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This paperpresentsa multiple descriptionimagecodingscheme

that facilitatesthe transmissionof digital imageryover multiple
noisy channels. The proposedschemedivides the image into
smallerpartsthat aretransmittedover the individual channelsof
aninversemultiplexing system.Thedivisionor splittingis donein
suchafashionthatit facilitatestheinterpolationof lostcoefficients
in the caseof oneor morechannelfailures. At the receiver, the
imageis reconstructedby properassemblyof the datareceived
from eachchannel.In caseof channelfailure,themissingcoeffi-
cientsareestimatedfrom theavailabledatawith theuseof anovel
post-processingscheme.For operationover four noisy channels
with variousbit errorprobabilities,we investigatethequantitative
andsubjective performanceof theproposedsystemfor thecaseof
multiplechannelfailures.

� ��� ��� �������.� � � �
Inversemultiplexing is theprocessof aggregatingseverallow-rate
channelsto form aneffectivehigher-ratechannel.Transmissionof
digital imageryoverthese(possiblynoisy)channelsposesaninter-
estingdesignproblem.Althoughthisproblemis somewhatsimilar
to transmissionof imageryover packet-basednetworks [1], [2],
therearecertaindifferencesbetweenthe two scenariosthat facil-
itate improved interpolationof lost datain the multiple channel
case.

Generally speaking,multiple descriptionsourcecoding ad-
dressesthe problemof partial lossof a binarysourcedescription
during transmission[3]. In the currentcontext, multiple descrip-
tions of the imageare transmittedover multiple noisy channels,
suchthatif oneor moreof thechannelsbecomesnon-functional,a
usefulrepresentationof the imagecanbereconstructedat thede-
coder. Additionally, werequirethatif all channelsareoperational,
thereconstructedimageshouldbeidenticalto thecasewhereasin-
glehigher-ratechannelis utilized. Accordingly, theoriginalimage
is split or dividedinto smallerpartsthatform themultipledescrip-
tionsof theimage.Thesepartsarethencodedandtransmittedover
thelow-ratenoisychannels.At thedecoder, aninverseprocedure
is appliedto reassemblethemultiple imagedescriptions.

Theproblemof splitting the input imagehasa numberof con-
straints.Theimageshouldbesplit in suchawaysoasto minimize
the amountof redundantinformationthat is senton eachof the
channelscomprisingtheinversemultiplexedsystem.In thecaseof
channelfailure,postprocessingmustbeperformedat thedecoder
to improve the visual quality andthe PSNRof the reconstructed
image.Thus,thesplitting schemeshouldfacilitatetheestimation
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of lostcoefficientsfromavailablecoefficientsin thecaseof channel
failure.

This paper is organizedas follows. Section2 provides an
overview of the inversemultiplexing systemandthe imagecod-
ing topologythatis employed. Theproposedmultiple description
andpost-processingschemesaredescribedin Section3. Coding
examplesarediscussedin Section4, anda conclusionis given in
Section5.
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An inversemultiplexer is adevice thatcombinesanumberof low-
bandwidthchannelsto form an effective high-bandwidthchan-
nel [4]. Thegoalof this device is to useexisting resourcesmore
effectively, ratherthanthemoreexpensive alternativeof replacing
the low-bandwidthchannelswith oneor morechannelsof higher
bandwidth.Theinversemultiplexerisanad-hocsolution,however.
The numberof channelsthat are combinedis varied depending
uponthe bandwidthrequirement.That is, channelsaredropped
andaddeddependingontheinstantaneousbandwidthrequirement.
For example,higherbandwidthmayberequiredat thebeginning
of a video sequence,whereintraframeencodingis employed, as
opposedto themiddleof thesequencewhereinterframeprediction
is used.Morechannelswouldbecombinedat thebeginningof the
transmission,andthe channelsthatarenot neededat a later time
wouldbedropped.Thedevice is illustratedin Figure1. Thechan-
nelsthatform theinversemultiplexer would have differentdelays
and possiblydifferent bit error probabilities(BEPs), in general.
The protocolsthat run on the device have beendesignedto han-
dle thevaryingdelaysandchannelcharacterisitics.In thepresent
work, weassumethatall of thechannelshave identicaldelaysand
identicalchannelcharacteristics.
©s�¦© ��������¶.·^��¸ ¢J�8¹ � £ ¸ �B� ��º ¹��8�
Theimagecodingtopologyutilized in thepresentwork is amodi-
fiedversionof theimagecoderpresentedin [5]. Theblockdiagram
is shown in Figure2. In thiscoder, theinput imageis decomposed
into 22 subbandsusing a modified Mallat tree configurationas
shown in Figure3. Eachsubbandis partitionedinto four classes
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asdiscussedin Section3. All resultingsequencesarethenquan-
tizedusingfixed-ratechannel-optimizedtrellis-codedquantization
(COTCQ) [5]. Rateallocationis performedin anoptimalfashion
by aniterative techniquethatusestherate-distortionperformance
of the variousdesignedchannel-optimizedtrellis-basedquantiz-
ers.Notethatthis coderconfigurationenablesthetransmissionof
compresseddataover noisy channelswithout the useof channel
coding.

For theproposedimagecodec,theCOTCQ stagewasdesigned
for usewith thebinarysymmetricchannel(BSC),characterizedby
bit errorprobability, ÁMÂ . For theconsideredimagecodingapplica-
tion, we deriveda generalexpressionof thetransitionprobability
matrix in termsof theencodingbit rate, Ã .

TheCOTCQdesignwasperformedto supportthefollowing bit
errorprobabilities:

ÁxÂÅÄ p�Æ p8Ç®p8Æ p>pAp8�AÇ&p8Æ pAp>pnk�Ç&p�Æ pAp8�AÇ1p�Æ pApnk�Ç&p8Æ p��>ÇFp8Æ pnk�Ç
p�ÆO�>Ç®p8ÆO�Uk�Ç1p�Æ l�ÇFp8Æ l>k�Ç1p�Æ È�Ç1p�Æ Ènk�ÇFp8Æ É8ÇFp�Æ É�k�ÇFp8Æ k�Æ

For eachÁxÂ , fixed-rateCOTCQ codebooksweredesignedin one-
bit incrementsfrom ÃÊÄ � to ÃÊÄ �Yp bits per sample.COTCQ
codebooksweredesignedusingzero-mean,unit-variance,sample
sequencesderived from a Laplacianpseudo-randomnumbergen-
erator. In [5], we presenta fastCOTCQ encodingalgorithmthat
reducesthecomputationalcomplexity by a factorof ËÍÌ l , whereË5Ä lAÎsÏxÐ is thetotal numberof codewordsin theCOTCQcode-
book,and Ã is theencodingrate.
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In the presentwork, we addressthe four-channelinversemulti-
plexer case.A four-channelinversemultiplexer refersto thecase
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wherefour channelsarecombinedto form achannelwith aneffec-
tivebandwidthof four-timesthatof anindividual channel.
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Considerthesubbandsplitting schemeillustratedin Figure4. In
this scheme,four coefficients are combinedto form a group as
shown. Eachof the four coefficients in the group is senton a
differentchannelasindicatedby theshadeof thecoefficient. All
coefficients of the sameshadeare groupedtogetherto form a
smallersubbandthatis one-fourththesizeof theoriginalsubband.
Referringto the 22-banddecompositionillustratedin Figure 3,
considerthe LL subband,which is labeledas subband0. LetÖ<×8×\ØµÙ ÇÕÚ�Û

representacoefficientatposition
ØµÙ ÇÕÚ�Û

, andlet thesize
of the subbandbe

È>l¬Ü+Ènl
. Referringto Figure4, with the top

left corneras the origin, and 1 ÝßÞ¯Ý 16, 1 Ýáà4Ý 16, four LL
subbands,eachof dimensions

�JqzÜ<�Yq
, arecreatedby samplingthe

LL subbandasfollows:

Ö<×8× Ð Ø Þ Ç à Û Ä Ö�×:×{Ø l Þ<â �>Çãl à.â �UÛ Ø �UÛ
Ö ×8×:ä Ø Þ Ç à Û Ä Ö ×8× Ø l Þ<â �>Çãl à Û Ø l>Û
Ö<×8×8å�Ø Þ Ç à Û Ä Ö<×8×{Ø l Þ Çcl à.â �UÛ Ø ÈnÛ
Ö�×:×�ænØ Þ Ç à Û Ä Ö<×8×{Ø l Þ Çcl à ÛãÆ Ø É�Û

Thisruleisappliedtoall 22subbandsin thewavelet-transformed
imageto obtain four subimages,

Ö Ð Ç Ö<ä Ç Ö�å , and
Ö�æ

, eachof
which is one-fourththe sizeof the original image,

Ö
. Eachof

thesmallerimagesis codedat thespecifiedbit rateto obtainfour
codedbit streams. The statisticsof eachof the four subimages
aredifferent from eachother, andfrom the original image. The
subbandsin eachsubimagearenormalizedby subtractingtheir re-
spectivemean,anddividing by their respectivestandarddeviation.
Thesestatisticsaresentto thedecoderassideinformation.A com-
binationof repetitionandchannelcodingis utilized to ensurethat
thesideinformationis received without error. Eachof thecoded
bit streamsis thentransmittedon its assignedchannel.

At thereceiver, eachof thefourbit streamsisdecodedto provide
four subimages.An inverseoperationis performedto reassemble
thesubimages.Usingthesameconventionasabove,thisoperation
is expressedas:

Ö<×8×\Ø l Þ<â �AÇcl à�â �YÛ Ä Ö<×8× Ð Ø Þ Ç à Û Ø k>Û
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Ö<×8×\Ø l Þ<â �AÇcl à Û Ä Ö�×:×8ä>Ø Þ Ç à Û Ø qnÛ
Ö<×8×\Ø l Þ Çcl à.â �UÛ Ä Ö�×:×�ånØ Þ Ç à Û Ø m>Û
Ö ×8× Ø l Þ Çcl à Û Ä Ö ×8×8æ Ø Þ Ç à ÛãÆ Ø jnÛ

This operationis appliedto all 22 subbands.One important
differenceat thedecoderis thatall channelsmaynot beavailable.
In thecaseof channelloss,only theavailablecoefficientsareused
in the above equations. After this process,the inversewavelet
transformis appliedto recover thefull-sizecodedimage.

It is evident from Figure4 thatall theneighborsof a lost coef-
ficient areavailablein thecaseof a singlechannelfailure. When
two channelsfail, theavailability of the closestneighborscannot
be guaranteed.Thus,the availability of neighboringcoefficients
dependson therelative locationof thefailedchannels.
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Post processingschemesare typically usedto remove visually
annoying artifactsandto provideerrorconcealmentin thereceived
imagein the caseof channelerrors. In the currentcontext, post
processingis usedto improve the quality of the image that is
received in the caseof channelfailure. A numberof schemes
addresstheproblemof imagerestorationin thecontext of packet
loss in packet-basednetworks [2, 1, 6]. The schemedeveloped
in thepresentwork addressestheproblemof imagerestorationin
thecaseof channelfailure. It differs from thepacket losscasein
thatthecoefficient losspatternis known, unlike therandomnature
of packet loss. Theknowledgeof thecoefficient losspatterncan
beexploitedto developefficient restorationschemes.Further, the
splittingschemewasdevelopedtospecificallyfacilitaterestoration.

Referringto Figure4, a lossof onechannelresultsin the loss
of coefficientscorrespondingto oneshade.Note that thosecoef-
ficientscorrespondingto theothershadesareavailable. The lost
coefficientsneedto beestimatedto improve thevisualqualityand
PSNRof thereconstructedimage.Theestimationtechniquesvary
acrosssubbands,as eachsubbandcarriesdifferent information,
andthe relationshipamongthe coefficients is different. The LL
subbandcontainsmostof theenergy in the image,andhencethe
lostcoefficientsin thissubbandmustbeestimatedasaccuratelyas
possibleto achieve goodrestoration. The LH andHL subbands

(i.e.,subbands1and2 in Figure3, respectively) containedgeinfor-
mation.Therestorationof lostcoefficientsin thesesubbandshelps
in obtainingsharpedgesin the reconstructedimage. The other
subbandsarerelatively lessimportantin termsof theimprovement
they provide to PSNRandvisualquality.

A numberof techniqueswereemployedto processtheLL sub-
band.Thesetechniquesincludedmeanfiltering, medianfiltering,
andWeinerfiltering. The PSNRandvisualquality of the recon-
structedimagewereusedasmetricsto measuretheeffectivenessof
thesetechniques.It wasfoundthatmedianfiltering givesthebest
resultsin termsof PSNRandvisual quality. In medianfiltering,
thelostcoefficient is replacedby themedianvalueof its neighbors
thataresortedin ascendingorder. In thecaseof a singlechannel
failure,everylostcoefficienthasall eightof itsneighborsavailable.
If thelost coefficient is representedby

Ö�ü ýcþ ÿ
, andif its neighbors

are
Ö Ð . . .

Ö � , then

Ö ü ýcþ ÿ Ä median
ØµÖ Ð ÆJÆ�Æ Ö � ÛãÆ Ø�� Û

Mean filtering was applied to the LH and HL subbandsin the
directionof thelow-passfiltering. Meanfiltering is usedsincethe
coefficientscorrespondingto edgeshavesimilarvalues.If thelost
coefficient is representedas

Ö��
, andits neighborsare

Ö���� Ð andÖ�� ÏxÐ , then Ö�� Ä
Ö���� Ð
	 Ö�� ÏxÐl Æ Ø �JpnÛ

Filtering in the LL, LH, and HL subbandsis performedafter
a symmetricextensionof the subbandon all four sides. Post
processingwas not performedon the remainingsubbandssince
PSNRandvisualqualitywerenot improved.
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Theproposedsystemwasusedto processthe

k��Yl&Ü�k��Ul
8-bit Lena

image,codedat total ratesof 0.25 bits/pixel (bpp) and 0.5 bpp,
usingtheCOTCQ-basedimagecoder. Theimagecoderproduces
four codedbit streams,eachcorrespondingto one of the four
channels. Eachbit streamis sentover a BSC, characterizedby
bit error probability, ÁxÂ . It is assumedthat all channelshave
identicalstatistics.TheBEPof eachchannelisallowedtovaryfrom
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0.0001to 0.1. Thereceiverreconstructstheimageby decodingthe
receivedbit streams,andreassemblingthecoefficients.

Thereconstructedimagewasevaluatedfor thecasesof nochan-
nel failure, one channelfailure, two channelfailures,and three
channelfailures.Theexperimentswereconductedwith andwith-
out the useof postprocessing.Both quantitative andsubjective
measureswereobserved. For thecasewherepostprocessingis not
used,themissingcoefficientsin theLL subbandarereplacedby the
averageof themeansof theavailableLL subbands.Theresultsare
shown in Figures5 (a)and(b), with overallencodingratesof 0.25
bppand0.5bpp,respectively. Eachpoint in Figure5 corresponds
to theaverageof ten independentexperiments.Fromthefigures,
it can be seenthat when one channelfails, the post processing
improvesthePSNRby about4 dB at almostall BEPs. Also note
thesignificantimprovementwith theuseof postprocessingwhen
two andthreechannelsarenon-functional.

Figures6 (a) and (b) show the subjective performanceof the
proposedsystemfor an overall encodingrate of 0.5 bpp, and a
bit errorprobabilityof ÁxÂ&Ä p8Æ p8� , with variousnumbersof chan-
nelsoperational.For thesystemwith postprocessing,remarkable
imagefidelity is obtainedevenwith threeoutof four channelsnon-
functional. Also, the subjective andquantitative performanceof
thesystemwhenall four channelsareoperationalis equivalentto
that obtainedif only onechannelwith four-timesthe bandwidth
is used.Thus,no performancepenaltyis imposedby thesplitting
scheme.

ø �û� � �.­F��� � � � �
A novel multiple descriptioncodingschemefor transmittingdigi-
tal imageryover multiple noisychannelshasbeenpresented.The
developedsplitting schemefacilitatesan interpolationprocessin
thecaseof channelfailure(s).Also, thedevelopedpost-processing
schemeexploits theknowledgeof thepatternof lost coefficients.
Whenall channelsareoperational,the splitting schemedoesnot
degradethequality of the reconstructedimage. Additionally, the

schemeprovidessignificantimprovementin thevisualqualityand
PSNRof the reconstructedimageryin the caseof channelfail-
ures. The proposedsystemaddressesthe problemsof channel
failuresin multichannelinverse-multiplexedsystems,aswell asbit
errorsin thecompressedbit streams.Quantitative andsubjective
performanceevaluationsverify thattheproposedsystemprovides
outstandingresultsin the presenceof channelerrors,and in the
caseof multiplechannelfailures.
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