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ABSTRACT

This paperdescribesa low-memorycacheefficient Hy-
brid Block Coder(HBC) for imagesin whichanimagesub-
banddecompositionispartitionedintoacombinationof spa-
tial blocks and subbandblocks, which are independently
coded. Spatialblocks containhierarchicaltreesspanning
subbandlevels,andareeachencodedusingthe SPIHT al-
gorithm. Subbandblocks containa block of coefficients
from within a singlesubband,andareeachencodedby the
SPECKalgorithm.Thedecompositionmayhavethedyadic
or a waveletpacketstructure.Rateis allocatedamongstthe
sub-bitstreamsproducedfor eachblockandthey arepacke-
tized.Thepartitioningstructuresupportsresolutionembed-
ding. The final bitstreammay be progressive in fidelity or
in resolution.

1. BACKGROUND

Setsplitting techniquesfor codingbitplanesof imagesub-
banddecompositionshavereceivedmuchattentionrecently.
Two fundamentalapproacheshave beentaken. EZW [1]
and SPIHT [2] use hierarchicalspatial tree setsthat ex-
tendacrosssubbands.Thesetree-basedalgorithmsarede-
signedto exploit the correlationof coefficient magnitudes
that occursacrossbandsof a decomposition.SPECK[3]
andSWEET[4] userectangularsetswithin eachsubband
andquad-treesplitting. Thesealgorithmsexploit magnitude
correlationwithin, but not betweenbands.

ThisworkdevelopscodecsbasedonSPIHTandSPECK.
Though the typesof setsusedand the set splitting rules
differ, bothSPIHTandSPECKfollow thesamebasicpro-
cedure. For eachbitplane, they first communicateto the
receiver which coefficients are newly significant, that is,
which coefficientshave their MSB in the currentbitplane.
To dothis thesubbanddecompositionis dividedinto setsof
coefficients.Eachsetis testedto determinewhetherany co-
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efficientwithin is newly significant.This testresultis trans-
mitted. If significant,thesetis split andthesignificancetest
is appliedrecursively. This processiteratively narrows in
on thenewly significantcoefficientsandefficiently encodes
clustersof insignificantcoefficients.After newly significant
coefficients are found in a bitplane,all coefficients found
significantfor any previous bitplanearerefinedby having
their bit from thecurrentplanetransmitted.

2. MOTIVATION

Thiswork is motivatedby compression,memoryusageand
memorycacheefficiency. In previous reports,SPIHT [2]
wasgenerallysuperiorto SPECK[3] consideringratevs.
distortionperformance.However, SPECKhasbeenfound
to be most competitive in imageswith elevatedhigh spa-
tial frequency energy, suchasthe barbara image. We are
attemptingto capitalizeon this differencewith the Hybrid
Block Coder(HBC)presentedhere.HBCappliestree-based
SPIHTto low-frequency bandsandblock basedSPECKto
high-frequency bands.

DiscretewavelettransformbasedcodecslikeSPIHTand
SPECKgenerallyencodeanentireimageasoneunit. The
image is transformedas a whole, and then the algorithm
encodesthe coefficient values. Unfortunately, thereis no
structureto theorderin which thecoefficientvaluesareac-
cessedby the SPIHT and SPECKalgorithms. With such
anunstructuredaccessrequirement,memorycachesystems
areof no benefitbecauseof frequentcachemisses.Effec-
tive automaticmemorycachingrelieson temporalandspa-
tial correlationof memoryaccesses.In orderto operateef-
ficiently in a cachingenvironment,we group the wavelet
coefficientsinto small blockswhich areentropy codedin-
dependently, in turn. With blockssmall enoughto fit into
cachememory, performanceis greatlyimproved.

3. HYBRID SUBBAND PARTITIONING

The hybrid partitioningschemedividesthe subbandtrans-
form coefficients into a combinationof spatialblocksand
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Fig. 1. An image,andits 1, 2 and3 level dyadicwavelet
transformsareshown. Thewholeoriginal imageis labeled
LL0 for thesake of notationalcontinuity.
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Fig. 2. Shown is an exampleof hybrid partitioning with�����
decompositionlevelsand � ��� levels in subband

blocks.Bandsfrom LL1 arepartitionedinto spatialblocks.
The highestfrequency bands(LH1, HL1, HH1) areparti-
tionedinto subbandblocks. Solid linesseparatesubbands,
anddottedlinesseparatespatialandsubbandblocks. Each
sectionthatis a memberof a spatialblock is labeledwith a
T followedby the index of the spatialblock. The sections
thatcomprisea spatialblock arenot contiguous.Eachsub-
bandblock is labeledwith a B followedby theindex of the
subbandblock. Thereare4 spatialblocksand12 subband
blocks.Eachblockhasthesamenumberof coefficients.

subbandblocks. The structureof the dyadic wavelet de-
compositionis diagrammedin Fig. 1. An

�
level dyadic

wavelet decompositionis partitionedinto non-overlapping
spatialandsubbandblocks,asshown in Fig. 2. For some
level � , usually1 or 2, all codevaluesfrom bandLL � are
partitionedinto spatialblocks. Generally �	� � , so the
LL � bandno longerexistsasawhole,but hasbeenfurther
subdivided. All bandsnot in LL � arepartitionedinto sub-
bandblocks,which arerectangularregionswithin a single
subband.

Eachspatialblock holdsoneor morehierarchicaltrees,
which containthe treebasedsetsof the SPIHT algorithm,
with high frequency bandspruned. Each subbandblock
containsthesquaresetsof theSPECKalgorithm.Thus,the
coreSPIHTalgorithmis readilymodifiedto independently
encodethespatialblocksandSPECKis likewisemodified

to encodethesubbandblocks.
If � ��
 , all coefficientsarein spatialblocks,resulting

in a spatialblock SPIHT(SB-SPIHT)codec[5]. If �
� � ,
thenall coefficientsare in subbandblocks,andwe have a
subbandblock SPECK(SB-SPECK)codec,which is simi-
lar to theSBHPcodec[6]. Thehybridblock imagecoderis
sonamedbecauseit is ahybridof thesetwo schemes.

This hybrid partitioningtechniquecanbe utilized with
non-dyadicdecompositionsaswell. Let � � bethedecom-
position in which the 3 highestfrequency bandsare each
furthersubdivided into 4 subbands;and ��� be thedecom-
position which startswith the � � decomposition,but the
15 (level 1 and2) highestfrequency bandsarefurthersub-
divided into 4 subbandseach. Hybrid partitioningandthe
codecdescribedherecan be appliedto thesedecomposi-
tionsaswell. Thehigh frequency bandsarepartitionedinto
subbandblocksandcodedwith SPECK.

Hybrid partitioning,with ��� 
 , facilitatesresolution
scalability. A smallerreplicaof theencodedimage,result-
ing from the omissionof high frequency bands,canbe re-
coveredfrom a truncatedbitstreamif the packetizedbit-
streamis assembledproperly. Strictly spatial tree based
compressionschemes,suchasEZW andSPIHT, in general,
do not lend themselvesto this property. Becausethe trees
extendto thehighestfrequency bands,andinformationbits
for the different levels are intermixed in the bitstream,it
is moredifficult to extract just the informationfor low fre-
quency bandsfrom thebitstream.

4. ROLLING WAVELET TRANSFORM

So that the overall systemis cacheefficient, andto reduce
thememoryrequirementsof this system,weemploy a line-
basedtransformengine[7]. At the encoder, the imageis
readline by line from the top. After eachline, all possible
computationwith the datareceived thus far is completed.
Foreachdecompositionlevel,abufferof � linesis required,
where� is theverticalfilter length.Thisbuffer holdsaslid-
ing window of intermediatecoefficientsawaiting a vertical
transform.

A memorybuffer is createdfor eachblock, but not al-
locateduntil it is needed. The line-basedtransformpro-
cessmakesfinal coefficientsreadyonerow atatimein each
band. Thatdatais movedto the appropriateblock buffers.
As soonasa block buffer is full, it is encodedwith SPIHT
or SPECKandthebuffer memoryis released.

By the natureof the line-basedtechnique,blockscor-
respondingto the top of the imagewill be assembledand
readyfor encodingfirst. They will be codedandreleased
beforeany coefficientsfor lowerblocksaregenerated.With
only aportionof theblockbuffersallocatedatany time,the
memoryrequirementsof thesystemaregreatlyreduced.



5. WAVELET COEFFICIENT BLOCK CODING

The SPIHT andSPECKalgorithmsproducea fidelity em-
beddedsub-bitstreamfor eachblock. Becausewe wish to
visit eachblock with the encoderalgorithmonce,userate
control,andminimize the overall reconstructedimagedis-
tortion, over-coding is requiredat the encoder. This can
be avoidedwith distortioncontrol,andreducedby usinga
multi-passprocedurein which partially encodedblocksare
revisited for additionalcodingbasedon feedbackfrom the
rateallocationprocess.

Eachblock is over-codedto rate ��� bitspercoefficient,
where� is aratemultiplier of about� and � is thefinal tar-
getbit rate.Thesub-bitstreamsarestoreduntil all blocksare
encodedat which point they arepacketizedto form the fi-
nalbitstream.Eachblockis over-codedbecausetheamount
of rateto beallocatedto a particularblock cannotbedeter-
minedbeforeall blocksareencoded.Thesub-bitstream���
producedfor eachblock is moved from cachememoryto
slow memoryandtheblockbuffer memoryis released.

The original SPECKsystem[3] wasdesignedto code
full images,not independentsubbandblocks. Full image
SPECKinitially hasa type S andan L-shapedtype I set.
ThetypeI setspansall bandsatall orientationsabovesome
level. To applySPECKto a singleblock we initialize with
the entireblock representedin oneor moresquaretype S
sets,andneverusetheL-shapedtypeI set.

6. RATE ALLOCATION

Ratecontrol is appliedto the sub-bitstreamsto achieve an
exact targetbitrateandto minimizedistortionin therecon-
structedimage. Therateallocatedto eachblock is not yet
known whenthe partsareencoded,so eachblock is over-
coded,as describedabove. It is critical that SPIHT and
SPECKarefidelity embeddedto beusedin this way.

As describedin [5], theencoderkeepsanestimateof its
operationalrate distortion performanceon eachblock us-
ing afastlow-overheadtechnique.Theencodingalgorithms
eachaffect thereconstructedimagevia two typesof events
communicatedto the receiver: a newly significantcoeffi-
cientis foundandits signis transmitted,or asignificantco-
efficient is refined.In significancepasses,newly significant
coefficientsarefound,andin refinementpasses,coefficients
arerefined.Both SPIHTandSPECK,for eachplane,have
multiplesignificancepasses,followedby arefinementpass.

Aseachblockis encoded,someextrainformationis col-
lected.For eachbitplane,andeachpass,theencodersimply
countsthenumberof newly significantcoefficientsfoundif
in asignificancepass,or it countsthenumberof coefficients
refinedif in arefinementpass.Theencoderalsorecordsthe
numberof bits sentfor thatpass.Basedon this dataanda
probabilisticmodelfor thewaveletcoefficients,apiecewise

linear quantizerfunction is generatedfor eachblock [5].
Thequantizerfunctionrepresentstherate-distortionperfor-
manceof theSPIHTor SPECKalgorithmfor thatblock.

TheSPIHTandSPECKcodersproducea finely fidelity
embeddedbitstreamfor eachblock. However, becauseof
theway in which thesub-bitstreamswill bepacketized,the
final bitstreamwill not inherit this property. A fidelity em-
beddedfinal bitstreamwill beproducedvia � discreterate
allocationlayers.

Therateallocationalgorithmcanallocaterateamongst
thecombinationof block typesjust aswell asif therewere
only oneblock type.A nearlyoptimalgreedyprocedure[8]
is usedto allocate � fidelity layersat userselectedrates.
Let ��� be the desiredrate for fidelity layer � , where � �

, ����� , � � � . Accountingfor theglobalandfixedsizepacket

headers,the rate allocationprocedureis appliedoncefor
eachlayer. This processdeterminesthe numberof bits,! �#" � , to usefrom � � , thesub-bitstreamfor block $ , in order
to achievefidelity layer � .

7. FINAL BITSTREAM ASSEMBLY

This independentblock compressionsystemoffers many
possiblefinal bitstreamassemblyformats.The � blocksare
orderedfrom the low to high frequency bands.If $&%'�($*) ,
thenblock $&% is within thesamelevel (or levels if it is aspa-
tial block) as$ ) , or in a level (or levels) lower in frequency.
Orderingwithin a level for ourpurposesis arbitrary. Let �,+
bedefinedsuchthat thefirst �-+ blocksconsistof themini-
mal setof blocksholdingall datafrom all bandsup to de-
compositionlevel . .

Let / representaseriesof bitsformingtheglobalheader
holdingtheimagesizeandotherparameters.Let 0 �1" � rep-
resentthe packet for block $ , layer � . The packet holdsa
fixed sizeheader, andbits

! �1" �324%65 � through
! �1" � from

sub-bitstream� � , with
! �1"724% ��
 .

A simple assemblymodefor � ��� with resolution
embeddingis / 098 " 8�0 %3" 8:���;�<0�= 24%3" 8 . With � � � rate
layers,we canassemblethebitstreamsothat theentireim-
ageis reconstructedto layer 0, then layer 1 with />098 " 8
0 %?" 8@���;�A09= 24%3" 8B098 " % 0 %3" % �;���;0�= 24%3" % . Or, thequarterres-
olution imagecanbe completelytransmittedfirst, with /
0 8 " 8 0C%3" 8 �;���D0 =FEHGFI 2J%?" 8 0 8 " %�0'%?" %K�����D0 =FEHGFI 2J%?" %�0 =FEHGFI " 8
0 =HEHGFIML %3" 8 �;���;0 = 24%3" 8 0 =HEHGFI " %N0 =FEHGFIOL %3" %K�;���A0 = 24%3" % .

8. EXPERIMENTAL RESULTS

Codingresultsfor the 512 by 512 grayscalelena, goldhill
and barbara imagesare shown in Table 1. For theseex-
periments,we useda five level decompositionwith the9/7
biorthogonalwavelet [9]. A singleratelayer wasusedfor
eachresultpresentedhere. All spatialandsubbandblocks
are64 by 64 coefficients.Thecodecusedto generatethese



Codec, Rate(bpp)
Decomp. 0.125 0.25 0.5 1.0 2.0

lena
SPIHT,M 30.25 33.46 36.68 39.88 44.15
HBC4,M 30.31 33.52 36.77 39.94 44.33
HBC4,P1 30.29 33.62 36.88 39.93 44.21
HBC3,M 30.32 33.54 36.77 39.97 44.36
HBC3,P1 30.30 33.63 36.87 39.96 44.24
HBC3,P2 30.19 33.43 36.55 39.62 43.87
SPECK,M 30.36 33.56 36.79 39.98 44.37
SPECK,P1 30.34 33.66 36.90 39.97 44.26
SPECK,P2 30.25 33.45 36.57 39.64 43.88

barbara
SPIHT,M 24.39 26.92 30.71 35.78 41.82
HBC4,M 24.49 27.25 31.07 36.05 42.16
HBC4,P1 24.92 27.86 31.92 36.89 42.52
HBC3,M 24.64 27.46 31.24 36.16 42.21
HBC3,P1 25.11 28.08 32.09 37.03 42.60
HBC3,P2 25.70 28.69 32.42 37.02 42.52
SPECK,M 24.70 27.48 31.26 36.18 42.22
SPECK,P1 25.19 28.10 32.12 37.05 42.61
SPECK,P2 25.76 28.73 32.45 37.03 42.54

goldhill
SPIHT,M 27.90 29.91 32.40 35.69 40.83
HBC4,M 27.93 30.08 32.61 35.95 41.06
HBC4,P1 27.93 30.11 32.78 36.13 41.14
HBC3,M 27.95 30.10 32.68 35.99 41.10
HBC3,P1 27.95 30.19 32.85 36.17 41.19
HBC3,P2 28.02 30.24 32.81 36.04 41.04
SPECK,M 28.00 30.13 32.71 36.01 41.13
SPECK,P1 28.00 30.24 32.87 36.19 41.20
SPECK,P2 28.06 30.30 32.84 36.07 41.07

Table 1. Reconstructedimage distortion in dB is tabu-
lated. Codecnamesare SPIHT for SB-SPIHT( � �

 ),
HBC1 ( � ���

), HBC2 ( � � � ), and SPECKfor SB-
SPECK( �P� � ). DecompositionnamesareM for Mallat
(dyadic),P1andP2for thewaveletpacket decompositions
from Sec.3. For eachrateandimagethebestresultis high-
lighted.

resultsis implementedasa modulein theJPEG2000Veri-
ficationModel testsoftware,version7.1.

No arithmeticcodingwasusedon the significancetest
or any symbolsproducedby the SPIHT or SPECKalgo-
rithms for theseresults.Back-endarithmeticcodingusing
contexts andjoint encodinggenerallyimprovesSPIHTand
SPECKby about0.5dB.

In the resultsin Table 1, the performanceof subband
block SPECKis betterthanspatialblock SPIHTfor all im-
agesandall rates. This unexpectedresult is dueto binary
uncodedSPECKcompressionthatis betterthanpreviously
reported[3]. Theresultsfor HBC fall closeto, but slightly
below the SPECKresults. For the barbara image,which

hasgreaterthannormalhigh frequency content,thewavelet
packetdecompositionsoffersa significantimprovement.
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