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ABSTRACT

A new systenfor intraframecodingof videois described Thissys-
temcombinesewtreesof vectos of waveletcoeficientsand the
genenlized-theshold-eplenishmenfGTR)techniquefor adaptive
vector quantization(AVQ). A data structue, the vector zeotree
(VZT),is introducedto identify treesof insignificantvectos, i.e.,
thosevectos of waveletcoeficientsin a dyadic subbanddecom-
positionthat are to be codedas zen. GTR codes are thenap-
plied to eadh subbando efficiently codethe significantvectos by
way of adaptingto their changingstatistics.BothVZT geneation
andGTRcodingare baseduponminimizationof criteria involving
both rate and distortion. In addition, perceptualperformances
improvedby invokingsimple perceptuallymotivatedweightingin
boththeVZTandthe GTRcodes. Our experimentafindingsindi-
catethatthedescribedvZTGTRsystenhandlesdramaticchanges
in image statistics sut asthosedueto a scenechange, more effi-
cientlythan a scalar zeotreetechniqueemployinga nonadaptive
scalarquantizer

1. INTRODUCTION

A recentflurry of publishedresultshasdemonstratedhat
waveletsyield excellent performancefor subbandimage
coding. The embedded-zerotreeawelet(EZW) algorithm
by Shapiro[1], aswell asvariantssuchasspace-frequenc
guantization(SFQ) by Xiong et al. [2], have, by reducing
redundang amongwaveletcoeficientswith tree-basegre-
diction structuregzerotrees)brokenprevious performance
barriersand dramaticallyadvancedthe stateof the art in
still-image coding. In this paper we extendthe conceptof
zerotreeso vectors allowing usto capitalizeonrecentlyde-
velopedtechnique$3, 4] for efficientadaptve vectorquan-
tization (AVQ).

Specifically we presentereasystenfor theintraframe
coding of video sequencewhich extendsSFQ[2], arate-
distortion-basedscalarzerotreealgorithm, to vectorsand
then employs the generalized-threshold-replenisiert
(GTR) AVQ algorithm[3, 4] for efficient codingof vectors
of wavelet coeficients. Our vectorzerotree(VZT) struc-
ture efficiently describeswvhich “insignificant” vectorsare
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not to be codedwhile our GTR codersprocesghe remain-
ing “significant” vectors,all the while adaptingto chang-
ing statisticsof thesevectors.In addition,we improve per
ceptualperformancedy invoking simple, perceptuallymo-
tivatedweightingin boththe creationof the VZT andin the
GTRcoding.

We are motivatedto “vectorize” the zerotreeconcept
for a numberof reasons.Primarily, rate-distortiontheory
dictatesthat quantizationof vectorsis more efficient than
scalarquantization. Secondly creatingzerotreesof vec-
tors significantly reduceshe numberof nodesin the trees
as comparedto the scalarcase;consequentlywe expect
thatthe burdenof sideinformationneededo representhe
VZT structureswill be significantlyless. Finally, although
nonadaptie quantizationhasbeensuccessfullyappliedto
the coding of mary typesof data,including speechaudio,
images,andvideo, suchsourcescanrarely be assumedo
be stationaryin practice. On the otherhand,AvVQ in gen-
eral,andGTRIin particular hasbeenshavn to achieve effi-
cientrate-distortionperformancdor nonstationarysources
[4]. Below, we demonstratehat our GTR codersoperate
more efficiently thanthe static,scalarquantizersemployed
by SFQandotherzerotreagechniquesvhenthe statisticsof
avideostreamchangedramaticallydueto a scenechange.

In the following, we overview our proposedVZTGTR
video-codingsystemand describeour implementationof
VZT structureand GTR codingfor this system.We con-
cludewith someexperimentaresultscomparinghe perfor
manceof our VZTGTR systento thatof SFQon animage
seqguenceontaininga scenechange.

2. THE VIDEO-CODING SYSTEM

Our VZTGTR video-codingsystemis depictedin Fig. 1.
Our systemusesa three-level, dyadicsubbanddecomposi-
tion employing the 9/7 waveletfilter describedn [5]. The
lowpasssubbandbasebandjs codedindependentlyusing
scalarDPCM followed by a uniform scalarquantizerand
arithmeticentropy coding.

The VZT structureusedin our systemis similar to the
zerotreaedatastructureusedin [2], whichin turn hasits ori-
ginsin theclassicEZW techniquedevelopedn [1]. Thekey
structuraldifferencebetweenour VZT andthe zerotreeof
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[1,2] is thatour VZT is constructedor squarevectorsof

wavelet coeficientsratherthanscalarvalues. For the case
of 2 x 2 vectors,each2 x 2 vectorof wavelet coeficients
at decompositiorevel [ > 1 of the subbanddecomposi-
tion hasfour childrenvectorsat level I — 1; thesechildren
vectorsarealsosize2 x 2. Nodej atlevel I, nj;, of our

VZT correspond$o avectori in subband, v;,, of thesub-
banddecompositionNoden;; holdsoneof two values: S

to indicatethat eachof the four children of vectorv;, are
significant(symbolsS or Z), or Z to indicatethat v;s is

avectorzerotreeroot. The occurrenceof a vectorzerotree
root in the VZT structureindicatesthat we will not code
ary of thedescendantectorsof v;, (althoughwe will code
vectorv; itself).

2.1. Vector-ZerotreePruning

We determinea new VZT structurefor eachframeof input
videoby startingwith afull tree(i.e.,aVZT structurewith

all nodeslabeledS), and“carving” out the VZT over sev-

eraliterationsof a pruningalgorithm. Our VZT-pruningal-

gorithmestimateshebestVZT giventhe setof GTR code-
booksproducedvhile codingthe previousframe. TheVZT

pruning is basedon a rate-distortioncriterion that deter

minesthe bestVZT tree consideringthe cost,in termsof

distortion,of codingsetsof vectorsaszero(asis implied by

the occurrenceof a zerotreeroot) versusthe gain,in terms
of rate, of not coding a zerotreeof vectors. Additionally,

ourVZT-pruningalgorithmcompensatef®r thefactthatthe
sensitvity of humanvisionto imagedistortionis highly de-
pendenibn the subbandn which the distortionoccurs.We
notethatour VZT-pruningalgorithmdiffersfrom the simi-

lar approaclpresentedh [2] in thatentrogy-constrained/Q

(ECVQ)[6] replacegheuniformscalamquantizatiorusedn

[2], andwe modify therate-distortiorcriterionto normalize
distortionmeasurewith perceptualveighting.Fig. 2 shovs
our VZT-pruningalgorithmin detail.

The perceptualveights,a;, sene to “normalize” each
distortion calculationin view that the perceptualkeffect of
distortion on image quality varies significantly from sub-
bandto subband.Use of theseperceptualveightsis sim-
ilar to the approachtakenin [7] in which valuesfor just-
noticeablalistortion(JND) weredeterminedollowing per
ceptualexperimentsor basesensitvity: randomnoisewas
addedto a mid-gray backgroundn eachsubbandandthe
varianceof the noisewasincreasedintil the noisewasjust
noticeableagainsthe backgroundThe perceptualveights,
ag, usedin our video-codingsystemarethe reciprocalsof
the JND valuesreportedin [7]. Although in general,it
would be possiblefor the valuesof a, to vary from frame
to frame,we currentlyfix the a; valuesfor all frames.

2.2. Adaptive Vector Quantization with GTR

Thevectorsthatarenot “pruned” asindicatedby the nenly
determinedvZT arepassedo a setof GTR coders.GTR,
anonline AVQ algorithm basedon rate-distortioncriteria,

hasbeendiscussedxtensiely elsavhere[3, 4], soonly a
brief review will be presentedhere.

The GTR algorithm operatesas follows. For current
vectorv;,, therate-distortion-basedearesheighboris cal-
culatedto minimize J = D(c) + vR(c), wherecodavord ¢
is in codeboolC,, D(c) is thedistortionbetweery;; andc,
andR(c) = — log, p.s is a probability-basedateestimate.
Oncethenearesneighbor ¢*, is determinedthe algorithm
decideswhetherto updatethe codebookwith the current
vector Theupdatecostfunction,AJ = AD +~yAR is cal-
culatedwhereAD is the potentialgainin distortiondueto
anupdate AR is the costin sideinformationof theupdate,
and-~ is aLaplacianconstantictatingthe tradeof between
rate and distortionin the GTR coder If AJ < 0, v, iS
addedto the codebookptherwise merelytheindex of ¢* is
sentto thedecoder

We have madea few modificationsto the GTR algo-
rithm asoriginally presentedh [3, 4]. In our VZTGTR sys-
tem,eachGTR coderstartscodinganinputvideosequence
with a null codebookj.e., a codebookwith no codevords.
The codebookis thenpopulatedhroughcodeboolkupdates
until amaximumof 256 codavordsis reachedafterwhich
eachcodebookupdatenecessitatethe removal of an exist-
ing codevord. This codevord removal is accomplishediia
themove-to-frontvariantof the GTR algorithmasdescribed
in [3, 4]. Additionally, we incorporateperceptualveighting
in eachGTR coder;i.e., in the GTR coderfor subbands,
we usey = As;/a,, Whered; anda, are,respectiely, the
rate-distortionand perceptual-weighparametersisedpre-
viouslyin VZT pruning.

EachGTR coderproducesa sequencef VQ indicesas
well assideinformation. EachVQ-index sequences en-
tropy codedindependentlyproducinga separatéitstream
for eachsubband. The side information from eachGTR
coderconsistof a mapof binaryflagsindicating,for each
vectorcodedin thesubbandwhetheranupdateoccursand,
in the caseof an update the vectorcomponent®f the up-
datedvectors.Thesideinformationfor all subbands$s mul-
tiplexedtogetherandcombinedwith the VZT information.
The update-ectorcomponentsre codedusing a uniform
scalarquantizerfollowed by entrofy coding. The side-
informationflagsare combinedwith the VZT symbols,re-
sultingin an streamof symbolsfrom a four-symbolalpha-
bet. This symbolstreamis entropy coded.

3. EXPERIMENTAL RESULTS
In this sectionwe describesxperimentsconductedo com-
parethe performanceof our VZTGTR systemwith that of
the SFQalgorithm[2]. We specifically considerthe situ-
ation in which the statisticsof animagesequencehange
dramaticallydueto a scenechange.To simulatethe scene
changewe usea 200-frameimagesequence&omposedf
125 framesfrom the “Football” sequencdollowed by 75
framesfrom the “Susie” sequence.This test sequencas
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grayscalewith a spatialresolutionof 352x240 pixels and
atemporalsamplingof 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 sequencet targetbit rateof 0.5

bits/pixel and then examine performanceafter the scene
change. We note that all rate valuesare calculatedfrom

“real” bitstreamgroducedoy arithmeticcoders.

SincetheSFQalgorithmwasoriginally designedo code
singleimages,we apply SFQin a frame-by-framefashion
for theresultshere. The original descriptionof SFQcalled
for anexhaustie searctof anumberof scalarquantizerstep
sizesto find thebestonefor aparticularimage.Sincesucha
searchis too computationallyexpensveto performfor each
image of a video sequenceye fix the SFQ scalarquan-
tizerto apreselectedtepsize,q = 31.5, determinecy the
above mentionedaxhaustve searclon thefirst frameof the
sequenceThis stepsizeis usedto codetheentiresequence.
We adjustby trial anderrorthe SFQrate-distortiorparam-
eter A, sothattherate,averagecbvertheinitial 125frames
with ¢ fixedat 31.5,is approximately0.5 bits/pixel; we use
this A for the entiresequence.

Our VZTGTR systemusesa uniform scalarquantizer
to codethe component®f the vectorsthatupdatethe code-
book. This stepsize(¢ = 50 wasused)waschosenso as
to provide the bestrate-distortiorperformancever theini-
tial 125framesof thetestsequenceUsingthis ¢, we adjust
by trial anderrortherate-distortiorparameten sothatthe
rate,averagedover thefirst 125 framesof the sequenceis
approximately0.5 bits/pixel. This A is thenusedin the cod-
ing of eachsubbandn eachimageof thetestsequence.

The above proceduresan be consideredo have “op-
timized” the operationof the two codingtechniquego the
“Football” portion of our testsequenceThatis, the scalaf
guantizerstepsizes,q, andthe rate-distortionparameters,
A, of eachtechniquehave beenselectedo provide optimal
distortionperformancdor an averagerate of 0.5 bits/pixel
over the “Football” portion of the testsequenceHowever,
theseparametersre alsousedover the “Susie” portion of
the testsequencetheselatter frameshave statisticssignifi-
cantly differentfrom thoseof theinitial “Football” portion.
The resulting rate-distortionperformanceof the two tech-
niquesis givenin Fig. 3. Framesrom boththe “Football”
and“Susie” portionsof the reconstructedutputsequences
arepresentedn Fig. 4 for bothtechniques.

4. DISCUSSION AND CONCLUSIONS
In Fig. 3, we obsere thatVZTGTR and SFQachiese very
similar rate-distortiorperformanceverthe“Football” por-
tion of the testsequence . However, the VZTGTR system
achievessignificantly superiorperformanceafterthe scene
change—wer mostof the “Susie” portion of the sequence,
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 thesequencethevisualqual-
ity achievedby thetwo algorithmsis nearlyidentical. How-
ever, theVZTGTR systemmaintainsa betterlooking image
after the scenechange. In particular the VZTGTR coder
givesbetterreproductiorof edgesandareasof detail.

The primary taskof a video-codingsystemis to main-
tain consistenvisualquality atthedecodefor theentirese-
quence.Thekey difficulty in applyingmary image-coding
algorithmsto this taskis the selectionof algorithm param-
eters. Evenif it is possibleto select,a priori, parameters
yielding suitableperformanceveroneportionof animage
sequencedramaticshiftsin statisticsdueto scenechanges
inevitably requiresomeform of adaption.

For instance the performanceof the SFQalgorithmis
closelytied to the scalarquantizerstepsize. However, to
codea singleframe of our testsequencéresolution352 x
240) by first determiningthe optimal stepsizeusingthe ex-
haustve searchoutlinedin [2], ourimplementatiorof SFQ
requiresabout 106 secs.of computationon a Pentiumll,
266MHz, 128Mhb The codingof this sameframewith the
stepsizealreadyspecifiedtakesonly 0.92 secs.Determin-
ing anoptimalstepsizefor eachimageof avideosequence
is clearlyinfeasiblefrom a computationaktandpoint.It is
alsounwarranted—ouobsenationsindicatethat the opti-
mal step size often changedittle over a single scene. It
is whenthereis a suddenchangein imagestatistics,.e., a
scenechangethatanew scalarquantizesstepsizeis needed;
otherwise, rate-distortionperformance,as well as visual
quality, will suffer, asis evidencedn Figs.3 and4.

By adding AVQ codersto a rate-distortion-basede-
rotree framework, the VZTGTR systemincorporatesinto
SFQan adaptionmechanismrmecessaryor efficiently han-
dling scenechanges. The VZTGTR systemaddsvectors
to the codebooksas neededo satisfy rate-distortioncrite-
ria. In the experimentsoutlined above, this codebookup-
datingoccursfor anaverageof 1.7%of thevectorsin each
frameof the testsequencewhile the bits requiredto trans-
mit the updatevectorsto thedecoderlccountor only about
15% of the total bit rate. Whenthe scalarquantizerused
to codethe updatevectorsis mismatchedo the sourceas
is the caseduringthe latterframesof the testsequencethe
rate-distortiorperformancef the VZTGTR systemsuffers.
However, theresultinginefficiency is muchlessthanthatin-
curredby SFQ,whosescalarquantizer usedin the coding
of 100% of the wavelet coeficients,is muchmore crucial
to therate-distortiorperformancef thealgorithm.In addi-
tion to superiorrate-distortionperformancethe VZTGTR
alsoproducedetterperceptuafjuality for thelatterportion
of thetestsequenceOur obsenationsindicatethatthis su-
periorperceptuaperformances dueto boththe perceptual
weightingspresenin the VZTGTR systemaswell asto the
GTR coderswhichtendto presere edgesandotherareasof
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high detail [4]. Finally, we notethat our current(nonopti-
mized)implementatiorof the VZTGTR systentakesabout
1.8secsto process singleframeof thetestsequence.

In concluding,we make severalremarksconcernings-
suesopento future work. First, we note that our VZT-
GTR systemprovides natural priority partitioning of the
codedbitstreannot presentn the othervideocodingmeth-
odssuchasMPEG. For transmissiorover priority-capable
asynchronousetworks, we anticipateincreasingesilience
to cell-lossby sendingbaseband@ndside-informationdata
streamsat highestpriority while sendingthe highpasssub-
bandswith decreasingpriorities basedon their respectie
locationin thesubbandree.Ourfutureplansincludethein-
vestigation of the performanceof VZTGTR over such
priority-basedtransmissiorunder cell-loss conditions. In
addition, we notethat we have restrictedour experiments
hereto intraframecoding as an efficient intraframetech-
nigue is the basisfor successfuimotion-compensatedp-
proaches. The incorporationof motion compensatiorto
our VZTGTR systemin sucha way asto remainresilient
to cell lossis nontrivial andremainsa topic for future in-
vestigation. Finally, the A\; parametersisedin the VZT-
GTR systemdeterminea balancebetweenrate and distor
tion achiesed 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 and subband-arying A; values
will help achieve this goal andplan on incorporatingsuch
mechanismnto the VZTGTR systemat a laterdate.
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Given: currentframe=k
initial VZT V(9 initialized to full tree
VQ codebook®s from framek — 1
initial probabilitieSpgg) of codavordsc € Cs
setof rate-distortiorparameters)
setof perceptualveights,a
initial costs.J(vis) = 0

setiterationcountm = 0
do
setm =m+1
sety(m) = y(m=1)
for level I = 1 to numberof levels of decompositiordo
for eachsubbands in level I do
for eachvectorv;, with noden;; € V™), do
calculatesquaredrectornorm, P(v;s) = ||v;s||?
calculatedistortion, D(v;s) = ||vis — 945||2, where

s = argmcin as||vis — CH2+

As [~ logs (pffs”*”)]}, cECs M

calculatwpdatecbrobabilitieSch) = Ncs/Ng,
whereN.s = numvectorsquantizedo c,
and N = numvectorsin subbancds

for eachvectorv;, with noden;; € V() do

estimaterate R(v;s) = — log, (pET)),

wherec is thewinning codevord from (1)
calculatecostG(vis) = asD(vis) + As R(vis)

if levell > 1,
calculatecostJ; = >, as P(x), wherevectorz
is adescendantf v;

calculatecostJz = >, G(z) + J(z),
wherevectorz is achild (level I — 1) of v;,
if J1 < Ja,
setn;; = Z, J(v;s) = J1, andremove from
ng) all descendamodesof v;
else,
setnj; = S andJ(vss) = J2
else,
setn;; = S andJ(vis) =0
while V(m) 2 y(m—1)

Figure2: VZT-pruningalgorithm.
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Figure 3: Performanceof the VZTGTR video-codingsystemvs. that of the SFQ algorithm[2] on the “Football-Susie”
sequenceonsistingof 125framesfrom “Football” followedby 75 framesfrom “Susie’

(a) Frame60, VZTGTR (26.5dB,0.511bpp) (b) Frame60, SFQ(26.5d8B,0.523bpp)

(c) Framel60,VZTGTR (32.0dB,0.141bpp) (d) Frame160, SFQ(31.7dB,0.214bpp)

Figure4: Reconstructeftamesfrom the“Football-Susie’sequence.
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