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Abstract—In this paper, we proposea new unit intended
to augmenta general-purposecorethat is able to perform a
16 x 1 SAD operation. We show that the 16 x 1 SAD im-
plementation can easily be extendedto perform the com-
plete 16 x 16 SAD operation. The 16 x 16 SAD opera-
tion is commonly usedin many multimedia standards, in-
cluding MPEG-1 and MPEG-2. We have chosento im-
plement the 16 x 1 SAD operation in field-programmable
gate arrays (FPGAS), becauseit providesincreasedflexibil-
ity, good-enoughperformance, and faster designtimes. We
performed simulations to validate the functionality of the
16 x 1 SAD implementation using the MAX+plus Il (ver-
sion 9.23 BASELINE) software from Altera and synthesis
using the FPGA Express(version 3.5) software fr om Synop-
sis.When our 16 x 1 SAD unit wassynthesizedby targeting
the FLEX20KE family of Altera, we obtained the following
resultsfor area and clock frequency: 1699 LUTs and 197
MHz, respectvely.

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

I. INTRODUCTION

In video coding,similaritiesbetweerntwo video frames
can be exploited to achieve higher compressiorratios.
However, moving objectsin the video scenediminishthe
compressiorefficiengy of the straightforvard approach
thatonly looks at the macroblocksat the samepositionin
thetwo videoframes. As a result, motion estimation was
introducedo capturesuchmovementsn orderto maintain
compressiorefficiengy. It determineghe ’best’ matchbe-
tweena 16 x 16 macroblockin the current(to be coded)
frame anda macraoblockin the referenceframe. For this
purposethe “sum of absolutedifferences”(SAD) is used
asthemainmetric. Thisis achievedby determiningheab-
solutedifferencesetweenthe correspondingelementsn
the macroblocksandthenaddingup the differences.The
SAD operationis very time-consumingn thatalot of ad-
ditions mustbe performedand due to the compleity of
theabsoluteoperation.In [1], a possibleparallelhardware
implementatiorwasintroducedo speedupthe SAD com-
putationprocess.

Traditionally the designof embeddednultimediapro-
cessorswere very much similar to the designof micro-

controllers. This meantthatfor eachtargetedsetof mul-

timedia applications,an embeddedmultimedia proces-
sor neededo be designedn specializechardware (com-

monly referredto as Application SpecificlntegratedCir-

cuits (ASICs)). In the early nineties,we were witness-
ing a shift in theembeddegrocessodesignapproacHu-

eledby the needfor fastertime-to-marlet times. This re-

sultedin the designof embeddegbrocessorsitilizing pro-

grammableprocessorcoresaugmentedwith specialized
hardware units implementedin ASICs. This meantthat
time-critical taskswereimplementedn specializedchard-
wareunitswhile othertaskswereimplementedn software
to be run on the programmablerocessorcore[2]. This

approachallowedaprogrammablg@rocessocoreto bere-

usedfor different setsof applicationsand only the aug-
mentedunits needto be (re)designedor specificapplica-
tion areas.

Currently we arewitnessinga new trendin embedded
processodesignthat is againquickly reshapinghe em-
beddedprocessordesign. Insteadof implementingthe
time-critical tasksin ASICs, thesetasksareto be imple-
mentedin field-programmabl@atearrays(FPGA) struc-
turesor comparatie technologieq3], [4], [5], [6]. The
reasondor andthe benefitsof suchan approachnclude
thefollowing:

« Increasedflexibility: The functionality of the embed-
ded processoican be quickly changedwithout requiring
anotherroll-out of the embeddedrocessoitself and de-
signfaultscanbe quickly rectified.

« Good-enoughperformance: The performanceof FP-
GAs hasincreasedremendoushandis quickly approach-
ing that of ASICs [7]. This seemsto be mainly due to
the fasteradaptationof new technologicaladvancements
by FPGAsthanby ASICs.

« Faster designtimes: Fasterdesigntimesareachiered
by re-usingintellectualproperty(IP) coresor by slightly
modifying them.

Dueto thesebenefitstheimplementatiorof the proces-
sorcoreis alsoconsideredo beimplementedn the FPGA
structuresOneexamplecanbefoundin [8].

In this presentationwe have developeda VHDL model



for a functional unit, to be implementedin field pro-
grammablgyatearrays(FPGAs)thataugmentsa general-
purposeprocessarthatis ableto executethe 16 x 1 SAD
operationasintroducedn [1] andwhich canbe easilyex-

tendedto performthe 16 x 16 SAD operation. We per

formed simulationsto validateits functionality usingthe
MAX+plus 1l (version9.23 BASELINE) software from

Alteraandsynthesisisingthe FPGAEXxpresgversion3.5)
softwarefrom Synopsis.Whenour 16 x 1 SAD unit was
synthesizedn the FLEX20KE family of Altera, we ob-
tainedthe following resultsfor areaandclock frequeng:

1699LUTs and197MHz, respectiely.

Il. THE SUM OF ABSOLUTE DIFFERENCES

Digital video compressionentails the utilization of
mary codingtechniqueswith the ultimate goalto reduce
the total size of the digital representatiomf a video se-
qguence. The sametechniquesusedto compressdigital
picturescanbe appliedto singlevideo frames,but redun-
danciesfound betweervideo framescannow alsobe ex-
ploited in orderto increasecompressiorefficieng. All
codingtechniquesanbe cateyorizedinto two main cate-
gories,namelylossyandlosslesgechniques.Lossy cod-
ing techniquesemove pef* informationthatthehumaneye
is unableto perceve using, e.g., quantizationof discrete
cosinetransformcoeficients. Losslessodingtechniques
only exploit redundanciesi,e., similarities, betweenpels
foundin andbetweenvideoframeswhich resultsin repre-
sentingthe pelinformationusinglessbits.

A losslesscodingtechniques predictive codingwhich
predictscurrent pel(s)usingreference pel(s)andthenstore
the difference(s)betweenthe prediction and the current
pel(s). Assumingredundang betweenpels, the differ-
encesare usually small and can be codedusing lessbits
thanthe codingof the original pels. Predictve codingcan
usepelsfrom the samevideo frameasreferencepels(in-
tra coding)or pelsfrom othervideoframes(inter coding).
Interframe predictive codingis possible becauseonsec-
utive videoframesareusuallysimilar, i.e., they do notdif-
fer much. In this sensethereferenceelscanbefoundin
a referencdramelocatedat the samepositionasthe cur
rent pelsin the currentto be codedframe. This approach
canalsobeusedto capturescenechangesy choosinghe
referenceframesin the nearfuture of the currentframe
insteadrom the past.However, suchastraightforvard ap-
proachhasonemajor drawvback. Objectsin avideoscene
tendto move aroundresultingin poorcompressiomperfor
manceof thestraightforvardinterframepredictive coding

I pelstanddor pictureelementandrepresentshe smallestcolor data
unit of a pictureor videoframe.

method,becauseelslocatedat the samelocationin con-
secutve framesarenow quite different.

Motion estimationhasbeenintroducedn anattemptto
try to capturethe motion of objectswithin a video scene.
l.e., find the bestmatchbetweenthe pel(s)in the current
frameandthe pel(s)in thereferencdrame. To thisend,a
searchareawithin thereferencdramemustbesearchedh
orderto find the bestmatch. After finding the bestmatch,
the difference(shetweenhe pelsmustbe codedtogether
with the differencebetweerthelocations(motionvector).
Motion estimationcanbe performedfor singlepelsin the
currentframe, but it is rarely used,becausehe codingof
motionvectorsfor singlepelsreverseghegainsof predic-
tive coding. Therefore block-basednotion estimationis
the mostcommonlyusedform in which a searchis per
formedin the referenceframe for a block of pelsin the
currentframe.

Two key issuesare associatedvith motion estimation
in general,namelythe size of the searchareaandwhich
metric to usefor determiningthe 'best match’. The first
issueis aninterestingone, because limited searcharea
reduceghe possibility of finding a’bestmatch’andatoo
large searcharearesultsin too mary unnecessargompu-
tations. In orderto reducethe numberof computations,
mary searchareatraversingmethodhave beenproposed
in literature[9], [10], [11], [12]. The secondssuerelates
to finding a metricthatwill guarantee goodcodingper
formance.Two of suchmetricsarethe mean square error
(MSE) andthe mean absolute difference (MAD).

Consideringhatblock-basednotionestimationis most
commonlyusedin multimediastandardsuchas MPEG-
1[13], MPEG-2[14], and px64[15], we briefly highlight
the block-basedorms of the MSE andthe MAD metrics.
Themostcommonlyusedblocksizeis 16 x 16 andit is usu-
ally referredto asthemacroblock. TheMSE s calculated
asfollows:

MSE("'E7 y’ T‘, 8) =
1 15 15
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with 1< z,y < (framesize — 16)
with A(gy) being a current frame pel at (z,y)
with B, ) being a reference frame pel at (z,y)

Dueto the squareoperationon the differencesthis op-
erationis lesscommonlyused. Instead the MAD is used
moreoftenandit is calculatedasfollows:
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The vector (z,y) denoteghe locationof the to be en-
codedmacroblockin the currentframe. Both z andy are
multiplesof 16, becaus¢heblocksizeis 16 x 16. The(mo-
tion) vector (r, s) denoteghe locationof the macroblock
to beusedasa predictionin thereferenceblock relative to
the locationof the to be codedmacroblockin the current
frame.Dueto the computationasimplicity of the MAD, it
is beingusedmoreoftenthanthe MSE. The MAD canbe
rewritten to:

SAD(z,y,r,s)
256

Thedivisionby 256 in computerarithmeticis translated
into aneasyshifting thefinal SAD resultby 8 bits. There-
fore, we arefocusingsolely on the SAD in theremainder
of this paper All the absoluteoperationsn a macroblock
andsubsequersummationcanbe performedserially per
columnin parallel, perrow in parallel,or all 256 opera-
tionsin parallel. While it possibleto performall the oper
ationsserially, it is time consumingandperformance-wise
notefficient. Performingtheoperationgperrow or percol-
umnin parallelare exactly the samewith the only differ-
encebeingtheindexing of the pels. Also consideringhat
we caneasilyextendthis to a fully parallelapproachwe
performa completel6 x 16 SAD by performing16 sep-
aratel6 x 1 SADs Dby processingll the pelsin arow in
parallel. TheresultingSAD canberewritten to:

MAD(z,y,r,s) =

15
SAD(z,y,r,s) = ZSAD16j(x,y,r,s)
7=0
with the SAD16; beingdefinedas:

SAD16(z,y,r,s) =
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In the remainderof this paper all dataunits A; and B;
are consideredo be unsigned8 bits numbers. Subtrac-
tion of two unsignedchumbergqe.g.,A — B) is performed
by addingA with abit invertedB (B = 2" — 1 — B) and
addinga’hot’ one:A+(2"—1—-B)+1=2"4+A—B. As-
sumingthatB < A, theresultingcarry(2™) of theaddition
canbeignored.The SAD16; operationcanbe performed
in threesteps:

« Compute(4; — B;) for all 16 x 1 pellocations

» Determinewhich (4; — B;)’sarenegatie, i.e.,whenno
carrywasgenerated@ndcompute(B; — A;) insteadf this
wasthecase

« Add all 16 absolutevaluestogether

This approachrequiresone addition in the first step
andan occasionakecondadditionin the secondstep. In
[1], anotherapproachwas introducedto parallelizeand
speeduphe SAD16 operationwithout the uncertaintyof
the secondstep.lts approachis briefly highlightedbelow:

« Determinethe smallesiof thetwo operands
« Invertthesmallestoperand

« Passhothoperandgo anaddertree

« Add acorrectiontermto theaddertree

» Reducehe 33 additiontermsto 2

« Add theremainingtwo termsusinganadder

Thefirst stepis performedoy computing4 + B. In case
no carry wasgeneratedihis meanghat B ¥ A andthus
B shouldinverted.Otherwise A shouldbeinverted.Next
to passinghe operands$o anaddenree,anadditionalcor
rectiontermmustbe addedto counterthe effectsof using
invertedvalues. The addertree reducesthe adderterms
two termswhich arethenpassedo anadder For the pre-
cisedetailsof the previousapproachye referto [1].

1. THEVHDL IMPLEMENTATION

In the previous sectionwe have highlightedthe signifi-
canceof motionestimationin videocoding.An important
metric usedin motion estimationis the sum of absolute
differencegSAD) for which mary typesof parallelization
canbe performed.In this paper we focusonthe SAD16
which performsthe SAD on onerow of an macroblock
(16 x 1). By iterationor parallelexecutionof the SAD16
operationthe completeSAD for the16 x 16 macroblock
canbe performed. In this section,we discussthe VHDL
implementationof SAD16 usinga methodintroducedin
[1] andpresentheresultsafterwards.First, we discusghe
stepsn performingthe SAD16 in moredetail:

« Determine the smallestof the two operands: As sug-
gestedin [1], it is only necessaryo determinewhether
A + B producesacarryor not.

« Invert the smallestoperand If no carrywasproduced,
B mustbeinverted,otherwise, A mustbeinverted.Thisis

doneby utilizing anexor.

« Passhoth operandsto an adder tree After inverting

either A or B, the operandanustbe passedo an adder
tree. Thus,thevalues(4, B) or (A, B) arepassedurther



« Add a correction term to the adder tree Also dis-

cussedn [1], anadditionalcorrectiontree mustbe added
to theaddertree.

« Reducethe 33 addition terms to 2 All 33 addition

termsmust be reducedto 2 termsbeforethe final addi-

tion canbeapplied.Thiscanbedoneusinga8-stagecarry
save addertreeusing243carrysave adders.

» Add the remainingtwo termsusingan adder Thefinal

two additiontermsareaddedusinga 8-bit carrylookahead
adder Theresultis a12-bitnumber

In Figurel, thefirst threestepsaredepicted.The carry
generatogeneratea carrywithoutactuallyperformingan
addition. This is doneby only utilizing a small part of
the carrylookaheadcomponentsvithin a carrylookahead
adder

A B

Invert O—

Carry_generato

Carry Carry

Exor Exor

A_out B_out

Fig.1. Thefirstthreesteps.

Theinversionof eitherthe As or Bsfor all 16 absolute
operationganbecarriedoutin parallelandthisis depicted
in Figure2. Also shavnin thisfigureis thecorrectionterm
of 16.

(L)
i

33 -> 2 reduction

I
N

2->1

‘:j reduction

Fig. 2. TheSAD16o0peration.

It is this structurethathasbeenimplementedn VHDL.
Before we shaw the resultsof this implementation Fig-
ure 3 depictshow a 16 x 16 SAD can be performedin
hardware using the SAD16 implementation. In this fig-
ure,the2 — 1 reductionin the SAD16 operationusing

a carry lookaheadadderis not usedarnymore. This is be-
causehecarrylookaheadchddertakesseveralclock cycles
to perform. Passingthe two resultsdirectly to the 32 — 2
reductiontree only resultsin one additionalclock cycle.
The resultingtwo operandsfrom this reductiontree are
addedusing anothercarry lookaheadheader Thus, exe-
cutiontime andthe areaof 152 — 1 reductionunitsare
saved.
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Fig.3. A 16 x 16 SAD.

Assumptions In this section, we have discussedthe
SAD16 operationand how this can be implementedin
hardware. For the approachdiscussedn this section,a
VHDL codewaswritten. Its functionality was validated
usingMAX+PLUS Il, version9.23baselinesoftwarefrom
Altera. Then, the VHDL model was synthesizedusing
FPGAExpresdrom Synopsishuild 3.4.0.5211by tamget-
ing the FLEX20KE family from Altera. Fromthe synthe-
sis,we obtainedresultsaboutareaandclock frequencies.
Results The VHDL codedescribesa synchronousand
pipelineddesignwhich takes 19 clock cyclesto produces



thefirst result. Theresultsof the synthesisof the VHDL
modelarethefollowing:

« Theareaof the SAD16implementatioris 1699LUTSs.

» The highestachievable frequeng if 197 MHz. At this
clock frequeng, the 19 clock cyclesof the SAD16 unit
translatesnto 96ns.

Assumingthatwe wantto performa completel6 x 16
SAD operation,the SAD16 implementatiomeedsto be
replicatedl6 timeswithoutthe2 — 1 reduction(seeFig-
ure 3). Thisis followed by another32 — 2 reductiontree
whichwill take anothe8 clock cycles. The compleity of
the ensuing2 — 1 reductionis similarto the2 — 1 re-
ductionusedin the SAD16 implementatiorandwill not
addadditionalclock cycles. Theresultingnumberof clock
cyclesto computethe 16 x 16 SAD is 27 cycles.

Anothermethodto performthe 16 x 16 SAD is by re-
usingthe alreadydiscussegipelinedS AD16 unit. Actu-
ally, it mustbe slightly modifiedto accomodat¢he larger
bitsizesof the intermediateresultsjust afterthe SAD16
operation.The32 — 2 reductioncanbe easilyperformed
by puttingzeroonfirstinputof the33 — 2 reductiontree.
Giventhatthe 2 — 1 reductiontakes5 cycles andthat
our SAD16 implementatioris pipelined,it takes14 + 15
cyclesto produceall the numberpairs afterthe 33 — 2
reductiontree (shawvn in Figure 2). 14 cyclesareneeded
to performthefirst resultandall 15 subsequentesultstake
onecycleseach. Then,8 clock cyclesareneededo per
form the 32 — 2 reductionand5 for thelast2 — 1 re-
duction. Thisresultsin 42 clock cycles,but requiresmuch
lessareathanthe previousapproach.

IV. CONCLUSION

In this paperwe have proposedhe S A D16-unit which
performsa 16 x 1 SAD operation.lt is intendedto aug-
menta general-purposprocessocoreby speedingip the
overall 16 x 16 SAD operation.We have shavn thatthe
SAD16 unit canbeusedto performthecompletel6 x 16
operationgitherby replicatingtheunit 16 timesor exploit-
ing its pipeline characteristic.The SAD16 implementa-
tion canproduceits first resultafter 19 clock cycles. By
replicatingthe S A D16 unit andaddinganothemaddertree,
theresultingfully parallelizedmplementatiorrequire27
clock cyclesto producethe 16 x 16 SAD result. Another
moreareaefficient methodutilizing the pipelinedSAD16
unit requires42 clock cyclesto performthe 16 x 16 SAD
operation.We have choserto implementthe 16 x 1 SAD
operationin field-programmablgatearrays(FPGAS),be-
causeit providesincreasedlexibility, good-enougtper
formance,and fasterdesigntimes. We have performed

simulationsto validate functionality of the SAD16 im-
plementatiorusingthe MAX+plus Il (version9.23BASE-
LINE) softwarefrom Alteraandsynthesisisingthe FPGA
Expresg(version3.5) softwarefrom Synopsis.Whenour
SAD16 unit was synthesizen the FLEX20KE family
of Altera, we obtainedthe following resultsfor areaand
clock frequeng: 1699LUTs and197 MHz, respectiely.
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