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ABSTRACT

In thispaper, westudythetrade-off betweenenergy-ef�ciency
and variation-toleranceof an error-resilient motion estima-
tion architecture. Error-resiliency is incorporatedvia algo-
rithmic noise-tolerance(ANT) where an input subsampled
replica(ISR)of themainsum-of-absolute-difference(MSAD)
block is employed for detectingandcorrectingerrorsin the
MSAD block. Thisarchitectureis referredto asISR-ANT. In
thepresenceof processvariations,theaveragepeaksignal-to-
noiseratio(

�������
) of ISR-ANT architectureincreasesbyup

to �	� 
	�
� over thatof theconventionalarchitecturein ���	�	���
IBM processtechnology. Furthermore,the

�������
variation

is alsoreducedby ��� over thatof theconventionalarchitec-
tureat theslow cornerwhile achieving a power reductionof
�	��� .

Index Terms— processvariation,errorresiliency

1. INTRODUCTION

Next generationwirelessmultimediacommunicationsstan-
dardssuchas fourth generation(4G) mobile systemsneed
to provide servicessuchasvideo transmissionon hand-held
units.Theseunitsneedto beenergy-ef�cient while providing
a high quality of service. Variousvideo compressionstan-
dardshave beenproposedto reducethebandwidthof multi-
mediadatatransmission.The MPEG-4encoderis the most
computationallyintensive block in a video processor. The
motionestimation(ME) kernelconsumes�	��� - ����� of theen-
codercomputationalcomplexity [1]. TheME datapathpower
consumptionis foundto be �	��� of thetotal ME power con-
sumptionfor full searchmotionestimationalgorithmand �	���
of the total ME power consumptionfor thethreestepsearch
algorithm [2]. Therefore,low-power motion-estimationar-
chitecturesandimplementationsareof greatinterest.

TheME implementationsfabricatedin nanometersilicon
processtechnologiesfacetheproblemof performingenergy
ef�cient computationin thepresenceof noise.Thenanometer
processtechnologiessuffer from non-idealitiessuchaspro-
cessvariations,voltageor temperatureinducednoiseandsoft
errors.Onesourceof processvariationsis therandom�uctu-
ationsin thenumberof dopantatomsin theMOSchannel[3]
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Fig. 1. A typicaltiming violationinducederrordueto process
variations.

which affectsthe device thresholdvoltage  "! of the transis-
tor. The usageof sub-wavelengthlithographyfor patterning
transistorsresultsin width andgate-lengthvariations. This
createsdelayvariationswhichresultin uncertaintyin thedata
arrival timeat theregistersor memoryelementscausingthem
to latchincorrectdataleadingto logic errors.An exampleof
suchanerroreventis shown in Fig. 1 usingHSPICEsimula-
tion of a latchedfull adderdesignedin an IBM �#�	�	��� pro-
cesstechnology. We canseethat the circuit which operates
correctlyatthenominalprocesscornerproducesanerroneous
outputat theslow processcorner.

Previousschemesto avoid errorsdueto timing violations
have reliedon adaptive bodybiasing(ABB) to modulatethe
transistorthresholdvoltage "! [4] andadaptivesupplyvoltage
(ASV) [5]. However, the effectivenessof ABB is known to
decreaseasthechannellengthshrinkswhile ASV requiresac-
curate,power-hungrycircuitry. Processvariationscause���
�
variability in operatingfrequency in currentprocesstechnol-
ogy andthis variability is expectedto increaseto ���
� within
thenext �#� years[6]. In thepresenceof suchincreasedvaria-
tions,aworst-casedesignhashighpowerconsumptionwhile
the nominal design,even thoughit is energy-ef�cient, will
exhibit intermittenterrors.Therefore,error-resilientarchitec-
turesandimplementationswhich trade-off power with relia-
bility areof greatinterest[7].
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Fig. 2. Thethreestepsearch(TSS)algorithm: (a) thesearch
window, and(b) a block level implementation.

1.1. Contrib ution

In this paper, we studytheperformanceof error-resilientlow
powerME architecturereferredtoasinputsubsampledreplica
ANT (ISR-ANT) [9] in thepresenceof errorsdueto process
variationsandvoltageoverscaling(VOS). In VOS, the sup-
ply voltageis reducedbeyond  ���������	� ! , the supply voltage
below which timing violations occur, in order to push the
limits of power savings using conventionalvoltagescaling
[8]. Simulationsusingstatisticalprocessmodel of an IBM
�#������� CMOS processtechnologyshow that ISR-ANT in-
creasesthe meanpeaksignal-to-noiseratio (

�������
) by up

to �	� 
	�
� whencomparedto the
�������

of theconventional
architectureon a slow die. ISR-ANT alsoreducesthe vari-
ation of the

�������
dueto WID variationsaroundthe slow

processcornerby ��� andachievesup to �	��� power savings
for nearlyequalvaluesof

�������
.

Section2 describesthe ME algorithmandpresentsISR-
ANT, thepreviously proposederror-resilientarchitecturefor
energy-ef�cient motion estimation. Section3 presentsthe
characterizationsof the probability of error due to process
variationsfor the arithmeticunits employed in ME imple-
mentationandexplainsthesimulationsetup.In section4, we
presentsimulationresultsshowing theimpactof processvari-
ationsandcombinationof both processvariationsandVOS
on the

�������
usingthe conventionalandthe ISR-ANT ar-

chitectures.

2. PRELIMIN ARIES

In thissection,wepresentpreliminariesof ME. We�rst intro-
ducetheME algorithmandthendemonstratetheapplication
of ANT resultingin theerror-resilientISR-ANT architecture.

2.1. The Thr eeStepSearch (TSS)Algorithm

An ME algorithmreducestemporalredundancy betweencon-
secutivevideoframes.In blockmatchingME algorithms,the
currentvideoframeis partitionedinto non-overlappingmac-
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Fig. 3. TheISR-ANT basedME architecture.

roblocksof size
�

pixelsby
�

pixels. For eachmacroblock
in thecurrentframe,theME algorithmef�ciently searchesfor
thebestmatchingmacroblockin thepreviousframe.

There are numerousalgorithmsfor ef�cient search[1]
sincetheME algorithmis not standardized.We selectanal-
gorithmthat is suitablefor VLSI implementationfor energy-
ef�ciency purposes.The threestepsearch(TSS)algorithm
[10] is a commonlyemployed sub-optimalblock matching
algorithmbecauseof thesimplicity of its implementation,ro-
bustnessand nearoptimal performance. In this paper, we
choosetheTSSalgorithmto demonstratetheeffectivenessof
the proposedANT technique.Note that the proposedANT
techniquecanbe appliedto any otherblock matchingalgo-
rithm.

In theTSSalgorithm(seeFig.2(a)),aninitial stepsize



,
typically equalto half of the searchwindow size is chosen.
Next, ninecandidatemacroblocks�
� ��� ��� with their center
locationsasshown in Fig. 2(a),arechosenfrom theprevious
framefor comparison.Eight of thesecandidatemacroblocks
havetheircentersatadistanceof � 
 in the � and � direction
from thecurrentmacroblock.Theninth macroblockis at the
samelocationasthecurrentmacroblock.

The sum of absolutedifferences(SAD) for eachof the
nine macroblocksarecalculatedby the main SAD (MSAD
) block (seeFig. 2(b)) by summingup the absolutediffer-
encebetweenthecorrespondingpixelsin thecandidatemac-
roblocksandthecurrentmacroblock.Theoutputof theMSAD
block are the nine candidateSAD valuesdenotedby ����� ���
( ������� � ), where,

� � � �����
 "!# $
%�&('*) + � � ,-�/.10 � � ,-� )32 for �����4� � (1)

Theindex correspondingto thebestmatchis obtainedas,

�5��� �6� �7�8�9� �6� �;:��5��� �<� 2 �5�=� >?� 2 � � � 2 �5��� ����@
�6� �7�A� +-BDC �6� �;:��5��� �<� 2 �5�=� >?� 2 � � � 2 �5��� ����@ (2)

Themotionvectoris thevectordifferencebetween�
� �E� � � �
andthecurrentblock. Next,



is halvedandthecenterof the

searchwindow is moved to coincidewith that of �F� �6� � � � .
Previous stepsare repeatedtill the



becomeslessthan 1.

In the block level implementationof TSS in Fig. 2(b), the
MSAD blockcalculatestheSAD in (1) while theMIN block
determines�E� �(� using(2).



2.2. Input SubsampledReplica (ISR) ANT

In thissubsection,wedescribetheerror-tolerantME architec-
turereferredto astheISR-ANT architecture[9]. In a generic
ANT-basedsystem,a main block is assumedto make inter-
mittenterrorsdueto timing violationswhicharecorrectedby
anerror-controlblock (EC). TheEC block includesan esti-
matoranda decisionblock. We proposethe following ME
architecturebasedon the conceptof ANT to generateISR-
ANT asshown in Fig. 3.

1. We employ an estimatorbasedon input subsampling,
whereanestimateof theMSAD outputis calculatedby
employing an ISR-SAD block which subsamplesthe
input streams+ � ,-� and 0=� ,�� by a factorof � asshown
below,

� � � ���9� � �

�  ������	�$
%�&(' ) + � � � ,-� . 0 � � � ,-� ) (3)

Let 
 � � ��� denotethe SAD estimationerror de�ned as
follows:


 � � ����� � � � ��� . �5��� ��� (4)

Note that ISR-SAD block will consumelower power
thantheMSAD blockandcanbemadetooperateerror-
freebecauseit canoperatewith alowerclockfrequency
andperformsfewercomputations.

2. We modify the decisionblock as follows. We detect
andcorrecterrorsat theoutputof theMSAD block.

Note, the ISR-SAD output � � � ��� is an estimateof the error-
freesum �5��� ��� for �E� � � � . Hence,a threshold�
� canbe
chosenin sucha way that � + ��� ) 
 � � ��� )

��� ��� . Let �;� ��� de-
notethedifferencebetweentheactual(potentiallyerroneous)
MSAD output ����� ��� andISR-SAD output � � � ��� , i.e.,

� � ����� � � � ��� . � � � ��� (5)

An error is declaredif ) � � ��� ) � ��� . The decisionblock em-
ploys theISR-SAD output � � � ��� asinput to theMIN block if
an error is detected.If thereis no error, the MSAD output���-� ��� is employedasinput to theMIN block.

ISR-ANT workswell underthefollowing assumptions:

1. Themagnitudeof errorin MSAD blockoutputis large.
Thismakesit easyto detecterrors.

2. TheISR-SAD andthedecisionblocksareerror-free.

Both assumptionsareeasilymet in practice.This is because
theerrorsdueto timing violationsoccurin themostsigni�-
cantbits(MSBs)dueto least-signi�cantbit (LSB) �rst nature
of computationin MSAD. As a result,themagnitudeof the
error in MSAD block output is large. The ISR-SAD block
hasonly

��� � inputsto processascomparedto
�

inputsfor
theMSAD block. Hence,it is ableto operatein anerror-free
manner.
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Fig. 4. Error characterizationof AD block anda ripple carry
adder:(a) pathdelaydistribution and(b) probabilityof pro-
cessvariationerror.

3. PROCESSVARIATIONS SIMULA TION SETUP

Processvariationsareclassi�edasdie-to-die(D2D)andwithin-
die (WID) variations. D2D variationsarecausedby differ-
encesin processconditions(resistthickness,aberrationsin
thestepperlensandothers)experiencedby chipsondifferent
wafersin different lots. They modify the device properties
(  ! , oxide thickness,conductanceandothers)for all thede-
vices on the chip in the sameway. The standarddeviation
of thegatedelaydueto D2D processvariationsis denotedas��� . WID variationsresultin differencesin deviceparameters
for two instancesof thesamedevice on thesamechip. WID
variationsarecausedby geometricvariationdueto different
layoutconditions(nestedvs. isolated,verticalvs. horizontal)
andmismatchdue to the placementof dopantatomsin the
device channel.The meanandthe standarddeviation of the
gatedelaydueto WID processvariationsaredenotedas ���
and � � respectively.

Processvariationssigni�cantly affect circuit delay. The
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Fig. 5. Delaydistributionsof variousgatesfor a � � � slow die
with WID variationsnormalizedto themeaninverterdelay.

impactof thesevariationsarecapturedthroughmeasurements
[11], which arethenemployedto generatestatisticalprocess
models[12]. In this section,we �rst characterizethe error
probabilitiesfor thearithmeticunitsemployedin theME im-
plementationdueto D2D processvariations.Thenwediscuss
theimpactof WID processvariationsoncircuit delay( �
� and� � ) usingstatisticalprocessmodelfor a � � � slow die. Next,
wedescribethesimulationsetupemployedfor simulatingthe
effect of processvariationinducedtiming errorson the per-
formanceof ME algorithm.

3.1. Err or Characterization of Arithmetic Units

TheMSAD blockemploysanabsolutedifference(AD) block
followedby anaccumulator(seeFig. 2(b)). Thesearithmetic
units arebasedon leastsigni�cant bit (LSB) �rst computa-
tion. Therefore,critical pathtiming violationsdueto VOSor
processvariationwill result in errorsin the mostsigni�cant
bits (MSBs). Theseerrorsarelarge in magnitudeandhence
severelydegradetheperformancein termsof

��� ���
.

Theprobabilityof timing errorsdependsonthepathdelay
distributionof thearchitectureandtheprobabilitydistribution
of theinputs.Thedelaydistributionsof an8-bitAD blockand
a16-bit ripplecarryadderareshown in Fig. 4(a).Theproba-
bility of errorfor theAD blockandtheripple-carryadderare
shown in Fig. 4(b) for uniformly distributedinputsat differ-
entprocesscornersdueto D2D variations.Thex-axisshows
theinstanceof theslow processdueto D2D processvariation
in termsof ��� . Thesupplyvoltageis keptconstantsuchthat
therearenoerrorsat thenominalprocesscorner. We observe
that the AD block and the ripple carry adderexhibit errors
for ��� and � � of the inputs,respectively, at � � � slow pro-
cesscorner. This is becausetheAD blockhasgreaternumber
of pathswith delayscloseto the critical pathdelaythanthe
ripple carryadderasshown in Fig. 4(a).Therefore,theprob-

Table 1. Characteristicsof normalizeddelaydistributionsof
variousgatesat the � � � slow cornerdueto WID variations.

Gate SupplyVoltage
1.35V 1.2V 1.05V 0.9V

� � 1.0 1.0 1.0 1.0
Inverter � � 0.13 0.14 0.14 0.17� � � � � 0.13 0.14 0.14 0.17

� � 3.50 3.80 4.19 4.23
Exor � � 0.47 0.57 0.67 0.74� � � � � 0.13 0.15 0.16 0.17

� � 5.52 5.72 6.11 6.81
Full adder � � 0.45 0.48 0.58 0.69

Carry � � � � � 0.08 0.08 0.09 0.10
� � 7.96 8.20 9.47 12.91

Full adder � � 0.50 0.51 0.66 0.91
Sum � � � � � 0.06 0.06 0.07 0.07

ability of errordueto processvariationsis higherfor theAD
block thanfor the ripple carry adder. ISR-ANT architecture
is shown to beveryeffective in correctingfor theseerrors.

3.2. Simulation Setup

We characterizedthe delay distribution of basicgatessuch
asan inverter, exor, anda full adderdueto WID variations
at variousvaluesof the supplyandbody biasvoltagecom-
binations(  ��� ,  � ). MonteCarlosimulationsusingstatistical
model�les wereemployedfor this purpose.Fig. 5 shows the
normalizeddelaydistributionsresultingfrom thepresenceof
WID variationsatthe � � � slow cornerwith  ��� � �	� >	 2  � ��
 . Table1 showsthemeanandthestandarddeviationof the
normalizeddelayfor  � � � , from whichweobservethatthe
relative delayvariations( � � � � � ) decreasesaswe move from
thesimplestgate(inverter)to acomplex gate(full adder).The
relative delayvariationswasalsofound to decreasewith an
increasein thesupplyvoltage  ��� .

Next, we samplethe distribution in Fig. 5 to obtain the
gatedelaysof agatelevel implementationof theconventional
andthe ISR-ANT architecturesat the � � � slow processcor-
ner. This processis repeated�	� timesin order to obtain �	�
instancesof the two architectures.We simulatethe conven-
tional andtheISR-ANT architecturesusinganHDL simula-
tor which operatesat the gate-level to determinethe output
motion vectorsfor the threeclips. We predictedthe current
framefrom thesemotion vectorsand the previous frame to
obtainthe

�������
. The

�������
is calculatedas

��� ��� � �
� � � >�� � ���

C '�� >	���� � (6)

where ���� is the predictionnoisepower. We set the desired��� ���
requirementto be � � �	��� lessthanthe

�������
of the

error-freeconventionalarchitecture.
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distributionusingconventionalandISR-ANT
architectureona � ��� slow diedueto WID variationsfor mo-
bile calendarclip.

Table 2. Characteristicsof
�������

distributionsfor conven-
tionalarchitectureona � ��� slow diedueto WID variations.

Clip �o wergarden mobilecalendar football
� � (dB) 21.31 21.95 23.17� � (dB) 0.49 0.59 0.39� � � � � 0.022 0.026 0.017

4. SIMULA TION RESULTS

In this section,wepresentsimulationresultsshowing theim-
pactof delayvariationson the

����� �
of ME usingconven-

tionalandISR-ANT architectures.Threedifferentvideoclips
areevaluated:�o wer garden(low motion), mobile calendar
(mediummotion)andfootball (highmotion).

4.1. Impact of ProcessVariations on
�������

Eachof the ��� instancesof either the conventionalor ISR-
ANT architecturewill result in a different

��� ���
. This is

becausethepathdelaydistribution andhencethetiming vio-
lationswill bedifferentfor eachinstance.Thus,the

�������
is arandomvariableandit will haveadistribution. Themean
� � andthestandarddeviation � � of the

��� ���
for thecon-

ventionalarchitectureare tabulatedin Table2. We observe
that the � � dropsby approximately>��
� for �o wer garden
andmobilecalendarclips and �#�
� for thefootball clip when
comparedto theerror-freeimplementation.Thisdropis quite
signi�cant andresultsin anoticeablelossin imagequality.

Next, weobtainthe
��� ���

distributionfor theISR-ANT
architecturefor differentvaluesof thesubsamplingratio � �
� 2 � 2 � andtheISR-SAD input precision0 � 
 2 � 2 � . Therep-
resentative distributionsof the

����� �
for the conventional

architectureandthe ISR-ANT architecture( � � � , 0 � 
 )
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are shown in Fig. 6. The mean � � and the standarddevia-
tion � � of theoutput

��� ���
aretabulatedin Table3. From

Table3, we canseethat the improvementin the mean� � is
signi�cant aswe increaseestimatorcomplexity from � � �
to � � � , but providesdiminishingreturnsastheestimator
complexity increasesfrom � � � to � � � . We alsonote
that theperformanceof ISR-ANT decreasesastheprecision
of ISR-SAD block is reducedfrom 
 to � . ComparingTa-
bles2 and 3, weobservethatthemean

�������
increasesbut

its standarddeviationdecreaseswhenweuseISR-ANT archi-
tectureinsteadof theconventionalarchitecture.Therelative
variation( � � � � � ) in

�������
is reducedby ��� for the �o wer

garden,��� for the mobile calendarand � � for the football
clip. Sincewe want to limit the

�������
lossto � � �	��� , we

choose� � � , 0 � 
 in thefollowing discussion.

4.2. Power vs. PerformanceTrade-off

In this subsection,we presentthe power overheadof using
ISR-ANT andits impacton the

��� ���
for a representative

clip (mobile calendar)in the presenceof VOS and process
variationinducederrors.We comparepower consumptionof
theISR-ANT architecturewith theconventionalarchitecture.
We simulatethetransistorlevel netlistof theconventionalar-
chitectureandtheISR-ANT architectureusingHSPICEwith
randominput vectorsto obtain the power consumptionfor
both the architecturesat differentsupplyvoltagelevels. We
evaluatethemean

�������
employing theproceduredescribed

in theprevioussubsection.
We show a plot of power consumptionof the two archi-

tecturesalongwith themean
��� ���

for themobilecalendar
clip in Fig. 7. The �rst bar shows the power consumedby
theconventionalarchitectureoperatingundererror-freecon-
ditionsonanominalprocessdie. The  ��� and  � areadjusted
usingthe meandelaycharacterizationresults. We note that
the prediction

��� ���
is >	� � �	�
� for power consumptionof

�-> ��� �
at  ��� � �	� ���� 2  � � � � ���	 at thenominalprocess

corner. Themeanperformanceof theconventionalarchitec-



Table 3. Characteristicsof
�������

distributionsfor ISR-ANT architectureona � � � slow diedueto WID variations.
�o wergarden mobilecalendar football

b=8 b=6 b=5 b=8 b=6 b=5 b=8 b=6 b=5
� � (dB) 22.84 22.75 21.75 22.29 22.06 21.85 22.92 22.90 22.76

m=5 � � (dB) 0.27 0.28 0.67 0.24 0.25 0.51 0.21 0.21 0.31� � � � � 0.011 0.012 0.030 0.010 0.011 0.023 0.009 0.009 0.014
� � (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 0.49 0.26 0.29 0.38� � � � � 0.003 0.006 0.016 0.005 0.008 0.022 0.011 0.012 0.016
� � (dB) 23.18 23.10 22.29 23.70 23.51 23.05 24.14 24.08 23.51

m=3 � � (dB) 0.01 0.16 0.4 0.02 0.2 0.3 0.01 0.04 0.14� � � � � 0.0004 0.007 0.018 0.0008 0.0085 0.013 0.0004 0.0017 0.006

turedecreasesto >���� ����� for power consumptionof > �

 � �

at  ��� � ��� �
�	 2  � � � � �
�	 at the � � � slow corner. If the
supplyvoltageis reducedto  ��� � �	� �� 2<2  � � � � ���	 , the
errorsoccurfrom processvariationsaswell asVOS.Hence,
themeanperformancedegradesto �#� � �	�
� while consuming
�#��� � �

of power. If we apply the conventionalABB and
ASV to reducethe gatedelaysandcorrectthe timing errors
then the power consumptionincreasesto �
�	� � �

at  ��� �
�	� �	 2  � � � � �� while achieving amean

����� �
of >�� � ����� .

The ISR-ANT architecture,at � � � slow processcornerand
 ��� � ��� �
�	 2  � � � � ���	 , consumes>���� � �

with a
�������

of >�� � ���
� . Thus,atthesameslow processcorner, the
�������

of ISR-ANT is comparableto the conventionalarchitecture
while consuming�	�
� lower power thantheconventionalar-
chitecture.WhenprocessvariationsandVOSoccursimulta-
neously, theISR-ANT improvesthe

��� ���
from �#� � �	�
� to>���� ����� while consumingan additional �#��� power. Thus,

ISR-ANT techniqueis able to trade-off power and perfor-
manceeffectively with robust

�������
performance.

5. CONCLUSIONS

In this paper, we studiedtheperformanceof ISR-ANT archi-
tecturebasedon theprinciple of error-resiliencein thepres-
enceof processvariationerrors. The work presentedin this
paperfalls in the category of communicationinspiredlow-
power designtechniques[8] that favors the notion of error-
correctionratherthanerror-avoidance.Sucherror-resiliency
basedtechniquescan be appliedto other power hungry 4G
mediacommunicationkernelssuchasdiscretecosinetrans-
form(DCT)andforwarderror-control(FEC)decoders.Study-
ing theeffectivenessof thesetechniquesat thevideoencoder
systemlevel is alsoof greatinterest.
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