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ABSTRACT

Threedimensionalwaveletdecompositionsareefficienttools
for scalablevideocoding. In this paper, we show theinter-
estof a lifting formulationof thesedecompositions.The
temporalwavelet transformis inherentlynon-linear, dueto
themotionestimationstep,andthelifting formalismallows
us to provide several improvementsto the schemeinitially
proposedby ChoiandWoods:abetterprocessingof theun-
coveredareasis proposedandan overlappedmotion com-
pensatedtemporalfilteringmethodis introducedin themul-
tiresolutiondecomposition.As shown by simulations,the
proposedmethodresultsin highercodingefficiency, while
keepingthescalabilityfunctionalities.

1. INTRODUCTION

With the recentexpansionof multimediaapplicationsand
theneedfor deliveringcompressedbitstreamsover hetero-
geneousnetworks,scalabilityhasbecomeanimportantfea-
ture for videocoders.The3D wavelet decompositionpro-
vides a naturalspatial resolutionand frame rate scalabil-
ity. Embeddedcodingalgorithms(like the3D SPIHTalgo-
rithm [4]), leadto thedesiredSNRscalability, by usingin-
depthscanningof the coefficients in hierarchicaltreesand
bitplaneencoding.

Our globalcodecschemeincludesa temporalmultires-
olutionanalysis(MRA) in thedirectionof themotionin or-
derto takeinto accountlargedisplacements(moreprecisely,
Haarfilters areappliedat eachresolutionlevel on themo-
tion compensatedframes).It is followedby a spatialMRA
of the resultingtemporalsubbands.The codingmethodis
a modified3D SPIHT algorithmfollowedby a contextual
arithmeticcoder[6]. In this way, scalabilityis achieved in
temporalandspatialresolutions,aswell asin quality.�

Thiswork wasperformedwhile thefirst authorwasat theheadof the
“ScalableSubbandVideoCoding”projectatLEP.

While several works addressedscalablecodingalgori-
thmsandthepossibleimprovementsof the spatialwavelet
transforms,therewaslittle effort in thedirectionof exploit-
ing theparticularitiesof thetemporalwavelettransformused
in 3D decompositions.The temporalwavelet transformis
inherentlynon-linear, due to the motion estimationstep.
Thelifting schemeprovidesa flexible framework for build-
ing wavelet transforms.Its interestfor processingmonodi-
mensionalsignalsand for providing suitabledecomposi-
tionsfor imagecodingor featureextractionhasalreadybeen
proven.Theadvantagesof this schemearebothin termsof
complexity (“in-place”calculation)andadditionalfunction-
alities: not only every linearwaveletdecompositioncanbe
put in this form [2], but it allows the introductionof non-
linear operatorsin the predict-updatestepsaswell [3]. In
this paper, we investigatethebenefitsof thenon-linearlift-
ing formalismfor motion compensatedwavelet decompo-
sitions. In particular, we proposean improvedmethodfor
processinguncoveredareasandweintroduceanoverlapped
motioncompensationwithin thetemporaldecomposition.

Thepaperis organizedasfollows: in Section2 we de-
scribetheproblemsrelatedto motioncompensatedtempo-
ral analysisfor 3D videocompression.Section3 introduces
thelifting schemein thecontext of temporalwaveletdecom-
positions.In Section4 and5 we provideseveralnon-linear
schemesadaptedto our needsand in Section6 the simu-
lation resultsarepresented.The last sectionconcludesthe
paper.

2. MOTION COMPENSATED TEMPORAL
ANALYSIS FOR 3D VIDEO COMPRESSION

An importantissueconcerningtemporalmultiresolutionanal-
ysis is thechoiceof the temporalfilter length: long filters
takebetteradvantageof the temporalcorrelationexisting
betweensuccessive frames.It wasshownin [1] thatthey do,
however, blur themotion,increasebuffer memoryrequired



at the decoder(correspondingto the filter length)andthe
reconstructiondelay, which might not bedesirablein real-
time applications. Moreover, the codingefficiency is not
increasedsignificantlyby performinga temporalanalysis
with longer filters. Therefore,in our approach,Haar fil-
terswereusedfor temporalfiltering. Moreover, whenHaar
filters areusedfor the temporaldecomposition,motiones-
timationandmotioncompensation(ME/MC) areonly per-
formedevery two framesof the input sequencedueto the
temporaldownsamplingby two. By iterating this proce-
dureover several decompositionlevels on the approxima-
tion subband,thetotal numberof ME/MC operationsis ro-
ughly thesameasin a predictivescheme.

Motion compensatedtemporalfiltering raisestheprob-
lemof double-connected/unconnectedpixels,i.e.,pixelsthat
arefilteredseveraltimesor notatall. Thesolutionproposed
by Choi [5] is to computea high-passcoefficient at the
samelocationasthepixel in thecurrentframe,andto take
asa low-passcoefficient thecolocatedpixel in themotion-
compensatedreferenceframe. For multiple-connectedpix-
els,heproposesto scanthecurrentframefrom top to down,
from left to right andtoconsiderfor computationof thelow-
passcoefficient thefirst pixel in thecurrentframepointing
to it. We will show that this is not the beststrategy and
proposeseveralimprovements.

At agivenresolutionlevel, let usdenoteby
�������
	��

the
pixels in the temporalhigh frequency subband,by 
 �����
	��
thepixelsin thelow frequency subbandandby ������� � �
� ��� ���
the two componentsof themotion vectorassociatedto the
pixel � ����	 � . If fractionalpelmotionestimationis allowed,
thentheintegerpartof themotionvectorwill bedenotedby�������� � � �� ��� ��� . Therefore,in Choi’s method,the equations
that allow to computethe high andlow-passsubbandsfor
connectedpixelsarethefollowing ones:������� 	����! #"$�����
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where
&;

standsfor an interpolatedvalue of the field
;

.
For unconnectedpixels, the high frequency componentis
obtainedasbeforeandthelow frequency valuesaresimply
scaledvaluesof thereferencepixels:
 � ����	��5�<0 2 ( � ����	��>= (3)

3. NONLINEAR LIFTING FORMULATION OF
THE TEMPORAL HAAR ANALYSIS

As a particularcaseof the lifting scheme[2] for the Haar
transform,wecannow write thetemporallow-passfiltering

in themotiondirectionas:
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Thisequation,togetherwith (1),allow ustodeducetheform
of thenon-linearoperatorsB (predict)and C (update)used
in the temporalHaarlifting. Indeed,we canseethat B is
a motioncompensationoperator( D ), followed,in caseof a
fractionalpelmotionestimation,by aninterpolation(E ). In
themeantime,C canbeidentifiedasamotioncompensation
operator, usingthe samemotion vectorsasin B , but with
oppositesign, followedby an interpolation. In thesequel,
wewill denotetheseoperationsby: BGFIHKJ � E?F#DLFMHNJOJ andCPF:HNJ � E@Q �DLFMHNJMR andtheposition � �S% �� ��� � �
	T% �� ��� � �
by �NU �
V � . With thesenotations,the temporalanalysisof
connectedpixelscanbewrittenas:

��������	���� W0 2YX "*� ����	���% ETF#DLF ( � ����	�� JOJ[Z (5)
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while for thesynthesispart,wehave
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for connectedpixels (unconnectedpixels in the reference
frameareobtaineddirectly from Eq. (3)) and"$������	����_0 2`�������
	�� 6 E?F�D7F ( �����
	�� JOJ = (8)

In thenext sections,wewill show theinterestof this formu-
lation in improving the uncoveredzoneprocessingand in
reducingthe blockingartefactsrelatedto block-basedmo-
tion compensation.

4. IMPROVEMENT OF THE UNCOVERED ZONE
PROCESSING

The problemof unconnectedanddouble-connectedpixels
is closelyrelatedto thatof areasuncoveredby moving ob-
jects.Indeed,considertwo objectscorrespondingto a com-
monpart in a frameat time a , andthatbecomeseparateat
time a 6�b a . In thiscase,two regionsin thecurrentframe
will correspondby motioncompensationto thesameregion
in the reference(previous) frame. For oneof the objects,
this will be an uncoveredarea. In our analysis,this area
will appearasdoublyconnectedin thereferenceframe.The
approachin [5] associatesto thesepixelsthefirst blocken-
counteredin themotioncompensationprocess.Wepropose
to optimizethis choice,by applyingsomecriteriabasedon
thelifting scheme.Themainstructuralpropertyweexploit



is that we canusefor the updatestep(computationof the
temporallow frequency subband)all theinformationavail-
able from the predict step (high frequency subband)and
causalinformationin thelow frequency subband.

Theintuition behindthefirst criterionweproposeis re-
latedto theenergy of thedetailsubbandof thetwo moving
objects.If thefirst objectwason theforegroundat time a ,
the uncoveredregion in the secondobjectwill give rise to
a higherenergy of thedetailcoefficients.Thesecondcrite-
rion is a conditionof regularizationof the motion field: if
several pixelsareconnectedto thesamepixel in the refer-
enceframe,theonewith thesmallestdisplacementwill be
chosenfor filtering.

Let usnow formalizetheseideaswithin theabove non-
linear lifting framework. In thecaseof multiple-connected
pixelsin thereferenceframe,let usconsideroneof themat
theposition �KU �
V � andtwo pixelsfoundby themotionesti-
mationalgorithmat thepositions � �?c:�
	dc � and � �fe1��	5e � in
the currentframe. If the two correpondingmotion vectors
are �g����h
� ��h ��� ��h
� ��h>� and �����ji\� �Ii �
� �]i�� �Ii
� , wehave:
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. Usingthisobservation,equations(5) and(6) canbewrit-
tenfor eachof thetwo pixels � � c ��	 c � and � � e �
	 e � , yield-
ing twodifferentvalues

�l� � c �
	 c �
and

����� e �
	 e �
in thede-

tail subband.Consequently, thevaluein theapproximation
subbandcanbecomputedusingeitherof thesetwo values.
Note that both valuesallow perfectreconstruction.Actu-
ally, if we denoteby mon p � q�r the setof all pixels � ���
	 � in
thecurrentframeconnectedto thepixel �NU �
V � in therefer-
enceframe,we canremarkthat the perfectreconstruction
propertyis guaranteedfor any operators suchthat
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Onecriterionfor thechoiceof theoperators is to minimize
the energy of the detail subbandso asto associate

( � U ��V\�
to its “closest”valuein frame

"
. This impliesusingfor the

low-passfiltering thepixel � �Tv:�
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As for Choi’s algorithm, in the proposedalgorithm it

shouldnot be necessaryto transmitthe classificationmap
(sayingwhichpixelsareconnectedandwhichonesarenot)
to the decoder. Sincethe decoderfollows the symmetric
procedureto that of the encoder, therewill be ideally the
sameclassificationmapresultingfrom decisionsmadeon
theenergy of thehigh frequency coefficients.However, the
decisionbasedon the valueof a singlepixel is not robust
enough. In particular, in the previous example, the two

valuesin the high frequency subbandmay not be quan-
tized with identicalquantizationsteps,dueto the progres-
sivequantizationstrategy usedin theSPIHTalgorithm.So,
thiscouldleadtoanerroneousdecision.Theabovedecision
canbemademorerobustby comparingthemeanenergy of
thedisplacedframedifference(DFD)aroundtheconsidered
pixel, i.e., �1�KU ��V � e � �nK� � �Krg}:� n p � q�r � � �NU %+�5�
V]%@� �>�d� ���>� ���

e �
where���NU �
V � is aneighborhoodaroundthepixel �KU ��V � and�d� �5��� � correspondsto a weightingfactor for eachpixel in
theneighborhood���NU �
V � , dependingon its distanceto the
central point. For example, we can choose �d� �5��� � ��o� n�� �:� �d� � � r , where �@�k� is a forgettingfactor.

The secondterm in the minimization criterion is the
norm of the motion vector, �[� ��� � � � X � e��� � 6 � e��� � Z c>�
e .
The regularizedcriterion can be expressedas ���KU ��V � ��1�KU ��V � e 6k� �#� ��� � � , � beinga regularizationparameter. If
themotionvectoris too large, its valueis not very reliable,
so we can choosenot to take it into accountfor the opti-
mization.Thisyieldsthefollowing criterion:

���NU �
V � �8� �:�NU �
V � e 6P� �[� ��� � � � if �[� ��� � �� k¡ ��:�NU �
V � e 6P� ¡ � if �[� ��� � � � ¡ �
where¡ is a thresholdto bedeterminedempirically.

5. OVERLAPPED MOTION COMPENSATED
TEMPORAL DECOMPOSITION

Block-basedmotionestimation(ME) algorithmssuffer from
blockingartefacts.If thespatialtransformis awaveletanal-
ysis, theseartefactslead to undesiredlarge wavelet coef-
ficientsandconsequentlyto a reductionof the codingef-
ficiency. Another improvementthat canbe deducedfrom
the previous nonlinearlifting formulation is relatedto the
possibilityof introducinganoverlappedmotioncompensa-
tion within thetemporalfiltering algorithm,soasto reduce
blockingartefacts.Thisoperationinvolvesusingin thepre-
dict stepanaverageof pixelsfrom adjacentwindowsin the
referenceframe.

For example,let usconsideranoverlapof onepixel. In
this case,the high-passfiltering of pixelsbelongingto the
first (respectively, thelast)row of a block reads:��������	��^� W0 2L¢ "$�����
	���%  ��W %¤£ � &( ���)% � ��� � �
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where
£

is a constant,�T© £ © W . A similar processingis
appliedto thefirst (resp.,last)columnof eachblock.



Fig. 1. Zoomin thereconstructedframeno. 48 from “Hall
Monitor” sequence,originalmethodfor temporalfiltering.

6. RESULTS

In all our simulations,a full searchBlock Matchingalgo-
rithm hasbeenusedfor motion estimation. The original
videosequencesarein QCIF, at 10 fps. For the averaging
function �d� �5��� � , differentchoicesof theconstant� andof
the neighborhood�u�KU ��V � have beentested.A goodtrade-
off betweencomplexity andperformanceshasbeenobtained
for a neighborhoodof 8 pixels and � � � =�ª . Experimen-
tal resultshave shown thata threshold¡ �«2 � leadsto the
bestresults.Theoverlapbetweenadjacentwindowsfor the
motion compensationis hereof one pixel (blocksof size
8 ¬ 8) with

£­� � =�2 . Fig. 3 comparesthe PSNRbetween
theoriginalmethodandthemethodincludingtheproposed
modifications. Note that our methodleadsmainly to im-
provementsfor theframeswherelargedisplacementsarise.
Fig. 1 and2 show theimprovementin visualquality result-
ing from theuseof theproposedmethodat30kbs.

7. CONCLUSION

In thispaper, wehave introducedanon-linearlifting frame-
work for the temporalwavelet decompositionusedin 3D
subbandvideocoding.This new formulationallowedusto
provide several improvementsto theclassicalmotioncom-
pensatedHaar temporalfiltering. Even thoughthe exam-
ple in this paperwasthe Haar transform,the extensionto
morecomplex non-linearlifting schemesfor motion com-
pensatedsubbandvideocompressionis possibleandvarious
solutionsarecurrentlyunderinvestigation.
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