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ABSTRACT

In thispaperwe studythetrade-of betweerenegy-ef ciency
and variation-toleranceof an errorresilient motion estima-
tion architecture. Error-resilieng is incorporatedvia algo-
rithmic noise-tolerancd ANT) where an input subsampled
replica(ISR) of themainsum-of-absolute-dierenc§ MSAD)
block is employed for detectingand correctingerrorsin the
MSAD block. Thisarchitectures referredto asISR-ANT. In
thepresencef proceswvariations theaveragepeaksignal-to-
noiseratio(PSN R) of ISR-ANT architecturéncrease®y up
to 1.8d B overthatof thecorventionalarchitecturen 130nm
IBM procesgechnology Furthermorethe PSN R variation
is alsoreducedoy 7x overthatof the corventionalarchitec-
ture at the slow cornerwhile achieving a power reductionof
33%.

Index Terms— processvariation,errorresilieng

1. INTRODUCTION

Next generationwirelessmultimediacommunicationsstan-
dardssuchas fourth generation(4G) mobile systemsneed
to provide servicessuchasvideo transmissioron hand-held
units. Theseunitsneedto beenepgy-efcient while providing
a high quality of service. Variousvideo compressiorstan-
dardshave beenproposedo reducethe bandwidthof multi-
mediadatatransmission.The MPEG-4 encoderis the most
computationallyintensive block in a video processar The
motionestimation(ME) kernelconsume$6%-94% of theen-
codercomputationatompleity [1]. The ME datapathpower
consumptioris foundto be 75% of thetotal ME power con-
sumptiorfor full searchmotionestimatioralgorithmand60%
of the total ME power consumptiorfor the threestepsearch
algorithm[2]. Therefore,low-power motion-estimatiorar-
chitectureandimplementationsreof greatinterest.

The ME implementationgabricatedn nanometesilicon
procesdechnologiedacethe problemof performingenegy
ef cient computatiorin thepresencef noise.Thenanometer
procesgechnologiessuffer from non-idealitiessuchas pro-
cessvariationsvoltageor temperaturénducednoiseandsoft
errors.Onesourceof procesyariationsis therandom uctu-
ationsin the numberof dopantatomsin the MOS channel3]
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Fig. 1. A typicaltiming violationinducederrordueto process
variations.

which affectsthe device thresholdvoltageV; of the transis-
tor. The usageof sub-wavelengthlithographyfor patterning
transistorgresultsin width and gate-lengthvariations. This
createslelayvariationswhichresultin uncertaintyin thedata
arrival time attheregistersor memoryelementsausinghem
to latchincorrectdataleadingto logic errors. An exampleof
suchanerroreventis shovn in Fig. 1 usingHSPICEsimula-
tion of a latchedfull adderdesignedn anIBM 130nm pro-
cesstechnology We canseethatthe circuit which operates
correctlyatthenominalprocesornemproducesnerroneous
outputatthe slow processorner

Previousschemeso avoid errorsdueto timing violations
have relied on adaptie body biasing(ABB) to modulatethe
transistotthresholdsoltageV; [4] andadaptie supplyvoltage
(ASV) [5]. However, the effectivenessof ABB is known to
decreasasthechannelengthshrinkswhile ASV requiresac-
curate power-hungrycircuitry. Proceswariationscause30%
variability in operatingfrequeng in currentprocesdechnol-
ogy andthis variability is expectedo increaseo 60% within
thenext 10 yearg[6]. In the presencef suchincreasedaria-
tions,aworst-casalesignhashigh power consumptiorwhile
the nominal design,even thoughit is enegy-efcient, will
exhibit intermittenterrors.Therefore grrorresilientarchitec-
turesandimplementationsvhich trade-of power with relia-
bility areof greatinteres{7].
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Fig. 2. ThethreestepsearchTSS)algorithm: (a) the search
window, and(b) ablock level implementation.

1.1. Contrib ution

In this paper we studythe performancef errorresilientlow
powerME architectureeferredto asinputsubsampledeplica
ANT (ISR-ANT) [9] in the presencef errorsdueto process
variationsand voltageoverscaling(VOS). In VOS, the sup-
ply voltageis reducedbeyond Vy4—.i¢, the supply voltage
belonv which timing violations occur, in orderto pushthe
limits of power savings using corventionalvoltage scaling
[8]. Simulationsusing statisticalprocessmodel of an IBM
130nm CMOS processtechnologyshav that ISR-ANT in-
creaseghe meanpeaksignal-to-noiseatio (PSN R) by up
to 1.8dB whencomparedo the PSN R of the corventional
architectureon a slow die. ISR-ANT alsoreduceghe vari-
ation of the PSN R dueto WID variationsaroundthe slow
processornerby 7x andachiesesup to 33% power savings
for nearlyequalvaluesof PSNR.

Section2 describeghe ME algorithmand presentdSR-
ANT, the previously proposeckrrorresilientarchitecturefor
enegy-efcient motion estimation. Section3 presentshe
characterizationsf the probability of error due to process
variationsfor the arithmetic units employed in ME imple-
mentatiorandexplainsthe simulationsetup.In section4, we
presensimulationresultsshaving theimpactof proceswari-
ationsand combinationof both processvariationsand VOS
onthe PSN R usingthe corventionalandthe ISR-ANT ar
chitectures.

2. PRELIMIN ARIES

In thissectionwe presenpreliminariesof ME. We rst intro-
ducethe ME algorithmandthendemonstrat¢he application
of ANT resultingin theerrorresilientiISR-ANT architecture.

2.1. The ThreeStepSearch (TSS)Algorithm

An ME algorithmreducegsemporakredundang betweercon-
secutve videoframes.In block matchingME algorithms the
currentvideoframeis partitionedinto non-overlappingmac-
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Fig. 3. ThelSR-ANT basedME architecture.

roblocksof size N pixelsby N pixels. For eachmacroblock
in thecurrentframe,theME algorithmef ciently searchefor
thebestmatchingmacroblockin the previousframe.

There are numerousalgorithmsfor ef cient search[1]
sincethe ME algorithmis not standardizedWe selectanal-
gorithmthatis suitablefor VLSI implementatiorfor enegy-
efciency purposes.The threestepsearch(TSS) algorithm
[10] is a commonly employed sub-optimalblock matching
algorithmbecausef the simplicity of its implementationro-
bustnessand near optimal performance. In this paper we
choosehe TSSalgorithmto demonstrat¢he effectivenesof
the proposedANT technique. Note that the proposedANT
techniquecanbe appliedto any otherblock matchingalgo-
rithm.

In the TSSalgorithm(seeFig. 2(a)),aninitial stepsizeA,
typically equalto half of the searchwindow sizeis chosen.
Next, nine candidatemacroblocksM|[1 : 9] with their center
locationsasshown in Fig. 2(a),arechoserfrom the previous
framefor comparison Eight of thesecandidatenacroblocks
have theircentersaatadistanceof £ A in thex andy direction
from the currentmacroblock.The ninth macroblockis at the
samedocationasthe currentmacroblock.

The sum of absolutedifferenceg(SAD) for eachof the
nine macroblocksare calculatedby the main SAD (MSAD
) block (seeFig. 2(b)) by summingup the absolutediffer-
encebetweerthe correspondingixelsin the candidatenac-
roblocksandthecurrentmacroblock.Theoutputof theMSAD
block are the nine candidateSAD valuesdenotedby y,[i]
(1 <i<9),where,

NXxN

oli] = ) lailk] —bifk]|, fori<i<9 (1)
k=1

Theindex correspondingo the bestmatchis obtainedas,

Yo[mine] = min{yo[1],¥o[2], .--, yo[9]}
min, = argmin{y,[1],y.[2], .-, ¥o[9]} 2)

Themotionvectoris thevectordifferencebetweerM|[min,,|
andthecurrentblock. Next, A is halvedandthe centerof the
searchwindow is moved to coincidewith thatof M[min,].
Previous stepsare repeatedill the A becomedessthan 1.
In the block level implementationof TSSin Fig. 2(b), the
MSAD block calculateghe SAD in (1) while theMIN block
determinesnin, using(2).



2.2. Input SubsampledReplica (ISR) ANT

In this subsectionwe describegheerrortolerantME architec-
turereferredto asthe ISR-ANT architecturg9]. In ageneric
ANT-basedsystem,a main block is assumedo malke inter-

mittenterrorsdueto timing violationswhicharecorrectedy

anerrorcontrolblock (EC). The EC block includesan esti-
matorand a decisionblock. We proposethe following ME

architecturebasedon the conceptof ANT to generatd SR-

ANT asshowvnin Fig. 3.

1. We emplgy an estimatorbasedon input subsampling,
whereanestimateof theMSAD outputis calculatedby
employing an ISR-SAD block which subsampleshe
input streamsa[k] andb[k] by a factorof m asshown
below,

|2 /m]
ypld] =m x Y Jai[mk] = bi[mk]|  (3)

k=1

Let e,[¢] denotethe SAD estimationerror de ned as
follows:

epli] = yp[i] = yoli] (4)

Note that ISR-SAD block will consumédower power
thantheMSAD blockandcanbemadeto operateerror
freebecausé@ canoperatewvith alowerclockfrequeny
andperformsfewer computations.

2. We modify the decisionblock asfollows. We detect
andcorrecterrorsat the outputof the MSAD block.

Note, the ISR-SAD outputy,[i] is an estimateof the error

freesumy,[i] for 1 < i < 9. Hence,athresholdT}, canbe
chosenin suchaway thatmaz(|e,[i]|) < Tx. Let v[i] de-
notethedifferencebetweerthe actual(potentiallyerroneous)
MSAD outputy,[{] andISR-SAD outputy,[i], i.e.,

V(3] = yali] — ypli] (5)

An erroris declaredf |y[i]| > Ty. The decisionblock em-
ploys the ISR-SAD outputy,[i] asinputto theMIN block if
an error is detected.If thereis no error, the MSAD output
ya[f] is employedasinputto the MIN block.

ISR-ANT workswell underthefollowing assumptions:

1. Themagnitudeof errorin MSAD block outputis large.
This malkesit easyto detecterrors.

2. ThelSR-SAD andthedecisionblocksareerrorfree.

Both assumptiongreeasilymetin practice. Thisis because
the errorsdueto timing violationsoccurin the mostsigni -
cantbits (MSBs)dueto least-signi cantbit (LSB) rst nature
of computationn MSAD. As a result,the magnitudeof the
errorin MSAD block outputis large. The ISR-SAD block
hasonly N/m inputsto processascomparedo N inputsfor
the MSAD block. Henceiit is ableto operaten anerrorfree
manner
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Fig. 4. Error characterizatiomf AD block andaripple carry
adder: (a) pathdelaydistribution and (b) probability of pro-
cessvariationerror.

3. PROCESSVARIATIONS SIMULATION SETUP

Proceswsariationsareclassi edasdie-to-die(D2D) andwithin-
die (WID) variations. D2D variationsare causedby differ-
encesin processconditions(resistthickness,aberrationsn
thesteppetensandothers)experiencedy chipson different
wafersin differentlots. They modify the device properties
(V4, oxide thickness conductancend others)for all the de-
viceson the chip in the sameway. The standarddeviation
of the gatedelaydueto D2D proceswariationsis denotecas
o4- WID variationsresultin differencesn device parameters
for two instance®f the samedevice on the samechip. WID
variationsare causedy geometricvariationdueto different
layoutconditions(nestedvs. isolated verticalvs. horizontal)
and mismatchdueto the placemenif dopantatomsin the
device channel. The meanandthe standarddeviation of the
gatedelaydueto WID processvariationsare denotedas p;
ando; respectiely.

Processvariationssigni cantly affect circuit delay The
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Fig. 5. Delaydistributionsof variousgatesfor a 3o, slow die
with WID variationsnormalizedto the meaninverterdelay

impactof thesevariationsarecapturedhroughmeasurements
[11], which arethenemployedto generatestatisticalprocess
models[12]. In this section,we rst characterizehe error
probabilitiesfor thearithmeticunitsemployedin the ME im-
plementatiordueto D2D procesvariations.Thenwe discuss
theimpactof WID proceswariationson circuit delay(u; and
o) usingstatisticalprocesamodelfor a 30, slow die. Next,
we describehe simulationsetupemployedfor simulatingthe
effect of processvariationinducedtiming errorson the per
formanceof ME algorithm.

3.1. Err or Characterization of Arithmetic Units

TheMSAD blockemplgysanabsolutaifferenceg/AD) block
followedby anaccumulatofseeFig. 2(b)). Thesearithmetic
units are basedon leastsigni cant bit (LSB) rst computa-
tion. Therefore critical pathtiming violationsdueto VOSor
processvariationwill resultin errorsin the mostsigni cant
bits (MSBs). Theseerrorsarelarge in magnitudeandhence
severelydegradethe performancen termsof PSNR.
Theprobabilityof timing errorsdepend®nthepathdelay
distribution of thearchitectureandtheprobabilitydistribution
of theinputs. Thedelaydistributionsof an8-bit AD blockand
a16-bitripple carryadderareshown in Fig. 4(a). The proba-
bility of errorfor the AD block andtheripple-carryadderare
shawn in Fig. 4(b) for uniformly distributedinputsat differ-
entprocessornersdueto D2D variations.The x-axis shovs
theinstanceof theslow processlueto D2D proceswariation
in termsof o,. The supplyvoltageis keptconstansuchthat
thereareno errorsatthenominalprocessorner We obsene
that the AD block and the ripple carry adderexhibit errors
for 3% and1% of the inputs, respectiely, at 3o, slow pro-
cesscorner Thisis becaus¢éhe AD block hasgreatemumber
of pathswith delayscloseto the critical pathdelaythanthe
ripple carryadderasshovnin Fig. 4(a). Thereforethe prob-

Table 1. Characteristic®f normalizeddelaydistributionsof
variousgatesatthe 3¢, slow cornerdueto WID variations.

Gate SupplyVoltage

1.35V | 1.2V | 1.05V | 0.9V

W 1.0 1.0 1.0 1.0

Inverter oy 0.13 0.14 0.14 0.17
o/ | 013 | 0.14 | 0.14 | 0.17

w 350 | 3.80 | 419 | 4.23

Exor oy 0.47 | 057 | 0.67 | 0.74
o/ | 013 | 0.15 | 0.16 | 0.17

w 552 | 572 | 6.11 | 6.81

Full adder| o 045 | 048 | 0.58 | 0.69
Carry oy/p | 0.08 | 0.08 | 0.09 | 0.10
0 796 | 820 | 947 | 1291

Full adder| o 050 | 051 | 0.66 | 0.91
Sum oy/p | 0.06 | 0.06 | 0.07 | 0.07

ability of errordueto processvariationsis higherfor the AD
block thanfor the ripple carry adder ISR-ANT architecture
is shawvn to bevery effectivein correctingfor theseerrors.

3.2. Simulation Setup

We characterizedhe delay distribution of basicgatessuch
asaninverter exor, anda full adderdueto WID variations
at variousvaluesof the supply and body bias voltage com-
binations(V34,V;). Monte Carlo simulationsusingstatistical
model les wereemployedfor this purposeFig. 5 shavs the
normalizeddelaydistributionsresultingfrom the presencef
WID variationsatthe3o, slow cornemwith Vg = 1.2V, V} =
0V. Tablel shavsthemeanandthe standardieviation of the
normalizeddelayfor V;, = 0, from which we obsenethatthe
relative delayvariations(o;/1;) decreaseaswe mave from
thesimplestgate(inverter)to acomplex gate(full adder).The
relative delay variationswas alsofound to decreasavith an
increasdn the supplyvoltageVyg.

Next, we samplethe distribution in Fig. 5 to obtainthe
gatedelaysof agatelevel implementatiorof thecorventional
andthe ISR-ANT architecturesat the 3o, slow processcor-
ner This processs repeated0 timesin orderto obtain 30
instancef the two architectures We simulatethe corven-
tional andthe ISR-ANT architecturesisingan HDL simula-
tor which operatesat the gate-level to determinethe output
motion vectorsfor the threeclips. We predictedthe current
frame from thesemotion vectorsand the previous frame to
obtainthe PSNR. The PSN R is calculatedas

2
PSNR(dB) =20 x lOgl() 55

Or

(6)

whereo? is the predictionnoisepower. We setthe desired
PSN R requiremento be0.5dB lessthanthe PSN R of the
errorfreecorventionalarchitecture.
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Table 2. Characteristicef PSN R distributionsfor corven-
tional architectureona 3o, slow die dueto WID variations.

Clip o wergarden| mobilecalendar| football
e (dB) 21.31 21.95 23.17
o. (dB) 0.49 0.59 0.39
Oc/ e 0.022 0.026 0.017

4. SIMULATION RESULTS

In this sectionwe presensimulationresultsshaving theim-
pactof delayvariationson the PSN R of ME usingcorven-
tionalandISR-ANT architecturesThreedifferentvideoclips
areevaluated: o wer garden(low motion), mobile calendar
(mediummotion)andfootball (high motion).

4.1. Impact of ProcessVariations on PSNR

Eachof the 30 instancef eitherthe corventionalor ISR-
ANT architecturewill resultin a different PSNR. Thisis
becausehe pathdelaydistribution andhencethetiming vio-
lationswill be differentfor eachinstance.Thus,the PSNR
is arandomvariableandit will have adistribution. Themean
i andthe standarddeviation o, of the PSN R for the con-
ventionalarchitectureare takulatedin Table2. We obsene
that the u. dropsby approximately2dB for o wer garden
andmobile calendarclips and1dB for thefootball clip when
comparedo theerrorfreeimplementationThisdropis quite
signi cant andresultsin a noticeabldossin imagequality.
Next, we obtainthe PSN R distributionfor theISR-ANT
architecturdor differentvaluesof thesubsamplingatiom =
3,4, 5 andthelSR-SAD input precisionb = 8,6, 5. Therep-
resentatie distributions of the PSNN R for the corventional
architectureandthe ISR-ANT architecturgm = 4, b = 8)
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areshavn in Fig. 6. The meany; andthe standarddevia-

tion o; of the output PS N R aretahkulatedin Table3. From
Table 3, we canseethatthe improvementin the meany; is

signi cant aswe increaseestimatorcompleity fromm = 5

tom = 4, but providesdiminishingreturnsasthe estimator
compleity increasegrom m = 4 tom = 3. We alsonote
thatthe performanceof ISR-ANT decreaseasthe precision
of ISR-SAD block is reducedfrom 8 to 5. ComparingTa-

bles2 and 3, we obsenethatthemeanP SN R increase$ut

its standardieviationdecreasewhenwe uselSR-ANT archi-
tectureinsteadof the corventionalarchitecture. The relative
variation(o;/p;) in PSNR is reducedby 7x for the o wer
garden,5x for the mobile calendarand4x for the football

clip. Sincewe wantto limit the PSNR lossto 0.5dB, we
choosen = 4, b = 8 in thefollowing discussion.

4.2. Power vs. Performance Trade-off

In this subsectionwe presentthe power overheadof using
ISR-ANT andits impacton the PSN R for a representatie
clip (mobile calendar)in the presenceof VOS and process
variationinducederrors.\We comparepower consumptiorof
theISR-ANT architecturewith the corventionalarchitecture.
We simulatethetransistodevel netlistof the corventionalar
chitectureandthe ISR-ANT architecturaisingHSPICEwith
randominput vectorsto obtain the power consumptionfor
both the architecturest differentsupplyvoltagelevels. We
evaluatethemeanP SN R employing theprocedurealescribed
in the previoussubsection.

We show a plot of power consumptiorof the two archi-
tecturesalongwith themeanP SN R for the mobile calendar
clip in Fig. 7. The rst bar shavs the power consumedy
the corventionalarchitectureoperatingundererrorfree con-
ditionsonanominalprocesslie. TheV,;; andV}, areadjusted
usingthe meandelay characterizatiomesults. We note that
the prediction PSN R is 23.9dB for power consumptiorof
324 W atVyy = 1.35V,V, = 0.45V atthenominalprocess
corner The meanperformanceof the corventionalarchitec-



Table 3. Characteristicef PSN R distributionsfor ISR-ANT architectureona3o, slow die dueto WID variations.

o wergarden mobilecalendar football

b=8 b=6 | b=5 b=8 b=6 b=5 b=8 b=6 b=5

i (dB) | 22.84 | 22.75| 21.75| 22.29 | 22.06 | 21.85| 22.92 | 22.90 | 22.76

m=5| o;(dB) | 0.27 | 0.28 | 0.67 | 0.24 0.25 | 051 | 0.21 021 | 031
o;/u; | 0.011 | 0.012| 0.030| 0.010 | 0.011 | 0.023| 0.009 | 0.009 | 0.014

i (dB) | 23.12 | 22.80| 22.19| 23.42 | 23.33 | 22.07 | 23.58 | 23.48 | 23.19

m=4 | ¢; (dB) | 0.08 | 0.14 | 0.36 | 0.11 0.19 | 049 | 0.26 0.29 | 0.38
o;/u; | 0.003 | 0.006| 0.016| 0.005 | 0.008 | 0.022| 0.011 | 0.012 | 0.016

i (dB) | 23.18 | 23.10| 22.29| 23.70 | 23.51 | 23.05| 24.14 | 24.08 | 23.51

m=3| o;(dB) | 001 | 0.16 | 0.4 0.02 0.2 0.3 0.01 0.04 | 0.14
o;/u; | 0.0004| 0.007 | 0.018| 0.0008| 0.0085| 0.013 | 0.0004 | 0.0017 | 0.006

ture decreaset 21.9dB for power consumptiorof 248 W

atVyqy = 1.35V,V, = 0.45V atthe 3o, slow corner If the
supplyvoltageis reducedo V; = 1.1V, ,V, = 0.45V, the
errorsoccurfrom processvariationsaswell asVOS. Hence,
the meanperformancelegradeso 14.6dB while consuming
160uW of power. If we apply the corventional ABB and
ASV to reducethe gatedelaysand correctthe timing errors
thenthe power consumptiorincreasego 400uW at Vy; =

1.5V, V, = 0.5V while achievingameanP SN R of 23.6dB.

The ISR-ANT architectureat 30, slow processcornerand
Viaa = 1.35V,V, = 0.45V, consume&70uW witha PSNR

of 23.4dB. Thus,atthesameslow procesornerthe PSN R

of ISR-ANT is comparablego the cornventionalarchitecture
while consuming83% lower power thanthe corventionalar

chitecture.WhenprocessrariationsandVVOS occursimulta-
neouslythelSR-ANT improvesthe PSN R from 14.6d B to

21.9dB while consumingan additional10% power. Thus,
ISR-ANT techniqueis able to trade-of power and perfor

manceeffectively with robust PSN R performance.

5. CONCLUSIONS

In this paper we studiedthe performancef ISR-ANT archi-
tecturebasedon the principle of errorresiliencein the pres-
enceof processvariationerrors. The work presentedn this
paperfalls in the categyory of communicationinspired low-
power designtechniqued8] that favors the notion of error
correctionratherthanerroravoidance.Sucherrorresilieng
basedtechniquescan be appliedto other power hungry 4G
mediacommunicatiorkernelssuchas discretecosinetrans-
form (DCT) andforwarderrorcontrol(FEC)decodersStudy-
ing the effectivenes®f thesetechniquest thevideoencoder
systemlevel is alsoof greatinterest.
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