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Abstract

Synéironouscircuits are typically clodked considering
worst casetiming pathsso that timing errors are avoided
underall circumstancesln the caseof a pipelinedproces-
sor, this has specialimplicationssincethe opermating fre-
guencyof theentire pipelineis limited by the sloweststege.
Our goal,in this paperis to achievehigherperformancen
supescalar processos by dynamicallyvaryingthe operat-
ing frequencyduring run time pastworst caselimits. The
key objectiveis to seethe effect of overclodking on super
scalarprocessos for variousbendmarkapplications,and
analyzgheassociate@verheadjn termsof extra hardware
anderror recovery penalty whenthe clock frequencys ad-
justeddynamically We tolerate timing errors occurring at
speedsigher thanwhatthe circuit is designedo operate
at by implementingan efcient error detectionand recov-
ery medianism. We also studythe limitations imposedby
minimumpath constrints on our technique Experimental
resultsshowthat an average performancegain up to 57%
acrossall bendmarkapplicationsis achievable

Keywords: SuperscalaprocessgrDynamicoverclock-
ing, Fault-TolerantComputing Reliability.

1. Intr oduction

The performanceof processorshas traditionally been
characterizedby their operatingfrequeng. The operating
frequeng atwhichaprocessoor ary digital systems mar
keted,is the frequeny at which it is testedto operatereli-
ably underadwerseoperatingconditions.In orderto satisfy
timing criteria, designersare forcedto assumeworst case
conditionswhile decidingthe clock frequeng. Suchworst
casetiming delaysoccurrarely, allowing possibleperfor

Theresearchieportedn this paperis partially supportecdby NSFgrant
number0311061andthe Jerry R. JunkinsEndavmentat lowa StateUni-
versity.

manceimprovementthroughoverclocking. Over the last
decadepverclockingasa meango improve processoper

formanceis gainingpopularity[3]. Overclockingdoesnot
guaranteeeliableexecution. To reliably take advantageof

this performancamprovement,it is necessaryo tolerate
timing errors,whenthey occut

Thevariablesaffectingpropagatiordelaycanbedivided
into physicalvariations(introducedduringfabrication)and
ervironmentalvariations(introducedduring processomop-
eration) [12]. Physicalvariationslead to both inter—die
andintra—dievariations.Inter—dievariationsarelargely in-
dependenbf designimplementation.Intra—dievariations,
which aredependenbn designimplementationaremostly
causedy variationsn gatedimension.To accounfor these
variations designeroftenassumalelaysthreesigmafrom
thetypical delay Environmentalvariationssuchastemper
atureand power supply voltagealso have an effect on the
delaythroughary path. Theseconditionscanonly be esti-
matedwhen xing theclock periodof acircuit.

Theworstcasedelaywill beobsenedonly if thelongest
pathis exercisedby the inputs. The input combinations
which areresponsibldor the worst casepathrarely occur
For example,in thecaseof aripple—carryadderthelongest
delayoccursonly whenacarrygenerateéctthe rst bit po-
sition propagateshroughall remainingbit positions.How-
ever, a carry chainof this sortis very rarefor bothrandom
andapplicationgeneratednputvectors[1].

Physicalandervironmentalfactors,alongwith the crit-
ical path of the design,force designersto opt for worst
caseclock periodsto ensureerror free operation.Sincethe
clockperiodis x edatmuchhighervaluethanwhatis typ-
ically required,signi cant performancemprovementscan
beachieredthroughoverclocking.

A new andmoreconsenrative approactthanoverclock-
ing seekdgo exploit the performancegapleft by worstcase
designparametersyhile atthesametime providingreliable
execution. This approachcoined“better thanworst case
design”[1], usesprinciplesfrom faulttoleranceemploying
somecombinatiorof spatialandtemporalredundang.



1.1. Our contribution

This paperpresents solution,which addressethe lim-
itationsimposedby worst casedesign,calledSPRITE, or
SuperscalaPeRformancdmprovementThrough Tolerat-
ing Timing Errors [2]. The SPRITE framework allows
the clock frequeny of a superscalaprocessoito be dy-
namicallytunedto its optimalvalue,beyondtheworstcase
limit. Because¢hefrequeng is dynamicallymodi ed asthe
processois running,variationsin theervironmentalcondi-
tions,suchastemperaturandvoltage aswell asvariations
presenfrom fabricationareautomaticallyadjustedor. As
frequeng scalesto highervalues,timing errorswill begin
to occur To preventtheseerrorsfrom corruptingthe execu-
tion of theprocessaifaulttolerancan theform of temporal
redundang is used. Speci cally, pipeline stagesare aug-
mentedwith a local fault detectionand recovery (LFDR)
circuit.

The amountof frequeng scalingis stronglyin uenced
by the numberof input combinationsresponsibléefor the
longertiming-paths.As frequeng is scaledhigherdynam-
ically, morenumberof input combinationsvould resultin
error. Eachtime anerroroccursadditionaltime is required
to recover from thaterror. We monitortheerror rateduring
run time, andbasedon a settolerableerror rate that does
not affect the performancewe adjustthe clock frequeny
dynamically

Anotherfactorthatin uencesfrequeng scalingis con-
taminationdelayof the circuit. Contaminatiordelayis the
minimum amountof time beginning from whenthe input
to alogic becomestableandvalid to thetime thatthe out-
put of thatlogic beginsto change We explainin Section4
how contaminatiordelaylimits frequeng scaling. In Sec-
tion 5, we explain how we can overcomethis limitation,
usingCLA addergo illustrateour point.

To evaluatethe SPRITE framework, several experi-
mentswereperformed.First, to explorethe possibilitiesof
dynamicfrequeng scaling,an 18x18multiplier wasoper
atedatvaryingfrequenciesandthenumberf resultantim-
ing errorswas obsened. Next, having developeda LFDR
frameawork that shovs an achiesablefrequeny 44% faster
thanthe worst caselevel with the multiplier, the technique
wasappliedto a superscalaprocessarUsinga superscalar
processosynthesizeih anFPGA, thefrequeng andappli-
cationdependentiming errorbehaior wasanalyzedThen
with theseresults the ability of the SPRITE methodology
to provide performancamprovementwas determinedfor
variouserror samplingimplementationsFor long term ex-
ecution,onanaverage all benchmarkshav anachiezable
performanceamprovementof up to 57% when continuous
errorsamplingtechniquds implemented.

Therestof this paperis organizedasfollows: Section2
providesareview of relatedliterature. The error mitigation

techniqueandglobalrecovery in superscalaprocessorss
describedn Section3. In Section4, a descriptionof the
clocking systemusedto generatehe dynamicallymodi -
ableclock is given. In Section5, the effect of contamina-
tion delay on frequeng scalingis studied. In Section6,
dynamicclock tuningmethodologyis presenteclongwith
threedifferenterrorsamplingtechniquesOur experimental
framework andresultsarepresentedn Section7. Section8
concludesghe paper

2. Relatedwork

Sincethe traditional designmethodologyassumeghat
clock frequeng is x ed at the worst casepropagatiorde-
lay, alargebodyof work existsto improve synchronousir-
cuit performancevithout violating this assumption.Com-
montechniquesuchasdevice scalinganddeepempipelin-
ing have beenextensiely usedto increasgrocessoperfor
mance However, asobsenedin [6, 7, 18], thereis anupper
boundontheeffectivenesof thesetechniques.

Several stratgyies have beenproposedthat apply fault
toleranceto a processowith the goalof improving perfor-
mancepastworst caselimits. Boththe SSD[9] andDIVA
[17] architecturespplyfault tolerancen the form of are-
dundantprocessar In thesemechanismsinstructionsare
re—executedandchecled. Therefore timing errorsmay be
allowedto occurin the main processar However, the au-
thorsdonotanalyzehefrequeny dependengrrorbehaior
andthusdo not quantify the amountof achievable perfor
mancegain. In [10], theissue registerrenamingandALU
logic of a superscalaprocessoarereplacedwith approxi-
mateversionghatexecutein half thetime, but notnecessar
ily correct. Two versionsof the original ALU andregister
renamingogic arerequiredto detecterrorsin the approxi-
mateversions.Thusthis scheménhasa high overhead.

TEATIME, proposedin [16], scalesthe frequeng of
a pipeline using dynamicerror avoidance. However, this
techniqueignoresthe input dependencef the obsened
delay Thus, it will stabilize on a frequeng that is too
consenative. The optimal operatingfrequeng of a pro-
cessoris dynamicallyachievable only whentiming errors
aredetectedandrecoveredfrom. TIMERTOL [15] design
methodologysesanoverclocledlogic blockwith multiple
safelyclockedblocksof the sameogic.

The RAZOR architecturd4, 5] usestemporalfault tol-
eranceby replicatingcritical pipelineregistersin orderto
dynamicallyscalevoltage pastits worst caselimits. Ra-
zor achieveslower enegy consumptionby reducingsup-
ply voltagein eachpipeline stage. Our goalis to allow
fasterexecutionfor non worst casedataby dynamically
varying the operatingfrequeng. In RAZOR, an internal
core frequeng generatolis available which is capableof
generatinglocksat differentfrequenciesandthe duration



of the positive clock phaseis alsocon gurable. However,

theclockfrequeng is con guredand x edbeforeprogram
execution. We dynamicallyadjustthe clock frequeng to

the optimalvalueduringrun time. This requiresonline er-

ror ratemonitoringbut offers higherimprovement.in [11],

thetrade-of betweeneliability andperformancés studied,
andoverclockingis usedto improvetheperformancef reg-

ister les. We useoverclockingin critical pipelinestagego

improve the performancef superscalaprocessar

3. Timing error mitigation

To allow a superscalaprocessoto operateat frequen-
ciespastthe worstcaselimit, SPRITE useslocal fault de-
tection and recorery, addingredundantregistersbetween
pipelinestagesOurtiming error mitigationschemeas sim-
ilar to the oneusedin Razor[5]. This schemds mostsuit-
ableto dealwith multiple bidirectional(0 to 1 and1 to 0)
errors[13].

A diagramof the SPRITE techniqueappliedto a super
scalarprocessois shavn in Figurel. TheLFDR circuit is
highlightedin the gure. The rst registeris clocked am-
bitiously at a frequeng higherthanthatrequiredfor error
freeoperation.Thebackupregisteris clockedin suchaway
that it is preventedfrom being affectedby timing errors,
andits outputis considered‘'golden”. In Figure 1, Main
Clock is theclock controllingsynchronousperatiorof the
pipeline,aswould be presenin anun—augmentegipeline.
PS Clock, or PhaseShiftedclock, hasthe samefrequeng
asthe Main Clock but is phaseshifted so that its rising
edgeoccursafterthe Main Clock Operationof the LFDR
circuit begins whenthe datafrom the pipelinelogic, Data
In, is storedin the mainregisterat the rising edgeof Main
Clock. At this point, DataOut providesthe storedvalueto
the next stage which beginsto computea result. Thenthe
rising edgeof PSClock will causeheinputto bestoredin
thebackupregister By comparingthe outputof bothregis-
ters,atiming erroris detectecandproperrecovery stepsare
taken,if neededto ensurecorrectoperatiorof thepipeline.
Whenan erroris detectedthe erroneougpipelinestagelo-
cally recoversby overwriting the datain the main register
with the correctdatain the backupregister This happens
becausef themultiplexerthatselectdbetweenDataln and
thedatastoredin the backupregister

The backupregisteris always provided with sufcient
time to latch the data, henceit is free from metastability
issues. However, whenthe main registeris overclocled,
the dataandclock inputs may transitionat the sametime,
resultingin metastabilityof the main register To handle
metastabilityissuesa metastabilitydetecto5] is incorpor
tatedinto the LFDR circuit. Whenmetastabilityis detected
in themainregister, it is handledik e atiming error, andthe
recovery mechanisnis initiated.

Main Clock

LFDR Gircuit
Delay Register j«——1

Commit

ROE Error

1
1 IF error FU, error

Pg Clock

Figure 1. SPRIT3E frame work

3.1. Global error recovery

In additionto local recovery, action mustbe taken on
a global scaleaswell to maintaincorrectexecutionof the
pipelinein the eventof a timing error. Globalrecovery is
necessaryo stall pipeline stagesheforethe onein which
error occurred,andto inserta bubble, so that subsequent
pipelinestagesarenot affectedby the error. In Figurel, a
delayregisteris shavn betweerthe outputof the re—order
buffer (ROB) andthe commitstage.This registeris neces-
saryto preventary erroneousvaluefrom beingcommitted
during the clock cycle neededfor error detection,andto
ensurethat the architecturaktateof the processoremains
correct.Fourerrorlocationsareshovnin Figurel, denoted
aslF error, ID error, FU, error(n denotingn™ functional
block), and ROB error. Althoughthe exacterror recovery
stepstakenvary by location,in termsof the behaior of the
errorhandlertheseerrorscanbe handledn a similar man-
ner. Theglobalrecovery steps.explainedbelow, arein ad-
dition to thelocal recovery thattakesplaceattheerroneous
pipelinestage.

Whenan error occursin the instructionfetch stage the
instructionthatwassentto thedecodestageis reducedo a
no—op.Additionally, theprogramcounteris stalledfor acy-
cle,sothatfollowing the correctionof theerror, thenext in-
structionis fetchedfrom the correctaddressFinally, since
the programcounteris not updatedarny branchor jumpin-
structionsattemptingto write to PCduringthestall cycleis
stalledfor acycle. All otherinstructionsin the pipelineare
allowedto continueexecution.

Any error occurringin the instructiondecodeand dis-
patchstages propagatedo boththeROB, andtheallocated
functionalunit. In theROB, themostrecententryis cleared
by updatingthe pointerto the headof the buffer. Whenthe
next instructionis dispatchedijt will overwrite the faulty
instruction. To clear the functionalunit, the global error
handlermaintainsa recordof the functional unit usedby
the dispatcheiin the previous cycle. Whenan errorin the
dispatchstageis detectedthatunit is clearedto preventit
from writing a wrongvalueto the ROB. Finally, the signal



notifying theinstructionfetchstageof asuccessfullispatch
is loweredto preventthe IF stagefrom fetchingthe next
instructionduringtheerrorcorrectioncycle.

An errorin theexecutionof afunctionalunit storesanin-
correctvaluein the ROB. Additionally, the incorrectvalue
is forwardedto otherfunctional units whoseoperandgle-
pendon the result of the faulty FU. In the ROB, the in-
structionis invalidatedto preventit from beingcommitted.
Thefunctionalunitsthathave begunexecutionusingtheer-
roneousvalue are also stopped. This is accomplishedy
sendinganerrorsignalusingthe existing forwardingpaths.
Finally, the available signal of the faulty functional unit
is loweredto preventthe next instructionfrom beingdis-
patchedo thatFU.

An errorin the ROB outputis preventedfrom commit-
ting in the next cycle by the additionof the delayregister
mentionedpreviously. Whenan error is detectedthe de-
lay registeris ushed to preventafaulty commit. Also, the
ROB is preventedirom attemptingo commitanew instruc-
tionin thenext cycle. Thisis accomplishetyy manipulating
thereadyto commitsignalfrom the commitunit.

: Cycle 0 : Cycle 1 : Cycle 2 Cycle 3 E Cycle 4 : Cycle 5
pscoc [ L[ L L L[ Lif 1]
IF Dual Latch | add | sub or |
ID Dual Latch XXX add sub | or
ALL) Result xxx‘ ‘ afid ‘ xxx: |sub ‘x‘ or . ‘
ALU Main Reg XXX | add | XXX | sub | or
ALU Backup Reg XXX | add ‘ sub | or
ALU Error r—l
ALU Dual Latch| XXX add XXX sub or

Figure 2. ALU error recovery

Figure 2 shows the timing detailsof the globalerrorre-
covery schemeavhenanerroroccursin the ALU functional
unit. A seriesof ALU operationss consideredas this is
theworstsequencdor anerror occurringin the ALU. If a
differenttype of instructionis fetchedfollowing the ALU
instructioncausingatiming error, thatinstructionwould be
successfullydispatchedo a differentFU. In the gure, the
addinstructioncomplete®rrorfreeandmovesto the ROB.
The subinstruction,howvever, doesnot stabilizebeforebe-
ing capturedby the main registerin cycle 3. This is de-
tectedandthelD stages preventedrrom dispatchingheor
instruction,effectively stallingfor onecycle. Additionally,
theincorrectvaluesentto the ROB in cycle 3 is cleared.

The systemshawn in Figurel is simplisticin thatit as-
sumesonly oneclock cycle for eachpipeline stage. The
methodof errorrecovery presentedhereis easilyextensible

to the superpipelinecase. Anotherimportantconsidera-
tion with this designis initialization of the pipeline. Error
detectionand recovery is triggeredonly after meaningful
datais presenin boththe mainandbackupregisters.Also,
following apipeline ush causedy branchmis—prediction,
error detectionat a stageis stalleduntil meaningfuldata
againreacheghe stage. The delay beforebeginning error
detectionvariesbetweerstagesandis accountedor in the
design.

Theareaoverheador timing errordetectionis keptlow
by re—usingthe combinationallogic which makes up the
pipeline stages,and by duplicatingonly critical pipeline
registers. Circuitry is also addedto performglobal error
recovery, but thisis modestswell, sincethelogic involved
is not complex andre—usesalreadyexisting signalsin the
pipeline.Overall, SPRITE providesa viable meansof tol-
eratingtiming errors.

4. Dynamic frequencyscaling

To supportthe LFDR circuitry andmaximizethe perfor
manceof the pipeline, the main and phaseshifted clocks
mustbe carefullygenerated.

The timing error toleranceprovided by the SPRITE
hardware requiressupportfrom preciseclock generation.
Figure 3 shaws threepossibleways of generatinghe two
clockswhentheworstcasepropagatiordelayis 10 ns,and
thecontaminatiordelayis 3 ns.

In Casel, thereis no frequeng scaling,andthe clock
period of the Main clock is equalto the propagation
delay As aresult,thereis no needto phaseshift the
PSclock. Thetwo clocksareidenticalin this case.

In Casell, the frequeng of the Main clock is scaled
to 9 ns. To compensatéor this reducedclock period,
the PSclockis phaseshiftedby 1 ns,sothatfrom the
rising edgeof theMain clockto thesecondising edge
of the PSclock, we have thefull propagatiordelayof
thelogic circuit. Althoughthereis arising edgeof PS
clock 1 ns aftertherising edgeof Main clock, it will
not corruptthe datato be storedin theredundanteg-
isterasnew inputsto thelogic will take atleastatime
periodequivalentto contaminatiordelayto changehe
output.

Caselll shavs the maximumpossiblefrequeny scal-
ing. In this casetheclock periodof the Main clock s
7 ns,andthe phaseshift of the PSclockis 3 ns. It is
not possibleto scalefurtherbecauséf the phaseshift
is increasedeyondthe contaminatiordelayof thecir-
cuit, theredundantegistermaygetincorrectresultand
cannotbe consideredgolden”.
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Figure 3. Examples of Main and PS clocks

Impact of error rate on performance. A factorthatlim-
its frequeny scalingis error rate. As frequeng is scaled
higher, the numberof input combinationghatresultin de-
lays greaterthanthe new clock periodalsoincreasesEach
errortakesadditionalcyclesto recover. Theimpactof error
rateis analyzedasfollows:

Lettoqg denotetheoriginal clock period.

Lettnew denotetheclock periodafterfrequeng scaling.

Let tq4if ¢+ be the time differencebetweenthe original
clock periodandthenew clock period.

If aparticularapplicatiortakesn clock cyclesto execute,
thenthetotal executiontimeis reducedytgs ¢ N, if there
isnoerror.

Let S denotethe fraction of clock cycles affected,by
errors,dueto scaling.

Let k bethenumberof cyclesneededo recoverfrom an
error,

To achieve ary performancémprovement,Equationl
mustbe satis ed.

Se n k thew < taif ¢ n (1)

Lai 1
Se< —— 2
¢ tnew k ( )
Accordingto Equation2, for Caselll in Figure3, theerror
ratemustbe higherthan42%for this techniqueto yield no

performanceémprovementwhenk = 1.

Speedupcalculation. Theoverallspeedu@chievableus-
ing our techniqueis derived below andis given by Equa-
tion 5.

In a computationit is possiblethatwhenthe clock fre-
gueng is scaledthereis anincreasen thetotal numberof
executioncycles. In a pipelinedprocessarwhenthe pro-
cessoraccessememory the numberof clock cyclestaken
for thatmemoryoperationincreasesvhenthefrequeng is

scaled,f the clock frequeng of the memoryremainscon-
stant. Considera processomwhoseclock periodis 10 ns,
anda memoryaccesswhich takes20 CPU cycles. If after
scaling,the clock periodis reducedo 5 ns,thenthe same
memoryaccessvould take 40 CPUcycles.

Let S denotethefactorby which the numberof cycles,
takento executean application,increasedecausef scal-
ing. Let exqq denotethe old executiontime. Let eXpew
denotethe new executiontime. Let S,, denotethe overall
speedumchiesed.

€Xold = N toid (3)

€new =N thew * Sc N thew + Se K N thew
ex t “)

S, = old _ old 5

o €Xnew thew (1+ Sc+k Se) (%)

For Casdll in Figure3, if weconsidektobel, Se tobe
10%,andS; to be 10%,thenwe achieve anoverallspeedup
of 1.19

5. Managing contamination delay to increase
phaseshift

As explainedin Sectiond, thedependencef phaseshift
oncontaminatiordelayleadsdirectlyto thelimitation of the
frequeng scaling.In generalthe maximumimprovement,
dependenon the propagatiordelay t,q, andthe contami-
nationdelay tcq, is givenby I;—j

Sincecontaminatiordelaylimits performanceémprove-
ment,it might be worthwhile to redesigrthe logic andin-
creasdhecontaminatiordelay Butincreasinghe contam-
ination delay of a logic circuit without affecting its prop-
agationdelayis not a trivial issue[14]. At rst glance,it
might appearthat addingdelay by insertingbuffers to the
shortespathswill solve the problem.But delayof a circuit
is stronglyinput dependentandsereral inputsplay a role
in decidingthe valueof anoutputin a particularcycle.

To shaw that it is possibleto increasecontamination
delay without affecting the propagationdelay we experi-
mentecona CLA addercircuit. A 32—bitCLA addercircuit
hasa propagatiordelayof 3.99ns,but aninsigni cant con-
taminationdelay of 0.06 ns, thus allowing almostno per
formanceimprovementusing our technique. Our experi-
mentsindicatethat by carefully studyingthe input—output
relationshipof a given circuit, it is possibleto overcome
thelimitation imposedby contaminatiordelayon our tech-
nigue. Thefollowing casestudy presentour experiments
andresultswe achieedfor a CLA addercircuit.

Case Study: Increasing contamination delay of CLA
adder circuits. Letus rst consideran8-bit CLA adder
The propagationdelay of the circuit is estimatedto be
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Figure 4. 8-bit CLA adder With additional delay blocks to increase contamination delay

1.06ns, andthe contaminatiordelay 0.06 ns. We synthe-
sizedthe circuit using CadenceBuildGatesSynthesigool

in PhysicallyKnowledgeableSynthesigPKS) mode. We

usedthe 0.18 um CadenceGenericStandardCell Library

(GSCLib)for timing estimation.

For the 8—bit CLA adder from timing reports,we ob-
senedthatjust about20% of the pathshave a delaymore
than0.75ns. Thoughthisis highly motivatingandprovides
astrongreasorto applyourtechniquea0.06nscontamina-
tion delayactsasa dampeneandwe risk incorrectopera-
tionif theclockperiodis reducedeyondl ns. Toovercome
the limitation imposedby the contaminatiordelay we in-
creasedhe contaminatiordelaywithout affectingthe prop-
agationdelay of the circuit. After carefully studyingthe
propagatiordelaypatternwe obsenedthatit is possibleto
increasecontaminatiordelayby distributing the additional
delay eitherto the input side or the outputside, or both.
More importantly the overall propagationdelay remained
unchangedFigure4 shovsthenen CLA addercircuit.

After addingdelayvaluesthecontaminatiorelayof the
circuit now is 0.37ns,while the propagatiordelayremains
unchangeat 1.06ns. Now 31%of thetiming pathshave a
delayvaluegreaterthan0.75ns. Having a control over the
increasein contaminationdelay gives us an advantageto
tunethe circuit's frequeng to the optimal valuedepending
ontheapplicationandthefrequeng of occurenc®f certain
input combinations.Introducingdelayto increasecontam-
ination delayincreaseshe areaof the circuit. Therefore,
judiciouslyincreasingcontaminatiordelaymakessurethat
theincreasean areais keptminimal.

Table 1 provides all relevant details before and after
adding contaminationdelay in 8—bit, 32—bit and 64—bit
CLA addercircuits. The propagatiordelay ty,y andcon-
taminationdelay t.q aregivenin “ns”, andtheareais given
in“ m 2”. As we canseethereis anincreasen areaafter
increasingcontaminatiordelay Using slower buffers, the
increasan areacanbesigni cantly reduced.Theintention
of ourexperimentss to demonstratéhatcontaminatiorde-
lay canbeincreasedvithoutaffectingpropagatiordelayfor

certaincircuits. However, delay additionincreasegpower
consumption. For the 64-bit CLA adder the total power
beforeaddingdelayis 0.0144mW, andthe total power in-
crease$o 0.0222mW afteraddingdelays.

Table 1. Impl. Details of CLA Adder Circuits

Adder Original DelayAdded
ted | tpd | Area || teqg | tpd | Area
8-bit || 0.06| 1.06 | 304 | 0.35| 1.06 | 928
32-bit || 0.06 | 3.99 | 1216 1.21| 3.99 | 14528
64-bit || 0.06 | 7.89 | 2432 || 1.82 | 7.89 | 47752

6. Dynamic frequencytuning and error sam-
pling techniques

The dynamicallytunedfrequeng is achiered through
theglobalfeedbaclsystenpicturedin Figure5. Beforeop-
erationbegins,a small,non—zerogrrorrateis programmed
as the set point. The clock controller is initialized with
the worst casedelay parametersf the pipeline. As stated
above, theinitial frequeng of the clocksis the worst case
propagatiordelay andthe PSclock begins with no phase
shift. The clock generatoblock consistsof a voltagecon-
trolled oscillator(VCO) in serieswith 2 digital clock man-
agers(DCMs). TheVCO is ableto generate variablefre-
gueng clockto meetthevaluegivenby theclockcontroller
The rst DCM locksthe outputof the VCO to provide the
Main clockto thepipeline.ThesecondDCM providesady-
namicallymodi able phaseshift. It takesthe Main clockas
well asthe valuerequestedy the clock controllerto gen-
eratethe PSclock. Both DCMs provide a locked output
aswell, whichis usedto determinewhenthe Main andPS
clockshave regainedstability. During the periodin which
the clocksare beingadjustedthe pipelinemustbe stalled.
To avoid ahighoverheadrom frequentclock switching,the
numberof timing errorsin thepipelinewill besampledata
largeinterval.
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When consideringdifferentsamplingmethods thereis
a tradeoff betweenthe allowable samplingfrequengy and
thenumberof bits neededo storethehistoryof errorsused
to measurehe error rate. The lengthof the error history
shouldbelong enoughto accuratelyestimatethe errorrate.
In the following discussiona window of 100,000proces-
sorcyclesis used.Threesamplingmethodsareconsidered:
discrete continuousandsemi—continuous.

In the discretemethod,a single counterkeepsthe error
history, incrementingevery cycle in which anerroroccurs.
Whenthe window of 100,000cyclespassesthe counteris
checled, anddependingpn the set point, the clock period
is adjusted.The error counteris thenclearedto countthe
errorsoccurringin the next window. The maximumsize
neededor thecounterin the discretecaseis 17 bits.

Ontheothersideof thespectrumthecontinuousnethod
usesaslidingwindow of 100,000y clesto maintainthehis-
tory of errors. Toimplementhiswindow, a100,00it shift
registeris used,onebit for every cycle in thewindow. The
counteris incrementedr decrementedf the valueshifted
in is not sameasthe valueshiftedout. Thereare 100,000
bits neededor the shift registerand17 bits for the counter

In order to obtain bene ts similar to the continuous
caseyet avoid its high overheada third, semi—continuous
methodis used. In this method,the error window is di-
videdinto 5 counters.Eachcountermaintainsthe total er-
rorsoccurringin separat®0,000cyclesof theerrorhistory.
The countersareusedin arotatingfashionsothatat every
sampling theoldestcounteiis clearedandbeginscounting.
Eachcounterneedsl5 bits, so for the 5 counters,75 bits
will berequired.

7. Experimental results

To gaugeheperformancémprovementprovidedby the
SPRITE framawvork, a sequencef experimentsvereper
formed.An initial studyof asimplemultiplier circuit estab-
lished that signi cant room for improvementdoesindeed
exist. Fromthere,applicationsexecutingon a superscalar

processowereanalyzedandthe effectsof augmentinghe
pipelinewith SPRITE werecalculated.

As a rst stepin evaluatingthis techniquethefrequeny
inducedtiming errorsof a multiplier circuit are obsened.
In [13], multiplier circuit error ratesare analyzedor both
inter-die and intra—die variations by effectively altering
logic delay via voltage control. We perform similar ex-
perimentshut analyzeoperatingfrequeng inducedtiming
errors. The circuit is implementedn a Xilinx XC2VP30
FPGA.A blockdiagramof thesystemis shovn in Figure6.
As presentedn previous sectionsthe mainandPSclocks
operateat the samefrequeng, with a phaseshift between
them.However, in this experimentthe periodof theclocks
remainsconstantttheworstcasedelay Thephaseshift of
the PS clock latchesthe multiplier resultin the early reg-
ister after a delay In operationtwo linear feedbackshift
registersprovide randominputsto the multiplier logic each
mainclockcycle. To minimizetheroutingdelaysan18x18
multiplier block embeddednto the logic of the FPGA is
used.Theoutputis latched rst by theearlyregister anda
phaseshift laterby themainregister Error checkingoccurs
atevery cycle, andis pipelinedto allow maximumshifting
of the PSclock. A nite statemachine(FSM) is usedto
enablethe error counterfor 10,000cycles. To preventthe
counterfrom countingerrorsthat occurswheninitializing
the pipeline,the FSM begins enablingafter 4 delaycycles
have passed.

PS Clock

16-bit
Error

LSFR |
Opl |
*«
S

36 XOR gates

36-bit OR.

_r 3 18x18 bit )’ Counter
Multiplier
% o
A—=>16
5 FSM
10,000 cycl
Main Clock Rty oo s dome

Figure 6. Multiplier experiment block diagram

Theworstcasepropagatiordelayof the synthesizedir-
cuit is estimatecht 6.717ns by thetiming analyzer To al-
low plenty of time for the circuit to executebeforebeing
capturedn themainregister, aclock periodof 8 nsis used.
The phaseshift of the PSclock is variedfrom 0 to -5.5ns,
giving effective clock periodsof 8 to 2.5 ns. For eachef-
fective period,thetotal errorsare countedfor anexecution
run of 10,000cycles. For instance whenthe PSclock is
shiftedsuchthatits rising edgeoccurs5 nsbeforethe main
clock, themultiplier logic is effectively beinggiven3 nsto
compute At thisfrequeng, about94%of the 10,000cycles
produceatiming error.



Figure7 presentghe percentag®f cyclesthatproduce
an error for differenteffective clock periods. As shawn,
althoughthe worst casedelay was estimatedat 6.717 ns,
the rst timing errorsdo not begin occurringuntil a period
of under4 ns. Usinga methodsuchasLFDR to toleratea
small amountof timing errorsallows this circuit to run at
almosthalf the periodgiving a speedumf 44%.
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Figure 7. Percent of error cycles versus the
clock period for the multiplier circuit and DLX
processor

7.1. Evaluation of SPRIT 3E framew ork

The SPRITE framework is evaluatedon a DLX super
scalarprocessof8]. Therelevantparametersf the proces-
soraresummarizedn Table2. The superscalabLX pro-
cessolis synthesizedor the Xilinx XC2VP30FPGA.The
maximumtiming delay betweenregistersin this circuit is
21.982ns,betweerthesourceregistersof theMDU andthe
dataregistersof the ROB. Similar delaysall around20ns,
exist throughthe otherfunctionalunitsto the ROB, aswell
asfrom thedispatchstageto the ROB. Thus,to analyzethe
timing error ratesof the processarthe ROB registersare
augmentedvith additionalregistersaswell asthe compar
ing andcountingcircuitry shavn in Figure6. The proces-
soris operatedht varying phaseshifts of the PSclock, and
the percentagef cyclesin which anerroroccurredfor the
executionrun is recorded. For the benchmarksun on the
FPGA, the processostateandthe outputof the programis
checledfor correctnessfterprogramexecution.

Table 2. DLX processor parameter s
Parameters

Decode Issue/ Commitbandwidth 2
ReordeBuffer Entries 5
Number | Arithmetic Logic Unit (ALU) | 1
of Multiply Divide Unit (MDU) | 1
Function | BranchResohe Unit (BRU) 1
Units Load StoreUnit (LSU) 1

InstructionandDataCacheSize(Bytes) | 64
MemorySize(KBytes)- 2 CycleAccess | 64

Figure7 shavstheerrorratesof operatingheDLX atef-
fective periodsbetweerl 0 and3.5nsfor 3 differentbench-
marks. The RandGemapplicationperformsa simple ran-
dom numbergenerationto give a numberbetween0 and
255. Onemillion randomnumbersare generatedandthe
distribution of therandomvariableis keptin memory The
MatrixMult applicationmultipliestwo 50x50integermatri-
cesandstorestheresultinto memory The BubbleSoripro-
gram performsa bubblesorton 5,000 half—word variables.
For this applicationtheinputis givenin the worstcaseun-
sortedorder As shavn in the gure, for bothRandGerand
MatrixMult, the errorsbecomesigni cant ataroundd.5ns,
while the error rate of BubbleSortstayslow until around
8 ns. This is becauséboth the MatrixMult and RandGen
applicationsusethe MDU, andthusarelikely to incur the
worstcasepath. The BubbleSortusesonly the ALU to per
form comparisonsas well as addition and subtraction,so
it is ableto operateat lower periodsbeforeerrorsbegin to
occur

Usingtheprobabilitydistributionfor theerrorratedeter
minedin the previous step,a simulatoris written to evalu-
atethe effectivenesof the SPRITE frameawork usingthe
differentmethodsof error samplingdiscussedn Section6
at a settolerableerror rate of 1%. In this experiment,the
amountby which the clock periodis allowedto changeis
held constanfor differentsamplingmethods.Eachbench-
markis evaluatedseparatelyandis executedor its original
numberof cycles,reportedin Table3, aswell asfor along
runof 120million cycles.

Table 3. Length of Applications in Cycles
Application || Cyclesto Execute
MatrixMult || 2901432
BubbleSort || 118896117
RandGen 15750067

The scalingbehaior for the matrix multiplier applica-
tion executedfor a long run is shovn in Figure 8. The
gure highlights the differencesbetweendiscrete,semi—
continuous,and continuoussampling. The otherapplica-



tionsshaw similar periodscalingover the courseof execu-
tion. As the gure demonstrateshelongintervalsbetween
switchingfor the discretesamplingmethodpreventit from
reachingthe optimal period as quickly as the continuous
andsemi-continuousases.

Figure 8. Dynamicall y scaled clock period
versus the elapsed cycles for MatrixMult

Figure 9. Relative performance gains for dif-
ferent applications

As the simulationis running, the executiontime of the
applicationis calculated.The referenceexecutionrun sets
the period at the worst casevalue and allows no scaling.
Thusno timing errorsoccur For the othercasesgachcy-
cle in which a timing error occursresultsin a stall cycle
beinginjectedinto the pipeline. Also, whena changein
periodoccurs,thetime takento lock the DCMs to the new
frequeng is addedto the total executiontime. The exe-
cutiontimesfor eachapplicationwhenrun for its original

executioncyclesis shovnin Figure9, normalizedo theref-
erenceworstcasetime. The BubbleSortapplicationshavs
the bestperformanceasit runsthe longestand thus runs
the longestat the optimal periodfor any samplingmethod.
The MatrixMult application,however, is only long enough
for gainsachieved by lowering the periodto begin to out-
weighthepenaltiedor doingso. Eachbenchmarkvasalso
evaluatedby runningfor alongerexecutiontime. The per
formanceresultsare presentedn Figure9. For this varia-
tion, all benchmarkperformsimilarly, with thediscreteer-
ror samplingmethodgiving onaveragea 43%improvement
over the worst case andthe semi—continuouandcontinu-
ousmethodoutperformingt at56%and57%respectiely.

Speedup Calculation: Table 4 provides the speedup
achievablefor the multiplier circuit, the 32-bit and 64-bit
CLA addercircuits,andthethreedifferentbenchmarksun
ontheDLX processoaugmenteavith the SPRITE frame-
work. The overclockingtechniqueis appliedto the CLA
addersafter increasingtheir contaminationdelay as ex-
plainedin Section5. The new contaminatiordelayvalues
arethe onesreportedin Table1 in Section5. The exper
imental setupfor the adderis similar to the one explained
for the multiplier circuit. Equation5, derivedin Section4,
givesthespeedupS,,. We considerk to be 1, andS, to be
10%. The S, factoris ignoredfor the multiplier andadder
circuits. We calculatespeedupior anerrorratetargetof 1%.

Table 4. Speedup Calculation

Multiplier 6.72 | 3.75 | 1.77
32-bitCLA 3.99 | 3.3 |1.19
64-bitCLA 7.89 | 6.2 | 1.27
MatrixMult 21.98| 8.5 2.33
BubbleSort || 21.98| 8.0 | 2.47
RandGen 21.98| 85 | 2.33

While calculatingthespeedujin Table4, we did nottake
into accountthe time mamginsaddedto the propagatiorde-
lay becauseof physicaland ervironmentalfactors. In re-
ality, the original clock periodwould be x ed at a higher
valuethanthe circuit's propagatiordelay leaving roomfor
furtherfrequeng scaling.

Impact on areaand power consumption: To guarantee
reliableexecutionwhenoperatingat higherthanworstcase
speedsweintroduced.FDR circuitsin placeof ip- ops in
the pipelinestagesandto remove the limitationsimposed
by shortpathsonfrequeny scalingwe addeddelaybuffers
to increasdhedelayof shortpaths.Thisincreasedhearea
andpower consumptiorof the superscalaprocessar



Table 5 provides synthesisresultsfor the unmodi ed
DLX superscalaprocessoandtheoneaugmentedvith the
SPRITE framework. Both designsare mappedto Xilinx
Virtex Il Pro FPGA using Xilinx ISE 8.2 synthesistool.
Thereis a 3.12%increasdan the numberof ip- ops. The
increasen thecombinationalogic partis 0.3%. Thenetin-
creasdn areabecaus@f the SPRITE framework is 3.2%
(calculatedfrom equialent gate count). For our experi-
mentson DLX superscalaprocessarwe did notincrease
thecontaminatiordelayof ary pipelinestage.

Table 5. FPGA synthesis results

Processor Flip-op | Comh Area | Equi.
Count (4-LUTS) Gates

Unmodi ed DLX || 5150 14363 164760

SPRITE DLX 5313 14407 170048

To minimizetheincreasdn power consumptionyve re-
placedonly thosepipelineregistersin thecritical pathwith
LFDR circuits. From Xilinx Xpower reports,we obsenred
thatthereis no signi cant differencen thetotal power con-
sumedby thetwo processors.

8. Conclusions

As demonstratetby the successfutiming error tolerant
overclockingmethodologythe currentway of estimating
the operatingfrequeng for synchronougircuitsis far too
consenative. The SPRITE framework reusesexisting su-
perscalamipeline logic wheneer possible,resultingin a
modesterror detectionand recovery logic overhead. Al-
thoughour experimentsare basedon FPGA platform, an
extensioncanbe madeto logic implementedn ASIC tech-
nology Thiswork presentsninitial explorationof thepos-
sibilities for taking advantageof the mamins producedby
worst casedesignmentality In the future, implementing
amainmemorysystemfor the synthesizedDLX processor
would allow full scalebenchmarkso be evaluated aswell
asallow anexplorationof the effect of increasinghe clock
frequeng on the averageinstructionscommittedper clock
cycle. Anotherimportantconcernin usingthe SPRITE
framawork is how well the phaseshift canbe adjustedat
high frequencies. This paperpresentsa very promising
techniquewith mary exciting directionsfor thefuture.

References

[1] T. Austin, V. Bertacco,D. Blaauw and T. Mudge. Oppor
tunitiesandchallengedor betterthanworst-casedesign.In
Asiaand SouthPaci ¢ DesignAutomationConfeence vol-
umel, page—7,January2005.

(2]

(3]
(4]

(5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

M. Bezdek. Utilizing timing error detectionand recovery
to dynamicallyimprove superscalaprocessoperformance.
Masters thesis lowa StateUniversity, 2006.

B. Colwell. The zenof overclocking. IEEE Compututer
37(3):9-12March2004.

S.Das,D. Roberts,S. Lee, S. Pant, D. Blaauw T. Austin,
K. Flautner andT. Mudge. A self-tuningdvs processous-
ing delay-errordetectionand correction. IEEE Journal of
Solid-StateCircuits, 41(4):792—804April 2006.

D. Ernst, N. S. Kim, S. Das, S. Pant, R. Rao, T. Pham,
C.Ziesler D. Blaauw T. Austin, K. Flautner andT. Mudge.
Razor: A low-power pipeline basedon circuit-level timing
speculation.In 36th AnnuallEEE/ACM International Sym-
posiumon Microarchitecture, pages7’—18,2003.

D. J. Frank, R. H. Dennard,E. Nowak, P. M. Solomon,
Y. Taur, and H.-S. P. Wong. Device scaling limits of si
mosfetsandtheir applicationdependenciesProceedingof
IEEE, 89(3):259-288March 2001.

A. HartsteinandT. R. Puzak. The optimumpipelinedepth
for a microprocessor In 29th annualinternational sympo-
siumon Computerarchitectue, pages/—13,May 2002.
J.Horch. Superscaladix documentationhttp://www.rs.tu-

darmstadt.de/denloads/docu/dixdocu/SuperscalarDLX.html.

DateAccessedMarch 16,2007.

S.Kim andA. K. Somani. Ssd: An affordablefault toler-
ant architecturefor superscalaprocessors.Iln Paci ¢ Rim
International Symposiunon DependableComputing pages
27-34,Decembe001.

T. Liu andS.-L.Lu. Performancémprovementwith circuit-
level speculation.In 33rd Annual ACM/IEEE International
Symposiunon Microarchitectule, pages348—-355,Decem-
ber2000.

G. Memik, M. Chawvdhury, A. Mallik, andY. Ismail. En-
gineeringover-clocking: reliability-performancetrade-ofs
for high-performanceegister les. In InternationalConfer
enceon DependableSystemandNetworks pages’70-779,
June2005.

S. R. Nassif. Modeling and forecastingof manufcturing
variations. In Asia and SouthPaci ¢ Design Automation
Confeence pagesl45-149 January2001.

D. Roberts,T. Austin, D. Blauww, T. Mudge,andK. Flaut-
ner. Error analysisfor the supportof robustvoltagescaling.
In Sixth International Symposiunmon Quality of Electronic
Design pages$65-70,March2005.

N. V. Sheng, R. K. Brayton, and A. L. Sangivanni-
Vincentelli.  Minimum padding to satisfy short path
constraints. In IEEE/ACM international confeence on
Computeraideddesign pagesl56-161,1993.

A. K. Uht. Achieving typical delaysin synchronousystems
via timing error toleration. Technicalreport032000-0100,
University of Rhodelsland,March 2000.

A. K. Uht. Uniprocessoperformanceenhancemerthrough
adaptve clock frequeng control. IEEE Transactionson
Computes, 54(2):132—140February2005.
C.WearerandT. Austin. A faulttolerantapproacto micro-
processodesign. In International Confeenceon Depend-
able Systems&nd Networks pagesA11-420July 2001.

G. C.-F. Yeap. Leakagecurrentin low standbypower and
high performancelevices: trendsandchallenges.In Inter-
nationalSymposiunon Physicaldesign pages22-27,2002.



