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ABSTRACT

This paperdescribes low-memorycacheefficient Hy-
brid Block Coder(HBC) for imagesin whichanimagesub-
banddecompositiofis partitionedinto acombinatiorof spa-
tial blocks and subbandblocks, which are independently
coded. Spatial blocks contain hierarchicaltreesspanning
subbandevels, andareeachencodedusingthe SPIHT al-
gorithm. Subbandblocks containa block of coeficients
from within a singlesubbandandareeachencodeddy the
SPECKalgorithm. Thedecompositiomayhave thedyadic
or awaveletpacletstructure Rateis allocatedamongsthe
sub-bitstreamproducedor eachblock andthey arepacle-
tized. The partitioningstructuresupportgesolutionembed-
ding. Thefinal bitstreammay be progressie in fidelity or
in resolution.

1. BACKGROUND

Setsplitting techniquedor codingbitplanesof imagesub-
banddecompositionsave recevedmuchattentionrecently
Two fundamentalapproachehave beentaken. EZW [1]
and SPIHT [2] use hierarchicalspatial tree setsthat ex-
tendacrosssubbands Thesetree-basedalgorithmsarede-
signedto exploit the correlationof coeficient magnitudes
that occursacrossbandsof a decomposition. SPECK[3]
and SWEET [4] userectangularsetswithin eachsubband
andquad-treesplitting. Thesealgorithmsexploit magnitude
correlationwithin, but not betweerbands.

Thiswork developscodecdhasen SPIHTandSPECK.
Thoughthe typesof setsusedand the set splitting rules
differ, both SPIHT and SPECKfollow the samebasicpro-
cedure. For eachbitplane,they first communicateto the
recevver which coeficients are newly significant, that is,
which coeficientshave their MSB in the currentbitplane.
To dothisthesubbandiecompositioris dividedinto setsof
coeficients.Eachsetis testedto determinevhetherary co-
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efficientwithin is newly significant.Thistestresultis trans-
mitted. If significant,thesetis split andthesignificanceest
is appliedrecursvely. This processteratively narrons in
onthenewly significantcoeficientsandefficiently encodes
clustersof insignificantcoeficients. After newly significant
coeficientsare found in a bitplane,all coeficientsfound
significantfor ary previous bitplaneare refinedby having
their bit from the currentplanetransmitted.

2. MOTIVATION

This work is motivatedby compressionmemoryusageand
memory cacheefficiency. In previous reports,SPIHT [2]
was generallysuperiorto SPECK]3] consideringrate vs.
distortion performance.However, SPECKhasbeenfound
to be mostcompetitive in imageswith elevatedhigh spa-
tial frequeny enepgy, suchasthe barbara image. We are
attemptingto capitalizeon this differencewith the Hybrid
Block Coder(HBC) presentethere.HBC appliestree-based
SPIHT to low-frequeng bandsandblock basedSPECKto
high-frequeng bands.
Discretewavelettransformbasedtodecdike SPIHTand
SPECKgenerallyencodean entireimageasoneunit. The
imageis transformedas a whole, and then the algorithm
encodeshe coeficient values. Unfortunately thereis no
structureto the orderin which the coeficient valuesareac-
cessedby the SPIHT and SPECK algorithms. With such
anunstructure@ccessequirementmemorycachesystems
are of no benefitbecausef frequentcachemisses.Effec-
tive automaticnemorycachingreliesontemporalandspa-
tial correlationof memoryaccessesn orderto operateef-
ficiently in a cachingervironment,we group the wavelet
coeficientsinto small blockswhich are entropy codedin-
dependentlyin turn. With blocks small enoughto fit into
cachememory performancas greatlyimproved.

3. HYBRID SUBBAND PARTITIONING

The hybrid partitioning schemedividesthe subbandrans-
form coeficientsinto a combinationof spatialblocksand
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Fig. 1. An image,andits 1, 2 and 3 level dyadicwavelet
transformsareshovn. Thewhole original imageis labeled
LLO for the sale of notationalcontinuity.
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Fig. 2. Shawn is an example of hybrid partitioning with
L = 4 decompositiodevelsand K = 1 levelsin subband
blocks.Bandsfrom LL1 arepartitionedinto spatialblocks.
The highestfrequeny bands(LH1, HL1, HH1) are parti-
tionedinto subbandlocks. Solid lines separatesubbands,
anddottedlines separatespatialandsubbandlocks. Each
sectionthatis a memberof a spatialblock s labeledwith a
T followed by the index of the spatialblock. The sections
thatcomprisea spatialblock arenot contiguous Eachsub-
bandblockis labeledwith a B followedby theindex of the
subbandlock. Thereare4 spatialblocksand 12 subband
blocks.Eachblock hasthe samenumberof coeficients.

subbandblocks. The structureof the dyadic wavelet de-
compositionis diagrammedn Fig. 1. An L level dyadic
wavelet decompositioris partitionedinto non-overlapping
spatialand subbandlocks,asshavn in Fig. 2. For some
level K, usuallyl or 2, all codevaluesfrom bandLL K are
partitionedinto spatialblocks. GenerallyK < L, sothe
LL K bandnolongerexistsasawhole,but hasbeenfurther
subdvided. All bandsnotin LL K arepartitionedinto sub-
bandblocks,which arerectangularegionswithin a single
subband.

Eachspatialblock holdsoneor morehierarchicaltrees,
which containthe tree basedsetsof the SPIHT algorithm,
with high frequeny bandspruned. Eachsubbandblock
containgthe squaresetsof the SPECKalgorithm. Thus,the
core SPIHT algorithmis readily modifiedto independently
encodethe spatialblocksand SPECKis likewise modified

to encodehe subbandlocks.

If K =0, all coeficientsarein spatialblocks,resulting
in aspatialblock SPIHT (SB-SPIHT)codec[5]. If K > L,
thenall coeficientsarein subbandblocks,andwe have a
subbandlock SPECK(SB-SPECK)codec,which is simi-
lar to the SBHPcoded[6]. Thehybrid blockimagecoderis
sonamedbecausédt is ahybrid of thesetwo schemes.

This hybrid partitioning techniquecanbe utilized with
non-dyadicdecompositionsiswell. Let P1 bethe decom-
positionin which the 3 highestfrequeny bandsare each
further subdvidedinto 4 subbandsand P2 be the decom-
position which startswith the P1 decompositionput the
15 (level 1 and2) highestfrequeng bandsarefurther sub-
dividedinto 4 subband®ach. Hybrid partitioningandthe
codecdescribedhere can be appliedto thesedecomposi-
tionsaswell. Thehigh frequeny bandsarepartitionedinto
subbandlocksandcodedwith SPECK.

Hybrid partitioning, with K > 0, facilitatesresolution
scalability A smallerreplicaof the encodedmage,result-
ing from the omissionof high frequeny bands,canbere-
coveredfrom a truncatedbitstreamif the pacletized bit-
streamis assembledcproperly  Strictly spatialtree based
compressioschemessuchasEZW andSPIHT, in general,
do not lend themselesto this property Becausedhe trees
extendto the highestfrequeng bands andinformationbits
for the differentlevels are intermixed in the bitstream,it
is moredifficult to extractjust the informationfor low fre-
queng bandsfrom the bitstream.

4. ROLLING WAVELET TRANSFORM

Sothatthe overall systemis cacheefficient, andto reduce
thememoryrequirement®sf this systemwe employ aline-

basedtransformengine[7]. At the encoderthe imageis

readline by line from thetop. After eachline, all possible
computationwith the datareceved thusfar is completed.
Foreachdecompositiotevel, abuffer of F' linesis required,
whereF' is theverticalfilter length. This buffer holdsaslid-

ing window of intermediatecoeficientsawaiting a vertical

transform.

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

By the natureof the line-basedechnique blocks cor-
respondingo the top of the imagewill be assemblednd
readyfor encodindfirst. They will be codedandreleased
beforeary coeficientsfor lowerblocksaregeneratedwith
only aportionof theblock buffersallocatedatary time, the
memoryrequirementsf the systemaregreatlyreduced.



5. WAVELET COEFFICIENT BLOCK CODING

The SPIHT and SPECKalgorithmsproducea fidelity em-
beddedsub-bitstreanfor eachblock. Becausewve wish to
visit eachblock with the encoderalgorithmonce,userate
control,and minimize the overall reconstructedmagedis-
tortion, over-codingis requiredat the encoder This can
be avoidedwith distortioncontrol, andreducedby usinga
multi-passproceduren which partially encodedlocksare
revisited for additionalcodingbasedon feedbackirom the
rateallocationprocess.

Eachblockis over-codedto ratea R bits percoeficient,
wherea is aratemultiplier of about3 andR is thefinal tar
getbit rate. Thesub-bitstreamarestoreduntil all blocksare
encodedat which point they are pacletizedto form the fi-
nal bitstream Eachblockis over-codedbecaus¢heamount
of rateto beallocatecdto a particularblock cannotbe deter
minedbeforeall blocksareencodedThe sub-bitstreani,,
producedfor eachblock is moved from cachememoryto
slow memoryandthe block buffer memoryis released.

The original SPECK system[3] was designedo code
full images,not independensubbandblocks. Full image
SPECKIinitially hasa type S and an L-shapedtype | set.
Thetypel setspansall bandsatall orientationsabove some
level. To apply SPECKto a singleblock we initialize with
the entire block representedn one or more squaretype S
sets,andnever usethe L-shapedypel set.

6. RATEALLOCATION

Ratecontrolis appliedto the sub-bitstreams$o achiese an
exacttargetbitrateandto minimize distortionin therecon-
structedimage. Therateallocatedto eachblock is not yet
known whenthe partsare encodedso eachblock is over-
coded,as describedabove. It is critical that SPIHT and
SPECKarefidelity embeddedo beusedin this way.

As describedn [5], theencodekeepsanestimateof its
operationalrate distortion performanceon eachblock us-
ing afastlow-overheadechnique Theencodingalgorithms
eachaffectthereconstructedmagevia two typesof events
communicatedo the recever: a newly significantcoefi-
cientis foundandits signis transmittedpr a significantco-
efficientis refined.In significancepassesnewly significant
coeficientsarefound,andin refinemenpasses;oeficients
arerefined. Both SPIHT and SPECK for eachplane,have
multiple significancepassesfollowedby arefinemenpass.

As eachblockis encodedsomeextrainformationis col-
lected.For eachbitplane andeachpasstheencodesimply
countsthenumberof newly significantcoeficientsfoundif
in asignificancepasspr it countsthenumberof coeficients
refinedif in arefinemenpass.Theencodelsorecordghe
numberof bits sentfor thatpass.Basedon this dataanda
probabilisticmodelfor thewaveletcoeficients,a piecavise

linear quantizerfunction is generatedor eachblock [5].
The quantizefunctionrepresentsherate-distortiorperfor
manceof the SPIHT or SPECKalgorithmfor thatblock.

The SPIHT andSPECKcodersproducea finely fidelity
embeddeditstreamfor eachblock. However, becauseof
theway in which the sub-bitstreamsyill be pacletized,the
final bitstreamwill notinheritthis property A fidelity em-
beddedinal bitstreamwill be producedvia @) discreterate
allocationlayers.

Therateallocationalgorithmcanallocaterateamongst
the combinationof block typesjust aswell asif therewere
only oneblocktype. A nearlyoptimalgreedyprocedurg8]
is usedto allocate( fidelity layersat userselectedrates.
Let R, bethe desiredratefor fidelity layer ¢, whereq =
0,...,Q — 1. Accountingfor theglobalandfixedsizepaclet
headersthe rate allocation procedureis applied oncefor
eachlayer This processdetermineshe numberof bits,
B, 4, to usefrom By, the sub-bitstreanfior blockp, in order
to achieve fidelity layergq.

7. FINAL BITSTREAM ASSEMBLY

This independenblock compressiorsystemoffers mary
possiblefinal bitstreamassemblyormats.The P blocksare
orderedfrom the low to high frequeng bands.If p; < po,
thenblockp, iswithin thesamdevel (or levelsif it is aspa-
tial block) asp,, orin alevel (or levels) lowerin frequeng.
Orderingwithin alevel for our purposess arbitrary Let P,
be definedsuchthatthefirst P, blocksconsistof the mini-
mal setof blocksholding all datafrom all bandsup to de-
compositionlevel [.

LetG represenaseriesf bitsformingtheglobalheader
holdingthe imagesizeandotherparametersLet D,, , rep-
resentthe paclet for block p, layerq. The paclet holdsa
fixed size headerandbits B, ,_; + 1 throughB, ;, from
sub-bitstreanB,,, with B, _; = 0.

A simple assemblymodefor ¢ = 1 with resolution
embeddings G Do D1 -..- Dp_1,0. With Q = 2 rate
layers,we canassemblehe bitstreamsothatthe entireim-
ageis reconstructedo layer 0, thenlayer 1 with G Dy
DI,O v Dp_l’o DO,I Dl,l Ce DP_171. Or, thequarterres-
olution image can be completelytransmittedfirst, with G
DooDip...Ppy_1-1,0D01Dijg...Dpy_1—11Dpy_y 0
Dpy_1+10---Dp_10Dp,_110 Dpp_y41,1-..Dp-11.

8. EXPERIMENTAL RESULTS

Codingresultsfor the 512 by 512 grayscaldena, goldhill
and barbara imagesare shavn in Table1. For theseex-
perimentswe useda five level decompositiorwith the 9/7
biorthogonalwavelet[9]. A singleratelayerwas usedfor
eachresultpresentedhere. All spatialandsubbancdblocks
are64 by 64 coeficients. The codecusedto generatghese



Codec, Rate(bpp)
Decomp. | 0.125] 0.25 | 05 | 1.0 | 20
lena
SPIHTM 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
SPIHTM 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
SPIHTM 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. Reconstructedmage distortion in dB is taku-
lated. Codecnamesare SPIHT for SB-SPIHT (K = 0),
HBC1 (K = 1), HBC2 (K = 2), and SPECKfor SB-
SPECK(K > L). DecompositiomamesareM for Mallat
(dyadic),P1andP2for the wavelet packet decompositions
from Sec.3. For eachrateandimagethe bestresultis high-
lighted.

resultsis implementedasa modulein the JPEG2000Veri-
ficationModel testsoftware,version7.1.

No arithmeticcodingwasusedon the significancetest
or ary symbolsproducedby the SPIHT or SPECK algo-
rithms for theseresults. Back-endarithmeticcodingusing
contets andjoint encodinggenerallyimprovesSPIHT and
SPECKby about0.5dB.

In the resultsin Table 1, the performanceof subband
block SPECKis betterthanspatialblock SPIHT for all im-
agesandall rates. This unexpectedresultis dueto binary
uncodedSPECKcompressionhatis betterthanpreviously
reported[3]. Theresultsfor HBC fall closeto, but slightly
belov the SPECKTresults. For the barbara image, which

hasgreatethannormalhigh frequeng contentthewavelet
paclet decompositionsffersa significantimprovement.
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