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Abstract

Transientfaultsare expecteda be a major designconsiderationin
future microprocessorfkecentproposaldor transientfault detec-
tion in processocoreshave revolved aroundthe ideaof redundant
threadingwhichinvolvesredundanexecutionof aprogramacross
multiple executioncontexts. This paperpresents new approacho
redundanthreadingoy bringingtogethetheconcept®f slice-level
executionand value and control- ow locality into a novel partial
redundanthreadingmechanisntalledSlick.

The purposeof redundanexecutionis to checkthe integrity of
the outputspropagatingout of the core (typically throughstores).
SlicK implementsedundang atthegranularityof backward-slices
of theseoutputinstructionsandexploits valueandcontrol- ow lo-
cality to avoid redundantlyexecutingslicesthatleadto predictable
outputs therebyavoiding redundangxecutionof asigni cant frac-
tion of instructionswhile maintainingextremelylow vulnerabilities
for critical processostructures.

We proposethe microarchitectureof a backward-sliceextrac-
tor called SliceEM that is able to identify backward sliceswith-
out interruptingthe instruction o w, andshav how this extractor
anda setof predictorscanbe integratedinto a redundanthread-
ing mechanismto form SlicK. Detailed simulationswith SPEC
CPU2000benchmarkshav that SlicK canprovide around10.2%
performancemprovementover a well knowvn redundanthreading
mechanismbuying backover 50% of the loss suffereddueto re-
dundantexecution.SlickK cankeepthe ArchitecturalVulnerability
Factorsof processoistructuresto typically 0%-2%. More impor-
tantly, SlicK's slice-basednechanismgprovide future opportuni-
ties for exploring interestingpointsin the performance-reliability
designspacebasen market sgmentneeds.

Categoriesand SubjectDescriptors C.1.0[ProcessorArchitec-
tureq: General

GeneralTerms Reliability, Performance

Keywords Transient Faults, RedundantThreading, Backward
Slice Extraction,Microarchitecture

1. Intr oduction

Technologicatrendspoint to the groving occurrenceof transient
faultsin thefuture.In additionto protectingstoragestructuresand
communicatiorpathsthereis anincreasingheedto protectrandom
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logic within processor$23]. This hasled to proposaldo incorpo-
rateredundang in processopipelines[20, 29]. Contraryto earlier
techniqueghatimplementedcompletehardware duplicationsuch
as lock-stepprocessorg10], theserecentproposalstry to lever
ageexisting microarchitecturatesourcesthusmakingthemmore
cost-efective for a diversesetof market segments.Further it is
not necessaryo provide completefault coveragefor all deplgy-
ments,and the trade-ofs betweenperformancejmplementation
cost/complgity andfault coverageoffer arich spaceof operating
pointsfor differentmarket segments.

Mary of theserecentproposalsaarebasedn theideaof Redun-
dantMultithreading(RMT), wheretheinstructionstreamis redun-
dantly executedon multiple executioncontexts, with a subsequent
comparisorbetweenthe outputsof the two streamgthe storesto
thememorysystemin particular)to verify theirintegrity [20]. Im-
plementation®f the concepthave beenproposedor Simultaneous
Multithreading(SMT) processorgaswell asChip Multiprocessors
(CMP). Contentionfor coreresourcegbandwidthandstoragee-
tweenthe multiple redundanthreadsleadsto signi cant perfor
mancedegradationrelative to non-redundangxecutionfor mostof
thesémplementationdn particular previousstudieshavereported
20%-30%performancdossfor SMT implementations.

Recentstudies[7, 18] have attemptedto improve redundant
threadingperformanceby reducingthe resourcecontentionbe-
tweenthe two threads.The key idea behindtheseapproachess
the notion of “partial redundanthreading”wherea subsetof in-
structionsof the redundanstreamare executed therebyreducing
the resourcepressurePoliciesusedfor selectinginstructionsfor
redundanexecutionde ne the performancendreliability charac-
teristicsof theseapproaches.

Theproblemwith thepartialthreadingnechanismproposedn
thesealternatvesis twofold.

The solutionsare primarily narrav regionsof operationin the
performance-reliabilitydesignspaceand do not provide ary
corvenientmechanismo explorearangeof designchoices.

Maintainingcorrectdata ow for theredundanthreads aprob-
lem when subsetf instructionsare arbitrarily picked for re-
dundantexecution.Copying stateacrossthreadsis an option,
but this is an expensve processwith the potentialto createre-
dundang violations.

With theintentto addresghesetwo issueswe presentn this
paperanovel partialredundanthreadingparadignthatis basedn
two mainideasi) Slice-basededundantxecution,and(ii) Value
andControl- ow Locality exploitation.

A redundanthreadingsystencanbeviewedasaprimarythread
generatingputputs— Stores- thatemanatdrom the processqrand
aredundanthreadverifying the integrity of theseoutputs.There-
dundanthreadcanbe further ervisionednot asa sequencef dy-
namicinstructions but asintertwineddependengc chainsor slices



of instructionsthat ultimately lead up to theseStores.If a partial
setof instructionsneeddo bechoserfor redundanexecution,then
it makessenseo do this atthe granularityof suchbadkward slices
of storeinstructions.This avoids expensve redundang-violating
technigueso copy stateacrosghreadsWe proposethedesignof a
simpleandef cient backwardsliceextractorthatis ableto identify
the setof instructionsthatlie on the backward slicesof a selectve
setof storestherebyenablingpartial threadingat the slice granu-
larity.

With this mechanismin place,we next proposea policy for se-
lecting slicesfor redundantxecution.We useresultsfrom the ex-
tensively researchedreaof valuelocality for this purpose Of par
ticular interestto usis the factthat storeaddresseand datahave
beenshawvn to exhibit good predictability[12]. We usepredictors
to verify storeaddressesnd data,and redundantlyexecuteonly
thosesliceswherepredictionsfail. Thus, predictability/localityis
itself being exploited as a redundang mechanismfor the non-
selectedslices.In additionto storeswe alsotrack backward-slices
of branchesandusebranchpredictabilityto avoid redundanexe-
cutionof certainslices.We shav thatevenwith very simplepredic-
tor con gurations,a substantiahumberof slicescanbe eliminated
while maintainingan extremelylow errorvulnerability

We call ourdesigrthatincorporateshesawoideasSlicK (short
for Slice-Kill), and presenthe detailedimplementatiorand eval-
uationof SlicK on a Simultaneouslyand RedundantlyThreaded
(SRT) processombaseline We evaluatethe performanceof Slick
onacycle-accuratsimulatorusingall applicationsrom the SPEC
CPU2000suite.We evaluatethe errorcoverageof our designusing
the ArchitecturalVulnerability Factor(AVF) [17] approach.

SlicK's locality-triggeredslice-based=xecution paradigmen-
ablesit to:

maintainan AVF of 0%-2% for critical processorstructures
while performing10.2%betterthanSRT, buyingbackover50%
of the performancéossincurreddueto redundanthreading;

achieve thiswith anef cient setof structureghataresimpleto
implementandoff theprocessos critical paths;

provide ausefulbaselingor furtherexploration(via policieg of
the performance-reliabilitylesignspaceby providing the basic
medtanismdor selectve eliminationof slices.

The next sectioncovers relatedwork. Detailed designof the
SlicK microarchitecturés discusseth section3. Sectiord presents
ananalysisof fault coverageof our mechanismandhow it canbe
quanti ed. Performanceand coverageresultsare given in section
5. Finally, section6 summarizeshe contrikutionsof this paper

2. RelatedWork

Early work in developing highly resilient fault-tolerantsystems
usedhardware duplicationto implementlockstepping,as in the
HP NonStopHimalaya[10] and IBM G5 [24]. The DIVA archi-
tecture[1] takes a slightly different approachwhereina special
checler processoiis usedat the commit stageof the main pro-
cessorcore’s pipelineto verify the correctnes®f the instructions
being committed.Our work is morerelatedto the emeging area
of cost-efective transienfault detection/receery techniquesising
redundanthreading[16, 20, 29]. Sharingof processoresources
betweerthethreadshasbeenshavn to impactperformanceThere
have beenstudieson ef ciently sharingthe instructionqueueand
reorderbuffer capacitied26] and appropriatelystaggeringhe re-
dundantthreadg19] to minimize performancdossdueto redun-
dantexecution.

Our previous work [18] shaws that bandwidthpressureon the
processos functionalunitsin aredundanthreadingsystencanbe
alleviatedusinginstructionreuse(aform of locality), thoughthisis

doneat the granularityof individual instructions Fault coverageis
theprimarymetricof concernn thiswork, with reusebeingusecdto
obtainasmuchperformanceaspossible Anotherway of approach-
ing this problemis to treatperformanceasthe primary metricwith
redundang beingincorporatedpportunisticallywhenit doesnot
interferewith performanceasin [7]. Suchopportunisticusageof
redundang providesbetterfault coveragethansingle-threadeex-
ecutionbut maynotnecessarilyall within thereliability budgetsof
stringentmarket sggments High vulnerabilitiesof processostruc-
tureshave beenobseredwith this approach.

Otherworks that attemptto adaptlocality principlesto relia-
bility include [9], which obsenres that soft errors often manifest
themseles as mispredictionsin warmed-uppredictors,and uses
the mispredictionrecovery intenal to performmore extensie er
ror detectionchecks.In [30], the authorsexploit the fact that soft
errorscouldresultin arangeof obsenable symptomssuchasISA
exceptionsand branchmispredictionsandusethesesymptomsto
triggerarollbackandre-executionfrom a previously storedcheck-
point.

Slipstream[27, 11] is a performance-enhancirtgchniquethat
runs a speculatie prefetchA-threadaheadof the main R-thread.
Instructionsthat are detectedto be ineffectual (i.e., not required
for correctforward progressjreremoved from the A-thread.Slip-
streamachieves a certainamountof fault-tolerancedueto there-
dundantomputatiorbeingperformedby thetwo threadsThe"“in-
effectuality” of instructionsin the A-threadis in factaresultof the
locality thatexistsin theinstructionstream.

SlicK differsfrom all of theseapproache its explicit useof
Predictorsto provide redundang for entitiesthat exit the Sphere
of Replication:Stores Our slice-basednicroarchitecturelesigned
arouncthis principleachiezessigni cant performancédene tswith
extremelylow vulnerabilitiesandprovidesanattractize baselindor
furtherexplorationof the performance-reliabilitglesignspace.

Forward and backward-slice extraction and associatedopti-
mizationshave beenexploredextensiely in the pastfor avarietyof
applicationd5, 6, 15, 21, 27, 32], bothin hardwareandsoftware.

3. SlicK

We begin this sectionwith a review of the conceptof redundant
threadingand one of its previously proposedimplementations
calledSimultaneoufRedundantThreading(SRT).

3.1 BaselineSRT Micr oarchitecture

Centralto ary form of RedundanMultithreadingis the conceptof
the Sphereof Replication(SoR).All componentsithin the SoR
areprotectedvia redundanexecution,andthoseoutsideit mustbe
protectedby othermeanssuchas spatialreplicationor ECC. Im-
plementingthe SoRinvolvestwo operationsinput replicationand
outputcomparisonRedundang is createdat the input replication
point andintegrity veri cation is performedat the outputcompari-
sonpointbeforetheeffectsof thecomputatiorareallowedto prop-
agateoutsidethe SoR.

SimultaneousRedundanfThreading(SRT) [20] leveragesthe
multiple contets provided by a SimultaneousMultithreading
(SMT) processof28] to executeredundantopiesof the samepro-
gram.ThelL1 cachenterfacesareusedastheinputreplicationand
outputcomparisorpoints.Thus,all of the corestructuresncluding
the PC, fetch and decodelogic, register les, the ROB, the issue
logic andthe functionalunits lie within the SoR.The two execu-
tion streamgunningon the SMT processos contets arereferred
to asthe leading (primary) andtrailing (redundantthreads.The
fetchmechanisnattemptso maintaina slackbetweerthethreads.
To improve performance SRT makes use of a Branch Outcome
Queueg(BOQ) which containsthe targetsfor theresohed branches
in the leadingthreadto preventbranchmispredictionsn the trail-



ing thread Theleadingthreadplacedoadvaluesobtainedrom the
datacachento theLoadValueQueugLVQ) for subsequerbokup
by the trailing thread.Thetrailing threadissuedoadsin program
orderandabsorbsraluesfrom the LVQ. At the outputcomparison
point, the addressand dataof every storeinstructionis veri ed
by comparingthe respectre outputsfrom the two redundantex-
ecutions.To achieve this, retiring storesare sentout of the store
gueueinto a Store CheckingBuffer (SCB) wherethey wait until
thetrailing threadcatchesup. If nodiscrepang is detectedasingle
(architectedfopy of thestoreis retiredinto the memorysystemin
programorder The SCBshouldalsobe capableof forwardingval-
uesto theloadsin theleadingthread.If ary oneof theinstructions
encountersan error during the courseof its residencewithin the
SoR,theerrorwould be detectedat the outputcomparisorpoint.

SR primarily focuseson the detectionof transientfaults,with
recovery being treatedas an orthogonalissue.We maintainthe
samefocusin our proposal.

3.2 SlicK Overview

SlicK executegheleadingthreadin its entirety exactly asin SRT.

For the trailing thread,it usesa set of predictorsto attemptto

verify the outputsof the leadingthreadwithout re-execution.The
only trailing threadinstructionsthat are executedare thosethat
belongto the backward slicesof outputsthat the predictorscould
not verify. This resultsin a partial redundanthreadingsolution
whereall outputsfrom the SoRhave beenveri ed in somemanner
but the actualnumberof instructionghatareredundantlyexecuted
is signi cantly lowered,therebyreducingresourcecontentionand
enhancingerformance.

In thefollowing subsectionsye progressiely walk throughthe
stepgrequiredto build aSlicK systemFirst,we de ne thenotionof
trigger instructionsbasedon which slicesareidenti ed. Next, we
describethe designdetailsof a slice-extraction microarchitecture
that identi es instructionsbhelongingto slices of thesetriggers.
Finally, we shav how to integrate thesestructuresinto an SRT
microarchitecturéo completethe SlicK design.

3.3 Identifying Trigger Instructions

The rst stepin designingaslice-basededundanéexecutionsystem
is to identify trigger instructionsbasedon which slicesareto be
marked andextracted.We de ne atriggerinstructionto be oneof
thefollowing: (i) a storeinstruction;or (ii) a branchinstruction.A
storetrigger hasa direct consequencen whatleavesthe SoR. A
branchis also considereda trigger point for veri cation because
thecontrol o w paththatleadsto thesestoresneedsto be veri ed
aswell. For instance,it is possiblefor both taken and not-talen
pathsof a branchto leadto the samestoreinstruction,with each
pathgeneratinga differentaddresr datafor the store.If thereis
anerrorin the control o w, boththreadswould executethis store
erroneously

If theintegrity of atriggercanbe“veri ed” (we will elaborate
on this shortly), thenthe instructionitself and its backward-slice
neednot be redundantlyexecutedand can be droppedor ushed
from the trailing thread.We refer to suchtrigger instructionsas
Flush Triggers (FT). On the other hand,when the integrity of a
trigger instructioncannotbe veri ed, thenthatinstructionandits
backvard-sliceneedto be extractedandredundantlyexecuted We
referto suchinstructionsas ExecuteTriggers (ET). It is possible
for aninstructionto fall on the backward-slicesof morethanone
trigger. If evenoneof thesetriggersis an ET, thentheinstruction
would needto be redundantlyexecuted.Note that there are two
backwvard-slicego trackfor a storeinstruction,onefor theaddress
computatiorandtheotherfor thestoredata.Bothhaveindependent
backvard slicesthatmay or may not needto be executechasecon
theveri ability of theaddressandthedata.

Our veri cation mechanisnfor triggersis basedon the well-
researchedopics of branch[31] and storedataand addresg12]
prediction.SlicK usespredictorsto attemptto verify the outputs
of trigger instructionsand provide the requiredredundang The
output(storedata/addresdyranchtamget) of the triggerinstruction
of the leadingthreadis comparedwith that of the corresponding
predictorslf thecomparisornis successfula“Hit"), thenthetrigger
is catggorizedasFT. If the comparisoris eithera “Mismatch”, or
the predictoris not able to predictdueto insufcient con dence
(“No-Prediction”), thenthe triggeris categyorizedasET, requiring
redundantexecution of its backward-slice. Since predictorsare
essentiallystoragearrays,it is possiblefor errorsto accumulate
in themif entriesremainuntouchedor alongtime. Thereforewe
recommengarity protectingthesestructures.

3.3.1 StorePredictor

We useindependenpredictordor StoreDataandStoreAddresses.
Both predictorsareaccessetly the PCof the Storelnstruction.We
primarily emplgy asimplelast-valuepredictorwith 4-bit saturation
countersput alsoevaluatethebene ts offeredby a moreextensive
Finite Context Methodpredictor[4]. Ourresultsshav thatasimple
1024 entry direct-mappedast value predictor gives reasonable
performance.

3.3.2 Branch Con dence Estimator

TraditionalBranchPredictorsdo not give a “No-Prediction” deci-
sion. Although modernbranchpredictorshave high hit rates,we

wishto convertasmary Mismatchedo No-Predictionsaspossible
(thisenhance$aultcoverageandis explainedfurtherin Section4).

We usea simple pattern-basedter for con denceestimationon

branchpredictions[8]. The lter is constructedrom an array of

resettingsaturatiorcountersandis indexedwith thecurrentbranch
predictionappendedo the global branchhistory

3.4 Extracting Backward Slices

Given a dynamicsequencef instructionscomprisedof ETs,FTs
andnon-triggerinstructions,we nov needan online techniqueto
identify thesetof instructionghatlie onthebackwardslicesof ETs
andFTsandmarkthemasrequiringexecutionor being ushable.
We assumehat (i) instructionsarrive at the slice extractorin non-
speculatie (correctpath) programorder (ii) decodedarchitected
register identi ers are available for theseinstructions,and (iii)
memorydependencieare handledindependentlyanddo not need
to betakeninto accounthy theslice extractionmechanism.

3.4.1 SliceExtractor DesignGoals

We identi ed the following requirementdor a backward-sliceex-
tractorfor SlicK:

1. Adequate Bandwidth. Theleadingthreadin SlickK executesn
thetraditional SRT-like mannerin orderto notadwerselyaffect
performanceit is critical for the slice extractorto be ableto
supporta bandwidthequalto the averagecommitbandwidthof
the leadingthread,therebyenablinga smooth o w of instruc-
tionsthroughthe pipelinewithoutinterruptions.

2. Low Latency. Inordinatedelaysin trailing threadslice extrac-
tion would leadto increasegressuren leadingthreadbuffers.
By de nition, backward slice instructionsare older thantheir
correspondingriggersin programorder andthereforeary slice
extractorwould have no way of immediatelyidentifying anin-
structionthe momentit arrives. It hasto buffer it for a certain
amountof time beforeits “status” canbe determinedThis in-
herentlateny is an unavoidablepropertyof theinstructionse-
guencdtself.



We do however wish to minimize the processindatencyof the
slice extractor Whena triggerinstructionarrivesat the extrac-
tor, all bufferedinstructionswhosestatuscanbe determinedy
this trigger mustbe identi ed by the extractorin aslittle time
aspossible.

3. Support for Early Deletion. Certainsituationsmay require
the oldestbuffered instructionsin the extractorto be forcibly
deleted(popped),regardlessof the fact that their statuswas
unknawn. This couldhapperif, for example theleadingthread
hasstalleddue to resourceshortageand the trailing threadis
requiredto proceedorcibly in orderto clearthe stall. In such
situationsthe slice extractorneedsto be ableto popthe oldest
instruction(s)with minimallateny andupdateits internalstate
to maintaincorrectdependencies.

3.4.2 Inadequacyof Traditional Mechanisms

A straightforvard techniquefor backward-slice extraction is to
buffer the sequencef instructionsuntil atrigger arrives,andthen
performa reverseprogram-ordetraversalof all bufferedinstruc-
tionsin orderto determinewhich of themlie onthebackwardslice
of thetrigger Mary traditionalhardwareandsoftwareslice extrac-
tion techniquesave usedvariationsof this approach5, 15].

Unfortunately this approachworkswell only if triggersarein-
frequentgsliceextractionis requiredonrareoccasionsandacertain
amountof processindateny is tolerable.In our case triggersare
quitefrequent(potentiallyevery storeandbranch) slicesneedo be
identi ed constantlywithout interruptingthe instruction o w, and
processindatenciescould severely affect performance.

It is possibleto maintaina smoothinstruction o w by usingad-
ditional storageo buffer incominginstructionswhile anothersetis
undegoing traversal[15], but our attemptsto build a slice extrac-
tor for SlicK with this techniqueresultedin a complex designthat
alsoturnedoutto be sub-optimal Despitethe additionalbuffering,
instructionscanonly be processedn non-o/erlappingbatcheqor
“windows”) atatime, anddependencieacrosshesewindows are
lost. To solwve this, instructionscould be “spilled” from one win-
dow into the next, but this makes the designeven more complex
to implement.Further processindatenciesremainhigh with this
approach.

3.4.3 Our Solution—the SliceEM

We male thefollowing key obsenrationsin orderto comeup with
a simple and efcient backward-slice extraction mechanismfor
SlicK.

In thepresencef multiple triggers,we do notneedto associate
eachinstructionindividually with a trigger Instead,we only
needto know if aninstructionlies onthebackwardslice of one
or moreETsor FTs,or both.

Completeslicesneednot be identi ed. It is acceptabldor an
old instructionto exit the slice extractor's buffers with an“un-
known” status,as long as dependenciesre correctly main-
tained.

Thenumberof distinctdependencidenti ers (i.e., architected
registeridenti ers) in thedecodednstructionsequencés nite
andtypically small(in therangeof 8-32for mostISAS).

Our solution, the Slice ExtractionMatrix (SliceEM), borrons
from several previous works on backward slicing [15], forward
slicing [21], andmatrix basednstructionschedulingogic [2, 14].
The SliceEMconstantlyupdatesandkeepsrackof all dependenc
chainsthatexist betweertheinstructionscurrentlyresidingwithin
its buffer, and it emplgys a simple set of structuresto achieve
this. This malesit possibleto instantlyidentify all theinstructions
(amongthosethat are currently buffered) lying on the backward

slice of a trigger that hasjust arrived. No reverseprogramorder
traversalis necessaryandall our designgoalsaresatis ed.

We call the window of bufferedinstructionsthat the SliceEM
is operatingon at ary pointin time asthe Slice AnalysisWindow
(SAW). A largerwindow resultsin ahigherprobabilitythattheold-
estentriesin thewindow have their statusdeterminedAs our later
experimentswill shav, awindow sizeof 256 is ableto determine
the statusof amajority of theinstructionsThe SAW doesnotneed
to storethe instructionsthemseles. It is simply a maskthatindi-
cateswhich instructionsneedto be executed/droppe@nd which
arestill with anunknavn status.

The SliceEM is composedf three main structuregFigure 1)
thatareall initialized to zero:

A Bit Matrix with columnscorrespondindo eachinstructionin
the SAW androws correspondingo eacharchitecturallyvisi-
bleregister TheBit Matrix atary giveninstantindicateswvhich
registersare‘li ve” (if thereis atleastonenon-zerocolumnfor
agivenrow), andwhich instructionsin thewindow areon the
backward-sliceof that register (the correspondingolumnsof
thatrow which arenon-zero) For example,in Figurel, instruc-
tionsin columns3, 5 and 9 lie on the backward dependengc
chainof registerr3, implying thatary future instructionusing
r3asaninputwill requiretheservicesf instructions3, 5 and9
(andno otherinstruction)in orderto executecorrectly

A Live Maskwith one bit correspondingo eachentryin the
SAW. At ary instantthis maskindicatesthatthe corresponding
instructionhaswritten into atleastone“li ve” register

An ExecuteMaskwith onebit correspondindo eachentryin
the SAW. This marksthe instructionsin the SAW that needto
beredundantlyexecutedbecausehey couldnotbeveri ed.

Tail (Insert) i

Head (Delete) —+ Valid Region (SAW)

Execute Mask

o, SEABOGBOERAEN 17

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 1. The Slice Extraction Matrix. Column indices are

indicated at the bottom of the matrix.

3.4.4 SliceEM Operations

We now describehow the SliceEM handlesall Insertion and
Deletion operations.Instructionsare always insertedand deleted
(popped)n FIFO order anda circulargqueuealgorithmis used.

Inserting a non-trigger instruction When a Non-Trigger in-
struction,e.g.,anadd $r5 := $r2 + $r3 registerarithmetic
instructionis insertedinto the window, the SliceEM doesthe fol-
lowing (startingfrom the SliceEMstatusn Figurel, theprocesof
insertingthis instructionis shavn in Figure2):

1. Allocateanew columnindex k (k = 13in this example)for this
instructionin the SAW.



2. Readthe rows correspondingo the inputs of this instruction
(rows for r2 andr3 in this example),and computethe bitwise-
unionof theserows.

3. Setthek-th bit of this unionto 1. It is guaranteedhat this bit
waspreviously a 0, otherwisethis columncould not have been
allocatedfor this new instruction.

4. Write themodi ed unionvectorinto therow in the Matrix cor
respondingto the instructions output register (r5 in this ex-
ample),completelyoverwriting ary valuesthatmaybealready
present.

5. Updatethe Live Mask vectorby taking a wired-ORof eat of
the columns The Live Mask of the new instructionwould get
setto 1. It is possiblethatsomeof the previous 1sin this vector
couldnow getresetto 0 if this new outputregisterrow (r5 in
the example)doesnot have a 1 in the correspondingposition,
andno otherrow hasa 1 in thatcolumneither

Tail (Insert) l

Head (Delete) —+ Valid Region (SAW)

Execute Mask

o, 200ABOEA0088007]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 2. Processof inserting the instruction add $r5 :=
$r2 + $r3 into the SliceEM. Notice that the instruction in
column 12 ceasedo be Live after this insertion. The new in-
struction is inserted in column 13, and a new 1 is entered into
the matrix entry (r5 , 13)to indicate this.

Inserting an Execute Trigger Whenan ET instruction(for in-
stancean effective addresscalculation instruction for a store
computeEA $r2 + 5) entersthe window, we do the follow-
ing (startingfrom the Matrix in Figure2, the processs shavn in
Figure3):

1. Allocateanew columnindex k (k = 14in thisexample)for this
instruction.

2. Readall rows correspondingo theinputsof thisinstruction(r2
in this example),andcomputethe bitwise-unionof theserows.
Note that this would correspondo all the instructionson the
backward-sliceof this ET instruction.

3. Setthek-th bit of thisunionto 1.

4. Take a bitwise-unionof this resultingvectorwith the contents
of the ExecuteMask, andoverwrite the ExecuteMaskwith the
result.

Inserting a Flush Trigger When an FT instruction entersthe
window, we only needto allocateanew columnfor thisinstruction.
Sincewe are not updatingthe SliceEMin ary otherway, ary in-
structionin its backward-slicewould automaticallybe killed when
the registerswhosevaluesthey producedare overwrittenby ary
future instruction(treatedexactly the sameasa dynamicallydead

Tail (Insert)
Head (Delete) —+ Valid Region (SAW) l
Execute Mask 1 1 1)1 1
Live Mask 1] 1] 1 1 1] 1 1
ooy DHT09 0000000050
0
rl
r2 1 1 1/ 1
3 1 1 1
r4
5 1} 1|1 1 1/ 1 1

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 3. Processof inserting the ET store effective ad-
dresscalculation instruction computeEA $r2 + 5 into the
SliceEM. Notice the updated ExecuteMask.

instruction).Thusour mechanisnis intendedto eliminateinstruc-
tionsin theredundanthread(i) thatdonotlie onthebackwardslice
of ary storeor branch,and(ii) thatlie onthe backward slice(s)of
only veri able (FT) storesand/orbranchesThe ExecuteMaskand
Live Maskbits areboth O for suchinstructions.

Deleting (Popping) Entries At ary instant,the entry atthe Head
of the SAW canbe examinedand deletedfrom the SliceEM, and
eithersentfor redundanexecutionor ushed. If the ExecuteMask
and Live Mask bits for the entry are both 0, thenthe instruction
correspondindo this entryis guaranteedushable. If the Execute
Mask bit is 1, thenthe instructionrequiresredundantexecution.
If the ExecuteMask bit is 0, but the Live maskbit is 1, thenthe
instructions statusis unknavn, andthelogic thatis remaoving this
entry could chooseo eitherconseratively executetheinstruction
redundantlyor allow it to stayin the SliceEMfor alittle longer If

theentryis deleted thenthe ExecuteMaskbit, Live Maskbit and
the entirecolumnof the Bit Matrix for thatinstructionareresetto

0.

Obsere thatthe SliceEMdoesnot literally “extract” slices,but
only identi es andmarksinstructiondying onthe backwardslices
of certaintriggers.It alsodoesnot necessarilyidentify complete
slices.If the SAW is not wide enoughto accommodatall instruc-
tions of a slice, thenthe oldestinstructionscan start spilling out
with an“unknown” statusNo additionallogic is requiredto ensure
thatdependenciearecorrectlymaintainedn suchscenarios.

TheBit Matrix andLive Masktogetherkeeptrack of the“li ve-
ness”of eachentry in the SAW. The ExecuteMask identi es a
setof instructionson the backward slice of a certainclassof trig-
gers.SlicK hasonly one suchclass:ExecuteTriggers. However,
the SliceEM canalsobe usedin scenariosvhereslicesbelonging
to multiple classe®f triggersneedto beidenti ed simultaneously
In suchcasesa distinct ExecuteMask needsto be usedfor each
classbut the Bit Matrix andLive Maskcanbeshared.

3.4.5 Hardware Implementation Concems

Thekey componenbf the SliceEMis thebit-matrix, andit primar
ily needso perform3 operations(i) Readandwrite a givenrow,
(i) Computethe wired-ORof all bits in a column,and (iii) Reset
all bitsin acolumn.Sincethenumberof rows (equalto thenumber
of architectedregisters)is expectedto bein the rangeof 8-32,we
do not expectwire delay problemsassociateavith operationgii)
and(iii). Furtheraswewill shav laterin ourresultswindow sizes
(columns)of 256 instructionssufce, andoperation(i) is not ex-
pectedo have signi cant overheadither Its read/writeportsneed



to beenoughto supporthecommitbandwidthof leadingthreadin-
structionswhichis typically lessthan3 percycle.

3.5 Integrating the Predictors and SliceEM into an SRT
processor

Armed with a setof predictorsanda slice extractionmechanism,
we how needto integratetheseinto an SRT pipelineandcomplete
the SlicK design We werefacedwith multiple designchoiceswith
variousaspect®f this processin theinterestof brevity, werefrain
from analyzingthe prosandconsof eachof thesechoicesInstead,
wepresenthe nal designincorporatingourdesigndecisionsalong
with brief explanationsof therationalebehindthesedecisions.

1=*| PC/Decode verification
I

1 Rename
Fetch Decode !
il " Allocate |
Slice Extraction

Matrix

[
Execute

-
Schedule |

Propagate Predictors

Trigger

——* Leading Thread

fffff = Trailing Thread

Figure4. Overview of SlickK Pipeline

Most of the corepipelineremainsunchangedrom the SRT de-
sign (Figure 4). As in SRT, the two PCsof a two-context SMT
processoareprovidedfor theredundanthreadgleadingandtrail-
ing), eachindependentlyetchingtheir instructionstreamfrom the
L1-cacheinto the SoRwith a temporalslack separatinghe two.
Thetrailing threaduseghe BranchOutcomeQueug(BOQ) for ob-
taining branchtagetsinto which the leadingthreadwould have
previously placedtheresultsof resohedbranches.

Our rst designdecisionfor SlicK was to male the leading
thread sendits committedinstructionsto look up the predictors
andupdatethe SliceEM.Theleadingthreads runaheadlackgives
the SliceEM ample opportunity to discover the statusof older
instructionsin the SAW by the time the trailing thread catches
up. “Inserting” a committed leading thread instruction into the
SliceEM simply involves updating the Bit Matrix and the two
masksandasfar assliceidenti cation is concernedno additional
informationaboutthe instructionneedbe maintained All thatthe
trailing threadneedsto do is examinethe ExecuteandLive mask
bits in orderto determinewhich instructionsit needsto execute,
andthis canbedoneimmediatelyafterits Fetchstage.

Thereis aredundang issueherethatneeddo behandled Since
it is the leadingthreadthatlooks up the predictorsand constructs
the execution masksto selectthe trailing threads instructions,
theseoperationsthemseles needto be veri ed by the trailing
thread. This can be achieved by verifying all fetched PCs and
the decodedarchitectedegisteridenti ers. Therefore we require
every instructionin the trailing thread to go through the Fetch
and Decodestages (our seconddesign decision), regardlessof
whetherthey are ultimately executedor ushed. Techniquesuch
as ngerprinting [25] canbeusedto signi cantly reducethestorage
andbandwidthoverheadsassociatedvith buffering this datafrom
theleadingthreaduntil thetrailing threadcatchesup andperforms
thecomparison.

After Decode,trailing thread instructions can look up the
SliceEM masksand decideto eitherexecuteor ush themseles.
Sincethe SliceEM supportsearly removal, the trailing threadcan
chooseo deleteanentryevenif its statusvasunknavn andexecute
it conseratively. This bringsusto our third designdecision:if the
trailing thread hasdecodednstructionsavailable thenit always
pops/deletesSliceEM entries, regardless of whethertheir status
were knownor unknown In our experience ensuringthe smooth

o w of the pipelineis a morecritical factorfor performancehan
remoring a few additionalinstructionsby stalling the threadfor
severalcycles.

3.5.1 Memory Ordering for the Trailing Thread

Trailing threadLoadsalwayspick up their operand$rom the LVQ,
and trailing threadStoreshave only one purpose:to provide re-
dundang for leadingthreadStoreswaiting in the SCB. Therefore,
aslong asthe LVQ and SCB semanticsare correct,no additional
orderingneedsto be enforcedbetweentrailing threadLoadsand
Stores.We ensurethat all trailing threadLoads and Storesper
form the necessargynchronizationvith theirassociatedtructures
(LVQ/SCB)regardlesof whetherthey areexecutedor ushed.

We adherdo the SRT mechanismé$or handlinguncacheper
ationsandprecisenterruptdelivery.

4. Fault Coverage
4.1 Error Model

Transienterrorscanleadto eitherSilentDataCorruption(SDC)or
DetectedJnrecaverableErrors(DUE) [17]. Thefocusof this paper
is to avoid SDCerrorsin a Single Event Upset(SEU) fault model.
Upon the occurrenceof a single transienterror, our mechanisms
are intendedto detectits occurrencebefore an erroneousstore
propagatefto thememorysystem.

4.2 Identifying Points of Vulnerability in SlickK

The speculatie natureof the predictorsin SlicK cancausecertain
rareredundang violations. This is bestillustratedthroughan ex-
ample(Figureb).

For 100 iterations 101 iteration

Lead.Thr. store 0x4000 Lead.Thr:. store 0x4100
Predictor: store  0x4000 Predictor: store  0x4000
(match— commit) (mismatch- trigger
Trail. Thr)
Trail. Thr:  store  0x4100
(noerror)
a)

For 100 iterations 1017 iteration

Lead.Thr:  store  0x4000 Erroneoud.ead.Thr:  store 0x4101
Predictor: store  0x4000 Predictor: store  0x4000
(match— commit) (mismatch-
triggerTrail. Thr.)
Trail. Thr:  store  0x4100
(errordetected)
(b)

For 100 iterations 101" iteration
Lead.Thr:  store  0x4000 Erroneoud.ead.Thr:  store  0x4000
Predictor:  store  0x4000 Predictor:  store  0x4000
(match—commit) (match— commit)

SDC

©

Figure 5. SlicK Vulnerability Example, showving the execution
of a Storeinstruction through 101iterations of aloop in which
the data value is 0x4000for the rst 100iterations and 0x4100
in the nal iteration. This is shown for (a) the Correct Execu-
tion, (b) one possible Err oneousExecution (caught by SlicK),
and (c) another possible Err oneousExecution (not caught by
SlicK).

In this example,a storeinstruction,having producedthe same
datavalue0x4000for severaliterations,warmsup the datapredic-
tor. Consequentlythetrailing threaddoesnot executethebackward
slicefor this storedata.However, thenext iterationfor somereason
now produceghe value0x4100.In the errorfree execution(Case



(a)),this causesmmismatchwith the predictor which causeghere-
dundansliceto beextractedandexecutedln Caseg(b), theleading
threadis corruptedby anerror, but the erroris detectedHowever,

it is possiblefor asingle-biterrorto corrupttheleadingthreaddata
in sucha way thatit exactly matcheswith the predictors output
andresultin SDC (Case(c)). Fromthis example,we canobsere

thefollowing key facts:

The scenariowe are observinginvolves a Mismatchbetween
theleadingthreadandthe predictorin the errorfree execution.

Both Casegb) and(c) involve afaultin theleadingthread

SDConly occursin Case(c) —if theMismatchin theerrorfree
cases transformednto a Hit (or Match)in theerroneousase.

Only certainpatternsof faultsin theleadingthreadcouldresult
in Case(c); mostfaultswill resultin Case(b)-like situations.

In general,with a single-errormodel and with full Fetchand
Decoderedundang asdescribedn theprevioussectionary errors
in eitherthe predictoror SliceEM structuresor in pipeline struc-
turesbeing occupiedby trailing threadinstructionscannotcause
SDC,sinceary sucherrorsin thismodelautomaticallyimpliesthat
thereareno errorsin theleadingthreads execution.

On the otherhand,a fault in the pipeline structuresoccupied
by leading thread instructionsin SlicK canleadto SDC. As the
exampleillustrated,an error in a leadingthreadStoreinstruction
(orits backvardslice)thatcauses predictorMismatchin theerror
free executioncould potentiallytransformthe Mismatchinto a Hit
andresultin SDC.

Wereferto thesestoresandtheirbackward-slicegwhichleadto
a Mismatchin the predictionstructuresisbeingunguaded Any
arbitrary fault in an unguardednstructionwould not necessarily
causesucha Mismatch-to-Hitcorversion;the fault hasto be such
thatthe resultingvalue of the Storeexactly aliaseswith the value
thatthe PredictomproducesHowever, this is tricky to quantify due
to architecturaland programlevel maskingeffects [13, 17], and
we conseratively assumehat ary faultin an unguardednstruc-
tion would causeSDC. In termsof the example,we assumethat
ary single-biterrorin the leadingthreadwill corvert all Case(a)
scenariosnto Case(c) scenarios.

Notethatinstructionscouldbein morethanonebackward-slice,
with differentpredictionoutcomedor eachslice. In our analysis,
we countaninstructionasbeingunguardedf the earliesttrigger
(in programorder)of its forwardsliceis a Mismatch.

Identifying unguardedinstructions requires analyzing regis-
ter dependenciesver a very large instructionwindow sincethe
forward-slicetriggercanoccurmillions of instructiondater How-
ever, our simulationswere excessiely slow with very large win-
dows. We foundthatusinga moderatevindow sizeof 16K instruc-
tions provided reasonablesimulation speedswhile still keeping
the numberof instructionswith unknavn statussufciently small.
In our results,we shav coverageas rangesassumingworst (all
unguardedandbest(all guardedxasedor theseunknavn instruc-
tions.

4.3 The Common Case— How SlicK detectssoft errors

SlicK's predictorlookupscanhave threeoutcomesNo-Prediction,
Hit and Mismatch.Of these,only Mismatchescreatevulnerabil-
ity. Therefore the predictorsare con gured so asto minimize the
occurrenceof Mismatcheswith No-Predictionsand Hits forming
the majority of casesNo-Predictiongesultin full redundanexe-
cutionasin SRT. Hits causenstructiongto be ushed, gainingper
formancewhile redundang is maintainedoy the predictoroutput.
In casean error corruptsa leadingthreadtrigger value that would
have beena Hit in theerrorfreecasejt is guaranteethatit will be

aMismatchin theactualerroneougxecution triggeringredundant
execution.

4.4 Quantifying the Fault Coverageof SlickK

We usethe ArchitecturalVulnerability Factor(AVF) [17] approach
to quantify the error coverageof our design.CalculatingAVF re-

quiresidentifying bits in a pipelinestructurethatarenecessaryor

Architecturally CorrectExecution(ACE). The ACE-nesof every

physicalbit changedrom cycle to cycle, andis deducedrom the

ACE-nesof the logical entity (suchassomecomponenof anin-

struction) that was holding that bit in that cycle. Several factors
contribute to makinganinstructionACE or un-ACE, all of which

areoutlinedin [17]. Oncethe ACE-nesf all bitsin astructureare
establishedn a cycle-by-g/cle basis,the AVF of the structureis

de ned astheaveragefractionof ACE bitsin thestructureoverthe

entireexecutionof asuiteof benchmarksThe“unguarded’instruc-
tions de ned above are ACE, and we consequentlyonly needto

trackthebits of theseinstructiongo quantifythe AVF. Notethatwe

areautomaticallydiscountingwrong-pathinstructionsanddynam-
ically deadinstructions,sincethey will not be unguardedHow-

ever, we do not track dynamicallydeadinstructionsvia memory
dependenciesyhich againmalkesour estimationconserative. We

performAVF analysisfor several non-speculatie processostruc-
turesthatcontribute signi cantly to thetotal chip areanamely the

ROB andPhysicalRegisterFile (which are coupledtogetherinto

auni ed RUU in our model),the Load StoreQueue andthe Issue
Queue.

5. Results

Our experimentswere conductedvia execution-drven simulation
using an extendedversion of the SimpleScalar3.0 toolset [3],
wherewe implementedthe SRT and SlicK models.We evaluate
the schemeasing all 26 applicationsfrom the SPECCPU2000
benchmarksuite. The benchmarksvere compiledfor the Alpha
ISA andusethereferencenput set.We measuredhe statisticsfor
detailedsimulationof 100million instructionsafterfast-fornarding
to the rst SimPoint[22] with a weight of at least1% for each
benchmark.The parameterof our baselinehardware model are
shavn in Tablel.

Table 2 gives the IPCs for single-threadand SRT execution.
IPC lossesdue to SRT rangefrom aslow as 3.67% (in mcf) to
as high as 39.73%(in sixtradk), with an averageloss of 18.01%
acrosghese?6 benchmarkdn orderto estimateanoptimalsizefor
thesliceanalysiswindow (numberof columnsin the SliceEM)for
SlicK, weransimulationswith relatively largewindow sizesto nd
out how mary youngerinstructionsneedto appeatin the dynamic
instructionsequencédeforethe status(whetherto executeor not)
of eachinstructionis known. We thenplottedthis informationas
a CDF graph,andin Figure 6 we shav representate resultsfor
afew applicationsFor mostbenchmarksthe statusof 90-95%of
theinstructionss known within awindow sizeof 256instructions.
Resultsfor mostotherapplicationsaresimilar exceptfor wupwise
andto a certainextent galgel wherethe statusof around75-80%
of the instructionsis known within a window size of 256. We
consequentlyx thenumberof columnsin the SliceEMat 256.

5.1 PerformanceResults

Figure 7 givesthe IPC results(normalizedwith respectto single
thread performance)of our SlicK mechanismusing both Last-
Value(LV) andFinite-Contett Method(FCM) storepredictorsand
compareshem with the normalizedIPCs of the SRT execution.
FCM providesonly maginal improvementsover LV but atamuch
higherhardware cost,andwe consequentlfocusonthe LV store
predictorsfor the rest of this paper Table 3 shavs the actual



Parameter Value
Fetch/Decode/Issue/Commiifidth 8
PipelineStages 15
FetchQueueSize 16
LoadValueQueugLVQ) Size 128
BranchOutcomeQueug(BOQ) Size 128
StoreCheckingBuffer (SCB) 64

Branch-Predictor Combinedpredictorwith 16K-entry
meta-table2-lev predictorwith
16K-entryL1, 16K-entryL2, 14-bit

history XORedwith address

RAS Size 64
BTB Size 2K-entry4-way
RUU Size 128
LSQSize 64
IntegerALUs 6 (1-cyclelateng)
Integer Multipliers/Dividers 2(3,20)
FPALUs 4(2)
FP Mult./Div./Sqrt. 2(4,12,24)
L1 D-CachePorts 4
L1 D-Cache 64KB, 4-way with 32B block (2)
L1 I-Cache 64KB, 4-way with 32B block (2)
L2 Uni ed Cache 512KB, 4-way with 64Bline-size(12)
I-TLB 512-entriedt-way set-associaie
D-TLB 1K-entries4-way set-associate
TLB Miss-Lateny 30cycles
MemoryLatengy 200cycles
SliceEMColumns 256
StoreAddressand — Last-\alue,1024-entry

DataPredictors —FCM, 1024/8192-entry.1/L2, Order3

BranchConf. Estimator Gshare 14-bit Global BHR, 16K L2

Table 1. Simulation parameters.Latenciesof ALUs/cachesare
given in parenthesesAll ALU operationsare pipelined except
division and square-root.
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Figure 6. Percentageof instructions whosestatus (whether to
executeor not) becomesknown after x instructions in the dy-
namic instruction stream.

IPC valuesand someother statisticsaboutthe Slick execution,
including the percentagef instructionsthat are ushed, number
of branchFTs (and asa percentagef numberof branches)and
the numberof storeaddress/alue FTs (andasa percentag®f the
numberof stores).

From Figure 7, we seethat SlicK can provide a signi cant
bridge for the performancegap betweenSRT and Single Thread
executionsForinstanceijn vortex, mesaandeon whereSRT incurs
about 29%, 20% and 17% IPC loss respecitiely, SlicK is able
to cut this loss by 42.47%,32.65%,and 37.81%respectiely by
eliminating a substantialnumberof instructions(57%, 43% and
41%)in thetrailing thread.

Benchmark | Single-ThreadIPC | SRT IPC | % IPC Loss
164.9zip 1.9614 1.7924 8.62
168.wupwise 0.6664 0.4818 27.70
171.swim 0.8704 0.6046 30.54
172.mgrid 1.1261 1.0245 9.02
173.applu 1.1093 0.8398 24.29
175.vpr 0.5936 0.5578 6.03
176.gcc 1.5293 1.4369 6.04
177.mesa 2.5172 2.0216 19.69
178.galgel 2.4665 1.8210 26.17
179.art 0.6030 0.4039 33.02
181.mcf 0.1715 0.1652 3.67
183.equak 0.6657 0.5628 15.46
186.crafty 1.9653 1.7603 10.43
187.facerec 2.6073 1.7662 32.26
188.ammp 0.8191 0.6903 15.72
189.lucas 0.7389 0.6982 5.51
191.fma3d 2.3089 2.0712 10.29
197.parser 1.0874 0.9984 8.18
200.sixtrack 3.6739 2.2143 39.73
252.eon 2.3617 1.9697 16.60
253.perlbmk 1.5293 1.4704 3.85
254.gap 0.2606 0.2257 13.39
255.\0rtex 2.7971 1.9827 29.11
256.bzip2 1.8440 1.5976 13.36
300.twolf 0.7790 0.7479 3.99
301.apsi 3.2301 2.0835 35.50

Table 2. IPC of single-thread(non-redundant) executionof the
benchmarks and redundant execution using SRT. The loss of
IPC with SRT is alsogiven, with the averagelossacrossthe ap-
plications being 18.01%. All the data s for the executionof 100
million instructions fromthe rst SimPoint with a weightageat

least1% for eachbenchmark.

IPC Flushed Branch FT St.Addr FT St.DataFT

gzip 1.8855 | 34.48% | 7.64M(81%) | 3.17M(45%) | 0.24M(3%)
wupwise | 0.5957 9.32% 3.25M(99%) 0.00M (0%) 0.00M (0%0)
swim 0.8167 | 12.27% 1.16M (99%) 0.75M (6%) 0.00M (0%0)
mgrid 1.0485 | 5.49% 0.27M(96%) | 2.85M(59%) | 0.02M(0%)
applu 1.0154 | 12.51% | 0.20M(97%) | 2.90M(27%) | 3.71M(35%)
vpr 0.5850 | 33.67% | 9.10M(88%) | 4.7IM(43%) | 3.87M(35%)
gcc 1.4696 | 36.25% | 4.78M(30%) | 2.00M(19%) | 3.53M(34%)
mesa 2.1834 | 43.35% | 7.11M(83%) | 7.69M(63%) | 6.54M(54%)
galgel 2.1094 | 28.26% | 4.32M(93%) | 2.51IM(50%) | 0.01M(0%)
art 0.5765 | 33.59% | 9.08M(81%) | 4.28M(55%) | 0.76M(9%)
mcf 0.1712 | 35.07% | 14.26M(61%) | 0.06M (1%) 2.68M (40%)
equale 0.6246 | 24.97% | 3.11IM(97%) | 2.14M(51%) | 2.97M(71%)
crafty 1.8712 | 38.44% | 5.48M(49%) | 2.33M(40%) | 1.88M(32%)
facerec | 2.0351 | 12.97% | 3.12M(89%) 0.85M (6%) 0.52M (3%)
ammp 0.7505 | 11.44% | 3.50M(90%) | 2.47M(37%) | 0.31M(4%)
lucas 0.7133 1.00% 0.53M(99%) 0.00M (0%) 0.00M (0%0)
fma3d 2.2679 | 52.46% | 14.82M(82%) | 2.15M(28%) | 3.74M(50%)
parser 1.0110 | 35.64% | 9.58M(61%) | 4.06M(50%) | 3.00M (37%)
sixtrack | 2.3898 | 10.59% | 2.21M(98%) 1.19M(22%) | 0.00M (0%)
eon 21179 | 40.70% | 9.16M(83%) | 8.36M(49%) | 7.70M(45%)
perlbmk | 1.5021 | 43.09% | 10.01M(71%) | 5.25M(33%) | 6.03M (38%)
gap 0.2282 | 19.51% | 9.04M(69%) | 4.7IM(40%) | 2.56M(21%)
vortex 2.3286 | 57.57% | 15.56M(87%) | 3.09M(24%) | 6.86M(55%)
bzip2 1.7241 | 45.46% | 9.39M(84%) | 3.92M(48%) | 2.47M(30%)
twolf 0.7778 | 28.35% | 7.27TM(59%) | 2.50M(35%) | 1.54M(21%)
apsi 2.2848 | 11.94% | 3.00M(91%) 1.87M(14%) | 0.65M(4%)

Table 3. Execution Statistics for SlicK with LV predictor. We
show the percentage of ushed/eliminated instructions, the
number (and asa percentageof total branches)of Branch FTs,
the number (and asa percentageof total stores)of Store FTs.

For mostapplicationswe nd anexpectedcorrelationbetween
the percentagef instructions ushed to the improvementsin IPC
for the SlicK executions.As notedabove, vortex, mesaand eon
arerepresentadie of thosewith signi cant improvementsdue to
removal of instructionsbasedn locality. At theotherend,sixtradk,
despitehehighIPCloss(40%)dueto SRT, SlicK canonly provide
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Figure 7. IPC Resultsfor SlicK executionswith a simple Last
Value (LV) and a more extensie Finite-Context Method (FCM)
store addresshalue predictor, shovn in comparisonwith SRT.
All valuesare normalized with respectto Single Thread (non-
redundant) execution.

8% improvementdue to the low numberof ushed instructions.
Thisreductionin ushed instructionscanbe attributedto thelower
locality of both store addressesnd data for this application—
even thoughbranchpredictionaccurag ratesare high (98.46%),
the numberof brancheghemseles (2.2M) arenot ashigh asthe
numberof StoreETs(9.5M).

mgrid experiencegjoodlocality (visible from the high FTsfor
this application),but the numberof ushed instructionsfor this
applicationis not as high as for others.We found that this was
becausef ourin-orderextractionof entriesrom the SAW, wherein
we sendtrailing threadinstructionscorrespondindo theseentries
into the pipeline if theseinstructionshave arrived and pipeline
resourcesreavailable,evenif their statuss unknavn in the SAW.
Althoughourmaximumwindow sizeis 256,theSAW rarely lIs up
to its full capacity For mostapplicationsthisis nota problem,but
mgrid candiscoverthestatusof avery smallnumberof instructions
with a smallerwindow of information (16 or lower) asis evident
fromits low initial slopein Figure6.

Therearecasedqasin parser) wherethe SRT performancédoss
is itself notvery high (around8%) sincethe datapathresourcecon-
tentionbetweenthe threadsis not very signi cant. In suchcases,
the effect of eliminating35% of the instructionsfor redundantex-
ecutionby SlicK doesnot producesubstantiakarings over SRT
performancegonly 1.26%).SlicK seemgo performwell even for
memory-boundapplicationssuchasmcf art and swimcompared
to SRT, but we areslightly lessinterestedn themsincetheseare

very low IPC applicationsto begin with, and SlicK's focusis on
alleviating datapattresourcecontentiorfor thetrailing thread.
Overall, SlicK provides around10.2% performancemprove-
mentover SRT, and buys backover 50% of the performancdoss
incurredby SRT with respecto SingleThreadexecution.

5.2 Fault CoverageResults

RUU IssueQueue LSQ

164.9zip 0.19%—5.66% 0.08%— 2.16% 0.07%—2.40%
168.wupwise | 0.01%—27.23% | 0.01%—26.81% | 0.01%-—14.74%
171.swim 0.00%—0.70% 0.00%— 0.68% 0.00%—0.00%
172.mgrid 0.00%-— 0.00% 0.00%— 0.00% 0.00%— 0.00%
173.applu 0.00%-— 0.38% 0.00%— 0.37% 0.00%— 0.00%
175.vpr 0.48%— 0.49% 0.37%—0.38% 0.71%-0.71%
176.gcc 0.21%-0.21% 0.11%-0.11% 0.18%—0.18%
177.mesa 0.14%—1.28% 0.08%—1.19% 0.09%-0.10%
178.galgel 0.14%—0.17% 0.13%—0.15% 0.01%—0.02%
179.art 0.35%— 2.56% 0.35%— 1.65% 0.00%—0.16%
181.mcf 0.18%— 0.44% 0.12%— 0.39% 0.16%—0.16%
183.equak 0.16%—0.27% 0.11%—0.22% 0.13%-0.13%
186.crafty 0.41%-0.41% 0.24%— 0.24% 0.32%-0.32%
187.facerec 0.04%— 1.53% 0.03%—1.32% 0.01%-0.88%
188.ammp 0.45%— 1.96% 0.21%—0.75% 0.22%—2.10%
189.lucas 0.00%— 0.05% 0.00%— 0.04% 0.00%—0.00%
191.fma3d 0.27%—0.27% 0.14%—0.14% 0.14%—0.14%
197.parser 0.40%— 0.40% 0.16%—0.17% 0.18%—0.18%
200.sixtrack | 0.00%— 0.04% 0.00%— 0.04% 0.00%— 0.00%
252.eon 0.59%-— 0.60% 0.42%—0.42% 0.64%—0.64%
253.perlbmk | 0.24%— 0.24% 0.12%—0.12% 0.22%—0.22%
254.gap 0.16%— 1.03% 0.03%-—0.89% 0.10%-0.10%
255.\ortex 0.20%-— 1.60% 0.15%— 1.28% 0.21%-0.22%
256.bzip2 0.20%— 0.98% 0.13%— 0.86% 0.11%-0.11%
300.twolf 0.94%—0.94% 0.47%—0.47% 1.08%-—1.08%
301.apsi 0.02%—0.02% 0.02%—0.02% 0.00%—0.00%

Table 4. Architectural Vulnerability Factors for important

structuresin a Slick processorwith LV store predictors. Vul-

nerability comesfrom unguarded instructions dueto predictor

Mismatches(0.58% on the average),while performance comes
from ushed instructions dueto predictor Hits (46% on the av-

erage).

Table4 givesour measured®VF numbersfor importantstruc-
turesin a SlicK processowith LV storepredictors. As mentioned
previously, we provide AVF rangesinsteadof singlevaluesdueto
simulationtime limitations. For mostbenchmarksheserangesare
fairly small,exceptfor wupwise which hasavery large numberof
instructionsvhosestatuscannotinotbedeterminedvithin the nite
window sizesthatour simulatorscanhandle.

Barring wupwise we notice from Table 4 that the AVF num-
bersareverylow whencomparedgainsthestructuralAVFs of ei-
theraprocessothatis runningin non-redundamnode[17], or one
thatis emplo/ing a moreperformance-orientecedundang mech-
anism[7]. With SlicK, maximumRUU (whereinstructionsusually
have the highestresideng), AVFs arelessthan 1% for 18 of the
25benchmarkshetweerl% and2%for 5 benchmarksandgreater
than2%for only 2 benchmarksMinimum RUU AVFsarelessthan
1%for all 26 benchmarkgincludingwupwisg, andlessthan0.5%
for 24 of them.IssueQueueand LSQ numbersare similarly low.
Theselow AVFs aretheresultof very few unguardednstructions
(0.61%o0n theaverage) Unguardednstructionsarelow dueto the
extremelylow rateof Mismatcheg0.58%).

To understandhe impactof selectvely droppingslicesbased
onlocality onvulnerability we presenananecdotahnalysiscom-
paring locality-basedslice removal versusan approachthat re-
movessslicesrandomly We shaw resultsfrom experimentswhere
we usethe SliceEMto (a) drop only dynamicallydeadinstructions
(Dead),(b) drop dynamicallydeadinstructionsandslicesfor 20%
randomly-selectettiggers(Random-20)and(c) dropdynamically



deadinstructionsand slices for 30% randomly-selectedriggers
(Random-30) Figure 8 shavs the normalizedIPC and maximum
RUU-AVF resultsfor thesethreeexperimentsandcompareghem
with SRT andSlicK (locality-basedemoval) results.For theseex-
perimentswe focusonasmallsubsebf high-IPCbenchmarkshat
areprimarily datapath-limitedandsuffer high performancelegra-

dationdueto SRT.
Figure 8. Normalized IPC and maximum RUU-AVF that were

run with a subsetof trigger instructions randomly chosento be
dropped together with a redundant executionthat dropsonly
dynamically deadinstructions. Note that the AVFs of SRT and
Deadexperimentsare 0.

moomO
=

At one end, baselineSRT provides full coverage (0% AVF
dueto full dualmodularredundanyg) but suffers a relatively high
performancempact (65-90%).Startingfrom SRT, droppingonly
dynamically deadinstructionsprovides a moderateimprovement
in performance while maintaining 0% AVF. From here, if we
startrandomly selectingslicesto not executeredundantly while
the performancedoesimprove, vulnerability increasesapidly as
the fraction of droppedinstructionsincreasesAs we reach30%
droppednstructiongwhichis approximatelythesameasthe Slick
averagedrop rate), we achieve IPCs between74-94% of single
threadexecution, but with RUU AVFs that can rangearywhere
between7.5% to 20%. This is where the adwvantagesof SlicK's
value locality exploitation becomesapparent At a performance
level slightly better than Random-30(71-97% of single thread
IPC), SlicK brings the AVF down to 0.02-1.59%.Value locality
is a redundang mechanisnby itself, thusallowing the option of
avoiding redundanexecutionof the correspondinglices.

5.3 Discussion

The previous experimentillustratesthe reasorwhy SlicK is very
attractive as a baselinefor exploring the performance-reliability
tradeof spacevia partialthreading.

Ontheonehand,designersnay nd SlicK'svulnerabilitybase-
line too conserative andwantto improve on performanceSlice-
basedexecutionsimpli es the decisionmaking (of what instruc-
tionsto executeandwhatto drop) by allowing heuristicsto focus
directly on entitiesthat exit the processos Sphereof Replication
andaffect therestof the system For instance pneheuristiccould
be to avoid redundantexecutionof registerspill ET Stores(FTs
arealwaysdropped),indicatingthatthe valuewould probablyun-
demo several levels of maskingbeforeit propagateso anl/O de-
viceor anothemprocessorAnotherheuristiccouldbetoincreasdhe
thresholdof droppingif the processoresourcesre being overly
stressedandto lowerit if thereis sparesxecutionbandwidthavail-
able(similarto [7]). Theslice-basedpproachavoidsarny compli-
cationsrelatedto copying statefrom onethreadto another

On the other hand, mission-criticalsystemsmay desireeven
morereliability thanthataffordedby SlicK's baselineln this case,
a certainsubsebf FT slicescould be redundantlyexecuted(recall
thatin arealworld scenarioanerrorcancorvertan ET-mismatch
into anFT). Onceagain,differentheuristicscouldbe usedto select
these.

Ourframevork canalsoallow acompilerto markecritical stores
for redundantexecutionto override the predictor outcomes,or
markthemfor avoiding redundanexecution.Exploringthesecom-
piler issuesand evaluating the effectivenessof different runtime
heuristicson a SlicK platformis partof our futurework.

6. Concluding Remarks

This paperhasproposedheideaof usingslice-level redundanex-
ecutionof instructionsbasedn thevalueandcontrol- ow locality
in the program .Redundanéexecutionat the granularityof slicesis
a novel paradigmthat enablespartial threadingpolicies to focus
directly on entitiesthat exit the processorand affect the outside
world. We have demonstratedhe effectivenessof using control-
o w andvaluelocality asa slice-selectiorpolicy. With predictors
beingusedto verify the executionof theleadingthread redundant
executionof alargefractionof instructionscanbeavoidedwithout
signi cantly compromisingon thevulnerability of processostruc-
tures.With a detailedcycle level modelof our SlicK architecture,
we shav that SlicK outperformsSRT by 10.2%,buying backover
50%of theperformancdossincurredby SRT dueto redundanex-
ecution.At the sametime, elimination of redundaniexecutionof
a signi cant fraction of the sliceshasonly mamginal effect on the
AVF of processostructureskeepingthemtypically in the 0%-2%
range.

Thebackward-sliceextractorproposedn this paperis is ableto
track the instructionlying on slicesof several trigger instructions
simultaneoushanddoesnotneedto stalltheinstruction o w while
tracking is occurring.It is simple to implement,and thoughwe
have adaptedit for redundantthreading,there are several other
applicationdor backward slice extraction.

More importantly SlicK provides a set of basic mechanisms
thatcanbe usedasa startingpoint for designingpoliciesto avoid
redundantslice executions,taking us to interestingpointsin the
performance-reliabilitspace Designingandevaluatingsuchpoli-
ciesis partof our futurework.
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