus,3D integrationdoeshave acost.Eventhough
3D integrationenablesa3.4W powerreduction relativeto
the 2d-2amodel, becauseof shorterinterconnectgclari-
ed in the next sub-section)it still leadsto higherpower
densities. Not surprisingly the temperaturéncreaseis a
strongfunctionof the power densityof the hottestblockin



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 the power densityof the15W checler
is further doubled,the temperaturegise canbe as high as
19 degreesalthough thisis anadmittedlypessimisticsce-
nario. Highertemperaturesvill eitherrequirebettercool-
ing capacitie®r dynamicthermalmanagemen(DTM) that
canleadto performancéoss.

We alsomodeledthe effect of temperatureon leakage
powerin L2 cachebanks.Veryfew banksin 3dhave higher
temperaturef stacled above a hot unit in the main core.
We found the overall impact of temperatureon leakage
power of cachego be nggligible.

It is possibleto lower temperature®y not employing
the spaceon the top die for L2 cache.For the 3d-2acase
with the7 W (15 W) checler core,if thetop die's checler
coreis surroundedy inactive silicon, the temperaturee-
ducesonly by 2 degrees(1 degree). As we shaw in the
next sub-sectiontheimpactof this choiceon performance
is mawginal given the working setsof the SPEC2kappli-
cations. However, it is unlikely that manufcturerswill
chooseo wastesiliconin this mannerespeciallysincethe
cacheneedsof multi-corechipswill likely be higher Hsu

etal. [13] shaw thatfor heavily multi-threadedvorkloads,
increasingthe cachecapacityby mary mega-bytesyields
signi cantly lower cachemissrates. A secondapproach
to loweringtemperatures to move the checler coreto the
cornerof thetopdie (while incurringahighercostfor inter-
corecommunication).Our experimentsshav thatthis ap-
proachhelpsreducetemperaturdoy aboutl.5degrees.
Results Summary: A low-power (7 W) checler core
causesa temperaturancreaseof only 4.5 degrees(com-
paredo anunreliablebaseline)while ahigh-paver(15W)
checler corecanincreasdéemperaturdy 7 degrees.

3.3. Performance

Figure 6 shavs performanceof the leadingcorefor all
threemodelswithout ary thermalconstraintandusingthe
NUCA policy wheresetsaredistributedacrosshanks.We
alsoshaw theperformancef amodel(3d-Checler)where
the top die consistsof only the checler core and no ad-
ditional L2 cachebanks. As describedn Section2, the
checler coreis operatedat a frequeny suchthatit rarely
stallsthe leadingthreadandimposesa negligible perfor
manceoverhead.The 3d-checler modelcon rms this fact
asits performancds the sameas the 2d-a baselinethat
doesnot have a checler coreand hasan equalcacheca-
pacity Hence,mostof the performancedifferencesn the
2d-a,2d-2a,and3d-2amodelscanbe attributedto the L2
cacheorganization. For the SPECbenchmarksa 15 MB
L2 cachedoesnot offer muchbettercachehit ratesthana
6 MB cache(thenumberof L2 missegerl10K instructions
reducesfrom 1.43to 1.25). The 2d-2amodel performsa
little worsethanthe 2d-amodelbecauseachevaluesare
more spreadout andthe averagelateng for an L2 hit in-
creasedrom 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 averagel 2 hit time
comparedo 2d-aasthe averagehorizontaldistanceto the
banksremainghesame Relative to the2d-2abaselinethe
3D chipyieldsa5.5%performancémprovement.

Evenwith aNUCA policy thatdistributesways,we ob-
senethesamerelative resultshetweerfd-a,2d-2a,and3d-
2a.However, the performancevith thethedistributed-way
policy is slightly (< 2%) betterthanwith thedistributed-set
policy becauselatablockstendto migratecloserto thelL2
cachecontroller(especiallysincetheprogramworking sets
for SPEC2karetypically smallerthanthe L2 capacity).

The3D reliableprocessocausestemperaturéncrease
thatcanimpactpackaging/coolingost,leakagegower, and
even reliability. Hence,it is alsoimportantto evaluate
thevariousprocessomodelswhile maintaininga constant
thermalconstraintWe executethe 3D processoatalower
voltageandfrequeng thanthe 2D baselineprocessoun-
til its averagepeaktemperaturanatchegshat of the base-
line. Similar to the methodologyin [2], we assumehat
voltageandfrequeng scalelinearly for the voltageranges
considerechere. We obsenedthata 3D processomwith a
7 W checler (15 W checler) operatingat a frequeng of
1.9GHz (1.8 GHz) hasthe samethermalcharacteristicas
a 2D baselingprocessooperatingatafrequeng of 2 GHz.
Thus,assumingconstanthermals the designof a 3D re-
liable processoentailsa performancéossof 4.1%for the
7 W in-orderchecler coreand8.2%for the 15 W checler
core(theperformancdossis alittle lessthanthefrequeng
reductionbecausenemorylateng is un-changed).

ResultsSummary: Without athermalconstraintthe sec-

ond die hasa negligible impact on performancebecause
the additional cachespaceneitherimproves hit ratesnor

degradesaverageaccesgime. The extra cachespacemay

be more valuableif it is sharedby multiple threadsin a

large multi-core chip [13]. With a thermalconstraintthe

performancéoss(4%/8%)is afunctionof thecheclercore

power (7 W/15W).

Data Width Placemenbf via
Loads load.issue _width 64 LSQ
Branchoutcome || branch _pred_ports 1 Bpred
Stores stor e_issue width 64 LSQ
Registervalues issue width 192 ReagisterFile
Die to die 384 L2 Cache
L2 cachetransfer Controller

Table 4. D2D inter connect bandwidth requirements

3.4. Interconnect Evaluation

We next considetthechangego interconnecpowerand
areaasa resultof the 3D organization.Our methodology
is basedonthe modelingdescribedn [24].

To quantifytherequiremenfor thenumberof die-to-die
(d2d) vias, we computethe datathat getscommunicated
acrossboth dies per cycle. As describedn the previous
sectiontheleadingcoresenddoadvaluesregistervalues,
andbranchoutcomego the checler core andthe checler
coresendsstorevaluesback. Table4 quanti es the maxi-
mum percycle databandwidthof theseinter-die transfers
andwherethe d2d vias needto be placed. The maximum
bandwidthis afunctionof thecore'sissue/gecutionwidth.
For a4-widecore,1025viasarerequiredbetweerthelead-
ing andchecler cores.In addition,we introducea 384-bit
via pillar to transmitaddressesind databetweenthe L2
cachecontrolleron the lower die andthe L2 bankson the
upperdie (64-bit address256-bit data,and 64-bit control
signals).

The d2d vias imposea minor power and performance
overhead State-of-the-ar8D integrationemploysthin dies
that resultsin d2d via lengthsfrom 5 mto 20 m [9].
Assuminga d2d via lengthof 10 m, the worst-caseca-
pacitanceof a d2dvia surroundecy 8 otherviasis com-
putedas0.594e-15~=m . The capacitancdor a via of
lengthl0 mistherefored.59e-14F . Thedynamicpower
at 65 nm (2 GHz frequeng and 1 V) is calculatedto be
0.011mW for eachd2dvia. Thetotal power consumedy
all 1409vias addsup to only 15.49mW. State-of-the-art
width of eachviais 5 m [9]. The areaoverheadfor all
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theviasis 0.07mm? assuminghatthe width andspacing
betweereachviais5 m.

We next look at metalizationareasavings due to re-
ductionin horizontalinterconnectength. Thetotal length
of horizontalwiresin 2D for inter-corecommunicationis
7490mm andin 3D is 4279mm. If we assumehatthese
areglobalwiresthenthe total metalizationarea(given by
pitch length, pitchof 210nmat65nmtechnology)n 2d
is 1.57mm? andin 3dis 0.898nm? resultingin netmetal
areasavingsof 42%. Similarly, we computenetmetalsav-
ingsin L2 interconnecfor aNUCA cache.The 2d-abase-
line hasthe leastmetalarearequiremenbf 2.36mm?, and
the 2d-2abaselinehasarequiremenbf 5.49mm?. The3D
NUCA layout requires4.61mm?, about16% lower than
2d-2a.

Finally, we look at power consumptionof thesemetal
wires. We assumehattheinterconnects power-optimized
andcomputethetotal power basedon methodologyin [6].
We obsene thatthe L2 cacheandinter-coreinterconnect
power consumedy the 2d-abaselinds 5.1 W, 2d-2acon-
sumesl5.5W, and3d-2aconsumed 2.1W. Thenetpower
savingsdueto 3D integrationcomparedo 2d-2ais 3.4 W.
The additional10 W interconnecipower in moving from
2d-ato 3d-2ais primarily becauseof the additional L2
banks— the transferof registerandload valuesincursan
overheadf only 1.8 W.

ResultsSummary: The power andareaoverheadof the
inter-die vias are mamginal. The horizontalinterconnects
thatfeedthe checler coreconsumeonly 1.8 W. Theinter-
connectdor thelargercacheonthetop die areresponsible
for anadditional9 W of power.

3.5. Conserv ativ e Timing Margins

In the previous sectionwe arguedthatthe checler core
is capableof detectinga single dynamictiming error that
manifestsin anincorrectregistervalue. Recwery is also
almostalwayspossiblewith anECC-protectedegister le,
unlessthe timing error (or soft error) happensvhenwrit-
ing the resultinto the checler core'sregister le afterver

i cation. Unfortunately dynamictiming errorsare often
correlatedandmultiple sucherrorsin the sameor succes-
sivecyclescanhappenThe rst sucherrorwill bedetected
by thecheclercore,but recorerymaynotbe possibldf the
checler'sregister le stateis corruptecbeyondrepair(ECC
may not be able to repair multiple bit ips, nor a result
beingwritten to the wrong register). Further the checler
coreis notresilientto faultsin the controlpath.Hence the
processos ability to recover from an error canbe greatly
improvedif the checler coreis mademoreresilientto dy-
namictiming errorsandsoft errors.In this sub-sectionywe
explorethe optionof introducingconsenrative timing mar
ginsin every pipelinestageof the checler core. First, this
reduceghe chance®f a softerrorasthereis enoughslack
within the cycle time to allow the circuit to re-stabilizeaf-
terthe pulseandmaskthe error. Secondgvenwith timing
variationsjt improvesthelik elihoodthattheresultis ready
whenthe pipelinelatchrecevestheclock edge.

We rst assumehatthe peakfrequeng of the checler
coreis maintainedhe sameastheleadingcore's peakfre-
gueng. To introducea conserative timing mamgin in each
stagewe mustperformlesswork in eachstage Hence the
work requiredof thechecler coreis now distributedacross
mary morepipelinestagesi.e., thecheclerisimplemented
asadeeppipeline.Notethatthe deeppipelineis not being
exploitedto improve the checler's clock frequeng, but to
provide moreslackin eachpipelinestage.

Unfortunately the power dissipationof a processoin-
creasesasits pipeline depthincreasedue to the higher
numberof requiredlatchesandincreasedypassingcom-
plexity. To modelthe power overhead®f deeppipelining,
we employ theanalyticalmodelsproposedy Srinivasaret
al. [38] to computepower-optimal pipeline depths. More
detailsof this modelandassumptionganbe foundin the
originalwork [38].

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



Pipelinedepth || DynamicPaver | LeakagePaver | Total Pover
Relative Relative Relatie
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 thecircuitsin eachstagetake up 14 FO4 gatede-
lays, the pawer consumptiorof the checler coreincreases
by 50%. Besidesjt maybedif cult to pipelinethe struc-
turesof the processointo the requirednumberof stages.
Hence,we don't considerthis option ary morein this pa-
per

Fortunately our checler core is designedsuchthat it
often operatesat a frequeng much lower than the peak
frequeng. As describedin Section2, the checler core
lowersits frequeng if the slack betweenthe leadingand
checler coredecreasesin Figure7, we shav a histogram
of thepercentagef time spentateachfrequeng level. For
mostof thetime, thechecleroperatest0.6timesthe peak
frequeng of 2 GHz. This meanshatthe circuitsin each
pipelinestagehave usually nished their operationwithin
half thecycletime andminorvariationdn circuit delaywill
likely notimpactthevaluelatchedattheendof thepipeline
stage.Thus,anaturalfall-outof our checler coredesignis
thatit is muchmoreresilientto dynamictiming errorsand
softerrors.
Results Summary: Deep pipelining has an inordinate
power overhead Becausef its high ILP, the checler core
cantypically operateat a fraction of its peakfrequeng.
This allows eachpipeline stageto alreadyhave plenty of
slackandtoleratenoise.

4. The Impact of Heterogeneity on the
Checker

3D integration enablesthe snap-onfunctionality of a
checler corefor customerghatrequirehigh reliability. It
alsoenablegachdieto bemanufcturedn adifferentpro-
cess.This hasespeciallyfavorableimplicationsfor thede-

signof a checler core. Unlike the leadingcore (that must
beoptimizedfor performance)thechecler corecanafford
to give up someperformancdor a manuficturingprocess
thatprovideshigh reliability. This allows the checler core
to bemoreresilientto faultsin the controlpath,something
that cannotbe handledby the register checkingprocess.
Further if the checler corehasa muchlower probability
for anerror, its resultcanbe directly employedin caseof
a disagreemenetweerthe leadingandchecler cores. If
the checler coreis equallylikely to yield an error asthe
leadingcore, recovery requiresan ECC-protecteathecler
register le and possiblyeven a third core to implement
triple modularredundang (TMR). In this sectionwe con-
siderthe useof anolder procesgechnologyto implement
thechecler core's die. We have seenthatthe checler core
is alreadymorereliablebecausét hasconserative timing
maigins— theolderprocesdurtheraugmentshecler core
reliability.

The useof anolder procesdechnologyhasthe follow-

ing impact:

» Parametervariationsand dynamictiming errorsare
reduced.

» The critical chage requiredto switch a transistors
stateincreasesreducingthe probability of a soft er-
ror.

» Leakagepower is reduced(notethat a large fraction
of thedieis L2 cachethatdissipatedarge amount<of
leakage).

* Dynamicpowerincreasebsecausef higherswitching
capacitance.

 Delay of a pipelinestageincreasespossiblynecessi-
tatingalower clock speedandpoorerperformance.

We next analyzeeachof thesefactors.

Techgen || Vth Variability | Circuit Performance| Circuit Pover
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

Figure 8 shaws scalingof perbit SRAM soft-errorrate
acrossprocessnodesdue to neutronand alphaparticles.
Figure 9 shaws the probability of perbit multiple-bit up-
set(MBU) rateasafunctionof decreasingritical chage.
Eventhoughsingle-biterror ratespertransistorarereduc-
ing at future technologiesthe overall errorrateis increas-
ing becausef highertransistordensity The multi-bit error
rate per transistoris increasingat future technologiesand
canbe problematicevenwith a checler core. Further Ta-
ble 6 shawvs ITRS data[35] exhibiting projectedvariabil-
ity (asa+/- percentagehangegrom nominal)in threshold
voltage,performanceand power, asa functionof process
technology All of this dataarguesfor the useof anolder
technologyto implementanerrortolerantcheclercoredie.
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Figure 9. SRAM Multi-bit Soft Error Probability [33]

To modelpower consumptiorof the samecoreimple-
mentedon differentprocessechnologiesywe employ de-
vice model parametergrom ITRS reports[35] (summa-
rizedin Table7). Theseweresubstitutedn equationgor
leakageanddynamicpower to generatehe relative power
estimategor varioustechnologieglistedin Table8).

The datain Table 8 shows thatif the older processs
90 nm, the dynamicpower consumptions morethan 2x
and 3x the dynamicpower of the coreimplementedn a
morerecenttechnology(65 nm and45 nm, respectiely).
However, leakagepower is reducedquite signi cantly by
moving to the older process. Thus, the use of an older
technologymay increase/decreagbe overall power dis-
sipationdependingon the relative contribution of leakage
anddynamicpower. If thedie containingthe checler core
is primarily composedf L2 cachebanks,leakagelikely
accountdor alargefractionof die power. It mustbe noted
thattheseargumentsarelessclearfor newer processech-
nologiesasnew materialsareexpectedo alleviate leakage
concerngasis obsenedfor the comparisorof 65 nm and
45 nmtechnologynodesin Table8).

For our power-hungrychecler coreandL2 cachemod-
els,we obseneda total power dissipationof 18 W for the
checler die at 65 nm technology(14.5W for the checler
coreand3.5W for the 9 MB of L2 cachebanks). If we
maintaina constandie areaandmigrateto 90 nmtechnol-
ogy, thechecler corenow consume23.7W andthe5 MB
of L2 cacheconsumesl.2 W, leadingto a net power in-
creasef 6.9W. In spiteof thepowerincreasewe obsene
a dropin temperaturgof 4 °C, comparedo the 3D chip
with homogeneou65 nmtechnologydies). Thisis aresult
of anincreasen checlercoreareaandanoverallreduction

Techgen || Voltage | Gatelength | Capacitance| Sub-threshold
nm \% nm perum leakagecurrent
perum
90 1.2 37 8.79E-16 0.05
65 11 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 || DynamicPaver | LeakagePower
nm/nm Relatve Relatve
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 power density

Finally, theolderprocesgechnologycausesanincrease
in the delay of eachcircuit and pipeline stage. We have
assumed peakclock frequeng of 2 GHz in this study
meaningeachpipeline stagecan take as long as 500 ps
(including overheaddfor latch, skew, and jitter). If the
checler coreis now implementedn a 90 nm processn-
steadof a 65 nm processa pipelinestagethattook 500 ps
in 65 nm processnow takes714 ps. This limits the peak
frequeng of the checler coreto 1.4 GHz. Our simula-
tions have shavn that a checler core needsto operateat
anaveragefrequeny of only 1.26 GHz to keepup with a
2 GHz leadingcore. If the checler corebeginsto fall be-
hindthetrailer, it mustincreasats frequeng, butis limited
to a peakfrequeng of only 1.4 GHz. This modi cation
causesonly a minor slovdown to the leadingcore (3%).
Thelongerdelaysfor the circuitsimply lessslackuntil the
next clock edge. On average,giventhe frequeng pro le
of the checler core,therestill remainsnon-trivial slackin
eachpipelinestageevenwith the slower circuits.

The L2 cachebanksin the older procesperateat the
samefrequeny (2 Ghz) asthe other bankson the lower
die. The accesdime for eachL2 cachebankin the older
processncreasedy a singlecycle. Overall cacheaccess
times are not greatly impactedasthe fewer cachebanks
leadto fewer hopson average.

Results Summary: An older processincreasesoverall
power consumptionput reduceghe power densityfor the
hottestunits on the chip, allowing overall temperaturgo
decreaséy upto 4 deggrees.Thus,with aconstanthermal
constraintoverall performancectuallyimprovesover the
designwith homogeneoudies. A 15 W checler coreim-
plementedn anolderprocesswill eitherincreasegempera-
tureby 3 degreesor suffer a performancdossof 4% under
a constanthermalconstraint(relative to the 2D baseline).
Theolderprocesss moreresilientto faultsandalargepor-
tion of theexecutioncontinuego enjoy conserativetiming
mauginsfor thepipelinestages.

Discussion:We obsenedthatthe DFSheuristicfor match-
ing throughputanplayasigni cantrolein powerandther



mal propertiesof thechecler. An aggressie heuristicthat
can slow down the checler core further resultsin lower
temperaturevalues. However, suchan aggressie mecha-
nism canstall the main coremorefrequentlyandresultin
performancdoss comparedo an unreliable2D baseline.
In our models,we have employeda lessaggressie heuris-
tic thatdoesnt degradethe maincore's performancéy it-
self. Thisheuristicdoesleadto highertemperaturesyhich
in turnleadto thermalemegenciesandlowerperformance.

5. Related Work

Many fault-tolerantarchitecture$l, 12, 19, 22, 28, 30,
31, 41, 43] have beenproposedverthelastfew years.Not
all of thesedesignsaareamenabléo acorvenient3D imple-
mentation.Most reliableimplementationshatexecutethe
redundanthreadon a separateorewill likely be a good
t for a 3D implementation While our evaluationfocuses
onthespeci c implementatioroutlinedin [19], theresults
will likely applyto otherRMT implementationghat pro-
vide low-overheadedundang on aseparateore.

Therehasbeenmuchrecentwork on architecturakval-
uationsinvolving 3D chips. Many have focusedon im-
proving single-coreperformanceandpower [2, 7, 26, 44).
Some of this attention has focusedon implementinga
cachdn 3D [25, 29, 40], evenin thecontext of amulti-core
NUCA layout[16]. Few studieshave consideredisingad-
ditional diesentirelyfor SRAM or DRAM [2, 17, 1§].

The work in this paperis most closely relatedto the
work by Mysore et al. [24]. That work focuseson im-
plementingsoftware pro ling andanalysisengineson the
seconddie. Further it doesnot explore microarchitectural
designchoicesfor the seconddie and doesnot consider
heterogeneoudies. Many of the ndings of this studyare
speci c to theimplementatiorof acheclercoreonthesec-
onddie: mostnotably the effect of technologypipelining,
and frequeng scalingon the ability of the checler core
to resisttransientand dynamictiming errors. A software
pro ling andanalysisapplication,ontheotherhand,is dif-
ferentin its needs:it may be moretolerantof errorsand
lesstolerantof performanceslonvdowns.

6. Conclusions

In this paper we proposea 3D reliable processoror-

ganizationandevaluatemary of its designconsiderations.

A checler coreontheupperdie helpsreduceinterconnect
lengthsand part of the upperdie canalsobe employedto
increasel2 cachesize. Theisolationof the checler core
to a separatalie reduceghe impacton the leadingcore's
layout, wiring, andcycle time. The snap-onfunctionality
allows customersheoptionto detectandrecoverfrom fail-
ures,while not impactingthe manufcturingcostfor cus-
tomersthatarelessconcernedaboutreliability. The most
signi cant impactof this designis a temperaturéncrease
of upto 7 °C or alternatvely, a performancdossof up to

8%if aconstanthermalconstrainis imposed.Theimpact
ontemperatur@ndperformancés muchlessif we assume
asimplelow-powermicroarchitecturéor thein-ordercore.
We alsoshaw thatthe checler coreis moreerrorresilient
becauset typically operatesat a much lower frequeng.
Error tolerancecan be further increasedy implementing
theupperdie on anolderprocesghatsufferslessfrom dy-
namictiming errorsandsoft errors. The move to anolder
technologyincreasepowerconsumptionbut reducegem-
peraturebecausehe power densityof the hottestblock is
lowered. This helpslimit the overheadf the checler core
to a 3 °C temperaturéncreaseor a 4% performancdoss.
Our resultslargely argue in favor of heterogeneoudies
for thisspeci c applicationdomainof low-overheadedun-
dang.
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