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Multi-View Video Compression
— Exploiting Inter-ImageSimilarities—

Advancesin display and cameratechnologyenablenew applicationsfor 3D scenecommunication.
3DTV is amongthe mostimportantof theseapplicationsijt strivesto createarealistic3D depthimpression
of the obsened scene[1]. Typically, multiple video camerasare usedto simultaneouslyacquirevarious
viewpoints of the scene.The resultingdataare often referredto as multi-view video. As the potential
degreeof 3D realismimproves with the cameradensityaroundthe scene a vastamountof multi-view
videodataneeddo be storedor transmittedfor 3DTV. Multi-view video datais alsoexpectedto consume
a large portion of the bandwidthavailablein the Internetof the future. This will include point-to-point
communicationaswell as multicastscenariosMultimedia distribution via sophisticatedcontentdelivery
networks and e xible peerto-peernetworks will enable multi-view-video-on-demanchs well as live
broadcasts.

Due to the vastraw bit-rate of multi-view video, ef cient compressiontechniquesare essentialfor
3D scenecommunication2]. As the video dataoriginatefrom the samescene the inherentsimilarities
of the multi-view imagery are exploited for efcient compressionThesesimilarities can be classi ed
into two types.First, interview similarity is obsened betweenadjacentcameraviews. Secondtemporal
similarity is noticed betweentemporally successie imagesof eachvideo. Temporalsimilarities can be
exploited with motion compensatiotechniqueghatarewell known from single-viev video compression.
Extendingthatidea, disparitycompensatioechniquesnake useof interview similaritiesfor multi-view
video compression.

When designing compressionschemesfor multi-view video data, several constraintsshapetheir
architectureln a communicatiorscenariomulti-view video representationshouldbe robustnessagainst
unreliabletransmission Further it is desirablethat theserepresentationgre highly e xible such that
subsetsof the original data can be accessecktasily at various levels of image quality; the level of
user interactvity that can be supportedby a particular multi-view video representatiorwill be an
important considerationfor on-demandapplications.Finally, the overall trade-of betweenthe quality
of the reconstructediiews andthe bit-rate of its representationill be of high interestwhen processing
the vastamountof data.

In the restof the paper we will rst discussthe importanceof exploiting inter-image similarities in
multi-view video compressionWe thenintroducethe basicapproacheso multi-view video compression.

One classof algorithms extends predictive coding as currently usedin video compressionstandards
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to multiple views. Another classof algorithmsusesadaptve subbanddecompositiorwithin and across
video sequencesrom different camerasWe concludethe article by discussingthe relatve advantages
and disadwantagesof thesecompressiorapproachesvhen facedwith additional constraintsthat often

arisein practicalsystems.

I. MULTI-VIEW VIDEO IMAGERY

Dynamic depth impressionsof natural scenescan be createdwith multi-view video imagery The
imageryis generatedy multiple video cameraghat capturevariousviewpoints of the scene.The video
cameraarrangements chosenaccordingto the desired3D scenerepresentationfFor example,a linear
cameraarrayis the simplestarrangemenandoffers parallaxin onespatialdimensiononly. Planarcamera
arraysprovide a broaderdepthimpressionbut requirea substantiallylarger numberof cameras.

As the multi-view videoimagerycapturegshe samedynamic3D scenethereexist inherentsimilarities
amongthe images.We classify thesesimilaritiesinto two types.First, inter-view similarity is obsered
betweenadjacentcameraviews. Second,temporalsimilarity is noticed betweentemporally successie
imagesof eachvideo. This classi cation correspondgo the natural arrangemenbpf multi-view video
imagesinto a Matrix Of Pictures(MOP) [3]. Eachrow holdstemporallysuccessie picturesof oneview,
and eachcolumn consistsof spatially neighboringviews capturedat the sametime instant.In casewe
deviate from linear cameraarrays,all view sequencearestill arrangednto the rows of the MOP. Here,
the ideais to distinguishbetweeninter-view similarity and temporalsimilarity only. Therefore,further

sub-classi cationof interview similaritiesis not intended.
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Fig. 1. Matrix of pictures(MOP) for N = 4 imagesequencesachcomprisingof K = 4 temporallysuccessie pictures.
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Fig. 1 depictsa matrix of picturesfor N = 4 imagesequencesgachcomprisingof K = 4 temporally
successie pictures.N = 4 views form a group of views (GOV), and K = 4 temporally successie

picturesa temporalgroup of pictures(GOP). For example, the imagesof the rst view sequencere

efciency of coding schemesghat processN K imagesjointly. Joint compressionaims to exploit all
similarities among theseimages.Later, we will discussthe impact of the MOP size (N;K) on the
compressiorperformanceandthe trade-of betweenthe sizeN of the group of views andthe sizeK of

the temporalgroup of pictures.

1. EXPLOITING SIMILARITIESIN TIME AND AMONG VIEWS

Exploiting similarities amongthe multi-view video imagesis the key to efcient compressionWhen
consideringtemporally successie imagesof one view sequencej.e. one row of the MOP, the same
view-point is capturedat differenttime instancesUsually, the sameobjectsappealin successie images
but possiblyat different pixel locations.If so, objectsarein motion and practicalcompressiorschemes
utilize motion compensatioriechniquego exploit this temporalsimilarities.

On the other hand, spatially neighboringviews capturedat the sametime instant,i.e., imagesin one
column of the MOP, shav the sameobjectsfrom different view-points. Similar to the previous case,
the sameobjectsappearin neighboringviews but at different pixel locations.Here, the objectsin each
imageare subjectto parallaxand practicalcompressiorschemesisedisparity compensatiotechniques

to exploit theseinter-view similarities.

A. Tempoal Similarities

Considertemporally successie imagesof one view sequencei.e., one row of the MOP. If objects
in the sceneare subjectto motion, the sameobjectsappearin successie imagesbut at different pixel
locations.To exploit thesetemporalsimilarities,sophisticatednotion compensatiomechniquedave been
developedin the past. Frequentlyusedare so-calledblock matding techniqueswvherea motion vector
establishes correspondencbetweentwo similar blocks of pixels chosenfrom two successie images
[4]. Practicalcompressiorschemessignal this motion vectorsto the decoderas part of the bit-stream.
Variable block sizetechniquesmprove the adaptationof the block motion eld to the actual shapeof
the object [5]. Lately, so-calledmulti-frame techniqueshave beendeveloped. Classicblock matching
techniquesisea single precedingmagewhenchoosinga referenceor the correspondenceédulti-frame

techniquespn the otherhand,permit choosingthe referencerom several previously transmittedmages;
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a differentimage could be selectedfor eachblock [6]. Finally, superpositiontechniquesare also used
widely. Here, more than one correspondenceer block of pixels is speci ed and signaledas part of
the bit-stream([7]. A linear combinationof the blocks resultingfrom multiple correspondenceis used
to better match the temporalsimilarities. A specialexampleis the so-calledbidirectionally predicted
picture whereblocks resultingfrom two correspondencegre combined[8]. One correspondencasesa
temporallyprecedingeferencethe otherusesatemporallysucceedingeferenceThe generalizedrersion
is the so-calledbi-predictive picture [9]. Here,two correspondenceare chosenfrom an arbitrary set of

available referencemages.

B. Inter-View Similarities

Considerspatially neighboringviews capturedat the sametime instant,i.e., imagesin one column of
the MOP. Objectsin eachimagearesubjectto parallaxandappearat differentpixel locations.To exploit
this interview similarities, disparity compensatioriechniquesare used.

The simplestapproachto disparity compensatiorare block matchingtechniquessimilar to thoseused
for motion compensatiof10]. Thesetechniquesffer the advantageof not requiring knowledge of the
geometryof the underlying3D objects.However, if the camerasare sparselhdistributed, the block-based
translatorydisparity modelfails to compensat@ccurately

More advancedapproacheso disparitycompensatiomredepth-image-base@nderingalgorithms[11].
They synthesizeanimageasseenfrom a givenview-point by usingthe referencdexture anddepthimage
asinput data.Thesetechniqueffer the advantagethat the given view-point imageis compensatedore
accuratelyeven when the camerasare sparselydistributed. However, thesetechniquesely on accurate
depthimages,which are dif cult to estimate.

Finally, hybrid techniqueshat combinethe advantagesof both approachesnay also be considered.
For example,if the accurag of a depthimageis not sufcient for accuratedepth-image-baseandering,

block-baseccompensatioriechniquesnay be usedon top for selectve re nement[12].

C. PerformanceBounds

The rate-distortionef ciency of multi-view video codingis of greatinterest.For single-viav video
coding,theoreticalperformancéboundshave beenestablishedor motion-compensategrediction[13] as
well asmotion-compensatesubbandcoding[14]. Obviously, the simplestapproachto multi-view video
codingis to encodethe individual video sequencesmdependentlyBut for the mostef cient compression

of multi-view video data,the similarities amongthe views mustalso be taken into account.Therefore,
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the work in [3] proposesa mathematicaimodel that capturesboth inter-view correlationand temporal
correlation.lt is basedon the high-ratemodelfor motion-compensatesubbandcoding of video [14].
The modelcaptureghe effectsof motion compensatiomccurag anddisparitycompensatiomccuray.
For that, it doesnot considera particularcompensationtiechnique Instead it assumegperfectcompensa-
tion up to a given motion inaccurag anddisparityinaccurag. With that, rate-distortionboundsfor both
perfectandinaccuratecompensatiorcan be determinedMoreover, the modelcapturesalsothe encoding
of N views, eachwith K temporallysuccessie picturesandits impacton the overall codingperformance.
In short,it modelsN K disparityand motion compensategictures.Thesepicturesarethendecorrelated
by the Karhunen-Le@we Transform(KLT) for optimal encodingandfor achievzing rate-distortionbounds.
At this point, we are not interestedn boundsfor a particularcoding scheme Rather we are interested
in compressiorboundsfor multi-view video imagerygiven parametersik e the size of the MOP (N ;K)
or the inaccurag of disparity compensationAt high rates,good coding boundscan be determinedby
optimal transformcoding with the KLT. This will help us to understandhe fundamentakrade-ofs that

areinherentto multi-view video coding.Box 1 describeghe signalmodelin more detail.

rate difference [bit/'sample/camera]

1 2 4 8 16 32 64 128
temporal GOP size K

Fig. 2. Ratereductiondue to exploiting the similarities amongN K picturesat high image quality. Rate differencesare

calculatedwith a statisticalsignal modelrelative to intra coding of all imagesat the samequality and are negative as bit-rate

is saved by joint coding. Ratedifferencesare given for varioustemporalGOP sizesK andgroupsof views N .

Fig. 2 depictstypical rate reductionsthat can be achiezed by exploiting the similarities amongN K
picturesat high imagequality. The rate differencesare obtainedwith the mathematicamodelin [3] and

are calculatedwith respectto intra codingof all imagesat the samequality. For example,take the group
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of views of size N = 1, meaningthat eachvideo signal is encodedindependentlyBy increasingthe
temporalGOPsizeK , i.e., jointly encodingK motion-compensateplictures,the bit-ratedecreasewhen
comparedo intra coding of the MOP. This obsenation holdsalsofor larger groupsof views N, where
N disparity-compensategicturesare encodedointly. But note that the relative decreaseén bit-rate gets
smallerfor growing groupsof views N. This result suggestsa possibletrade-of betweenthe size of
the group of views N andthe size of the temporalGOP K , when consideringthe bit-rate sazings only.
Using the numericalvaluesin Fig. 2 asan example,jointly encodingof MOPswith N = 8 views and
K = 4temporalimagesyieldson averagesimilar ratesavingsthanMOPswith N = 2 viewsandK = 32
temporalimages But notethat actualquantitatve valuesdependstronglyon the type of multi-view video
data,in particular the motionin the scenethe accurag of disparity compensationand the noiselevel
in the sequences.

Finally, the accurag of disparity compensatioraffects the overall bit-rate savings signi cantly. In
practice, neither block matchingtechniquesnor depth-image-basetenderingalgorithms can perform
perfect disparity compensation.Occlusions and varying lighting conditions among the views are
challenging.In casesn which we are ableto improve the accurag of compensationywe will benet in

termsof overall bit-rate savzings [3].

I1l. COMPRESSION SCHEMES

The vast amountof multi-view datais a huge challengenot only for capturingand processingbut
alsofor compressionEf cient compressiorexploits statisticaldependenciewithin the multi-view video
imagery Usually, practicalschemesccomplishthis eitherwith predictive codingor with subbandcoding.
In both cases,motion compensatiorand disparity compensatiorare emplged to make better use of
statisticaldependencies.

Note that predictve coding and subbandcoding have different constraintsfor ef cient compression.
Predictive coding is accomplishedby processingimagessequentially Hence,the order in which the
imagesareprocesseds of importance Moreover, codingdecisionanadein the beginning of the sequence
will affect subsequentoding decisions.On the other hand,subbandcoding doesnot require sequential
processingf imagesAll imagesto beencodedaresubjectto a subbandlecompositiorwhichis followed
by independenencodingof its coefcients. Hence,coding decisionsmadeat the secondstagedo not
affect the subbanddecompositiorin the rst stage.

In the following, we considerthesepractical schemedor multi-view video compressiorand discuss

themin moredetail.
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A. PredictiveCoding

Predictie coding schemesncodemulti-view video imagery sequentially Two basictypesof coded
picturesare possible:intra andinter pictures.Intra picturesare codedindependentlyof ary otherimage.
Inter pictures,on the other hand, dependon one or more referencepicturesthat have beenencoded
previously. By design,an intra picture doesnot exploit the similarities amongthe multi-view images.
But aninter pictureis ableto make useof thesesimilaritiesby choosingone or morereferencepictures
and generatinga motion and/or disparity compensatedmage for ef cient predictive coding. The basic
ideasof motion-compensategdredictive coding are summarizedn Box 2.

When choosingthe encodingorder of images variousconstraintsshouldbe consideredFor example,
high codingef ciency aswell asgoodtemporalmultiresolutionpropertiesmay be desirablelnterestingly
both goals can be combinedvery well. Similar to a temporalmultiresolutiondecompositiona coarse
resolutionlayer of temporallydistantimagesis successiely re ned by insertinginter codedpicturesat
half temporaldistance Note thattheseinter codedpicturesusethe codedimagesof the coarserresolution
layer as referencesThis methodof hierarchical encodingoffers not only a temporal multiresolution
representatiofut also high coding ef ciency. For hierarchicalencoding,the bi-predictive picture [9] is
very useful.lt is a specialinter picturethat choosesup to two referencepicturesfor generatinga motion
and/ordisparity compensated@mage.lts coding ef ciency is superiorto that of the “basic” inter picture

(predictive picture),which choosenly one referencepicture for compensation.
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Fig. 3. Hierarchicalencodingof a matrix of pictures(MOP) with bi-predictive pictures.(a) MOP with N = 4 imagesequences,
eachcomprisingof K = 4 temporallysuccessie pictures.(b) Ratedifferencefor the multi-view video Ballroomat an average
imagequality of 40 dB PSNRachieved by exploiting the similarities within eachMOP of size (N;K).
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Fig. 3(a) depictsa possiblehierarchicalencodingof a MOP with N = 4 image sequencesgach
comprisingof K = 4 temporallysuccessie pictures.EachMOP is encodedwith oneintra picture and
N K 1 bi-predictve pictures.First, eachMOP is decomposedh view directionat the rst time instant
only. Thatis, the sequenceblave view decompositiongt every K -th time instant. The intra picturelg in
eachMOP representshe lowestview resolution. The next view resolutionlevel is attainedby including
the bi-predictie picture Bp;. The highestview resolutionis achiezed with the bi-predictive picturesBg;.
Second,the reconstructed\ view imagesat every K -th time instantare now used as referencefor
multiresolutiondecompositionsvith bi-predictve picturesin temporaldirection. The decompositionn
view direction at every K -th time instantrepresentsalreadythe lowest temporalresolutionlevel. The
next temporalresolutionlevel is attainedby including the bi-predictive picturesB;. The highesttemporal
resolutionis achieved with the bi-predictive picturesB,. Thus, hierarchicalencodingof eachMOP with
bi-predictive picturesgenerates representatiomith multiple resolutionsin time andview direction[15].

Multi-view videocodingis currentlyinvesticatedby the Joint Video Team(JVT). The JVT is developing
a Joint Multiview Video Model (JMVM) [16] which is basedon the video coding standardITU-T
RecommendatiorH.264 — ISO/IEC 14496-10AVC [17]. The current JMVM proposesillumination
change-adapte motion compensatiorand predictionstructureswith hierarchicalbi-predictive pictures.
The JMVM usesthe block-basedcoding techniquesof H.264/A/C to exploit both temporalsimilarities
andview similarities. The coding structureis investicatedin [18], [19]. The standardcodecH.264/A/C
is a hybrid video codecand incorporatesan intra-frame codecand a motion-compensatethter-frame
predictor Whenencodingimagesequencessophisticatedodercontrol techniqueshoosefrom multiple
intra- andinter-picturemodesto optimizerate-distortioref ciency. An importantparameteis the number
of previously decodedpictures storedin the referenceframe buffer. Both, rate-distortionef ciency
and computationalcomplity gronv with the number of stored referencepictures. Fig. 3(b) shavs
experimentalresultsobtainedwith hierarchicalbi-predictive picturesfor the multi-view video Ballroom
It depictsachievable rate differencesto intra coding by exploiting the similarities within eachMOP of
size(N; K). Theratedifferenceis measuredit an averageimagequality of 40 dB PSNRrelative to the
intra coding rate of 1.4 bit per pixel per camera.

In summary predictive codingschemesretechnologicallywell advancedandoffer goodimagequality
at low bit-rates,in particularwith the adwent of the lateststandardH.264/A/C. Though,suchschemes
are burdenedby the inherentconstraintof sequentialcoding. Recall that coding decisionsmadein the
beginning of the sequencavill affect subsequentodingdecisions.This affectsoverall codingef ciency

and produceamulti-view video representationsf limited e xibility .
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B. SubbandCoding

All imagesto be encodeddy a subbandcodingschemeare subjectto a subbanddecompositiorwhich
is followed by quantizatiorandentrogy-codingof its coefcients. Suchschemeslo not requiresequential
processingf imagesand, hence offer more e xible multi-view video representationd.ike in predictve
coding, the subbanddecompositiormakes use of similarities amongthe multi-view video images.As
similaritiesare exploited by motion and disparity compensationadaptie subbanddecompositionsre of
interest[20]-[22].
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Fig. 4. Motion and disparity adaptve subbandcoding. The multi-view video is representecby a motion and disparity
compensategubbanddecomposition.The resulting view-temporal subbandsare encodedand multiplexed with motion and

disparity sideinformationinto one bit-stream.

A typical motion anddisparityadaptve subbandcodingschemes showvn in Fig. 4. N K imagesof the
multi-view video dataaretransformednto N K subbandmagesby a motion and disparity compensated
subbanddecompositionOnly one subbandmage,the so-calledlow-bandimage,accumulateshe major
enepgy of all imagesin the MOP. TheremainingNK 1 subbandmages,so-calledhigh-bandimages,
carry only minor enegy componentsthat could not be concentratednto the low-band image. The
decompositionis followed by spatial encodingof the view-temporalsubbandcoefcients. The output
bit-streamof the encodelincludesboth the compressedepresentationf the subbandcoefcients aswell
as the motion and the disparity information. The correspondingdecodersimply inverts the processing
stepsof the encoder

Whenchoosingan adaptve transformfor multi-view video subbandcoding, variousconstraintsshould
be consideredFor example, given the unquantizedsubbandcoefcients of the forward transform,the

inverseadaptve transformat the decodershouldbe able to reconstructthe input imagery perfectly In
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addition, good view-temporalmultiresolutionpropertiesare desirable Both goalscanbe combinedvery
well with so-calledmotion and disparity compensatedifted wavelets[23], [24]. Waveletsimplemented
with the lifting architectureare reversible,even if the operationsin the lifting stepsare non-linearlike
motion and disparity compensationMoreover, multiresolutionrepresentationare easily obtainedwith
wavelet transforms.Similar to predictve coding where predictve and bi-predictive picturesexploit the
similarities amongthe images,two basictypesof motion-compensatelifted waveletsare popular The
basic adaptie wavelet is the motion-compensatelifted Haar wavelet where high-bandsare generated
from one motion-compensatetnage only. The advancedadaptve wavelet is the motion-compensated
lifted 5/3 wavelet wherehigh-bandsare generateddy a linear combinationof two motion-compensated
imagesBetterenegy concentrations achiezedwith theadaptve 5/3 wavelet,which is alsomorecomple

thanthe adaptve Haarwavelet. Box 3 outlinesthe basicconceptf motion-compensatelifted wavelets.
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Fig. 5. Hierarchicalsubbanddecompositionof a matrix of pictures(MOP). (a) MOP with N = 4 image sequencesgach
comprisingof K = 4 temporallysuccessie pictures.(b) Ratedifferencefor the multi-view video Ballroomat an averageimage

quality of 40 dB PSNRachieved by exploiting the similarities within eachMOP of size (N ; K)).

Fig. 5(a) shavs a possibleview-temporalmultiresolutiondecompositiorof a MOP with N = 4 image
sequenceseachcomprisingof K = 4 temporally successie pictures.EachMOP is encodedwith one
low-bandpictureandN K 1 high-bandpictures.First, a 2-level multiresolutiondecompositiorof each
view sequencén temporaldirectionis accomplishedvith motion-compensatedavelets.The rst frame

of eachview is representetby the temporallow-bandL?, the remainingframesof eachview by temporal
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high-bandsH}. Second,a 2-level multiresolutiondecompositiorof the temporallow-bandsL? in view
directionis accomplishedvith disparity-compensatedavelets. After the decompositiorof N temporal
low-bands,we obtain the MOP low-band L?L2 and the remainingN 1 view high-bandsH}. This
decompositiorusesonly the disparityinformationamongthe views at the rst time instantin the MOP.
Fig. 5(b) givesexperimentalresultsfor the multi-view video Ballroomobtainedwith an adaptve subband
decompositiorusinglifted wavelets.The resultsarebasedon a versionof the Joint ScalableVideo Model
(JSVM) [25] which supportsadaptie lifted wavelets.The plot depictsachievablerate differencego intra
coding by exploiting the similarities within eachMOP of size (N; K ). Note that the rate differenceis
measuredt an averageimagequality of 40 dB PSNRrelative to the intra codingrateof 1.4 bit per pixel
per camera.

In summary subbandcoding schemesoffer more e xible representationgor multi-view imagery
For static light elds, this hasbeendemonstratedn [26], where disparity-compensatediavelets have
beeninvesticated. Further examplesfor multi-view wavelet video coding are given in [27]. Though,
decompositiongesulting from motion and disparity compensatedifted wavelets usually suffer from a
compensatiomimismatchin predictand updatestep,especiallyfor multi-connectednotion and disparity
elds. This compensatiomismatchalterspropertiesthat are offered by the correspondinghon-adaptie
wavelettransformsFor example,the non-adaptie lifted Haarwaveletis strictly orthonormalwhereaghe
motion-compensatelifted Haarwavelet losesthe propertyof orthonormalityif multi-connectedmotion
elds are compensate(8].

The developmentof view-temporal subbanddecompositionghat maintain their orthogonality with
arbitrary motion and disparity compensatioris still a challengingresearchproblem. First attemptsat
a solution have beenreportedrecently for unidirectional motion compensatior{28], sub-pelaccurate

motion compensationf29], [30], and bidirectionalmotion compensatior31]. (Box 4).

IV. COMPRESSION WITH ADDITIONAL CONSTRAINTS

Compressiorenginesare usually part of informationor communicatiorsystemghatimposeadditional
constraintson the compressionschemeitself. Basic constraintsare delay and memory requirements.
Interactive applicationslik e free-vievpoint video [2] imposerandomaccessequirementsvhich permit
accesdo individual image sequence# the compressednulti-view video representationOn the other
hand, communicationsystemsrequire compressedepresentationso be robust to transmissionerrors
and might bene t from rate scalability In the following, we revisit abore compressiorschemesawvhile

consideringpracticalsystemconstraints.
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A. Delay and MemoryConstaints

Delay is causedby the wait time that elapsesvhen a coding schemecollectsadditionalimagesfrom
the sourcewhich arerequiredfor encoding.Sequentiaencodingwith predictve schemepermits e xible
encodingorders. This wait time can be reducedto zero with forward prediction only. For that case,
bi-directional predictionin temporaldirection cannotbe used and, hence,lower coding ef ciency is
obsened. Higher coding gains can be achieved by permitting delay Delay constraintsare different for
subbandcoding schemeslin general,all imagesof a MOP have to be consideredo determinethe low-
bandimageof the subbanddecompositionHence,the minimum delay for a MOP of size(N; K) is the
wait time necessaryo collectadditionalK 1 temporallysuccessie images.

Memory requirementsspecify the size of the memory that is necessaryto facilitate encoding or
decoding.For predictive schemesthe size of the multi-frame referencebuffer determineshe memory
requirement.At least one referenceimage needsto be in memory for predictve coding. And large
referenceframe buffers are likely to improve compressioref ciency. Memory requirementsare also
different for subbandcoding schemesIn general, subbanddecompositiongequire all input images
associatedvith a MOP to residein the memory of the encoder Therefore,the memory requirement

increaseswith the size of the MOP and, hencethe desiredcompressioref ciency.

B. RandomAccess

Applicationslikeinteractve light eld streamind32] or free-viavpointvideo[2] imposerandomaccess
requirementson multi-view imagery Randomaccesgefersto the accessibilityof individual imagesor
image sequencesn compressedepresentationskor predictve coding schemesaccessto individual
imagesdependshighly on actual prediction dependenciesNote that sequentialencodingrequiresall
intermediateaeferencepicturesto be decodedn order Hence hierarchicalencodingordersfacilitatemore
e xible accesgo individual imagesthan linear encodingorders.For subbandcoding schemesrandom
accesss facilitatedby multi-resolutionsubbandiecompositionsigain, hierarchicakepresentationallow
e xible accesgo individualimages Moreover, subbandgchemesffer theopportunityto tradeoff between

the burdenof accessandthe quality of retrieved images.

C. Flexible Repesentationsand Rolustness

Practical 3DTV systemsrequire multi-view video representationdo be robust against unreliable

transmissionScalablerepresentationallow e xible adaptationgo network and channelconditions.For
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example,view scalabilityandtemporalscalability facilitate transmissiorof subsetf the original multi-
view videodata.Thisis achiezed by usinghierarchicakencodingstructuregor bothpredictve andsubband
coding schemesQuality scalability facilitatestransmissiorof multi-view video at variousimage quality
levels. For ef cient predictive coding, referencepicturesat encoderand decoderhave to matchexactly.
If decodingat variousquality levels is desired,the encoderhasto encodeall desiredquality levels to
matchexactly the necessaryeferencepictures.Subbandcoding schemespn the otherhand,processhe
guantizationnoisedifferently and allow for ef cient quality scalability

Finally, decodersfor robust representationshould minimize the impact of transmissionerrors on
the reconstructednulti-view video. Note that predictve encodersoperatein a closed-loopfashion.The
total quantizationerror enegy acrossintra picture and displacedframe differencesequalsthat in the
correspondingreconstructedpictures. In caseof transmissionerrors, decodedreferenceframes differ
from the optimizedreferenceramesat the encoderand errorspropagte from frameto frame, resulting
in an often very large ampli cation of the transmissiorerror enegy. On the otherhand,subbandcoders
operatein an open-loopfashion.In particular enegy conseration holdsfor orthogonaltransformssuch
thatthe total quantizationerrorenegy in the coefcient domainequalsthatin theimagedomain.In case
of transmissiorerrors,the samerelationholds.Hence the errorenepy is presered ratherthanampli ed

by the decoderasis the casefor predictive decoders.

V. FUTURE CHALLENGES

Both predictive coding schemesand subbandcoding schemeshave the potentialto exploit the inter
imagesimilaritiesof multi-view video. Predictve coding schemesretechnologicallywell advancedand
offer goodimagequality at low bit-rates.Though,suchschemesre burdenedby the inherentconstraint
of sequentialcoding. Subbandcoding approachesprovide desirable propertiesfor the compressed
representationBut thesetechniquesare not at the samelevel of maturity as predictve coding schemes.
The vast amountof datathat comeswith multi-view video rendershighly structuredrepresentations
more desirable.Additional constraintson adaptve subbanddecompositiongmay be necessarylt is a
future challengeto make subbandcoding competitive with predictve schemeswhile maintainingall the

desirablepropertiesthat comewith suchdecompositions.
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APPENDIX |
BoOx 1: STATISTICAL SIGNAL MODEL FOR

MULTI-VIEW VIDEO

The model generatedN K disparity and motion

sequencef cg; k = 1;2;:::;Kg with K motion-
compensatedicturesis generatedfrom the root
image v. For this, the root picture is shifted by
displacementerror vectos 1k and distorted by
additive residualvideo noiseny. Second,N view
sequencewith NK disparityand motion compen-
satedpictures are generatedrom the root image
sequence.Here, the pictures of the root image
sequenceareshiftedby disparityerror vectos 1

= 2;3;:::;N, anddistortedby additive residual
multi-view noisezj, i = 1;2;:::;NK. Note that
the rst picture of the root image sequencas the
referencémage.Theremainingk 1 picturesare
motion compensatedvith respectto the reference
image up to the speci ed displacemenerror The
conceptof referenceis also usedfor the N view
sequencesN 1 view sequencesare disparity
compensatedvith respectto the referenceview
sequencej.e., the rst view sequenceup to the
speci eddisparityerror. The completesignalmodel
is depictedin Fig. 6. Note that all K temporal
picturesof the -th view are shifted by the same

disparity error vector 1 . We assumethat the

14

time instant.
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positionof eachcameras constantn time. Hence, Fig 6. signalmodelfor N imagesequencesachcomprising

we obsene the samedisparity error vectorat each of agroupof K temporallysuccessie pictures.
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With additional assumptionsas statedin [3], the power spectraldensity matrix of N K motion and

disparity compensategicturesis

ss(!)= (1) cc(t)+ (') D)
where (!) isthe N N characteristionatrix of N 1 disparity errors, (! ) the K K power
spectraldensity matrix of the root image sequencg14], and (') the NK  NK power spectral
densitymatrix of the residualmulti-view noise. denoteghe Kronecler productand! is the vector of
spatialfrequenciesn horizontaland vertical direction.

The key parameter®f the model specify displacemenerror and disparity error distributions as well
asresidualvideo noiseandresidualmulti-view noise.The variancesof displacemenerror and disparity
errorcapturemotioninaccuray anddisparityinaccurag, respectiely. For example,very accuratanotion
compensatioris modeledby a very small displacemenérror variance.The residualvideo noisecaptures
signalcomponentshatcannotbe removed even by very accuratenotion compensatiore.g.,detail visible
in oneframe,but not in the other The residualmulti-view noise capturessignalcomponentghat cannot
be removed by very accuratedisparity compensatiorbetweenviews, e.g., cameranoise. Furtherdetails

on the modelare givenin [3].

APPENDIX |1

Box 2: MOTION-COMPENSATED PREDICTIVE CODING

Motion-compensatepredictive codingof imagesequenceis accomplishedavith intra andinter pictures
as depictedin Fig. 7. (a) The input imagex is independentlyencodedinto the intra picture . The
intra decoderis usedto independentlyreconstructthe image R¢. (b) The input image xy is predicted
by the motion-compensate(MC) referencémage®,. The predictionerror, also called displacedframe
difference(DFD), is encodedandconstitutesn combinationwith the motioninformationthe inter picture
Px. Theinterpicturedecoderreverseshis processhut requiresthe samereferencamage®, to be present
atthedecoderside.If thereferencepicturediffersatencoderanddecoderside,e.g.dueto network errors,
thedecodeiis not ableto reconstructhe sameimage®y thattheencodehasencodedNotethatreference
picturescan be eitherreconstructedntra picturesor otherreconstructednter pictures.

Fig. 7(b) shawvs the “basic” inter picture (predictive picture)which choosenly onereferencepicture
for compensationMore advancedare bi-predictive picturesthat usea linear combinationof two motion-
compensatedeferencepictures.Bidirectionally motion-compensategredictionis a specialcaseof bi-
predictive picturesandis widely employedin standarddike MPEG-1,MPEG-2,andH.263.The general
conceptof bi-predictive pictures[9] hasbeenimplementedwith the standardH.264/A/C [17].
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Encoder | Decoder K
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Rr S S I S - kr
|
|
|

MC | MC
|
S .7 .| DFD & prp rr .

Xk Encoder | Decoder Ri
|
(b)

Fig. 7. Motion-compensateg@redictive codingwith (a) intra picturesand (b) inter pictures.

Inter pictureshave beenstudiedextensively andtheoreticalperformancéoundshave beenestablished.
A high-ratemodelfor predictie picturesis presentedn [13]. This work hasbeenextendedto accommo-

datefractional-pelaccurag [33], multihypothesisprediction[34], and complementanhypotheseg35].

APPENDIX |11

Box 3: MOTION-COMPENSATED LIFTED WAVELETS

Motion-compensatelifted waveletsbene t from thefactthatany waveletimplementedwith thelifting
architecturds reversibleand,hence biorthogonal36]. Thelifting architecturehasladderstructurewhere
predictand updatestepsmodify even and odd sampleof the signalto generatdow-bandandhigh-band
samplesrespectiely. The operationsperformedin the lifting stepsdo not affect the biorthogonalityof
the wavelet, hence,hon-linearoperationdik e motion compensatiortan be introducedto designmotion-

adaptve lifted wavelets.

p— | pZl_
2 —
Xy L = 49 = | ) 2 -4 r = R,
| 1
g | 6 3
MCp MCy : MCy MCp
|
| p_
) pl_i ! 2 )
X 41 L - 49 r - h A r - 49 = Ry 41

(@) (b)
Fig. 8. Haartransformwith motion-compensatelifting steps.(a) The encodersesthe forward transform,(b) the decoderthe

backward transform.

July 27, 2007 DRAFT



IEEE SIGNAL PROCESSINGMAGAZINE 17

Fig. 8 shavs the motion-compensatetifted Haar wavelet with (a) analysisand (b) synthesis[23],
[24]. In the analysis,evenimagesof a sequence, aremotion compensateth the predictstep(MCp)
to generateemporalhigh-bandimagesh from odd imagesx, +1. Temporallow-bandimagesl are
derived from even imagesby adding the motion-compensatedpdate(MCy) of the scaledhigh-band
imagesh . The synthesissimply reversesthe sequenceof lifting stepsthat are usedin the analysis.
To maintainreversibility, operationsin the lifting stepsneednot to be invertible. This is adwantageous
as motion compensations generallynot invertible due to unconnectecind multi-connectedpixels. But
note that the non-adaptie lifted Haarwaveletis strictly orthonormal,whereasthe motion-compensated
versionlosesthis propertyif unconnectedind multi-connectedixels are compensated.

Motion-compensatetifted waveletshave beeninvestigatedfor subbandcoding of video. Theoretical
performancéoundshave beenderivedfor additve motion[7], [14] aswell asfor complementarynotion-

compensatedignals[37].

APPENDIX IV

Box 4: MOTION-COMPENSATED ORTHOGONAL TRANSFORMS

Motion-compensatedrthogonatransformgMCQOT) maintainstrict orthogonalitywith arbitrarymotion
compensatiorkor the following discussionwe choosea unidirectionallymotion-compensatearthogonal

transformas depictedin Fig. 9(a).

X1 r-| L= | - - | = VY1 9!1 r-| L - | L= | - kl

Xo L= L= | - - = VYo 92 - | L - L= L= kZ

(@) (b)

Fig. 9. Unidirectionallymotion-compensatedrthogonalransform.(a) The encodewusesthe forward transform,(b) the decoder

|
:

T, T Tk : T] T) T
|

the backward transform.EachincrementatransformT , = 1;2; .k, is orthogonalj.e., T TT = 1.

Let x1 andx» be two vectorsrepresentingonsecutie picturesof animagesequenceThe transform

T mapsthesevectorsaccordingto L 0 L

@ylAzT@XlA )
Y2 X2

July 27, 2007 DRAFT



IEEE SIGNAL PROCESSINGMAGAZINE 18

into two vectorsyi; and y, which representthe temporal low-band and the temporal high-band,

respectrely. The transformT is factoredinto a sequencef k incrementalttransformsT suchthat
T=TTek 1+ T  ToTy; (3)

whereeachincrementatransformT is orthogonaby itself,i.e., T TT = | holdsforall = 1;2; k.
This guaranteeshat the transformT is also orthogonal.

The incrementaltransformT is nearlyan identity matrix. The diagonalelementsequalto 1 represent
the untouchedpixelsin step . If onepixel in x5 is unidirectionallymotion compensateth step , the
incrementatransformT hastwo diagonalelementghatarenot equalto 1. Thesetwo diagonalelements
andtheir correspondingwo off-diagonalelementsare equalto the four elementsof a 2D rotationmatrix.
Thesetwo diagonalelementsalso indicate the two pixels that are connectedby the associatednotion
vectorand are subjectto linear operations.

Further if unidirectional motion compensationis not suitable for a pixel or block in x», the
correspondingncrementaltransformin step is setto T = |, wherel denotesthe identity matrix.
This is called the intra modefor a pixel or block in picture x,. Note that a pixel or block in picture
X2 is modi ed by at mostone incrementaltransform.Therefore the type of incrementaltransformcan
be chosenfreely in eachstep to matchthe motion of the affectedpixelsin x, without destrging the
propertyof orthonormality

The unidirectionally motion-compensatethcrementaltransformis just one example. There are also
doublemotion-compensatefB0] and bidirectionally motion-compensatettansformg[31]. Eachtype of
incrementaltransformhasits own enegy concentrationconstraintwhich efciently remaoves enegy in
high-bandpixels while consideringmotion compensation.

Any combinationof thesetransformscan be usedfor dyadic decompositionsvhile maintainingstrict
orthonormality When usedfor multi-view video in view direction, motion compensatioris replacedby
disparitycompensationvhile maintainingthe principlesof the transform.Hence,adaptve view-temporal
subbanddecompositionghat are strictly orthogonalcan be generatedrom multi-view video data.

Finally, adaptve orthogonaltransformsdo not suffer from compensatiormismatchin predict and
updatestepthat canbe obsened with block-compensatelifted wavelets.For example,Fig. 10 compares
decodedramesof the multi-view video Breakdances. The complex motionof thedancercauseghelifted
5/3 waveletto produceanng/ing noiseartifactsthatarenot obsenedwith the bidirectionallycompensated
orthogonaltransform.Note that both schemeause the sameblock motion/disparity eld aswell asthe

sameview-temporaldecompositiorstructureas depictedin Fig. 5(a).
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(a) (b)

Fig. 10. Decodedpicturesof the multi-view video Breakdances. The subbandcodingschemauses(a) the motion anddisparity
compensatedtifted 5/3 waveletor (b) the bidirectionallymotion and disparity compensatedrthogonaltransform.In both cases,

thesame8 8 block motion/disparity eld is used.View-temporalsubbandsare encodedwith JPEG2000.
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