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Abstract

We investigate the residual redundancy in the Shapiro
and Said-Pearlman wavelet-based image compression algo-
rithms. The goal is to use redundancy inherent in the output
of these source coders to provide joint source-channel de-
coding in order to improve error correction/detection per-
formance for transmission across a noisy channel.

1. Intr oduction

Shannon’s separationprinciple statesthat sourceand
channelcoding can be treatedseparatelywith no perfor-
manceloss- at leastwith unlimitedcomplexity anddelay.
However in practicalsystemswheresomeredundancy re-
mainsat the output of the sourcecoder, the receiver can
exploit theredundancy to improvechanneldecodingperfor-
mance.Practicalsourcecodingalgorithmsfor voice/audio,
images,and video do not operateperfectly, and the re-
mainingredundancy at the outputof the sourcecoder, re-
ferredto asresidual redundancy, canbeexploitedby joint
source-channeldecoding. This paperinvestigatesresidual
redundancy for certainprogressive imagecompressional-
gorithms.Specifically, we reporthereon experimentalob-
servationsandprogressin our of on-goingresearchto ulti-
matelyimprovechanneldecodingusingsourceinformation.

Shapiro’s [6] embeddedzerotreewavelet (EZW) image
compressionalgorithmexploits thedependency thatexists
in typical imagesamongspatially-relatedwavelet coeffi-
cientsin differentsubbands.As bit planesof theimageare
encodedwith theEZW algorithm,a “zerotree”symbolal-
lows efficient codingof largegroupsof low-magnitudeco-
efficients. While theEZW algorithmandthe refinedalgo-
rithm by SaidandPearlman[4] (SPIHT)achieve excellent
compressionresults,they are highly susceptibleto trans-
missionerrorsdueto theuseof variablelengthcodingand
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a largeamountof stateinformation.
Evensingle-bittransmissionerrorsoftenleadto theloss

of synchronizationand a total collapseof decodedimage
quality. Two examplesdemonstratingthe effectsof errors
areshown in Figures1 and2. Figure1 shows theeffect of
anerror in a single“sign bit” of a waveletcoefficient with
large magnitude. The bit error, in this example,only af-
fectsonewaveletcoefficient. A secondexample,in Figure
2, demonstratesa casewherethebit errorresultsin lossof
synchronizationin thedecoder. In bothcases,thetransmis-
sionerroroccurredin thefirst ����� transmittedbits,andthe
reconstructedimageis shown at rate �	��

� bpp. In a typical
image,thosebits whereerrorsusuallyleadto lossof syn-
chronizationmake up a significantfractionof thetotal bits
- often70 to 80 percentof thebits for imagescompressed
to ratesof 0.5bits perpixel andbelow. This observationis
demonstratedin thestackedbargraphin Figure3 for sev-
eralbit planesof the“Lena” image. Thevisualeffect of a
bit error generallydecreasesasa function of how far into
thebit streamtheerroroccurs,dueto theprogressivenature
of thecoder.

The fact that bit errorsso often result in extremelyun-
naturallooking imagessuggeststhat decodinga corrupted
bit stream(i.e. into EZW or SPIHT symbols)shouldre-
sult in parsedsymbolsthatareveryunlikely for naturalim-
ages.It is precisely the frequent occurrence of improbable
symbol sequences resulting from bit-error corrupted image
transmissions that we study, in an effort to use knowledge
of source information to combat transmission errors. In
whatfollows,we investigatetheresidualredundancy in the
outputof a zerotreewaveletcoderbasedon theSPIHTal-
gorithm, togetherwith the effects of uncorrectedchannel
errors.

2. Joint Source-ChannelDecoding

Theideabehindjoint source-channeldecodingis to use
the residualredundancy in a compressedsourceto assist



Figure 1. 512x512 Lena (at 0.25 bpp) with
a single sign bit error in a large magnitude
coefficient.

Figure 2. 512x512 Lena (at 0.25 bpp) with
a single sor ting bit error leading to error
propagation.

in thechanneldecodingoperation.If thesourcecoderwere
idealfor anoiselesschannel,thenthecompressedbit stream
would consistof independentequally-likely bit values. In
practice,thesourcecoderis not ableto perfectlycompress
the data,and often it is infeasibleto add additionalloss-
lesscompressionat theencoder, suchasarithmeticcoding,
dueto complexity constraintsor compliancewith standards.
Also, theresultsin [7] indicatethat it maybebetterto use
the residualredundancy at the receiver than remove it in
a noisyenvironment. Theresidualredundancy in a source
canbeutilizedbyachanneldecoderto correctbit errorsthat
mightotherwisego unnoticed.Thisconceptwasexploited,
for example, in speechand imagecoding applicationsin
[1, 3, 5, 7]. As notedin [3], whensmoothingof the de-
codedoutputcanbeusedto mitigatetheeffectsof channel
errors,thereis residualredundancy which canbeexploited
by thechanneldecoderto directly improve channeldecod-
ing. An importantproblemfor a givensourceanda given
sourcecodingalgorithmis to characterizethenatureof the
residualredundancy.

3. Illegal Sequences

If asourcecoderhasthepropertythatnoteverypossible
bit streamis a potentialoutputof the coder, thenthereis
someinherentredundancy in thecoder(e.g. Huffmancod-

ing doesnot havethisproperty).In somecasesit canprove
moreconvenientto leave this redundancy in the coderbe-
causethe extra transmissionrateis very small andremov-
ing it canbedifficult. Also thedecodercanuseknowledge
aboutsuchillegal sequencesto detecterrors- that is, if the
decoderparsesanillegal sequence(onetheencodingalgo-
rithm would neverchoose),thenthedecodercanbecertain
anerroroccurred.

The Saidand Pearlmanalgorithmhassomeillegal se-
quenceswhich canall beusedfor bit errordetection.The
illegalsequencesareall relatedto theextensionof thesetof
significantcoefficients(i.e. thosecoefficientswith magni-
tudeat leastaslargeasthecurrentbit plane)throughtheex-
tensionof thetreeof coefficientsunderconsideration.The
codesyntaxallows for the possibility of specifyingthat a
significantcoefficientliesin agivenbranchof thetreewhile
declaringall suchcoefficientsinsignificant- clearlytheen-
coderwouldneverusesuchasequence.

Specifically, thealgorithmprocesses2x2 groupsof sib-
ling wavelet coefficients (i.e. thosecoefficients with the
sameparentin the tree)asa unit whencheckingfor new
significantdescendants.If none of thesefour coefficients
hada significantdescendantin an earlierbit planethena
singlebit is usedto indicatewhetherany of the four has
a significantdescendantin the currentbit plane. In cases
wherea significantdescendantis indicated,four bits spec-
ify which membersof the 2x2 grouphave significantde-
scendants.Only 15 of the possible16 sequencesof 4 bits
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Figure 3. Bit type distrib ution vs. bit plane
number for the 512x512 Lena image.

areallowedsinceat leastoneof thecoefficientshasa sig-
nificantdescendant.

The other illegal sequenceis moredispersedin the bit
stream. Immediatelyafter declaringthat a coefficient has
significantdescendants,the significanceof the 2x2 group
of its children is reported. Then the group of children is
placedon the end of the currentlist of sibling groupsso
that it canbecheckedfor significantdescendantsat a later
time. An illegalconditionoccursif asiblinggroupis added
but noneof its coefficientsor descendantsarereportedto
besignificant.Thebits leadingto this conditiontendto be
dispersedin thebit streamwith a spacingthat is dependent
on thenumberof siblinggroupsin thelist.

Theseillegal conditionsall occurduringthedescendant
testphaseof theSPIHTalgorithm.Processingin theSPIHT
algorithmis accomplishedwith a few sub-passesthrough
the dataso that all current insignificantnodesin the list
aretestedfor significance,thenall elementsof the list are
checked for significantdescendants,andfinally all signifi-
cantcoefficientsarerefined.Thisgroupingof testscanlead
to a largenumberof bits betweenanerrorandandanerror
detectionby an illegal condition,especiallyas the coding
rate increasessincethe sub-passesbecomelonger. Inter-
leaving thetestsreducesthis problemsincethedescendant
testswill bedispersedthroughoutthebit streaminsteadof
in blocks.Theimpactof thisre-orderingon thesourcecod-
ing performanceis very smallandmayevenimprove it for
someimagesat certainrates.The performanceof the two
will of coursebeequalat thepoint whereeachbit planeis
complete.

In order to evaluatethe error detectionperformanceof
illegal sequences,both theprobabilityof detectionandthe

numberof bits from theerrorto thepointof detectionwere
examined.Theconditionalcumulative distributionsof the
numberof bits beforedetection(conditionedon the event
that theerrorwasdetected)for several imagesis shown in
Figure4. Thesedistributionsshow thefractionof errorsde-
tectedwithin a certainnumberof bits for singlebit errors.
Theperformanceis similaroverarangeof imageswith me-
diandetectiondelaysontheorderof 100-200bitsandmean
detectiondelayson the orderof 200-300bits. The condi-
tionaldistributionwasconsideredbecauseerrorsin signand
refinementbits do not leadto error propagationso cannot
causeillegalsequences.
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Figure 4. Detection performance for single bit
errors.

An interestingquestionto consideris how the impor-
tanceof anerror(in termsof its effect on PSNR)is related
to thedetectiondelay. Thoseerrorswhichgoundetectedor
leadto long delayswill hopefullyalsohave lessof an im-
pacton decodedimagequality. The scatterplot in Figure
5 shows the detectiondelayanddecodedPSNRfor many
single-biterror trials. Thepointsin theplot with detection
delayequalto 66000(i.e. thosein the upperright corner
of the plot) correspondto undetectederrorssincethe en-
tire compressedimagecontainedfewer bits. While some
of theseundetectederrorsoccurredin descendantor node
testbits, it canbe notedthat all hada relatively small im-
pacton imagequality. Theplot alsoshows that in general
the errorswith longerdelaysare the oneswhich result in
lessdegradationof PSNR.This relationshipis very differ-
ent from conventionalerror detectionusing parity checks
on thebit valueswhereperformancewould beindependent
of decodedPSNR.

Theperformancewasalsotestedwith bursterrors,which
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Figure 5. Detection performance for single bit
errors.

aretypical of theerrorsat theoutputof a decoderfor con-
volutionalcodes(i.e. a Viterbi decoder).Burstsof duration
10bits,with probability �	��� thatanindividualbit is in error,
wereinsertedin independenttrials at many differentloca-
tionsin thebit stream.Theerrordetectionperformancewas
verysimilar to thesinglebit errorcase.

4. WaveletCoefficientDependencies

In order to provide soft likelihood information to the
channeldecoder, theprobabilityof any particularinput se-
quencemustbeevaluated.Sincetheencodingoperateson
wavelet coefficients,it is naturalfor the decoderto utilize
dependenciesin the wavelet domainto evaluatethe likeli-
hoodof a sequence.An importantquestionis to determine
whatdependenciesexistandhow they affectthedistribution
of codesequences.

The zerotreemethodalreadytakes advantageof some
dependency amongwaveletvaluesby usingthefactthatif a
coefficientis foundto havemagnitudebelow agiventhresh-
old, thenall its descendentsin thewavelet treealsotendto
have magnitudesbelow this threshold.For a bit planeen-
coderliketheEZWalgorithm,thisimpliesthatparentnodes
tendto becomesignificantbeforedescendents.In orderto
estimatelikelihoodinformation,it is importantto estimate
thedistribution of thebit planewherea child becomessig-
nificant,giventheparentvalue(or its quantizedrepresenta-
tion availableat thedecoder).Examiningthejoint distribu-
tion of parentandchild log-magnitudesfor severalnatural
imagesrevealsthat thereis a dependency for large values
of theparentwhich is thetypical region for low rateimage

compression.Figure6 showsacontourplot of thejoint dis-
tribution of parentandchild log-magnitudesfor the Lena
image.Thesameparent-childdependency wasexploitedin
[2] for imagecompression.
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Figure 6. Joint distrib ution of parent-c hild log
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The joint distribution is typically very similar over a
large rangeof naturalimages.In the progressive decoder,
the distribution will provide someinformationon whena
child shouldbecomesignificantgiventheparent’sdecoded
value.

Transmissionerrorstend to causemore coefficients to
bedeclaredsignificantin a singlebit planethanis normal
for a naturalimage. Also, the treeof wavelet coefficients
underconsiderationtendsto extenddeeperin a singlebit
plane. In a naturalimage,new significantcoefficientsare
usuallychildrenof currentleafnodesof thetreeor perhaps
grandchildren,but rarely any deeperdescendants.After a
lossof synchronizationdueto bit errors,thedecodedsym-
bols leadto unusualparent-childmagnituderelationships.
Therefore,a metricbasedonprobabilityestimatesfrom the
parent-childjoint distribution canallow errorsto berecog-
nized. Initial resultsareencouragingand more extensive
testingis underwayin ordertodraw moreconclusionsabout
theeffectivenessof themetric.

5. Conclusion

We have identified illegal symbol sequencesin the
SPIHTzerotreecoderwhichcanbeusedfor errordetection.
Detectionperformancewasevaluatedin termsof probabil-
ity of detectionanddetectiondelay, sincequick detection



canhelpreducethenumberof candidatedecodedsequences
consideredin thechanneldecoder. Theresultsrevealdetec-
tion delayson theorderof 100-200bits. Smallerdelaysoc-
cur for errorsthat leadto moresevereimagequality degra-
dation. We have alsoproposedthe useof the parent-child
magnitudejoint distribution to constructa soft likelihood
metric.

On-goingandfuturework includesevaluationof theper-
formanceof the parent-childdistribution metric in distin-
guishingbetweennoisyandnaturaldecodedimages,inclu-
sionof otherdependenciesin themetriccomputation,inte-
grationof themetricwith channeldecodingalgorithms,and
evaluationof the performanceof the joint source-channel
decoder.
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