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Abstract

We considera hybrid mixture of an image coder for
bit-error channelsand an image coder for packet erasure
channels.Thefirst schemeusesrate-compatiblepunctured
convolutional(RCPC)/cyclicredundancycode(CRC)con-
catenatedchannelcodingwith embeddedzerotreewavelet
source coding, while the secondtechniquegroupstreesof
waveletcoefficientsinto fixed-lengthpackets that provide
robustnessagainstpacketerasures.Wedemonstratethatthe
hybrid image coderoutperformseitherof the two building
block methodson certain channelsthat suffer both packet
lossesandstatisticallyvaryingbit errors.

1 Introduction

Thetransmissionof imagesacrossnoisychannelsis fun-
damentallyimportantin many applicationsandis still anac-
tiveresearchproblem.Onebasicapproachhasbeento start
with ahigh-performancesourcecoder, andprotectitsoutput
from errorsby addingredundancy (e.g.,[1, 5, 6, 12, 13]).
Another method has been to design resilience into the
sourcecoderso theeffect of channelerrorsis reducedand
lesschannelcodingis necessary[2, 3, 7, 8, 9].

Many datatransmissionenvironmentsarecharacterized
by unknown andhighly varyingchannelconditions.In mo-
bile wirelessenvironments,it canbedifficult to accurately
measurechannelconditionsand adaptthe coding. Like-
wise,in abroadcastchanneleachreceiverexperiencesadif-
ferentchannel,so designinga goodcodingschemefor all
receiversmaymeandesigningfor theworstcase.Othersys-
temsexperiencetransmissionerrorsin the form of packet
loss due to buffer overflow, mis-routing,or unacceptably
long arrival delays.Thesesituationsaretypically modeled
by the packet erasurechannel.A mobile receiver mayex-
perienceboth packet lossesandalsobit errorson packets
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which arenot lost. In this paper, we introducea robusthy-
brid encodingschemeto addressthis combinationof chan-
nel impairments.

We presenta hybrid coderwhich combinesthe block
error control methodof [12, 13] with the zerotreepack-
etizationmethodof [8, 9]. The hybrid schemeprovides
morerobustperformanceover varyingchannelconditions.
Specifically, we measurethe performanceimprovementof
the hybrid coderon Jakes’ [4] modelfor a fadingchannel
combinedwith a packeterasuremodel.This modelis used
to simulatesourcedatabeing sentto a transmitter(wire-
line link) andthenbroadcastto a mobilereceiver (wireless
link). Theparticularhybrid codingmodelpresentedis not
claimedto beoptimal,but ratherwaschosenasanexample
of thepotentialimprovementpossibleusingthisnew design
approach.

2 The Hybrid Coder

The excellentcompressionperformanceof the SetPar-
titioning In HierarchicalTrees(SPIHT) [10] sourcecoder
comesat the expenseof a significantsensitivity to errors.
Errorsoften leadto a completelossof synchronizationin
the decoderdue to the useof variablelength coding. In
[12, 13], SPIHTis followedby astrongconcatenatedchan-
nel code(RCPC/CRC)which lowerstheprobabilityof de-
codingerrors,therebyprovidingprotectionagainstsynchro-
nization loss. Also, the CRC allows detectionof uncor-
rectedpacketssothesourcedecodercanstopdecodingbe-
fore errorspropagateandcorrupt the image. For a binary
symmetricchannel(BSC)of known errorrate,this method
oftenproducesacceptableimagequalitydueto theprogres-
sivenatureof thesourcecoder.

Sourcecodingcanbedesignedto provide noiserobust-
nesswithout explicit error-correctioncoding. The Packe-
tized ZerotreeWavelet (PZW) coder[8] provides robust-
nessby producinga compressedimage datastreamcon-
sisting of independentlydecodablepackets. PZW is an
error-resilientvariationon theEmbeddedZerotreeWavelet
(EZW) andSPIHTcoders[10, 11]. Groupsof waveletco-
efficient treesareplacedtogetherinto fixed lengthpackets



(typically hundredsof bits)with a 16-bitCRCfor errorde-
tection. At the receiver, packetsreceivedwith detecteder-
rorsarediscarded;othersaredecodableindependentof any
otherpacket. Missing treesareconcealedby interpolating
missinglow-low bandwaveletcoefficients;missinghigher
bandcoefficients are set to zero prior to inversewavelet
transformingthearray.

Thegrowing andpruningof coefficient treesin orderto
fit fixed-lengthpackets,aswell as the additionof a small
header, inducesomeperformanceloss,but they providero-
bustnessagainstpacket loss. Errorscannotpropagatebe-
yondpacketboundaries.Synchronizationis notlostif pack-
etsaredropped.Packetsareof equalimportance;givena
certainpacket lossrate; it matterslittle to the final PSNR
whichpacketswerelost.

Both PZW and SPIHT+RCPC/CRCcodershave diffi-
cultieson channelswith varyingconditions.PZW will suf-
fer many packet lossesas the bit error patternbecomes
more uniform. A single error in a packet will lead to a
packet erasure.TheSPIHT+RCPC/CRCcodermustusea
source/channelcoderateallocationdesignedfor the worst
casechannelbecausechannelcodestypically transition
rapidly from thedesignedperformanceto uncodedperfor-
mance(andevenworse)asthechanneldegrades.This sac-
rifices performancewhen the channelis clear - much of
theavailablerateis spenton channelcoding(especiallyfor
highly variablechannels).SincetheSPIHTsourcedecoder
requiresanuninterruptedstreamof sourcebits to maintain
synchronization,theSPIHT+RCPC/CRCcoderis alsosen-
sitive to packet erasureswhich occurearly in thetransmis-
sion.

Our proposedhybrid coderusesthePZW algorithmfor
sourcecoding.Eachpacket is protectedby theRCPC/CRC
codefrom [12, 13]. TheRCPC/CRCcodeis designedfor
channelconditionsin the middle of the expectedrange.
Somebit interleaving is alsousedto improve performance
of the RCPCcodeson the bursty channels.The resulting
datastreamis bettersuitedto handlea largerrangeof chan-
nel conditions.Wherea packet erasurewould truncatethe
bitstreamusing the SPIHT+RCPC/CRCcoder, the hybrid
systemcanuseall receivedpackets. PZW on its own can-
not handlearriving packetswith errors,but the hybrid has
theRCPC/CRCcodeto correctbit errorsmakingreceived
packetsuseful to the sourcedecoder. In essence,the two
approachesusedtogetherareintendedto helpfix theweak-
nessesof eachother.

3 The Channel Model

We modelthechannelasa discretechannelwith mem-
ory, combinedwith a packet erasurechannel. The dis-
cretecomponentusesJakes’ [4] model to simulatebinary
phase-shiftkeying (BPSK) transmissionover a flat-fading

Rayleighchannel.This modelis characterizedby two pa-
rameters- the averagereceivedSNR ( ����� ), which deter-
minestheaveragebit errorrate,andthenormalizedDoppler
spread	�
��	������ (i.e., themaximumDopplershift nor-
malizedby the datarate), which determineshow quickly
thechannelchangesover time (largevaluesof 	�
 indicate
fastchangesover time, leadingto shortbursts).Thechan-
nel model was selectedto accuratelysimulatethe fading
channelscommonin mobile wirelessenvironments. The
packet erasureportion of the channelwas modeledusing
the probability of packet erasure,��������������� , and a packet
burst lengthparameter , which is the numberof consec-
utiveerasedpackets.Within themodel,thesourceoutputis
dividedinto groupsof  packets,andeachgroupis erased
with probability �!�#"$�%���&�'�����&�'(��� so that theoverall era-
surerate is � �)���'���*�&� regardlessof the burst length. This
modelwaschosento simulatea wireline network in which
packetlossesoccurdueto acombinationof queueoverflow,
mis-routing,anddelayconstraints(for video). Thepacket
burst lengthparameterallows themodelto producebursty
packet lossestypical of network impairments.To test the
effectof correlatedpacketerasures,burstsof lengths +�-,
(i.e., independentpacket erasures)and  .�/,*0 weresimu-
latedfor eacherasurerate.

4 Results and Conclusions

To comparethe three algorithms for robustness,we
chosea rangeof channelconditionswith variousdiscrete
error and packet error parameters.The Rayleigh fading
channelrangedfrom low-power slow-fading( 	1
2�3,�054�6 ,
�����7�8,�019;: ) to moderate-power fast-fading( 	�
<�>=@?
,�0 4%A , �����B�B=�019;: ). Packet erasureparameterstested
werecombinationsof erasurerate �%���&�'�����&�@�8C�05D 0;,�E&05DF,�G
andburst lengths  3�HC�,�E*,�0IG . The SPIHT+RCPC/CRC
coderandthehybridcoderwereeachoptimizedfor a fixed
channelnear the middle of the range( �����J�K,�L dB,
	 
 �M,�0 4%A , no packet erasure).The optimizationcrite-
rion wasthe minimizationof the meandecodedMSE. No
optimizationwasdonefor thePZW coder;onecouldalter
variousparameterssuchasthe packet length,wavelet de-
compositiondepth,andtreebranchingrateto optimizefor
a particularchannel,but it is not straightforwardto do this.
The algorithmswerethentestedusingthe 512? 512 Lena
imagewith total transmissionratefixed at 0.25bpp. Any
bit interleaving (for SPIHT+RCPC/CRCandhybridcoders)
waslimited to a maximumdepthof 70 bits. Eachchannel
conditionwastestedwith a minimumof 1000independent
trialsandasmany as3000trialson theslowestchannels.

Initial testsusedchannelswith only the Rayleighfad-
ing componentto analyzerobustnessto discreteerrors.
SPIHT+RCPC/CRCgenerally showed improved perfor-
mance(lowermeanMSE)for higherreceived ����� saswell
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Figure 1. Cumulative distrib utions of decoded PSNR for the 512x512 Lena image over channels
with varying packet erasure parameter s and fading parameter s 	�
Q�B,*0 4�A , �����R�B,�= dB. (Total
transmission rate 0.25 bpp.)

as for fasterchannels(larger Doppler spread). On faster
channels,the interleaver is effective in making the error
moreuniform over thedata.This kind of errorpatterncan
oftenbecorrectedby theRCPCcode. In contrast,theper-
formanceof the PZW coderdegradesfor fasterchannels
becausetheerrorsarelessbursty- morepacketsarelost for
agivenaverageerrorrate.Thehybridcoder, whichcantol-
eratea few lost packetsbut hastheability to correctsome
bit errors,showedcompetitive if not superiorperformance
for all testedchannels(basedon themeanMSE).

In a secondsetof tests,we fixed the Rayleighchannel
parameters( 	1
S�2,*0 4%A and �5���T�2,*= dB) andvariedthe
packet erasuresettings. Becausethe SPIHT+RCPC/CRC
algorithmmuststopdecodingat thefirst uncorrectederror

or erasure,channelswith high erasureratesleadto higher
probabilityof incompletedecodingandlowerperformance.
Also, for a givenpacket erasurerate,theperformancewas
betteron channelswith long erasureburst lengthssimply
becausethe more uniform erasurepatternshave a higher
likelihoodof the first erasureoccurringearly in the trans-
mission. For PZW the performanceessentiallydepends
only on the numberof lost packetsandnot the particular
patternof lossesdueto packet erasuresor bit erasures,so
theperformanceonchannelswith packeterasureswassim-
ilar to that on Rayleighchannelswith lower SNR.Again,
the hybrid coder’s robustnessallows it to perform com-
petitively over the rangeof differentpacket erasurechan-
nelsandbetterin the casewherepacket erasuresarehigh
(�����&�'�������U�.0�DV, ) andpacketburstlengthis low (  W�X, ).



Figure 2. Images displa yed here sho w the visual effects of loss for the hybrid coder (left) vs. the
SPIHT+RCPC/CRC coder (right) at equal distor tion ( Y[Z]\^�.�.=1L�D`_�aIb ).

Figures1(a) - 1(d) areplots of the cumulative distribu-
tions of the decodedPSNRfor the secondgroup of tests
(fixedRayleighchannelandvaryingpacketerasureparam-
eters).Theseplotsshow theoverallperformancecharacter-
isticsof eachalgorithmover thedifferentchannels.Curves
showing good performancelie near the bottom and right
axes, indicating a low probability of decodingat a low
PSNRand high probability of decodingat a high PSNR.
If thecurvefor onealgorithmlies entirelybelow andto the
right of thecurvefor anotheralgorithm,thenwecouldcon-
cludethatthefirst algorithmis better. We alsoneedto take
into accountthefactthatthedistortionfrom thechanneler-
rors doesnot manifestitself in the sameway for different
algorithms. In caseswherethe total distortion is high, it
would bepreferableto have thatdistortionconcentratedin
a small region of the reconstructedimage. The visual ef-
fectsof thedistortioncanbesomewhatmitigatedby using
thecorrelationof neighboringlow distortionregionsto hide
theerrors.Alternatively, whenthetotaldistortionis low, vi-
sualqualitywill bebetterif thatdistortionis spreadequally
over theimage.

Because of the progressive nature of the
SPIHT+RCPC/CRCcoder, the distortion is evenly dis-
tributed. In thehigh errorcase,thereconstructionappears
blurry becausethe distortioncorrespondsto little received
high frequency content. Data organizationin the hybrid
coderis suchthat the distortion is not distributedequally
over the image. Eachpacket containsinformationabouta
numberof small spatialregionsin the image. If a packet
is lost, the distortionwill be spatially limited to the areas
describedby thatpacket. Thequality of datafrom packets
whicharesuccessfullydecodedwill beasgoodastheinitial
sourcecodingrateallows. Interpolationof lost coefficients
in the low frequency bandof thewaveletdecompositionis
usedto further improve the final visual quality. Figure 2
shows two imageswith equalPSNRs,onefrom thehybrid

coder, and one from the SPIHT+RCPC/CRCcoder. One
can see, in this high distortion case,that the regions of
the imagewhich weresuccessfullydecodedby the hybrid
methodhave low distortion,while theSPIHT+RCPC/CRC
coderhasdistortiondistributedover theentireimage.

This analysisregardingthevisualqualitiesseenfor dif-
ferentPSNRsis importantwhenreadingthecumulativedis-
tribution plots. Takinginto accountthefact that thehybrid
coderis visually betterat low PSNRvalues,we find that
thehybrid coder, which maynot performbestfor any sin-
gle channel,shows robust performanceover a large range
of possiblechannels.In Figure3, we show sampleimages
representingthe medianquality expectedfor the threeal-
gorithmsover two differentchannels.The top row of im-
agesweresentovera channelwith highpacketerasurerate
andmoderatebit errors. The bottomrow channelhadno
packeterasuresandlongburstsof bit errors.Overthesetwo
channels,thehybridcoderis visuallymorerobustthanboth
theSPIHT+RCPC/CRCandPZW. By tradingoff someper-
formanceoptimization(thehybrid maynot be thebestfor
any particularchannel)we have addedtheflexibility of the
coderto performwell over a wide rangeof channelcondi-
tions.

Becauseseverechannelscanleadto large variationsin
decodedimagequality over differenttrials, it is difficult to
decisively concludewhich codingmethodis superior. The
bestchoicefor any singlechannelor smallrangeof channel
conditionsdependson theendapplication.To designa ro-
bustcoder, we cannotbasetheevaluationon a singlenum-
ber suchasmeandecodedMSE due to the very different
shapesof the decodedMSE distributionsandthe different
visualqualitiesat low PSNRvalues.However, usingthecu-
mulative distribution plots, andthe visual resultsobtained
by this research,it is clear that the hybrid performscom-
petitively acrossall channelconditionsanddegradesmore
gracefullyunderthemostsevereconditions.
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Figure 3. These Images sho w the median performance of the three algorithms for two channels.
Images in the top row were sent across a channel dominated by packet erasures. The channel for
the bottom row of images was a slo w-fading low-po wer channel (high probability of bit errors in long
bursts) with no packet erasure . Overall transmission rate was 0.25bpp.

For moredetailednumericalresults,pleasevisit ourweb
siteathttp://code.ucsd.edu
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