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Abstract

TheSPIHTimage compessioralgorithmis modifiedfor
applicationto large imageswith limited processomemaory
Thesubbandlecompositioroeficientsare partitionedinto
small tree-peservingspatial blocks which are ead inde-
pendenthcodedusingthe SPIHTalgorithm. Thebitstreams
for eadh spatialblock are assembledhto a singlefinal bit-
streamthroughoneof two padcetizationschemesThefinal
bitstreamcan be embeddedh fidelity with a smallexpense
in rate SPIHTencodingand decodingof the spatial blocks
canbedonein parallel for real-timevideocompession.

1. Introduction
1.1. Motivation

The SPIHTalgorithmis afastandefficienttechniqueor
imagecompressionf9]. Like EZW [10] andotherembed-
dedwaveletcompressioscheme$ll, 6], SPIHTgenerally
operateson an entireimageat once. The whole imageis
loadedandtransformedandthenthealgorithmrequiresre-
peatedaccesdo all coeficientvalues.Thereis no structure
to theorderin which the coeficientvaluesareaccessed.

Therandomcoeficientaccessequirementf theSPIHT
algorithmhindersits usein certainmemoryconstraineen-
vironments. Considera processingarchitecturewith two
memory segments,a small fast memory and large slow
memory Dependingon the applicationframework, these
segmentsmay be consideredhe on-chip cache,and exter-
nal RAM of amicroprocessonn avirtual memorysystem,
the sggmentswould be externalRAM anda harddisk swap
space. Using full-image SPIHT in sucha framework can
causetime consumingmemoryswappingasdatathat must
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be accessedvill frequentlylie in the slover memorysey-
ment. It is more desirableto usea compressioralgorithm
thatcanwork with aportionof datathatfits in thesmallfast
memory andonly occasionallyexchangeslatabetweerthe
memorysegments.

The capability to encodea large image without stor
ing the entireimagein memoryis animportantfeaturein
the JPEG2000requirementspecification.The systemde-
scribedherehasbeenproposedo the JPEG2000standard-
izationcommittee. Theencodeusedto generateesultsfor
this paperis implementedas a modulein the JPEG2000
verificationmoduletestsoftware.

1.2. Overview

To effectively applythe SPIHT algorithmin constrained
memoryervironmentswe have modifiedthe overall algo-
rithm so that the corversionof the subbandcoeficientsto
anencodeditstreamis doneonly for asmallportionof the
coeficientsat a giventime. Thus,only a small portion of
the coeficientsmustbe storedin fastcachememory

Insteadof placingquantizedcoeficientsin onefull-size
subbandlecompositionthey areplacedin mary smallspa-
tial blocks. The partitioningis donein suchaway thateach
hierarchicakoeficienttreein thefull-size subbandlecom-
positionappearsn oneof the spatialblocks.

The basic SPIHT algorithm is appliedto eachspatial
block independentiyto producea fidelity embeddedsub-
bitstreamfor eachblock. Theseindependenembedded
sub-bitstreamarethenassembledo make afinal bitstream
thatis eitherfixedrateor fidelity embeddedlIf it is fidelity
embeddedit maybe coarselyor finely embeddeddepend-
ing on parametershoseratthe encoder

Several codecshave beendevelopedthat apply an em-
beddedtree-basedodecindependentlyto spatial blocks.
Creuserehas usedthis techniquewith EZW for parallel
processind3], channelerror resilience[4], andregion of
interestdecoding[5]. Independenspatialblock codingis
usedfor a parallelVLSI designin [2, 7]. RogersandCos-
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Figure 1. A full subband decomposition is
partitioned into 4 equal sized spatial blocks
is depicted. The coefficients in the gray re-
gions are all in spatial block 1.

manhave alsousedsimilar methodgor errorresilience8].
Our emphasidn this work is reducedprocessormemory
achiezedthroughindependengpatialblock codingwith the
SPIHT algorithmwhile still generatinga global bitstream
thatis progressiein fidelity acrosshewhole.

2. SPIHT Compression in Independent Spatial
Blocks

2.1. Spatial Blocks

To applythe SPIHT algorithm,or ary tree-basedodec,
to small portionsof the subbanddecompositiorat a time,
the decompositionis partitionedinto spatial blocks, as
shavn in Fig. 1. A spatialblock is a subsetof the coef-
ficients consistingof one or more hierarchicaltrees. The
numberof treesis choserto meeta desiredblock size,typ-
ically 64 by 64 or 128 by 128 coeficients. Thetreesin a
spatialblock arerearrangedh asmaller2-D arraysuchthat
the usualhierarchicalrelationshipbetweernthe coeficients
is presered. Due to the natureof the subbanddecompo-
sition, eachspatialblock holds the coeficients neededto
reconstructa contiguousblock of the original image, ne-
glecting overlap stemmingfrom the width of the wavelet
filters.

2.2. Subband Transform

Thefirst stepin the SPIHTimagecompressiomlgorithm
is the dyadicsubbandransform. This transformis usually
computedor the entireimageat once. For our application
it is importantthat the transforminsteadbe implemented
with arolling algorithm. Justas1-D FIR filters canbeim-
plementedto producefiltered dataafter a lag in the time
domain,the 2-D separabldilters usedfor the subbandde-
compositiorcanbeimplementedo producethecoeficients
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Figure 2. Computation stages for one level of
a subband decomposition

filling aspatialblock afteralagin the spatialdomain.With
spatialblocksprocessedsthey becomeavailable,andthen
releasedthe codecrequiresa fraction of the memorythat
would be neededo hold anentireimageor subbandrans-
form.

A practicalmeango accomplishthisis with aline-based
transform. Initially, considerjust the first level of decom-
position,andits two processingtages.The originalimage
| is transformechorizontallyto generatghe IH image,and
thenverticallyto generatehe IHV image,seenin Fig. 2.

After eachrow of | is movedinto memory waveletfilters
areimmediatelyappliedto producethe correspondingow
of IH. Therows of IHV dependn sereraladjacentows of
IH, with theexactnumberdependingnthefilter length,so
therows of IH arekeptin arolling buffer thatmovesdown
theimage.As soonastherolling buffer holdsenoughrows
of IH a vertical waveletfilter is appliedto generatea row
of IHV. Therolling buffer releasesnemoryfor rows which
will nolongerbeneededindthususeanemoryproportional
to thewidth of theimage but nottheheight. This procedure
producesthe exact samecoeficient valuesthat would be
producedby a full-imagetransform.All thatis differentis
theorderin which thecomputationgreperformed.

To producea dyadic transform,the above techniqueis
appliedrecursvely to the low-passband. As soonasa row
of thelow-passhandis producedit is passedo anindepen-
denttransformengineoperatingonits level.

Theline-basedubbandransformengineproducesrow
of spatialblocks at a time. As soonasa row of spatial
blocksis producedgachblockis passedn turnto aSPIHT
encodemwhich generateshe sub-bitstreanfor that spatial
block. The buffer memoryusedfor coeficientsof encoded
spatialblocksis immediatelyreleased.

OnaMultiple InstructionMultiple Data(MIMD) multi-
processoarchitectureseveralof thespatialblockscouldbe
processedtby the SPIHT codecsimultaneously

2.3. SPIHT Encoding

Eachspatialblock of subbandcoeficientsis moved to
fast cachememory and processedy the SPIHT encoder
once, as soonat it is available from the rolling wavelet
transformengine. The encodergeneratesn independent,
embeddedn fidelity, sub-bitstreanfor eachspatialblock.



Thesesub-bitstreamsre storedin external slov memory
until all spatialblockshave beenencoded.

A full-image SPIHT encodersimply processesndout-
putsbits until the full-image bit budgetis met. Sinceeach
spatialblockis processednly once,in turn, by theencoder
andatthetime of processingt is notknown whatratewill
later be assignedo a particularblock, over-coding,coding
to a higherbit rate,is performed.Eachblock is encodedo
2.50r 3 timesthe desiredoverall ratein bits per pixel. Un-
neededportionsof the sub-bitstreamsvill be prunedafter
rateallocation. An alternatve systemcould avoid the over
codingat the expenseof repeatedlyswappingspatialblock
datainto cachememory

2.4. Rate Allocation

Within each bitplane, the SPIHT algorithm has three
passesgorrespondingo the processingf theLIS, LIP and
LSP[9]. DuringtheLIS andLIP, or sorting,passesnenly
significantcoeficients and their signsare revealedto the
decoder During the LSR or refinementpasscoeficients
found significantfor previous bitplaneshave their bit from
thecurrentplanesentto thedecoder

Givenatotal ratebudget,we desireto allocateratefrom
eachsub-bitstreansuchthatthe RMSE betweerthe origi-
nalandreconstructeémagess minimized. Ratewill beal-
locatedto eachblock accordingo theactivity in thatblock.
Sincewe arecomputingMSE in the transformdomain,we
rely onthefactthatthe wavelettransformis nearlyunitary.

For eachspatialblock, we needio know theapproximate
distortionthatwill resultfrom truncatingthe sub-bitstream
atary givenpoint. Theencodehastheoriginal imageand
knows how the decodemill reconstruceachcoeficientaf-
ter eachinformation bit is receved. Thus, the encoderis
capableof finding the exact RMSE of areconstructedpa-
tial block no matterwherethe sub-bitstreanis truncated,
but ata significantcomputationatost.

Instead,we usea fastand simple technique. For each
spatialblock, eachbitplane,and eachpass,we countthe
numberof newly significant coeficients revealed(or the
numberrefinedif in a refinementpass)during the pass,
andthe numberof bits placedon the sub-bitstreanduring
the pass. We thenapproximatethe reductionin distortion
gainedby decodingthe passasfollows.

Supposéhata sortingor refinemenfpasss operatingn
bitplanen with significancethresholdr = 2%, andduring
the passB bits are placedon the sub-bitstream.Let N,
bethe numberof newly significantcoeficientsfoundif the
passis a sortingpass,andlet N, be the numberof coefi-
cientsrefinedif the passis a refinementpass.All bits sent
to the sub-bitstreanare countedin B. In a sorting pass,
B includesall significancetestbits andall signbits. In a
refinementpass,B equalsN,, the numberof coeficients

refined.TheencoderecordsB and N, or N,., asappropri-
ate,for eachpass.

For a sorting pass,assuminghat the original valuesof
the N, newly significantcoeficientsarerandomandhave
magnitudesevenly distributed betweenr and 2+, andthat
thereconstructegtalueswill now be+1.57 insteadof 0, the
expectedreductionin squarecerrorfrom decodingtheseB
bitsis %NST2. In arefinemenpassthatrefinesN, coefi-
cients,theexpectedreductionin squarederroris %NTTZ.

With this datacollectedby the SPIHT encoderwe gen-
eratean approximateoperationalrate-distortioncharacter
istic for eachsub-bitstream.The slopeof the corvex hull
of this functionis readily determined.Given a bit budget,
we are now facedwith a standardrate allocationproblem
which canbenearlyoptimally solvedby iteratively increas-
ing the numberof bits taken from the sub-bitstreanmwith
the bestcost-benefitratio, thatis, with the most negative
rate-distortiorslope.

2.5. Packetization

The final stepis to combinethe storedsub-bitstreams
into a singlefinal bitstream.We have implementedwo fi-
nal bitstreamassemblynmodesa fixedratemodeanda pro-
gressvein fidelity mode. Thefixedratemodeis actuallya
specialcaseof thefidelity progressie mode.

In the fixed rate mode, the final bitstreamconsistsof a
single global headerholding basic parameterandthen a
seriesof paclets, one for eachspatialblock. Eachblock
hasan index known to both the encoderand decoder as
seernin Fig.1. In index order, apacketfor eachspatialblock
is insertedinto the final bitstream. The fixed size paclet
headerholdsthe length of the datasectionof the paclet,
andthe datasectionof the paclket holdsbits from the sub-
bitstream.

Assemblyof this final bitstreamis straightforward once
the bit allocationamongthe sub-bitstreamss performed.
The encoderstartswith the total bit budget, subtractsthe
size of the global headerand the total size of all of the
requiredpacket headersjn adwance. The remainingbits
areresened for paclet dataand are allocatedto the sub-
bitstreamsusingthetechniqueof the previoussection.

In fidelity embeddednode,the final bitstreamholds a
globalheadermndthenaseriesof paclets,onefor eachspa-
tial block, asabove. However, theremaybe any numberof
subsequenseriesof paclets. This type of final bitstream
hasintermediatepointscalledrate layersat 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. Onepaclet
for eachspatialblock is thenimmediatelyinsertedontothe
final bitstream. For eachsubsequentate layer, additional



rateis allocatedto eachspatialblock,anda pacletfor each
spatialblockis insertedonthefinal bitstream.In thismode,
thesub-bitstreamarenotcontiguousonthefinal bitstream.

Suppose 512by 512imageis partitionedinto 16 64 by
64 spatialblocksandencodedo 1 bit perpixel in fixedrate
mode. The overheadof the 4 byte packet headerds 512
bits, or 0.20%.This 0.20%is incurredfor eachratelayerin
fidelity embeddednode. Five layerswould meana paclet
headewoverheadf 1%.

If channekrrorresilienceis required alogicalapproach
is to protectearly portionsof eachsub-bitstreanmorero-
bustly thanlater parts,whereerrorswill have lessof anef-
fectonthereconstructedmage.Evenif aninformationbit
is corruptedthe effect on the reconstructedmageis local-
izedto theregion affectedby a singlespatialblock. Resyn-
chronizationmarkers betweenpackets can allow recovery
from missingpartitionsof the bitstream.

Theability to decodea smallregion of interestof theim-
ageis a naturalfeatureof the packetizedSPIHT bitstream.
To decodea subsetof the spatialblocks, the decodercan
skip pacletsit doesnotneed.

Ourdriving goalis to minimizeimagedistortiongivena
fixedbit budget. An alternatve to ratecontrol, however, is
distortioncontrol. A distortioncontrolmodecouldencode
a predeterminedetof bitplanes,up to a particularpassin
the final plane,for fractional bitplaneresolution. All en-
codedbits would thenbe transmittedregardlesof rate. In
thecontext of ourrateallocationandpacletizationscheme,
thisin effect setstheratefor eachspatialblock for thefinal
ratelayer Additional intermediaterate layersmay still be
chosenusingthe rate allocationtechnique. If no interme-
diate layersare desiredthereis the addedbenefitthat the
sub-bitstreamaeednot be stored.As soonasthey arepro-
ducedthey canbeplacedin a paclet,insertednto thefinal
bitstreamandtransmitted. An importantbenefitof distor
tion controlusedin thisway is thatthereis no needto over
codeeachspatialblock.

3. Results and Conclusions

Coding resultsfor the 512 by 512 grayscalelena and
goldhill imagesare plottedin Fig. 3. For thesetests,we
useda five-level decompositiorusingthe 9/7 biorthogonal
wavelet[1]. The solid lines shav rate vs. distortion per
formancefor full-image SPIHT without arithmeticcoding.
Thedash-dotinesshaow the performanceisingindependent
64 by 64 spatialblocksandpacletizationfor fidelity embed-
ding with only a few ratelayers,at0.1,0.5and 2 bpp. A
scallopingeffectis seerin theseplotsasthe performancef
theblock basedSPIHT codeccatchesup thethefull-image
SPIHT codecattheserates. The dashedines shav the per
formancewith ratelayersatincrementof 0.2bpp. At rates
beyond the first layer at 0.2 bpp, this curve follows full-
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Figure 3. Coding performance for the lena and
goldhill images

imageSPIHT closely with somelossdueto packetheader
overheadOnall plotsfor thepacletizedcodecsve obsene
avery low PSNRbeforethefirst layeris decoded.Before
this pointsomespatialblocksreceie zeroencodedits and
contribute dramaticallyto the distortion. All decodedm-
agesin eachcurve wererecoveredfrom a singleembedded
encodedile, truncatedatthedesiredrate.

No arithmeticcodingwasusedon thesymbolsproduced
by the SPIHT algorithmfor theseresults. Back-endarith-
meticcodingwith usingcontexts andjoint encodinggener
ally improvesSPIHTby about0.5dB, andwe would expect
thatimprovementuniformly hereaswell.

A coupleof examplesllustratethe natureof theoptional
coarsefidelity embeddingfeature. Figure 4 shaws a re-
constructedenaimageafter encodingthe imageto 1 bpp
in fixed rate mode,but thendecodingonly half of the bit-
streampr 0.5 bpp. Becausesubbandlomainspatialblocks
correspondio image domain blocks, we seeclearly that
abouthalf of the spatialblockshave beendecodedfollow-
ing arasterorder A few morethanhalfaredecodedecause
of thegreaterimageactvity in thelower half of thisimage.
Figure5 shaws the lenaimageafter encodingthe imageto
1 bppin fidelity progressre modewith ratelayersat 0.02
and 1 bpp, but then only decodingto 0.5 bpp. Decoding
to 0.5 bppfully decodesall of the pacletsin the first rate
layer at 0.02 bpp because¢hey comefirst in the bitstream.
Thus,all of theimageis reconstructetb atleastthefidelity
achiezablewith 0.02bpp. The 1 bpplayeris thenpartially
decodedand abouthalf of the imageis reconstructedo a



Figure 4. A fixed rate packetized SPIHT de-
coded image after decoding half of the bit-
stream

higherfidelity.

To demonstratéheperil in notheedingthe sizeof cache
memorywe ran two codecsin a very large imageusinga
generalpurposel67 MHz SunUltra 1 computemwith 64M
RAM. In this experiment,we considerRAM to bethefast
cachememoryandthediskto betheexternalslon memory

We applied both a full-image and independenspatial
block SPIHT codecto a 2k columnby 5k row pixel image.
Notethatthisimplementations notheavily optimized.The
independenspatialblock SPIHT codecencodedheimage
in 220 sec.anddecodedn 43 sec.total with no significant
diskswapping.The SPIHTalgorithmitself, tookonly 20.90
secfor encodingand5.16sec for decoding.Thefull-image
SPIHT encodemneverfinishedencodinghis largeimage. It
wasstoppedmanuallyafteranhourof spending@7%of the
time waiting for memoryto be swappedfrom the disk.
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