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Abstract

TheSPIHTimagecompressionalgorithmis modifiedfor
applicationto large imageswith limitedprocessormemory.
Thesubbanddecompositioncoefficientsarepartitionedinto
small tree-preservingspatial blocks which are each inde-
pendentlycodedusingtheSPIHTalgorithm.Thebitstreams
for each spatialblock are assembledinto a singlefinal bit-
streamthroughoneof two packetizationschemes.Thefinal
bitstreamcanbeembeddedin fidelity with a smallexpense
in rate. SPIHTencodinganddecodingof thespatialblocks
canbedonein parallel for real-timevideocompression.

1. Introduction

1.1. Motivation

TheSPIHTalgorithmis afastandefficienttechniquefor
imagecompression[9]. Like EZW [10] andotherembed-
dedwaveletcompressionschemes[11, 6], SPIHTgenerally
operateson an entire imageat once. The whole imageis
loadedandtransformed,andthenthealgorithmrequiresre-
peatedaccessto all coefficientvalues.Thereis no structure
to theorderin which thecoefficientvaluesareaccessed.

Therandomcoefficientaccessrequirementof theSPIHT
algorithmhindersits usein certainmemoryconstraineden-
vironments. Considera processingarchitecturewith two
memory segments,a small fast memory and large slow
memory. Dependingon the applicationframework, these
segmentsmaybe consideredthe on-chipcache,andexter-
nalRAM of a microprocessor. In a virtual memorysystem,
thesegmentswould beexternalRAM andaharddiskswap
space. Using full-image SPIHT in sucha framework can
causetime consumingmemoryswappingasdatathatmust
�
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be accessedwill frequentlylie in the slower memoryseg-
ment. It is moredesirableto usea compressionalgorithm
thatcanwork with aportionof datathatfits in thesmallfast
memory, andonly occasionallyexchangesdatabetweenthe
memorysegments.

The capability to encodea large image without stor-
ing the entire imagein memoryis an importantfeaturein
theJPEG2000requirementsspecification.Thesystemde-
scribedherehasbeenproposedto theJPEG2000standard-
izationcommittee.Theencoderusedto generateresultsfor
this paperis implementedasa modulein the JPEG2000
verificationmoduletestsoftware.

1.2. Overview

To effectively applytheSPIHTalgorithmin constrained
memoryenvironments,we have modifiedthe overall algo-
rithm so that the conversionof the subbandcoefficientsto
anencodedbitstreamis doneonly for asmallportionof the
coefficientsat a given time. Thus,only a small portion of
thecoefficientsmustbestoredin fastcachememory.

Insteadof placingquantizedcoefficientsin onefull-size
subbanddecomposition,they areplacedin many smallspa-
tial blocks.Thepartitioningis donein suchaway thateach
hierarchicalcoefficient treein thefull-sizesubbanddecom-
positionappearsin oneof thespatialblocks.

The basic SPIHT algorithm is applied to eachspatial
block independentlyto producea fidelity embeddedsub-
bitstreamfor eachblock. Theseindependentembedded
sub-bitstreamsarethenassembledto makeafinal bitstream
that is eitherfixedrateor fidelity embedded.If it is fidelity
embedded,it maybecoarselyor finely embedded,depend-
ing onparameterschosenat theencoder.

Several codecshave beendevelopedthat apply an em-
beddedtree-basedcodecindependentlyto spatialblocks.
Creuserehas usedthis techniquewith EZW for parallel
processing[3], channelerror resilience[4], andregion of
interestdecoding[5]. Independentspatialblock codingis
usedfor a parallelVLSI designin [2, 7]. RogersandCos-
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Figure 1. A full subband decomposition is
par titioned into 4 equal sized spatial bloc ks
is depicted. The coefficients in the gray re-
gions are all in spatial bloc k 1.

manhavealsousedsimilarmethodsfor errorresilience[8].
Our emphasisin this work is reducedprocessormemory
achievedthroughindependentspatialblockcodingwith the
SPIHT algorithmwhile still generatinga global bitstream
thatis progressivein fidelity acrossthewhole.

2. SPIHT Compression in Independent Spatial
Blocks

2.1. Spatial Blocks

To applytheSPIHTalgorithm,or any tree-basedcodec,
to small portionsof the subbanddecompositionat a time,
the decompositionis partitioned into spatial blocks, as
shown in Fig. 1. A spatialblock is a subsetof the coef-
ficients consistingof oneor more hierarchicaltrees. The
numberof treesis chosento meeta desiredblock size,typ-
ically 64 by 64 or 128 by 128 coefficients. The treesin a
spatialblockarerearrangedin asmaller2-D arraysuchthat
theusualhierarchicalrelationshipbetweenthe coefficients
is preserved. Due to the natureof the subbanddecompo-
sition, eachspatialblock holds the coefficientsneededto
reconstructa contiguousblock of the original image,ne-
glecting overlapstemmingfrom the width of the wavelet
filters.

2.2. Subband Transform

Thefirst stepin theSPIHTimagecompressionalgorithm
is thedyadicsubbandtransform.This transformis usually
computedfor theentireimageat once.For our application
it is importantthat the transforminsteadbe implemented
with a rolling algorithm. Justas1-D FIR filters canbe im-
plementedto producefiltered dataafter a lag in the time
domain,the 2-D separablefilters usedfor the subbandde-
compositioncanbeimplementedto producethecoefficients
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Figure 2. Computation stages for one level of
a subband decomposition

filling aspatialblockaftera lag in thespatialdomain.With
spatialblocksprocessedasthey becomeavailable,andthen
released,the codecrequiresa fraction of the memorythat
would beneededto hold anentireimageor subbandtrans-
form.

A practicalmeansto accomplishthis is with aline-based
transform. Initially, considerjust the first level of decom-
position,andits two processingstages.Theoriginal image
I is transformedhorizontallyto generatetheIH image,and
thenvertically to generatetheIHV image,seenin Fig. 2.

After eachrow of I is movedinto memory, waveletfilters
areimmediatelyappliedto producethecorrespondingrow
of IH. Therowsof IHV dependon severaladjacentrowsof
IH, with theexactnumberdependingon thefilter length,so
therows of IH arekeptin a rolling buffer thatmovesdown
theimage.As soonastherolling buffer holdsenoughrows
of IH a vertical wavelet filter is appliedto generatea row
of IHV. Therolling buffer releasesmemoryfor rowswhich
will nolongerbeneededandthususesmemoryproportional
to thewidth of theimage,but not theheight.Thisprocedure
producesthe exact samecoefficient valuesthat would be
producedby a full-imagetransform.All that is differentis
theorderin which thecomputationsareperformed.

To producea dyadic transform,the above techniqueis
appliedrecursively to the low-passband.As soonasa row
of thelow-passbandis produced,it is passedto anindepen-
denttransformengineoperatingon its level.

Theline-basedsubbandtransformengineproducesarow
of spatialblocks at a time. As soonas a row of spatial
blocksis produced,eachblock is passedin turn to aSPIHT
encoderwhich generatesthe sub-bitstreamfor that spatial
block. Thebuffer memoryusedfor coefficientsof encoded
spatialblocksis immediatelyreleased.

On a Multiple InstructionMultiple Data(MIMD) multi-
processorarchitecture,severalof thespatialblockscouldbe
processedby theSPIHTcodecsimultaneously.

2.3. SPIHT Encoding

Eachspatialblock of subbandcoefficients is moved to
fast cachememoryand processedby the SPIHT encoder
once, as soon at it is available from the rolling wavelet
transformengine. The encodergeneratesan independent,
embeddedin fidelity, sub-bitstreamfor eachspatialblock.



Thesesub-bitstreamsare storedin external slow memory
until all spatialblockshavebeenencoded.

A full-imageSPIHTencodersimply processesandout-
putsbits until the full-imagebit budgetis met. Sinceeach
spatialblock is processedonly once,in turn,by theencoder
andat thetime of processingit is not known whatratewill
laterbeassignedto a particularblock, over-coding,coding
to a higherbit rate,is performed.Eachblock is encodedto
2.5or 3 timesthedesiredoverall ratein bits perpixel. Un-
neededportionsof the sub-bitstreamswill be prunedafter
rateallocation.An alternative systemcouldavoid theover
codingat theexpenseof repeatedlyswappingspatialblock
datainto cachememory.

2.4. Rate Allocation

Within eachbitplane, the SPIHT algorithm has three
passes,correspondingto theprocessingof theLIS, LIP and
LSP[9]. During theLIS andLIP, or sorting,passes,newly
significantcoefficients and their signsare revealedto the
decoder. During the LSP, or refinement,passcoefficients
foundsignificantfor previousbitplaneshave their bit from
thecurrentplanesentto thedecoder.

Givena total ratebudget,we desireto allocateratefrom
eachsub-bitstreamsuchthat the RMSEbetweentheorigi-
nalandreconstructedimagesis minimized.Ratewill beal-
locatedto eachblockaccordingto theactivity in thatblock.
Sincewe arecomputingMSE in thetransformdomain,we
rely on thefactthatthewavelettransformis nearlyunitary.

For eachspatialblock,weneedto know theapproximate
distortionthatwill resultfrom truncatingthesub-bitstream
at any givenpoint. Theencoderhastheoriginal imageand
knowshow thedecoderwill reconstructeachcoefficientaf-
ter eachinformationbit is received. Thus, the encoderis
capableof finding theexactRMSEof a reconstructedspa-
tial block no matterwherethe sub-bitstreamis truncated,
but ata significantcomputationalcost.

Instead,we usea fastandsimple technique. For each
spatialblock, eachbitplane,and eachpass,we count the
numberof newly significant coefficients revealed(or the
numberrefined if in a refinementpass)during the pass,
andthe numberof bits placedon the sub-bitstreamduring
the pass.We thenapproximatethe reductionin distortion
gainedby decodingthepassasfollows.

Supposethata sortingor refinementpassis operatingin
bitplane � with significancethreshold�����	� , andduring
the pass 
 bits are placedon the sub-bitstream.Let �
�
bethenumberof newly significantcoefficientsfoundif the
passis a sortingpass,andlet ��� be the numberof coeffi-
cientsrefinedif thepassis a refinementpass.All bits sent
to the sub-bitstreamare countedin 
 . In a sorting pass,

 includesall significancetestbits andall sign bits. In a
refinementpass, 
 equals� � , the numberof coefficients

refined.Theencoderrecords
 and � � or � � , asappropri-
ate,for eachpass.

For a sortingpass,assumingthat the original valuesof
the ��� newly significantcoefficientsarerandomandhave
magnitudesevenly distributedbetween� and ��� , andthat
thereconstructedvalueswill now be �
��� �	� insteadof 0, the
expectedreductionin squarederrorfrom decodingthese

bits is ����

�
� � � � . In a refinementpassthatrefines� � coeffi-

cients,theexpectedreductionin squarederroris
�
� � � � � .

With this datacollectedby theSPIHTencoder, we gen-
eratean approximateoperationalrate-distortioncharacter-
istic for eachsub-bitstream.The slopeof the convex hull
of this function is readilydetermined.Given a bit budget,
we arenow facedwith a standardrateallocationproblem
whichcanbenearlyoptimallysolvedby iteratively increas-
ing the numberof bits taken from the sub-bitstreamwith
the bestcost-benefitratio, that is, with the most negative
rate-distortionslope.

2.5. Packetization

The final step is to combinethe storedsub-bitstreams
into a singlefinal bitstream.We have implementedtwo fi-
nalbitstreamassemblymodes,a fixedratemodeandapro-
gressive in fidelity mode.Thefixedratemodeis actuallya
specialcaseof thefidelity progressivemode.

In the fixed ratemode,the final bitstreamconsistsof a
single global headerholding basicparametersand then a
seriesof packets,one for eachspatialblock. Eachblock
hasan index known to both the encoderand decoder, as
seenin Fig.1. In index order, apacket for eachspatialblock
is insertedinto the final bitstream. The fixed size packet
headerholds the length of the datasectionof the packet,
andthe datasectionof the packet holdsbits from the sub-
bitstream.

Assemblyof this final bitstreamis straightforwardonce
the bit allocationamongthe sub-bitstreamsis performed.
The encoderstartswith the total bit budget,subtractsthe
size of the global headerand the total size of all of the
requiredpacket headers,in advance. The remainingbits
are reserved for packet dataand are allocatedto the sub-
bitstreamsusingthetechniqueof theprevioussection.

In fidelity embeddedmode,the final bitstreamholdsa
globalheaderandthenaseriesof packets,onefor eachspa-
tial block,asabove. However, theremaybeany numberof
subsequentseriesof packets. This type of final bitstream
hasintermediatepointscalledratelayersat which the rate
usedso far is allocatedsuchthat the fidelity of the whole
imageis maximized.Rateallocationfor fidelity embedded
modeis performedin stages.First, rateis allocatedfor the
initial ratelayer, exactly asin fixedratemode.Onepacket
for eachspatialblock is thenimmediatelyinsertedontothe
final bitstream. For eachsubsequentrate layer, additional



rateis allocatedto eachspatialblock,anda packet for each
spatialblock is insertedonthefinal bitstream.In thismode,
thesub-bitstreamsarenotcontiguousonthefinal bitstream.

Supposea512by 512imageis partitionedinto 1664by
64spatialblocksandencodedto 1 bit perpixel in fixedrate
mode. The overheadof the 4 byte packet headersis 512
bits,or 0.20%.This0.20%is incurredfor eachratelayerin
fidelity embeddedmode.Five layerswould meana packet
headeroverheadof 1%.

If channelerrorresilienceis required,a logicalapproach
is to protectearly portionsof eachsub-bitstreammorero-
bustly thanlaterparts,whereerrorswill have lessof anef-
fect on thereconstructedimage.Evenif aninformationbit
is corrupted,theeffect on thereconstructedimageis local-
izedto theregionaffectedby asinglespatialblock. Resyn-
chronizationmarkersbetweenpacketscanallow recovery
from missingpartitionsof thebitstream.

Theability to decodeasmallregionof interestof theim-
ageis a naturalfeatureof thepacketizedSPIHTbitstream.
To decodea subsetof the spatialblocks, the decodercan
skippacketsit doesnotneed.

Our driving goalis to minimizeimagedistortiongivena
fixedbit budget.An alternative to ratecontrol,however, is
distortioncontrol. A distortioncontrolmodecouldencode
a predeterminedsetof bitplanes,up to a particularpassin
the final plane,for fractional bitplaneresolution. All en-
codedbits would thenbetransmitted,regardlessof rate. In
thecontext of our rateallocationandpacketizationscheme,
this in effect setstheratefor eachspatialblock for thefinal
ratelayer. Additional intermediateratelayersmay still be
chosenusingthe rateallocationtechnique.If no interme-
diate layersaredesiredthereis the addedbenefitthat the
sub-bitstreamsneednot bestored.As soonasthey arepro-
duced,they canbeplacedin apacket, insertedinto thefinal
bitstreamandtransmitted.An importantbenefitof distor-
tion controlusedin this way is thatthereis no needto over
codeeachspatialblock.

3. Results and Conclusions

Coding resultsfor the 512 by 512 grayscalelena and
goldhill imagesare plotted in Fig. 3. For thesetests,we
useda five-level decompositionusingthe9/7 biorthogonal
wavelet [1]. The solid lines show rate vs. distortion per-
formancefor full-imageSPIHTwithout arithmeticcoding.
Thedash-dotlinesshow theperformanceusingindependent
64by64spatialblocksandpacketizationfor fidelity embed-
ding with only a few ratelayers,at 0.1, 0.5 and2 bpp. A
scallopingeffect is seenin theseplotsastheperformanceof
theblock basedSPIHTcodeccatchesup thethefull-image
SPIHTcodecat theserates.Thedashedlinesshow theper-
formancewith ratelayersat incrementsof 0.2bpp.At rates
beyond the first layer at 0.2 bpp, this curve follows full-
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Figure 3. Coding perf ormance for the lena and
goldhill images

imageSPIHTclosely, with somelossdueto packet header
overhead.Onall plotsfor thepacketizedcodecsweobserve
a very low PSNRbeforethe first layer is decoded.Before
thispointsomespatialblocksreceivezeroencodedbitsand
contribute dramaticallyto the distortion. All decodedim-
agesin eachcurvewererecoveredfrom a singleembedded
encodedfile, truncatedat thedesiredrate.

No arithmeticcodingwasusedonthesymbolsproduced
by the SPIHT algorithmfor theseresults. Back-endarith-
meticcodingwith usingcontextsandjoint encodinggener-
ally improvesSPIHTby about0.5dB,andwewouldexpect
thatimprovementuniformly hereaswell.

A coupleof examplesillustratethenatureof theoptional
coarsefidelity embeddingfeature. Figure 4 shows a re-
constructedlenaimageafter encodingthe imageto 1 bpp
in fixed ratemode,but thendecodingonly half of the bit-
stream,or 0.5bpp.Becausesubbanddomainspatialblocks
correspondto image domain blocks, we seeclearly that
abouthalf of thespatialblockshave beendecoded,follow-
ingarasterorder. A few morethanhalf aredecodedbecause
of thegreaterimageactivity in thelowerhalf of this image.
Figure5 shows the lenaimageafterencodingthe imageto
1 bpp in fidelity progressive modewith ratelayersat 0.02
and1 bpp, but thenonly decodingto 0.5 bpp. Decoding
to 0.5 bpp fully decodesall of the packetsin the first rate
layer at 0.02bpp becausethey comefirst in the bitstream.
Thus,all of theimageis reconstructedto at leastthefidelity
achievablewith 0.02bpp. The1 bpplayer is thenpartially
decodedandabouthalf of the imageis reconstructedto a



Figure 4. A fix ed rate packetiz ed SPIHT de-
coded image after decoding half of the bit-
stream

higherfidelity.
To demonstratetheperil in notheedingthesizeof cache

memorywe ran two codecsin a very large imageusinga
generalpurpose167MHz SunUltra 1 computerwith 64M
RAM. In this experiment,we considerRAM to be the fast
cachememoryandthedisk to betheexternalslow memory.

We appliedboth a full-image and independentspatial
block SPIHTcodecto a 2k columnby 5k row pixel image.
Notethatthis implementationis notheavily optimized.The
independentspatialblock SPIHTcodecencodedtheimage
in 220sec.anddecodedin 43 sec.total with no significant
diskswapping.TheSPIHTalgorithmitself, tookonly 20.90
sec.for encodingand5.16sec.for decoding.Thefull-image
SPIHTencoderneverfinishedencodingthis largeimage.It
wasstoppedmanuallyafteranhourof spending97%of the
timewaiting for memoryto beswappedfrom thedisk.
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