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Abstract— In this paper, we proposea new unit intended
to augmenta general-purposecore that is able to perform a�������

SAD operation. We show that the
�������

SAD im-
plementation can easily be extended to perform the com-
plete

�����	�
�
SAD operation. The

�
���	�
�
SAD opera-

tion is commonly used in many multimedia standards, in-
cluding MPEG-1 and MPEG-2. We have chosen to im-
plement the

�������
SAD operation in field-programmable

gatearrays (FPGAs), becauseit provides increasedflexibil-
ity, good-enoughperformance,and faster designtimes. We
performed simulations to validate the functionality of the�������

SAD implementation using the MAX+plus II (ver-
sion 9.23 BASELINE) software fr om Altera and synthesis
using the FPGA Express(version3.5)software fr om Synop-
sis.When our

�
����
SAD unit wassynthesizedby targeting

the FLEX20KE family of Altera, we obtained the following
results for area and clock fr equency: 1699 LUTs and 197
MHz, respectively.

Keywords— Sum of absolute differ ences,motion estima-
tion, videocoding,field programmablegatearrays.

I . INTRODUCTION

In videocoding,similaritiesbetweentwo videoframes
can be exploited to achieve higher compressionratios.
However, moving objectsin thevideo scenediminish the
compressionefficiency of the straightforward approach
thatonly looksat themacroblocksat thesamepositionin
the two video frames.As a result,motion estimation was
introducedto capturesuchmovementsin orderto maintain
compressionefficiency. It determinesthe’best’ matchbe-
tweena ��������� macroblockin thecurrent(to be coded)
frameanda macroblockin the referenceframe. For this
purpose,the“sum of absolutedifferences”(SAD) is used
asthemainmetric.Thisis achievedby determiningtheab-
solutedifferencesbetweenthecorrespondingelementsin
themacroblocksandthenaddingup thedifferences.The
SAD operationis very time-consumingin thata lot of ad-
ditions must be performedand due to the complexity of
theabsoluteoperation.In [1], apossibleparallelhardware
implementationwasintroducedto speeduptheSAD com-
putationprocess.

Traditionally, the designof embeddedmultimediapro-
cessorswere very much similar to the designof micro-

controllers.This meantthat for eachtargetedsetof mul-
timedia applications,an embeddedmultimedia proces-
sor neededto be designedin specializedhardware(com-
monly referredto asApplication SpecificIntegratedCir-
cuits (ASICs)). In the early nineties,we were witness-
ing a shift in theembeddedprocessordesignapproachfu-
eledby theneedfor fastertime-to-market times. This re-
sultedin thedesignof embeddedprocessorsutilizing pro-
grammableprocessorcoresaugmentedwith specialized
hardware units implementedin ASICs. This meantthat
time-critical taskswereimplementedin specializedhard-
wareunitswhile othertaskswereimplementedin software
to be run on the programmableprocessorcore [2]. This
approachallowedaprogrammableprocessorcoreto bere-
usedfor different setsof applicationsand only the aug-
mentedunitsneedto be(re)designedfor specificapplica-
tion areas.

Currently, we arewitnessinga new trendin embedded
processordesignthat is againquickly reshapingthe em-
beddedprocessordesign. Insteadof implementingthe
time-critical tasksin ASICs, thesetasksareto be imple-
mentedin field-programmablegatearrays(FPGA) struc-
turesor comparative technologies[3], [4], [5], [6]. The
reasonsfor andthe benefitsof suchan approachinclude
thefollowing:� Increasedflexibility: The functionality of the embed-
ded processorcan be quickly changedwithout requiring
anotherroll-out of the embeddedprocessoritself andde-
signfaultscanbequickly rectified.� Good-enoughperformance: The performanceof FP-
GAs hasincreasedtremendouslyandis quickly approach-
ing that of ASICs [7]. This seemsto be mainly due to
the fasteradaptationof new technologicaladvancements
by FPGAsthanby ASICs.� Faster designtimes: Fasterdesigntimesareachieved
by re-usingintellectualproperty(IP) coresor by slightly
modifying them.

Dueto thesebenefits,theimplementationof theproces-
sorcoreis alsoconsideredto beimplementedin theFPGA
structures.Oneexamplecanbefoundin [8].

In this presentation,we have developeda VHDL model



for a functional unit, to be implementedin field pro-
grammablegatearrays(FPGAs)thataugmentsa general-
purposeprocessor, that is ableto executethe ������� SAD
operationasintroducedin [1] andwhich canbeeasilyex-
tendedto performthe ��������� SAD operation. We per-
formedsimulationsto validateits functionality usingthe
MAX+plus II (version9.23 BASELINE) software from
AlteraandsynthesisusingtheFPGAExpress(version3.5)
softwarefrom Synopsis.Whenour ������� SAD unit was
synthesizedon the FLEX20KE family of Altera, we ob-
tainedthe following resultsfor areaandclock frequency:
1699LUTs and197MHz, respectively.

I I . THE SUM OF ABSOLUTE DIFFERENCES

Digital video compressionentails the utilization of
many codingtechniqueswith the ultimategoal to reduce
the total size of the digital representationof a video se-
quence. The sametechniquesusedto compressdigital
picturescanbeappliedto singlevideoframes,but redun-
danciesfoundbetweenvideo framescannow alsobe ex-
ploited in order to increasecompressionefficiency. All
codingtechniquescanbecategorizedinto two maincate-
gories,namelylossyandlosslesstechniques.Lossycod-
ing techniquesremovepel1 informationthatthehumaneye
is unableto perceive using,e.g.,quantizationof discrete
cosinetransformcoefficients. Losslesscodingtechniques
only exploit redundancies,i.e., similarities,betweenpels
foundin andbetweenvideoframeswhich resultsin repre-
sentingthepel informationusinglessbits.

A losslesscodingtechniqueis predictive codingwhich
predictscurrent pel(s)usingreference pel(s)andthenstore
the difference(s)betweenthe predictionand the current
pel(s). Assumingredundancy betweenpels, the differ-
encesareusuallysmall andcanbe codedusing lessbits
thanthecodingof theoriginal pels.Predictive codingcan
usepelsfrom thesamevideoframeasreferencepels(in-
tra coding)or pelsfrom othervideoframes(inter coding).
Inter-framepredictive codingis possible,becauseconsec-
utivevideoframesareusuallysimilar, i.e., they donotdif-
fer much. In this sense,thereferencepelscanbefoundin
a referenceframelocatedat thesamepositionasthecur-
rentpelsin thecurrentto becodedframe. This approach
canalsobeusedto capturescenechangesby choosingthe
referenceframesin the near future of the currentframe
insteadfrom thepast.However, suchastraightforwardap-
proachhasonemajordrawback. Objectsin a videoscene
tendto movearoundresultingin poorcompressionperfor-
manceof thestraightforwardinter-framepredictivecoding�

Pelstandsfor pictureelementandrepresentsthesmallestcolordata
unit of a pictureor videoframe.

method,becausepelslocatedat thesamelocationin con-
secutive framesarenow quitedifferent.

Motion estimationhasbeenintroducedin anattemptto
try to capturethemotionof objectswithin a videoscene.
I.e., find the bestmatchbetweenthe pel(s) in the current
frameandthepel(s)in thereferenceframe.To this end,a
searchareawithin thereferenceframemustbesearchedin
orderto find thebestmatch.After finding thebestmatch,
thedifference(s)betweenthepelsmustbecodedtogether
with thedifferencebetweenthelocations(motionvector).
Motion estimationcanbeperformedfor singlepelsin the
currentframe,but it is rarelyused,becausethecodingof
motionvectorsfor singlepelsreversesthegainsof predic-
tive coding. Therefore,block-basedmotion estimationis
the mostcommonlyusedform in which a searchis per-
formed in the referenceframe for a block of pels in the
currentframe.

Two key issuesare associatedwith motion estimation
in general,namelythe sizeof the searchareaandwhich
metric to usefor determiningthe ’best match’. The first
issueis an interestingone,becausea limited searcharea
reducesthepossibilityof finding a ’bestmatch’anda too
largesearcharearesultsin too many unnecessarycompu-
tations. In order to reducethe numberof computations,
many searchareatraversingmethodhave beenproposed
in literature[9], [10], [11], [12]. Thesecondissuerelates
to finding a metric thatwill guaranteea goodcodingper-
formance.Two of suchmetricsarethemean square error
(MSE) andthemean absolute difference (MAD).

Consideringthatblock-basedmotionestimationis most
commonlyusedin multimediastandardssuchasMPEG-
1[13], MPEG-2[14], and px64[15], we briefly highlight
theblock-basedformsof theMSE andtheMAD metrics.
Themostcommonlyusedblocksizeis ��������� andit is usu-
ally referredto asthemacroblock. TheMSEis calculated
asfollows: � �"!�#%$�&(')&(*+&-,+.0/

�132 �
4657 8 9;:
4657< 9;: #>=@?BADC
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Dueto thesquareoperationon thedifferences,this op-
erationis lesscommonlyused.Instead,theMAD is used
moreoftenandit is calculatedasfollows:



�t=bu�#%$�&(')&(*+&-,+.v/
�132 �
4657 8 9;:
4657< 9;:xw #>=y?LADC

8 E F C <
GIH�J ?z?LADC)M G C 8 E ? F CON G C <�G . w
The vector

#%$�&('{.
denotesthe locationof the to be en-

codedmacroblockin thecurrentframe. Both
$

and
'

are
multiplesof 16,becausetheblocksizeis ���"�y��� . The(mo-
tion) vector

#%*|&-,k.
denotesthe locationof themacroblock

to beusedasapredictionin thereferenceblock relative to
the locationof the to be codedmacroblockin thecurrent
frame.Dueto thecomputationalsimplicity of theMAD, it
is beingusedmoreoftenthantheMSE.TheMAD canbe
rewritten to:�}=~u�#%$o&('i&(*+&-,k.�/ ��=~u�#%$�&(')&(*|&-,k.132 �

Thedivisionby
132 � in computerarithmeticis translated

into aneasyshifting thefinal SAD resultby � bits. There-
fore, we arefocusingsolelyon theSAD in the remainder
of this paper. All theabsoluteoperationsin a macroblock
andsubsequentsummationcanbeperformedserially, per
columnin parallel,per row in parallel,or all

132 � opera-
tionsin parallel.While it possibleto performall theoper-
ationsserially, it is timeconsumingandperformance-wise
notefficient. Performingtheoperationsperrow or percol-
umn in parallelareexactly thesamewith theonly differ-
encebeingtheindexing of thepels.Also consideringthat
we caneasilyextendthis to a fully parallelapproach,we
performa complete��������� SAD by performing16 sep-
arate ������� SADs by processingall thepels in a row in
parallel.TheresultingSAD canberewritten to:

��=~u�#%$o&('i&(*+&-,k.�/ 4657< 9;: �"=bu ��� < #%$o&('i&(*+&-,k.
with the

��=bu ��� < beingdefinedas:��=~u ��� < #%$�&(')&(*+&-,+.v/4657 8 9;:w =y?LADC
8 E F C <
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In theremainderof this paper, all dataunits
= 8

and J 8
are consideredto be unsigned8 bits numbers. Subtrac-
tion of two unsignednumbers(e.g.,

= H�J ) is performed
by adding

=
with a bit inverted J ( J / 1+� H � H�J ) and

addinga’hot’ one:
=���# 1 � H � H@J .q� � / 1 � ��= H@J . As-

sumingthat J X = , theresultingcarry(
1+�

) of theaddition
canbeignored.The

��=bu ��� < operationcanbeperformed
in threesteps:

� Compute
#>= 8 H�J 8 . for all ������� pel locations� Determinewhich

#>= 8 H�J 8 . ’sarenegative, i.e.,whenno
carrywasgeneratedandcompute

# J 8 H = 8 . insteadif this
wasthecase� Add all ��� absolutevaluestogether

This approachrequiresone addition in the first step
andan occasionalsecondadditionin the secondstep. In
[1], anotherapproachwas introducedto parallelizeand
speedupthe

��=~u ��� operationwithout theuncertaintyof
thesecondstep.Its approachis briefly highlightedbelow:

� Determinethesmallestof thetwo operands� Invert thesmallestoperand� Passbothoperandsto anaddertree� Add acorrectiontermto theaddertree� Reducethe �3� additiontermsto
1� Add theremainingtwo termsusinganadder

Thefirst stepis performedby computing
=�� J . In case

no carry wasgenerated,this meansthat J�� = andthusJ shouldinverted.Otherwise,
=

shouldbeinverted.Next
to passingtheoperandsto anaddertree,anadditionalcor-
rectiontermmustbeaddedto countertheeffectsof using
invertedvalues. The addertree reducesthe adderterms
two termswhich arethenpassedto anadder. For thepre-
cisedetailsof thepreviousapproach,we referto [1].

I I I . THE VHDL IMPLEMENTATION

In theprevioussection,we have highlightedthesignifi-
canceof motionestimationin videocoding.An important
metric usedin motion estimationis the sum of absolute
differences(SAD) for whichmany typesof parallelization
canbeperformed.In this paper, we focuson the

��=~u ���
which performsthe SAD on one row of an macroblock
( ������� ). By iterationor parallelexecutionof the

��=~u ���
operation,thecompleteSAD for the ��������� macroblock
canbe performed.In this section,we discussthe VHDL
implementationof

��=~u ��� usinga methodintroducedin
[1] andpresenttheresultsafterwards.First,wediscussthe
stepsin performingthe

��=~u ��� in moredetail:

� Determine the smallestof the two operands: As sug-
gestedin [1], it is only necessaryto determinewhether=	� J producesacarryor not.� Invert the smallestoperand If no carrywasproduced,J mustbeinverted,otherwise,

=
mustbeinverted.This is

doneby utilizing anexor.� Passboth operands to an adder tr ee After inverting
either

=
or J , the operandsmustbe passedto an adder

tree.Thus,thevalues(
=

, J ) or (
=

, J ) arepassedfurther.



� Add a correction term to the adder tr ee Also dis-
cussedin [1], anadditionalcorrectiontreemustbeadded
to theaddertree.� Reduce the �3� addition terms to

1
All �3� addition

termsmust be reducedto
1

termsbeforethe final addi-
tion canbeapplied.Thiscanbedoneusinga8-stagecarry
save addertreeusing243carrysave adders.� Add the remainingtwo termsusinganadderThefinal
two additiontermsareaddedusinga8-bit carrylookahead
adder. Theresultis a12-bit number.

In Figure1, thefirst threestepsaredepicted.Thecarry
generatorgeneratesacarrywithoutactuallyperformingan
addition. This is doneby only utilizing a small part of
thecarrylookaheadcomponentswithin a carrylookahead
adder.

Exor Exor

Invert

Carry_generator

Carry Carry

B

A_out B_out

A

Fig. 1. Thefirst threesteps.

Theinversionof eitherthe
=

s or J s for all 16 absolute
operationscanbecarriedout in parallelandthisisdepicted
in Figure2. Also shown in thisfigureis thecorrectionterm
of ��� .

A B B B B BA A A16

33 -> 2 reduction
reduction

2 -> 1

A

Fig. 2. TheSAD16operation.

It is this structurethathasbeenimplementedin VHDL.
Before we show the resultsof this implementation,Fig-
ure 3 depictshow a ��������� SAD can be performedin
hardware using the SAD16 implementation. In this fig-
ure, the

1�� � reductionin the SAD16 operationusing

a carry lookaheadadderis not usedanymore. This is be-
causethecarrylookaheadaddertakesseveralclockcycles
to perform.Passingthetwo resultsdirectly to the � 1���1
reductiontreeonly resultsin oneadditionalclock cycle.
The resulting two operandsfrom this reductiontree are
addedusinganothercarry lookaheadheader. Thus,exe-
cution time andtheareaof 15

1�� � reductionunits are
saved.

A B B B B BA A A16

33 -> 2 reduction

A B B B B BA A A16

33 -> 2 reduction

A B B B B BA A A16

33 -> 2 reduction

reduction
32 -> 2

reduction
2 -> 1

SAD

A B B B B BA A A16

33 -> 2 reduction

A

A

A

A

Fig. 3. A
���~���
�

SAD.

Assumptions In this section, we have discussedthe
SAD16 operationand how this can be implementedin
hardware. For the approachdiscussedin this section,a
VHDL codewaswritten. Its functionality wasvalidated
usingMAX+PLUS II, version9.23baselinesoftwarefrom
Altera. Then, the VHDL model was synthesizedusing
FPGAExpressfrom Synopsis,build 3.4.0.5211by target-
ing theFLEX20KE family from Altera. Fromthesynthe-
sis,we obtainedresultsaboutareaandclock frequencies.
Results The VHDL codedescribesa synchronousand
pipelineddesignwhich takes ��� clock cyclesto produces



thefirst result. The resultsof thesynthesisof theVHDL
modelarethefollowing:

� Theareaof theSAD16implementationis 1699LUTs.� The highestachievable frequency if 197 MHz. At this
clock frequency, the ��� clock cyclesof the

��=bu ��� unit
translatesinto 96ns.

Assumingthatwe want to performa complete���������
SAD operation,the

��=~u ��� implementationneedsto be
replicated16 timeswithout the

1�� � reduction(seeFig-
ure3). This is followedby another� 1���1 reductiontree
whichwill take another8 clock cycles.Thecomplexity of
the ensuing

1�� � reductionis similar to the
1�� � re-

ductionusedin the
��=~u ��� implementationandwill not

addadditionalclockcycles.Theresultingnumberof clock
cyclesto computethe ��������� SAD is

1j�
cycles.

Anothermethodto performthe ��������� SAD is by re-
usingthealreadydiscussedpipelined

��=~u ��� unit. Actu-
ally, it mustbeslightly modifiedto accomodatethelarger
bitsizesof the intermediateresultsjust after the

��=~u ���
operation.The � 1���1 reductioncanbeeasilyperformed
by puttingzeroonfirst inputof the �3� ��1 reductiontree.
Given that the

1�� � reductiontakes 5 cycles and that
our
��=~u ��� implementationis pipelined,it takes �r� � � 2

cycles to produceall the numberpairsafter the �3� � 1
reductiontree(shown in Figure2). �r� cyclesareneeded
to performthefirst resultandall 15subsequentresultstake
onecycleseach.Then, � clock cyclesareneededto per-
form the � 1�� 1 reductionand

2
for the last

1�� � re-
duction.This resultsin � 1 clockcycles,but requiresmuch
lessareathanthepreviousapproach.

IV. CONCLUSION

In thispaper, we have proposedthe
��=~u ��� -unit which

performsa ������� SAD operation. It is intendedto aug-
menta general-purposeprocessorcoreby speedingup the
overall ��������� SAD operation.We have shown that the��=~u ��� unit canbeusedto performthecomplete���������
operation,eitherby replicatingtheunit 16timesor exploit-
ing its pipelinecharacteristic.The

��=~u ��� implementa-
tion canproduceits first resultafter ��� clock cycles. By
replicatingthe

��=~u ��� unit andaddinganotheraddertree,
theresultingfully parallelizedimplementationrequires

1j�
clock cyclesto producethe ��������� SAD result. Another
moreareaefficientmethodutilizing thepipelined

��=~u ���
unit requires� 1 clock cyclesto performthe ��������� SAD
operation.We have chosento implementthe ������� SAD
operationin field-programmablegatearrays(FPGAs),be-
causeit provides increasedflexibility, good-enoughper-
formance,and fasterdesigntimes. We have performed

simulationsto validate functionality of the
��=~u ��� im-

plementationusingtheMAX+plus II (version9.23BASE-
LINE) softwarefrom AlteraandsynthesisusingtheFPGA
Express(version3.5) softwarefrom Synopsis.Whenour�"=bu ��� unit was synthesizedon the FLEX20KE family
of Altera, we obtainedthe following resultsfor areaand
clock frequency: 1699LUTs and197MHz, respectively.
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