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ABSTRACT

The main focusof researchin stereoimagecodinghasbeendis-
parity estimation(DE), a techniqueusedto reducecodingrateby
taking advantageof the redundancy in a stereoimagepair. Sig-
nificantly lesseffort hasbeenput into the codingof the residual
image. In this paperwe proposea new methodfor thecodingof
residualimagesthat takes into accountthe propertiesof residual
images.Particularattentionis paidto theeffectsof occlusionand
thecorrelationpropertiesof residualimagesthatresultfrom block-
baseddisparityestimation.Theembedded,progressive natureof
ourcoderallowsoneto stopdecodingatany time. Wedemonstrate
that it is possibleto achieve goodresultswith a computationally
simplemethod.

1. INTRODUCTION

Humandepthperceptionis in part basedon the differencein the
imagesthe left and right eyes sendto the brain. By presenting
the appropriateimageof a stereopair to the left andright eyes,
the viewer perceives scenesin 3 dimensionsinsteadof as a 2-
dimensionalimage.Suchbinocularvisualinformationis usefulin
many fields,suchastele-presencestylevideoconferencing,tele-
medicine,remotesensing,andcomputervision.

Theseapplicationsrequirethe storageor transmissionof the
stereopair. Sincetheimagesseenwith theleft andright eyediffer
only in smallareas,techniquesthat try to exploit thedependency
canyield betterresultsthanindependentcodingof theimagepair.

Most successfultechniquesrely on disparitycompensationto
achieve goodperformance.Disparity compensationis similar to
thewell known motioncompensationfor videocompression.[1][2]
[3][4] employ disparitycompensationin thespatialdomain,while
[5] usesthe wavelet domain. Disparity compensationcan be a
computationallycomplex process.In [6] awavelettransformbased
methodis usedthatdoesnot rely on disparitycompensation.

Many of theaboveworksusediscretecosinetransform(DCT)
basedcodingof the imageswhich usesa rateallocationmethod
to divide the availablebandwidthbetweenthe two images. Em-
beddedcodingtechniquesbasedon thewavelettransform[7] pro-
vide improved performancefor still imageswhencomparedwith
DCT-basedmethods.A progressive stereoimagecodingscheme
is proposedin [8] thatachievesgoodperformancewithout having
to userateallocation.

With disparitycompensation,oneimageis usedasareference
image,andtheotheris predictedusingthe referenceimage. The
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Fig. 1. Original left imagesof the(a)Room(b) Aquastereopairs.

gainover independentcodingcomesfrom compressingtheresid-
ual imagethatis obtainedasthedifferenceof theoriginalandpre-
dictedimage. Little attentionhasbeenpaid to the codingof the
residualimage.Moellenhoff et al. [9] looked at thepropertiesof
disparitycompensatedresidualimagesandproposedsomeDCT
andwavelettechniquesfor their improvedencoding.

In this paperwe proposea progressive codingtechniquefor
thecompressionof stereoimages.Theemphasisof ourwork is on
thecodingof theresidualimage.Theseimagesexhibit properties
different from naturalimages. Our coding techniquesmake use
of thesedifferences.We proposeto usetransformsthat take into
accountthosedifferencesaswell astheblock-basednatureof dis-
parityestimation.In ourcoderwetreatoccludedblocksdifferently
from blocksthat arewell estimatedwith the DE process.Multi-
Grid Embedding(MGE) by Lan and Tewfik [10] is usedas the
imagecoderfor its flexibility. All theseyield to somesignificant
improvementsover othermethodsin thecodingof stereoimages.

The outline of the paperis as follows. Section2 gives an
overview of stereoimagecoding. Our contribution is in Section
3 with experimentalresultsprovidedin Section4.

2. STEREO IMAGE CODING

Stereoscopicimagepairsrepresentaview of thesamescenefrom
two slightly differentpositions.Whentheimagesarepresentedto
the respective eye the humanobserver perceives the depthin the
sceneasin 3 dimensions.Onecanobtainstereopairsby taking
pictureswith two camerasthat are placedin parallel 2-3 inches
apart.The left imageof thestereopairsusedin this work canbe
seenin Figure1.

Becauseof thedifferentperspective, thesamepoint in theob-
ject will be mappedto differentcoordinatesin the left andright
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Fig. 2. Stereoimageencoder.

images.Let �������
	��
� and �������
	���� denotethecoordinatesof anob-
jectpointin theleft andright images,respectively. Thedisparityis
thedifferencebetweenthesecoordinates,������������� � �
	�����	 � � .
If the camerasareplacedin parallel, 	�����	������ , andthe dis-
parity is limited to thehorizontaldirection.Oneimageof thepair
servesasa referenceimage,  �"!
# , andtheother  
$ �%!'& is disparity
estimatedwith respectto thereferenceimage.A blockdiagramof
theencoderis shown in Figure2.

Thedisparityof eachobjectin the imagedependson thedis-
tancebetweentheobjectandthecameralenses.(See[11] for more
details). The disparityestimationprocesstries to determinethe
displacementfor eachimagepixel. Sincethis processwould be
quitecomplex if donefor eachpixel individually, it is carriedout
for (*)*( blocksinstead.Block sizesof (+�-, or (.��/10 providea
goodtrade-off betweenaccuracy of theestimationandtheentropy
necessaryto encodethedisparityvector, � , for eachblock.

The searchfor the matchingblock is carried out in a lim-
ited searchwindow. Giventhereferenceimagetheoptimalmatch
couldbeany (2)�( blockof this image.This exhaustive searchis
computationallycomplex. Fromtheparallelcameraaxisassump-
tion onecanrestrict the searchto horizontaldisplacementsonly.
Fromthecameraset-upit is clearthat thedisparityfor objectsin
the left imagewith respectto theright imageis positive andvice
versa.Thisobservationhelpsfurtherlimit thescopeof thesearch.

Thisestimationprocessworkswell for blocksthatarepresent
in both images. However, occlusionmay result if certainimage
informationis only presentin oneof the images.Occlusioncan
happenfor two main reasons:finite viewing areaanddepthdis-
continuity. Finite viewing areaoccurson the left sideof the left
imageandthe right sideof the right imagewherethe respective
eye canseeobjectsthattheothereye cannot.Depthdiscontinuity
is dueto overlappingobjectsin theimage;certainportionscanbe
coveredfrom oneeye onwhich theothereyehasdirectsight.

Thedisparityvectorsareusuallylosslesslytransmittedusing
differentialpulsecodemodulation(DPCM)followedbyarithmetic
coding[12].

Giventhedisparityestimateof theimage,theresidual �"!43 is
formedby subtractingtheestimatefrom theoriginal. Thisresidual
andthe referenceimagearethenencoded.Many proposedtech-
niquesuseDCT-basedblock codingmethodsfor theencodingof
both images.They alsorequirea bit allocationmechanismto de-
terminethecodingrateof eachimage(thisbit allocationis carried
out in additionto thebit allocationbetweentheDCT-transformed
blocksof eachimage). For eachtarget bit rate,a separateopti-
mizationis usedto determinetheappropriatebit allocation.

Embeddedimagecoderscanbe terminatedat any bitrateand
still yield thebestreconstructionto thatratewithouta priori opti-

mization.Zerotree-styletechniquessuchasSetPartitioningin Hi-
erarchicalTrees(SPIHT[7]) by SaidandPearlmanoffer excellent
compressionperformancefor still images.Thiszerotreetechnique
is extendedto stereoimages[8] by Boulgouriset al. Thebitplane
codingis performedon both the residualandreferenceimageat
the sametime guaranteeingthat the mostsignificantinformation
for bothimagesis sentbeforethelesssignificantinformation.

Thedecodingof stereoimagesis rathersimple.Boththeresid-
ualandreferenceimagearereconstructed.UsingtheDE informa-
tion andthereconstructedreferenceimagethedecodercanrecover
theotherimageof thestereopair.

3. RESIDUAL IMAGE CODING

Thegoalof ourresearchwasto makestereoimagecodingmoreef-
ficientby improving thecodingof theresidualimage.TheDE we
choseis rathersimple,but evenwith sucha simpledisparityesti-
matorour proposedcodingtechniquehasverygoodperformance.

3.1. Image Coding Method

Embeddedcodingyieldsgoodperformancecoupledwith simplic-
ity of codingdueto nothaving to performany bit allocationproce-
dure.MGE [10] usesa quadtreestructureinsteadof thezerotrees
of SPIHT. It employs thesamebitplanecoding,startingfrom the
mostsignificantbits of the transformdomainimagedown to the
leastsignificant.For eachbitplane,thequadtreestructureis used
to identify thesignificantcoefficients;coefficientswhosemostsig-
nificantbit is foundonthatbitplane.Thesortingpassidentifiesthe
coefficientsthatbecomesignificanton thecurrentbitplane,while
therefinementpassrefinesthosecoefficientsthathave previously
becomesignificant.

ThewayweuseMGE for stereoimagecompressionis similar
to [8]. For eachbitplanefirst thesortingandrefinementpassare
executedfor thereferenceimageandthenfor theresidualimage.
Thehighestmagnitudecoefficient is usuallysmallerfor theresid-
ual imagethanfor the referenceimage. The residualimagecon-
tainsmostly high frequency information. MGE waschosenover
SPIHTbecauseit canencodetheabovescenariosmoreefficiently.

3.2. Occlusion

As notedin Section2 therearetwo kindsof occlusionthatmayoc-
cur in DE. A finite viewing areacanbeovercomein certaincases.
In thecaseof blocksneartheimageedgewherea onedirectional
searchcouldrunoutof imagepixelsif weallow thesearchto con-
tinuein theotherdirection,it mayfind blockssimilar to theoneto
beestimated.

Theresidualof thoseblocksthatareoccludedbecauseof depth
discontinuitydisplaysdifferentcharacteristicsfrom theotherparts
of theimage.As notedin [9], theoccludedblocksaremorecorre-
lated.Weproposeto detectsuchblocks,andcodethemdifferently
from therestof theresidualimageblocksfor improvedefficiency.

3.3. Image Transform

Moellenhoff ’sanalysis[9] showsthatresidualimagesshow signif-
icantlydifferentcharacteristicsfrom naturalimages.They mainly
containedgesandotherhigh frequency information.Thecorrela-
tion betweenneighboringpixels is smalleraswell. This suggests
that transformsthat work well for naturalimagesmay not be as
usefulfor residualimages.
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Fig. 3. Comparisonof independentcoding, JPEG-stylecoding,OBDC, andmixed transformcoding for the left imageresidual(with
referenceimageJPEG-codedwith quality factor 6�7 ) for (a) theRoom,(b) theAquaimages.

1 2 3 4 5 6 7 8
RO 0.93 0.94 0.96 0.96 0.97 0.95 0.94 0.94
RR 0.27 0.38 0.41 0.45 0.44 0.31 0.33 0.03
AO 0.90 0.89 0.89 0.89 0.88 0.88 0.87 0.89
AR 0.24 0.25 0.22 0.23 0.25 0.23 0.26 0.12

Table 1. / -pixel correlation for columns of ,8)9, blocks
for RO=Roomoriginal, RR=Roomresidual,AO=Aquaoriginal,
AR=Aquaresidual,horizontaldirection,right images.

In wavelettransformcodingoneof themostwidelyusedfilters
is the :;�<6 filter by Daubechies[13]. It is preferredfor its regular-
ity andsmoothingproperties.With theimagepixelslesscorrelated
in residualimages,weproposetheuseof Haar-filters. These= -tap
filters take theaverageanddifferenceof two neighboringpixels.

DE uses(>)?( sizeblocksto find the bestestimatesfor the
image.Thereis no reasonto expectneighboringblocksto exhibit
similar residualproperties.For oneblock thealgorithmcanfind a
relatively goodmatchwhile its neighborcouldbeharderto predict
from thereferenceimage.

Moellenhoff ’s resultsonly indicatethatthepixelsof theresid-
ual imagearelesscorrelatedthanthatof theoriginal image.These
resultsdo not reveal muchaboutthe local correlationof pixels,
namelyacrossthe (2)@( block boundaries.Weproposeto look at/ -pixel correlationonamorelocalscalein bothhorizontalandver-
tical direction. Insteadof gatheringthesestatisticsfor the whole
image,we only look at the correlationbetweenall pixels in theACBED andits immediateneighborin the � A2F /�� BED columnor row
of all (?)G( blocks for the caseof horizontalor vertical corre-
lation, respectively. Notethatthecorrelationbetweenthe ( BED and�
( F /�� BED columns/rowsgivesthecorrelationjustacrossthebound-
ary betweentwo neighboringblocks. The / -pixel correlationsin
the horizontaldirectionareshown in Table1 for the Roomand
Aquaimages.(Verticalcorrelationsshow similar trends.)For the
original imagesthe / -pixel correlationis aboutthesamefor each
positionin a block, while for residualimagesit dropsoff signifi-
cantlyat theblockboundary(column , ). This furthersupportsour
assumptionthatdifferentblocksexhibit differentpropertiesin the
residualimage.

Basedonthisobservationwefocusonblock-basedtransforms

that could bettercapturethe differencesbetweenthe blocksthan
a global transform,suchas the wavelet transform,that sweeps
acrossthe block boundaries. DCT in practiceis performedon(�)�( blocks. Its performanceis diminishedby theJPEGencod-
ing method.However, if theDCT coefficientsareregroupedinto
a wavelet decompositionstyle subbandstructureas proposedin
[14], andareencodedusinganembeddedcoder, theperformance
approachesthatof waveletbasedmethods(thismethodis referred
to asEmbeddedZerotreeDCT (EZDCT)) .

Noneof the proposedimagetransformsso far take into ac-
counttheeffectof occlusion.Foranoccludedblockthebestmatch
canstill be a very distortedone. In thosecasesnot usingthe es-
timate for the given block at all could be the beststrategy. For
eachblock the estimatorshoulddecideif the bestmatchis good
enough. If not, the given block is left intact. This processcre-
atesamixedresidualimage,with somepartshaving mostlyedges
andhigh frequency information,andotherpartsblocksfrom the
original image. For residualblocksthat containsignificanthigh
frequency informationa uniform bandpartitioning(suchaswith
DCT) works better than octave-bandsignal decomposition(see
[15]), while octave-banddecompositionis desirablein blocksof
theoriginal image.

NotethattheHaartransformonly usestwo neighboringpixels
to computethelow andhighfrequency coefficients,thenmoveson
to thenext pair. If ( , theblocksizeis even,startingat theleft edge
of the block, the Haar transformcanbe performedwithout hav-
ing to includepixelsfrom outsidetheblockfor thecomputationof
Haar-waveletcoefficientsfor all pixels in theblock. Furthermore,
thiscanberepeatedup to HJILK�MONP(RQ levelswithoutaffectingcoeffi-
cientsfrom outsidethe (�)S( block. We proposeto usea mixed
imagetransform.This transformconsistsof a HaartransformofT

levels for occludedblocksanda DCT for otherswith theDCT
coefficients regroupedinto the wavelet subbandsto line up with
theHaar-transformedcoefficients.

4. EXPERIMENTAL RESULTS

In our simulationswe usedthe =�7�0<)S=�7�0 Roomand =�,�,<) T 0��
Aquastereoimagepairsshown in Figure1. Thereferenceimage
wastransformedusingthe :U�V6 filters. For DE a simplescheme



wasusedwith a64pixel horizontalsearchwindow. Occlusionde-
tectionconsistedof looking for blockswheretheestimationerror
wasabove agiventhreshold.

For stereoimages,thePeakSignal-to-NoiseRatio (PSNR)is
computedusingthe averageof the meansquarederror of the re-
constructedleft andright images,WYX�Z@[ �\/1��I]K�M�^`_ N
a
a4bcLdfehgjiEkCdfehg�lnmEo N�p

Firstweshow thecomparisonof differentmethodsfor thecod-
ing of thedisparityestimatedleft image. Thereferenceimageis
theuncodedright image.Thebitratefiguresincludethecodingof
thedisparityvectorfield. In thecaseof themixed transform,for
eachblock an extra bit is encodedto signal if that block is con-
sideredasoccluded.(Clearly, in the caseof independentcoding
thereis no needto encodeany disparityinformation.)ThePSNR
is computedusingthe MSE for the left imagealone. TheJPEG-
style coderin our comparisonusesquantizationtablesfrom the
MPEGpredictedframecoder.

Figures3 comparesindependentwavelet coding,JPEG-style
coding,overlappedblockdisparitycompensation(OBDC)[4], and
mixed transformcoding. Mixed transformcoding significantly
outperformsboth independentandJPEG-stylecodingwith a gain
of about

T
dB over theJPEG-styleencoding.It alsoperformsas

well or betterthanOBDC codingwhich usesa computationally
morecomplex disparityestimator.

Next we compareour proposedmethodsandtheresultsfrom
[8]. Goodresidualimageperformancealonedoesnot guarantee
overall good performancewhen the entire stereoimageis con-
cernedin an embeddedcodingscenario.Recall that the decoder
usesthe compressedreferenceimageto recreatethe estimatefor
the other image. If the codingof the residualimagetakesaway
bits from thecodingof thereferenceimagetheoverall resultmay
notbeasgoodasthecodingof theresidualimagewouldsuggest.

Figure4 demonstratesthis comparison.In this casethe left
imageis chosenasthereferenceimage.In thecomparison,“Boul-
gouris2”refersto new results(receivedfrom theauthors)obtained
by an improved versionof the original EmbeddedStereoCoder.
It usesa moresophisticateddisparityestimatorandbetterwavelet
filters. Ourproposedmethodoutperformsthisimprovedalgorithm
aswell by � p 6��*�V/ dB.
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