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ABSTRACT

A new systemfor intraframecodingof videois described.Thissys-
temcombineszerotreesof vectors of waveletcoefficientsand the
generalized-threshold-replenishment(GTR)techniquefor adaptive
vector quantization(AVQ). A data structure, the vector zerotree
(VZT), is introducedto identify treesof insignificantvectors, i.e.,
thosevectors of waveletcoefficientsin a dyadicsubbanddecom-
position that are to be codedas zero. GTRcoders are thenap-
plied to each subbandto efficientlycodethesignificantvectors by
wayof adaptingto their changingstatistics.BothVZTgeneration
andGTRcodingarebaseduponminimizationof criteria involving
both rate and distortion. In addition, perceptualperformanceis
improvedby invokingsimple, perceptuallymotivatedweightingin
boththeVZTandtheGTRcoders. Our experimentalfindingsindi-
catethat thedescribedVZTGTRsystemhandlesdramaticchanges
in image statistics,such asthosedueto a scenechange, more effi-
ciently thana scalarzerotreetechniqueemployinga nonadaptive
scalarquantizer.

1. INTRODUCTION

A recentflurry of publishedresultshasdemonstratedthat
wavelets yield excellent performancefor subbandimage
coding. The embedded-zerotree-wavelet(EZW) algorithm
by Shapiro[1], aswell asvariantssuchasspace-frequency
quantization(SFQ)by Xiong et al. [2], have, by reducing
redundancy amongwaveletcoefficientswith tree-basedpre-
diction structures(zerotrees),brokenpreviousperformance
barriersand dramaticallyadvancedthe stateof the art in
still-imagecoding. In this paper, we extendtheconceptof
zerotreesto vectors,allowingusto capitalizeonrecentlyde-
velopedtechniques[3, 4] for efficientadaptivevectorquan-
tization(AVQ).

Specifically, wepresenthereasystemfor theintraframe
codingof video sequenceswhich extendsSFQ[2], a rate-
distortion-basedscalarzerotreealgorithm, to vectorsand
then employs the generalized-threshold-replenishment
(GTR) AVQ algorithm[3,4] for efficient codingof vectors
of wavelet coefficients. Our vector-zerotree(VZT) struc-
ture efficiently describeswhich “insignificant” vectorsare
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not to becodedwhile our GTR codersprocessthe remain-
ing “significant” vectors,all the while adaptingto chang-
ing statisticsof thesevectors.In addition,we improveper-
ceptualperformanceby invoking simple,perceptuallymo-
tivatedweightingin boththecreationof theVZT andin the
GTR coding.

We are motivatedto “vectorize” the zerotreeconcept
for a numberof reasons.Primarily, rate-distortiontheory
dictatesthat quantizationof vectorsis moreefficient than
scalarquantization. Secondly, creatingzerotreesof vec-
tors significantlyreducesthe numberof nodesin the trees
as comparedto the scalarcase;consequently, we expect
that theburdenof sideinformationneededto representthe
VZT structureswill besignificantlyless.Finally, although
nonadaptive quantizationhasbeensuccessfullyappliedto
thecodingof many typesof data,includingspeech,audio,
images,andvideo, suchsourcescanrarely be assumedto
be stationaryin practice. On the otherhand,AVQ in gen-
eral,andGTR in particular, hasbeenshown to achieveeffi-
cient rate-distortionperformancefor nonstationarysources
[4]. Below, we demonstratethat our GTR codersoperate
moreefficiently thanthestatic,scalarquantizersemployed
by SFQandotherzerotreetechniqueswhenthestatisticsof
a videostreamchangedramaticallydueto a scenechange.

In the following, we overview our proposedVZTGTR
video-codingsystemand describeour implementationof
VZT structuresandGTR codingfor this system.We con-
cludewith someexperimentalresultscomparingtheperfor-
manceof our VZTGTR systemto thatof SFQon animage
sequencecontainingascenechange.

2. THE VIDEO-CODING SYSTEM

Our VZTGTR video-codingsystemis depictedin Fig. 1.
Our systemusesa three-level, dyadicsubbanddecomposi-
tion employing the 9/7 wavelet filter describedin [5]. The
lowpasssubband(baseband)is codedindependentlyusing
scalarDPCM followed by a uniform scalarquantizerand
arithmeticentropy coding.

The VZT structureusedin our systemis similar to the
zerotreedatastructureusedin [2], which in turn hasits ori-
ginsin theclassicEZW techniquedevelopedin [1]. Thekey
structuraldifferencebetweenour VZT andthezerotreesof
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[1, 2] is that our VZT is constructedfor squarevectorsof
wavelet coefficientsratherthanscalarvalues.For the case
of
�����

vectors,each
�����

vectorof wavelet coefficients
at decompositionlevel ����� of the subbanddecomposi-
tion hasfour childrenvectorsat level �
	�� ; thesechildren
vectorsarealsosize

����
. Node � at level � , ����� , of our

VZT correspondsto avector � in subband� , ����� , of thesub-
banddecomposition.Node � ��� holdsoneof two values: �
to indicatethat eachof the four childrenof vector � ��� are
significant(symbols � or � ), or � to indicatethat � ��� is
a vector-zerotreeroot. Theoccurrenceof a vector-zerotree
root in the VZT structureindicatesthat we will not code
any of thedescendantvectorsof � ��� (althoughwe will code
vector � ��� itself).

2.1. Vector-Zerotree Pruning
We determinea new VZT structurefor eachframeof input
videoby startingwith a full tree(i.e.,a VZT structurewith
all nodeslabeled � ), and“carving” out the VZT over sev-
eral iterationsof a pruningalgorithm.Our VZT-pruningal-
gorithmestimatesthebestVZT giventhesetof GTR code-
booksproducedwhile codingthepreviousframe.TheVZT
pruning is basedon a rate-distortioncriterion that deter-
minesthe bestVZT treeconsideringthe cost, in termsof
distortion,of codingsetsof vectorsaszero(asis impliedby
theoccurrenceof a zerotreeroot) versusthegain, in terms
of rate,of not codinga zerotreeof vectors. Additionally,
ourVZT-pruningalgorithmcompensatesfor thefactthatthe
sensitivity of humanvision to imagedistortionis highly de-
pendenton thesubbandin which thedistortionoccurs.We
notethatour VZT-pruningalgorithmdiffersfrom thesimi-
lar approachpresentedin [2] in thatentropy-constrainedVQ
(ECVQ)[6] replacestheuniformscalarquantizationusedin
[2], andwemodify therate-distortioncriterionto normalize
distortionmeasureswith perceptualweighting.Fig.2 shows
ourVZT-pruningalgorithmin detail.

The perceptualweights, � � , serve to “normalize” each
distortioncalculationin view that the perceptualeffect of
distortion on imagequality variessignificantly from sub-
bandto subband.Useof theseperceptualweightsis sim-
ilar to the approachtaken in [7] in which valuesfor just-
noticeabledistortion(JND)weredeterminedfollowing per-
ceptualexperimentsfor basesensitivity: randomnoisewas
addedto a mid-graybackgroundin eachsubbandand the
varianceof thenoisewasincreaseduntil thenoisewasjust
noticeableagainstthebackground.Theperceptualweights,� � , usedin our video-codingsystemarethe reciprocalsof
the JND valuesreportedin [7]. Although in general,it
would be possiblefor the valuesof � � to vary from frame
to frame,we currentlyfix the � � valuesfor all frames.

2.2. Adaptive Vector Quantization with GTR
Thevectorsthatarenot “pruned” asindicatedby thenewly
determinedVZT arepassedto a setof GTR coders.GTR,
an online AVQ algorithmbasedon rate-distortioncriteria,

hasbeendiscussedextensively elsewhere[3, 4], so only a
brief review will bepresentedhere.

The GTR algorithm operatesas follows. For current
vector � ��� , therate-distortion-basednearestneighboris cal-
culatedto minimize �! �"$#&%('*),+.-/#0%(' , wherecodeword %
is in codebook12� , "3#0%(' is thedistortionbetween����� and % ,
and -4#&%('5 6	�7�8:9<;>=�?@� is a probability-basedrateestimate.
Oncethenearestneighbor, %BA , is determined,thealgorithm
decideswhetherto updatethe codebookwith the current
vector. Theupdatecostfunction, C��$ �C4"�)$+*CD- is cal-
culated,where C4" is thepotentialgainin distortiondueto
anupdate,C4- is thecostin sideinformationof theupdate,
and + is aLaplacianconstantdictatingthetradeoff between
rate anddistortion in the GTR coder. If C��FEHG , � ��� is
addedto thecodebook;otherwise,merelytheindex of % A is
sentto thedecoder.

We have madea few modificationsto the GTR algo-
rithm asoriginally presentedin [3,4]. In ourVZTGTR sys-
tem,eachGTR coderstartscodinganinputvideosequence
with a null codebook,i.e., a codebookwith no codewords.
Thecodebookis thenpopulatedthroughcodebookupdates
until a maximumof 256codewordsis reached,afterwhich
eachcodebookupdatenecessitatestheremoval of anexist-
ing codeword. This codeword removal is accomplishedvia
themove-to-frontvariantof theGTRalgorithmasdescribed
in [3, 4]. Additionally, we incorporateperceptualweighting
in eachGTR coder; i.e., in the GTR coderfor subband� ,
we use +I 6J �(K � � , where J � and � � are,respectively, the
rate-distortionandperceptual-weightparametersusedpre-
viously in VZT pruning.

EachGTR coderproducesa sequenceof VQ indicesas
well asside information. EachVQ-index sequenceis en-
tropy codedindependently, producinga separatebitstream
for eachsubband. The side information from eachGTR
coderconsistsof a mapof binaryflagsindicating,for each
vectorcodedin thesubband,whetheranupdateoccurs,and,
in the caseof an update,the vectorcomponentsof the up-
datedvectors.Thesideinformationfor all subbandsis mul-
tiplexedtogetherandcombinedwith theVZT information.
The update-vectorcomponentsarecodedusinga uniform
scalarquantizerfollowed by entropy coding. The side-
informationflagsarecombinedwith theVZT symbols,re-
sulting in anstreamof symbolsfrom a four-symbolalpha-
bet.This symbolstreamis entropy coded.

3. EXPERIMENTAL RESULTS
In this section,we describeexperimentsconductedto com-
parethe performanceof our VZTGTR systemwith thatof
the SFQalgorithm[2]. We specificallyconsiderthe situ-
ation in which the statisticsof an imagesequencechange
dramaticallydueto a scenechange.To simulatethescene
change,we usea 200-frameimagesequencecomposedof
125 framesfrom the “Football” sequencefollowed by 75
framesfrom the “Susie” sequence.This test sequenceis
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grayscalewith a spatialresolutionof 352
�

240 pixels and
a temporalsamplingof 30 frames/sec.(noninterlaced).We
arrangethe experimentso that both the VZTGTR system
and the SFQ algorithm code the initial 125 frames(the
“Football” portion)of the sequenceat targetbit rateof 0.5
bits/pixel and then examine performanceafter the scene
change. We note that all rate valuesare calculatedfrom
“real” bitstreamsproducedby arithmeticcoders.

SincetheSFQalgorithmwasoriginallydesignedto code
singleimages,we apply SFQin a frame-by-framefashion
for theresultshere.Theoriginal descriptionof SFQcalled
for anexhaustivesearchof anumberof scalar-quantizerstep
sizesto find thebestonefor aparticularimage.Sincesucha
searchis toocomputationallyexpensiveto performfor each
imageof a video sequence,we fix the SFQ scalarquan-
tizer to a preselectedstepsize, LM ON2�:PRQ , determinedby the
abovementionedexhaustivesearchon thefirst frameof the
sequence.Thisstepsizeis usedto codetheentiresequence.
We adjustby trial anderror theSFQrate-distortionparam-
eter, J , sothattherate,averagedover theinitial 125frames
with L fixedat 31.5,is approximately0.5bits/pixel; we use
this J for theentiresequence.

Our VZTGTR systemusesa uniform scalarquantizer
to codethecomponentsof thevectorsthatupdatethecode-
book. This stepsize( L$ SQ�G wasused)waschosenso as
to providethebestrate-distortionperformanceover theini-
tial 125framesof thetestsequence.Usingthis L , weadjust
by trial anderror therate-distortionparameterJ sothat the
rate,averagedover the first 125 framesof the sequence,is
approximately0.5bits/pixel. This J is thenusedin thecod-
ing of eachsubbandin eachimageof thetestsequence.

The above procedurescan be consideredto have “op-
timized” the operationof the two codingtechniquesto the
“Football” portionof our testsequence.That is, thescalar-
quantizerstepsizes, L , and the rate-distortionparameters,J , of eachtechniquehave beenselectedto provide optimal
distortionperformancefor anaveragerateof 0.5 bits/pixel
over the “Football” portionof the testsequence.However,
theseparametersarealsousedover the “Susie” portion of
thetestsequence;theselatter frameshave statisticssignifi-
cantlydifferentfrom thoseof theinitial “Football” portion.
The resultingrate-distortionperformanceof the two tech-
niquesis given in Fig. 3. Framesfrom both the “Football”
and“Susie” portionsof thereconstructedoutputsequences
arepresentedin Fig. 4 for bothtechniques.

4. DISCUSSION AND CONCLUSIONS
In Fig. 3, we observe thatVZTGTR andSFQachieve very
similar rate-distortionperformanceover the“Football” por-
tion of the testsequence.However, the VZTGTR system
achievessignificantlysuperiorperformanceafter thescene
change—overmostof the“Susie” portionof thesequence,
VZTGTR achievesslightly greaterPSNRat a substantially
lower bit rate. From Fig. 4, a similar conclusioncan be

drawn regardingthe visual quality of the two techniques.
Overthe“Football” portionof thesequence,thevisualqual-
ity achievedby thetwo algorithmsis nearlyidentical.How-
ever, theVZTGTR systemmaintainsabetterlooking image
after the scenechange. In particular, the VZTGTR coder
givesbetterreproductionof edgesandareasof detail.

The primary taskof a video-codingsystemis to main-
tainconsistentvisualqualityat thedecoderfor theentirese-
quence.Thekey difficulty in applyingmany image-coding
algorithmsto this taskis theselectionof algorithmparam-
eters. Even if it is possibleto select,a priori , parameters
yieldingsuitableperformanceoveroneportionof animage
sequence,dramaticshifts in statisticsdueto scenechanges
inevitably requiresomeform of adaption.

For instance,the performanceof the SFQalgorithmis
closely tied to the scalar-quantizerstepsize. However, to
codea singleframeof our testsequence(resolutionNTQ �U��WV G ) by first determiningtheoptimalstepsizeusingtheex-
haustive searchoutlinedin [2], our implementationof SFQ
requiresabout106 secs.of computationon a PentiumII,
266MHz,128Mb. Thecodingof this sameframewith the
stepsizealreadyspecifiedtakesonly 0.92secs.Determin-
ing anoptimalstepsizefor eachimageof a videosequence
is clearly infeasiblefrom a computationalstandpoint.It is
alsounwarranted—ourobservationsindicatethat the opti-
mal stepsize often changeslittle over a single scene. It
is whenthereis a suddenchangein imagestatistics,i.e., a
scenechange,thatanew scalar-quantizerstepsizeisneeded;
otherwise,rate-distortionperformance,as well as visual
quality, will suffer, asis evidencedin Figs.3 and4.

By adding AVQ codersto a rate-distortion-basedze-
rotreeframework, the VZTGTR systemincorporatesinto
SFQanadaptionmechanismnecessaryfor efficiently han-
dling scenechanges.The VZTGTR systemaddsvectors
to the codebooksasneededto satisfy rate-distortioncrite-
ria. In the experimentsoutlinedabove, this codebookup-
datingoccursfor anaverageof 1.7%of thevectorsin each
frameof thetestsequence,while thebits requiredto trans-
mit theupdatevectorsto thedecoderaccountfor only about
15% of the total bit rate. When the scalarquantizerused
to codethe updatevectorsis mismatchedto the sourceas
is thecaseduringthelatter framesof thetestsequence,the
rate-distortionperformanceof theVZTGTR systemsuffers.
However, theresultinginefficiency is muchlessthanthatin-
curredby SFQ,whosescalarquantizer, usedin the coding
of 100%of the wavelet coefficients,is muchmorecrucial
to therate-distortionperformanceof thealgorithm.In addi-
tion to superiorrate-distortionperformance,the VZTGTR
alsoproducesbetterperceptualquality for thelatterportion
of thetestsequence.Our observationsindicatethatthis su-
periorperceptualperformanceis dueto boththeperceptual
weightingspresentin theVZTGTR systemaswell asto the
GTRcoderswhichtendto preserveedgesandotherareasof
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high detail [4]. Finally, we notethatour current(nonopti-
mized)implementationof theVZTGTR systemtakesabout
1.8secs.to processa singleframeof thetestsequence.

In concluding,we make severalremarksconcerningis-
suesopen to future work. First, we note that our VZT-
GTR systemprovides natural priority partitioning of the
codedbitstreamnotpresentin theothervideocodingmeth-
odssuchasMPEG.For transmissionover priority-capable
asynchronousnetworks,we anticipateincreasingresilience
to cell-lossby sendingbasebandandside-informationdata
streamsat highestpriority while sendingthehighpasssub-
bandswith decreasingpriorities basedon their respective
locationin thesubbandtree.Ourfutureplansincludethein-
vestigation of the performanceof VZTGTR over such
priority-basedtransmissionundercell-lossconditions. In
addition,we note that we have restrictedour experiments
here to intraframecoding as an efficient intraframetech-
nique is the basisfor successfulmotion-compensatedap-
proaches. The incorporationof motion compensationto
our VZTGTR systemin sucha way as to remainresilient
to cell loss is nontrivial andremainsa topic for future in-
vestigation. Finally, the J � parametersusedin the VZT-
GTR systemdeterminea balancebetweenrateanddistor-
tion achieved by the system;in the experimentspresented
here, this balanceis constantacrossthe entire sequence.
However, asstatedabove,thetrueaimshouldbeto maintain
consistentvisual quality over the sequence.We anticipate
that allowing time-varying andsubband-varying J � values
will help achieve this goal andplan on incorporatingsuch
mechanismsinto theVZTGTR systemat a laterdate.
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Given: currentframe= Y
initial VZT Z\[^]`_ , initialized to full tree
VQ codebooksacb from frame Y5d�e
initial probabilitiesf [R]`_g b of codewords hjikalb
setof rate-distortionparameters,m�b
setof perceptualweights,n b
initial costso2prqts btu2v�w

setiterationcount x v�w
do

set x v xzy{e
set Z|[^}j_ v Z~[^}5���&_
for level � v e to numberof levelsof decompositiondo

for eachsubband� in level � do
for eachvector qts b with node�W����i�Z [^}j_ , do

calculatesquaredvectornorm, �~p�qts btu2v,�R� qts bc�R� �
calculatedistortion, ��p�qts btu2v,�R� qts b d!�qts bc�R� � , where�q�s b�v��������|�R�gz� n b �R� qts b dDh �R� � ym b�� d��R� � ��� f [^}5���&_g b ���� 5¡ h�i�a b (1)

calculateupdatedprobabilitiesf [^}j_g b¢v¤£ g b¦¥ £ b ,
where £ g b v numvectorsquantizedto h ,
and £ b v numvectorsin subband�

for eachvector qts b with node� ��� i�Z [^}j_ , do

estimaterate §¨prqts b©u�v dª�R� � �¨� f [^}«_g b3� ,

whereh is thewinning codeword from (1)
calculatecost ¬5p�qts b©u2v n b ��prqts b�u yUm b §¨prqts b©u
if level �®�e ,

calculatecost o � v!¯�° n>b��~pr± u , wherevector ±
is adescendantof qts b

calculatecost o � v!¯ ° ¬5p�± u y�o2p�± u ,
wherevector ± is achild (level �:dUe ) of qts b

if o �³² o � ,
set �l�´� v!µ , o2prqts b©u�v o � , andremove fromZ\[^}«_ all descendantnodesof qts b

else,
set � �´� v!¶ and o2prqts b�u�v o �

else,
set �l�´� v�¶ and o2prqts btu2v¤w

while Z~[^}«_«·v Z|[^}����&_
Figure2: VZT-pruningalgorithm.
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Figure 3: Performanceof the VZTGTR video-codingsystemvs. that of the SFQ algorithm [2] on the “Football-Susie”
sequenceconsistingof 125framesfrom “Football” followedby 75 framesfrom “Susie.”

(a)Frame60,VZTGTR (26.5dB,0.511bpp) (b) Frame60,SFQ(26.5dB,0.523bpp)

(c) Frame160,VZTGTR (32.0dB,0.141bpp) (d) Frame160,SFQ(31.7dB,0.214bpp)

Figure4: Reconstructedframesfrom the“Football-Susie”sequence.


