Image Transmission over Channels
with Bit Errorsand Packet Erasures

PamelaC. Cosman,JonK. RogersP. Greg Sherwod,andKennethZeger*

Abstract

We considera hybrid mixture of an image coder for
bit-error channelsand an image coderfor padet erasue
channels.Thefirst schemeusesrate-compatiblgpunctued
convolutional (RCPC)/cyclicredundancyode(CRC)con-
catenatecchannelcodingwith embeddeaentree wavelet
souice coding while the secondtechniquegroupstreesof
waveletcoeficientsinto fixed-lengthpadets that provide
robustnessgainstpadketerasues.We demonstatethatthe
hybrid image coderoutperformseither of the two building
block methodson certain channelsthat sufer both padet
lossesand statisticallyvaryingbit errors.

1 Introduction

Thetransmissiomf imagesacrossoisychannelss fun-
damentallymportantin mary applicationsandis still anac-
tiveresearciproblem.Onebasicapproacthasbeento start
with ahigh-performanceourcecoder andprotectits output
from errorsby addingredundang (e.g.,[1, 5, 6, 12, 13)).
Another method has beento designresilienceinto the
sourcecodersothe effect of channelerrorsis reducedand
lesschannekodingis necessary?, 3, 7, 8, 9].

Many datatransmissiorervironmentsare characterized
by unknavn andhighly varyingchannekonditions.In mo-
bile wirelessenvironmentsjt canbe difficult to accurately
measurechannelconditionsand adaptthe coding. Like-
wise,in abroadcasthannekachreceiverexperiencesdif-
ferentchannel,so designinga good codingschemeor all
receversmaymeandesigningor theworstcase Othersys-
temsexperiencetransmissiorerrorsin the form of paclet
loss dueto buffer overflow, mis-routing,or unacceptably
long arrival delays. Thesesituationsaretypically modeled
by the paclet erasurechannel. A mobile recever may ex-
perienceboth paclet lossesand also bit errorson paclets
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which arenotlost. In this paperwe introducea robusthy-
brid encodingschemeo addresshis combinationof chan-
nelimpairments.

We presenta hybrid coderwhich combinesthe block
error control methodof [12, 13] with the zerotreepack-
etizationmethodof [8, 9]. The hybrid schemeprovides
morerobust performancever varying channelconditions.
Specifically we measurahe performancemprovementof
the hybrid coderon Jales’ [4] modelfor a fadingchannel
combinedwith a paclet erasurenodel. This modelis used
to simulatesourcedatabeing sentto a transmitter(wire-
line link) andthenbroadcasto a mobilerecever (wireless
link). The particularhybrid codingmodelpresenteds not
claimedto be optimal,but ratherwaschoserasanexample
of thepotentialimprovementpossibleusingthis new design
approach.

2 TheHybrid Coder

The excellentcompressiorperformanceof the SetPar
titioning In HierarchicalTrees(SPIHT) [10] sourcecoder
comesat the expenseof a significantsensitvity to errors.
Errorsoftenleadto a completeloss of synchronizatiorin
the decoderdue to the use of variablelength coding. In
[12, 13, SPIHT s followedby a strongconcatenatedhan-
nel code(RCPC/CRCWwhich lowersthe probability of de-
codingerrors therebyproviding protectionagainssynchro-
nizationloss. Also, the CRC allows detectionof uncor
rectedpacletssothe sourcedecodercanstopdecodingbe-
fore errorspropagateand corruptthe image. For a binary
symmetricchannel(BSC) of known errorrate,this method
oftenproducescceptablémagequality dueto the progres-
sive natureof the sourcecoder

Sourcecodingcanbe designedo provide noiserobust-
nesswithout explicit errorcorrectioncoding. The Packe-
tized ZerotreeWavelet (PZW) coder[8] provides robust-
nessby producinga compressedmage datastreanton-
sisting of independentlydecodablepaclets. PZW is an
errorresilientvariationon the Embedded erotreeWavelet
(EZW) andSPIHT coderg[10, 11]. Groupsof waveletco-
efficienttreesare placedtogetherinto fixed lengthpaclets



(typically hundredsf bits) with a 16-bit CRCfor errorde-
tection. At therecever, pacletsrecevedwith detectecker-
rorsarediscardedpthersaredecodabléendependensf arny
otherpaclet. Missingtreesare concealedy interpolating
missinglow-low bandwavelet coeficients; missinghigher
band coeficients are setto zero prior to inversewavelet
transforminghearray

The growing andpruningof coeficienttreesin orderto
fit fixed-lengthpaclets,aswell asthe additionof a small
headerinducesomeperformancdoss,but they provide ro-
bustnessagainstpaclet loss. Errors cannotpropagatebe-
yondpacletboundariesSynchronizatioiis notlostif pack-
etsaredropped. Paclketsare of equalimportance;givena
certainpaclet lossrate; it matterslittle to the final PSNR
which pacletswerelost.

Both PZW and SPIHT+RCPC/CRCodershave diffi-
cultieson channelswvith varyingconditions.PZW will suf-
fer mary paclet lossesas the bit error patternbecomes
more uniform. A single error in a paclet will leadto a
paclet erasure.The SPIHT+RCPC/CRCodermustusea
source/channaloderate allocationdesignedor the worst
case channelbecausechannel codestypically transition
rapidly from the designedberformanceo uncodedperfor
mance(andevenworse)asthe channeldegrades.This sac-
rifices performancewhen the channelis clear- much of
theavailablerateis spenton channekoding(especiallyfor
highly variablechannels) Sincethe SPIHT sourcedecoder
requiresan uninterruptedstreamof sourcebits to maintain
synchronizationthe SPIHT+RCPC/CRCoderis alsosen-
sitive to paclet erasuresvhich occurearlyin the transmis-
sion.

Our proposechybrid coderusesthe PZW algorithmfor
sourcecoding. Eachpacletis protectecoy the RCPC/CRC
codefrom [12, 13]. The RCPC/CRCcodeis designedor
channelconditionsin the middle of the expectedrange.
Somebit interleaving is alsousedto improve performance
of the RCPCcodeson the bursty channels. The resulting
datastreans bettersuitedto handlea largerrangeof chan-
nel conditions. Wherea paclet erasurevould truncatethe
bitstreamusing the SPIHT+RCPC/CRQoder the hybrid
systemcanuseall receved paclets. PZW on its own can-
not handlearriving pacletswith errors,but the hybrid has
the RCPC/CRCcodeto correctbit errorsmakingreceved
paclets usefulto the sourcedecoder In essencethe two
approachessedtogetherareintendedo helpfix theweak-
nessesf eachother

3 TheChannel Mod€

We modelthe channelasa discretechannelwith mem-
ory, combinedwith a paclet erasurechannel. The dis-
cretecomponenusesJales’ [4] modelto simulatebinary
phase-shifkeying (BPSK) transmissiorover a flat-fading

Rayleighchannel. This modelis characterizedby two pa-
rameters the averagereceived SNR (SNR), which deter
minestheaveragebit errorrate,andthenormalizedDoppler
spreadfp = fm/R (i.e.,themaximumbDopplershift nor-
malizedby the datarate), which determineshow quickly
the channelchangesvertime (largevaluesof fp indicate
fastchangesvertime, leadingto shortbursts). The chan-
nel model was selectedto accuratelysimulatethe fading
channelscommonin mobile wirelesservironments. The
paclet erasureportion of the channelwas modeledusing
the probability of paclet erasure perqsure, anda paclet
burstlength parametetL, which is the numberof consec-
utive eraseaclets. Within themodel,the sourceoutputis
dividedinto groupsof L paclkets,andeachgroupis erased
with probabilityp = (perasure)/L SOthatthe overall era-
surerate is perqasure regardlessof the burst length. This
modelwaschoserto simulatea wireline network in which
pacletlossesccurdueto acombinatiorof queueoverflow,
mis-routing,anddelay constraintgfor video). The paclket
burstlengthparameteallows the modelto producebursty
paclet lossestypical of network impairments. To testthe
effectof correlatecpbacleterasureshurstsof lengthsL = 1
(i.e.,independenpaclet erasuresand . = 10 weresimu-
latedfor eacherasuregate.

4 Reaultsand Conclusions

To comparethe three algorithms for robustness,we
chosea rangeof channelconditionswith variousdiscrete
error and paclet error parameters. The Rayleighfading
channelrangedfrom low-power slow-fading(fp = 1075,
SNR = 10dB) to moderate-paer fast-iding(fp = 2 x
10~*, SNR = 20dB). Packet erasureparametersested
were combinationsof erasureate pergsure = {0.01,0.1}
andburstlengthsL = {1,10}. The SPIHT+RCPC/CRC
coderandthe hybrid coderwereeachoptimizedfor afixed
channelnear the middle of the range (SNR = 13 dB,
fp = 10~%, no paclet erasure). The optimizationcrite-
rion wasthe minimizationof the meandecodedMSE. No
optimizationwasdonefor the PZW coder;onecould alter
variousparametersuchasthe paclet length, wavelet de-
compositiondepth,andtree branchingrateto optimizefor
aparticularchannelput it is not straightforvardto do this.
The algorithmswerethentestedusingthe 512x512 Lena
imagewith total transmissiorratefixed at 0.25bpp. Any
bit interlearing (for SPIHT+RCPC/CR@ndhybridcoders)
waslimited to a maximumdepthof 70 bits. Eachchannel
conditionwastestedwith a minimumof 1000independent
trials andasmary as3000trials onthe slovestchannels.

Initial testsusedchannelswith only the Rayleighfad-
ing componentto analyzerobustnessto discreteerrors.
SPIHT+RCPC/CRCgenerally shaved improved perfor
mance(lower meanMSE)for higherrecevedSNRsaswell



1
0.75}
<
A\
£ osl
n
a
o
0.25}
0
15 30
PSNR(dB)
(a) Paclet ErasureRate0.01, BurstLengthl
1
0.75}
<
A\
£ osl
n
a
o
0.25}

30

PSNR(dB)

(c) Paclet ErasureRate0.01, BurstLength10

0.75r

0.5¢

P(PSNR < x)

0.25r

15 20 25 30
PSNR(dB)

(b) Paclet ErasureRate0.10, BurstLengthl

©
3
a

0.5¢

P(PSNR < x)

0.25r

30

PSNR(dB)

(d) Paclet ErasureRate0.10, BurstLength10

Figure 1. Cumulative distrib utions of decoded PSNR for the 512x512 Lena image over channels
with varying packet erasure parameters and fading parameters fp = 10~*, SNR = 12 dB. (Total

transmission rate 0.25 bpp.)

asfor fasterchannels(larger Doppler spread). On faster
channelsthe interleaver is effective in making the error
moreuniform over the data. This kind of errorpatterncan
oftenbe correctedby the RCPCcode. In contrastthe per
formanceof the PZW coderdegradesfor fasterchannels
because¢heerrorsarelessbursty- morepacketsarelostfor
agivenaverageerrorrate. The hybrid coder which cantol-
eratea few lost pacletsbut hasthe ability to correctsome
bit errors,shaved competitve if not superiorperformance
for all testedchannelgbasednthemeanMSE).

In a secondsetof tests,we fixed the Rayleighchannel
parameter§fp = 10~* andSNR = 12 dB) andvariedthe
paclet erasuresettings. Becausehe SPIHT+RCPC/CRC
algorithmmuststopdecodingat the first uncorrectederror

or erasurechannelswith high erasureratesleadto higher

probabilityof incompletedecodingandlower performance.
Also, for a given paclet erasureate,the performancevas

betteron channelswith long erasureburst lengthssimply

becausehe more uniform erasurepatternshave a higher

likelihood of the first erasureoccurringearlyin the trans-
mission. For PZW the performanceessentiallydepends
only on the numberof lost paclets and not the particular
patternof lossesdueto paclet erasure®r bit erasuresso

theperformancen channelsith pacleterasuresvassim-

ilar to thaton Rayleighchannelswith lower SNR. Again,

the hybrid coders robustnessallows it to perform com-

petitively over the rangeof differentpaclet erasurechan-
nelsandbetterin the casewherepaclet erasuresre high

(Perasure = 0.1) andpacletburstlengthis low (L = 1).



Figure 2. Images displa yed here show the visual effects of loss for the hybrid coder (left) vs. the
SPIHT+RCPC/CRC coder (right) at equal distor tion (PSNR = 23.5dB).

Figuresl(a)- 1(d) areplots of the cumulatve distribu-
tions of the decodedPSNRfor the secondgroup of tests
(fixedRayleighchannelandvarying paclet erasurgparam-
eters).Theseplotsshaw the overall performanceharacter
istics of eachalgorithmoverthe differentchannelsCurves
shaving good performancdie nearthe bottom and right
axes, indicating a low probability of decodingat a low
PSNRand high probability of decodingat a high PSNR.
If thecurve for onealgorithmlies entirelybelow andto the
right of the curve for anotheralgorithm,thenwe couldcon-
cludethatthefirst algorithmis better We alsoneedto take
into accounthefactthatthedistortionfrom thechannekr
rors doesnot manifestitself in the sameway for different
algorithms. In caseswherethe total distortionis high, it
would be preferableto have thatdistortionconcentratedh
a small region of the reconstructedmage. The visual ef-
fectsof the distortioncanbe someavhat mitigatedby using
thecorrelationof neighboringow distortionregionsto hide
theerrors.Alternatively, whenthetotal distortionis low, vi-
sualquality will bebetterif thatdistortionis spreacequally
overtheimage.

Because of the progressie nature of the
SPIHT+RCPC/CRCcoder the distortion is evenly dis-
tributed. In the high error case the reconstructiorappears
blurry becausehe distortioncorrespondso little receved
high frequeng content. Data organizationin the hybrid
coderis suchthatthe distortionis not distributed equally
over the image. Eachpaclet containsinformationabouta
numberof small spatialregionsin the image. If a paclet
is lost, the distortionwill be spatiallylimited to the areas
describedby that packet. The quality of datafrom paclets
whicharesuccessfullylecodedvill beasgoodastheinitial
sourcecodingrateallows. Interpolationof lost coeficients
in thelow frequeny bandof the waveletdecompositions
usedto further improve the final visual quality. Figure 2
shaws two imageswith equalPSNRsonefrom the hybrid

coder and one from the SPIHT+RCPC/CRQoder One
can see, in this high distortion case,that the regions of
the imagewhich were successfullydecodedoy the hybrid
methodhave low distortion,while the SPIHT+RCPC/CRC
coderhasdistortiondistributedovertheentireimage.

This analysisregardingthe visual qualitiesseenfor dif-
ferentPSNRds importantwhenreadinghecumulative dis-
tribution plots. Takinginto accounthefactthatthe hybrid
coderis visually betterat low PSNRvalues,we find that
the hybrid coder which may not performbestfor ary sin-
gle channel,shavs robust performanceover a large range
of possiblechannels.In Figure3, we shav sampleimages
representinghe medianquality expectedfor the threeal-
gorithmsover two differentchannels.The top row of im-
agesweresentovera channelith high pacleterasuregate
and moderatebit errors. The bottomrow channelhad no
pacleterasuresindlong burstsof bit errors.Overthesewo
channelsthehybrid coderis visually morerobustthanboth
the SPIHT+RCPC/CR@ndPZW. By tradingoff someper
formanceoptimization(the hybrid may not be the bestfor
ary particularchannel)wve have addedthe flexibility of the
coderto performwell over a wide rangeof channelcondi-
tions.

Becausesevere channelscanleadto large variationsin
decodedmagequality over differenttrials, it is difficult to
decisvely concludewhich codingmethodis superior The
bestchoicefor ary singlechannebr smallrangeof channel
conditionsdepend®n the endapplication.To designa ro-
bustcoder we cannotbasethe evaluationon a singlenum-
ber suchas meandecodedVMSE dueto the very different
shapeof the decodedVSE distributionsandthe different
visualqualitiesatlow PSNRvalues.However, usingthecu-
mulative distribution plots, andthe visual resultsobtained
by this researchit is clearthat the hybrid performscom-
petitively acrossall channelconditionsand degradesmore
gracefullyunderthemostsesereconditions.
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Figure 3. These Images show 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 slow-fading low-power channel (high probability of bit errors in long
rate was 0.25bpp.

bursts) with no packet erasure . Overall transmission

For moredetailednumericalresults pleasevisit ourweb
siteathtt p: // code. ucsd. edu
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