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ABSTRACT

A joint source-channelcoding schemefor scalablevideo is de-
velopedin this paper. An SNR scalablevideo coderis usedand
UnequalErrorProtection(UEP)is allowedfor eachscalablelayer.
Our problemis to allocatethe available bit rate acrossscalable
layersand, within eachlayer, betweensourceand channelcod-
ing, while minimizing the end-to-enddistortion of the received
videosequence.Theresultingoptimizationalgorithmwe propose
utilizes universalrate-distortioncharacteristicplots. Theseplots
show thecontributionof eachlayerto thetotaldistortionasafunc-
tion of thesourcerateof thelayerandtheresidualbit errorrate(the
error ratethat remainsafter the useof channelcoding). Models
for theseplotsareproposedin orderto reducethecomputational
complexity of thesolution. Experimentalresultsdemonstratethe
effectivenessof theproposedapproach.

1. INTRODUCTION

During thepastfew yearstherehasbeenan increasinginterestin
multimediacommunicationsover different typesof channels.In
recentdaysa significantamountof researchhasbeenfocusedon
multimediatransmissionoverwirelesschannels.Thisis acomplex
andchallengingproblemdueto themultipathfadingcharacteris-
ticsof thechannel.

Sourcecoding is concernedwith the efficient representation
of a signal.While bit errorsin theuncompressedsignalcancause
minimal distortion,in its compressedformata singlebit errorcan
leadto significantlylargererrors.Hencefor transmissionover an
error pronechannel,it is imperative that channelcodingbe em-
ployed to make the datamore resilient to channelerrorsby in-
creasingtheredundancy.

Traditionally, sourceand channelcoding have beenconsid-
eredindependently. The reasonbehindthis is Shannon’s impor-
tant information-theoreticresultestablishingtheprinciple of sep-
arability [1]. It statesthat the designof sourceandchannelcod-
ing canbeseparatedwithout any lossin optimality aslong asthe
sourcecodingproducesa bit ratethatcanbecarriedby thechan-
nel. This principlerelieson thecrucialassumptionthatthesource
andchannelcodescanbe of arbitrary long lengths. In practical
situations,dueto limitationson thecomputationalpower andpro-
cessingdelaysthis assumptiondoesnot hold. It is thenof benefit
to considertheproblemof sourceandchannelcodingjointly. Joint
source-channelcodingis anactive researcharea.A review of joint
source-channelcodingfor wirelesschannelscanbefoundin [2].
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Fig. 1. Block diagramof a typical videotransmissionsystem.

In a compressedvideo bit streamthe variouspartsof the bit
streamare not equally important to the quality of the decoded
videosequence.Thus,insteadof protectingthemequally, it would
be advantageousto protect the most important parts of the bit
streammorethanthelessimportantparts.This is theideaof data
partitioningandUnequalError Protection(UEP).In this work we
applyUEPto thelayersof a scalablebit stream.

The break-upof the bit streaminto subsetsof varying qual-
ity usinga scalablecodeclendsitself naturally to employing an
unequalerrorprotectionscheme.The baselayer is typically bet-
ter protectedthantheenhancementlayers. This allows for added
degreesof freedomin selectingthe ratesthat will minimize the
overall distortion. In [3], thebenefitsof usingscalabilityin aner-
ror proneenvironmentareshown by examiningall thescalability
modessupportedby MPEG-2in anATM network.

Thebasicblock structureof thesystemwe areconsideringin
this paperis shown in Fig. 1. We begin with a scalablevideobit
streamthat is channelcodedusinga specifiedchannelrate. This
channelcodedinformationis theninterleaved andmodulatedfor
transmissionover the channel.At the receiver the informationis
demodulatedanddeinterleaved.Thisreceivedchanneldatais then
decodedusing a channeldecoderand finally sent to the source
decoder. In this paperwe extendour previously reportedresults
([4, 5, 6]) by usingamodelfor theUniversalRateDistortionChar-
acteristics.Themodelusedis similar to theoneproposedin [7].

Therestof thepaperis organizedasfollows. In section2 we
describetheelementsof thevideotransmissionsystem,i.e., scal-
able video coding (section2.1), channelencoding(section2.2),
andwirelesschannel(section2.3). In section3, the joint source
codingoptimizationalgorithm is described.In section4, exper-
imental resultsare presentedand in section5, conclusionsare
drawn.
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Fig. 2. Proposedpartitioningof DCT coefficientsfor SNRscala-
bility.

2. VIDEO TRANSMISSION SYSTEM

2.1. SCALABLE VIDEO CODING

A scalablevideo codecproducesa bit streamwhich can be di-
videdinto embeddedsubsets,whichcanbeindependentlydecoded
to provide video sequencesof increasingquality. Thus,a single
compressionoperationcanproducebit streamswith differentrates
andreconstructedquality. A subsetof theoriginal bit streamcan
be initially transmittedto provide a baselayer quality with extra
layerssubsequentlytransmittedasenhancementlayers.

Therearethreemaintypesof scalability:Signal-to-NoiseRa-
tio (SNR),spatialandtemporal.In SNRscalability, theenhance-
mentin quality translatesin an increasein theSNRof the recon-
structedvideosequence,while in spatialandtemporalscalability
thespatialandtemporalresolution,respectively, is increased.We
describenext a methodfor SNRscalabilitywhich requiresonly a
singleDCT andquantizationstep[4, 8].

In theproposedSNRscalablevideoencoder, aftermotioncom-
pensation,the DCT of the predictionerror is taken, as in a non-
scalableencoder. Then,a value is subtractedfrom eachquanti-
zation coefficient index. Subtractinga value from a coefficient
reducesthenumberof bits requiredfor its transmissionbut clearly
increasesthedistortion. Thenumberof bits requiredis decreased
becausefor the VariableLengthCode(VLC) tablesproposedby
thestandards,thelengthof thecodeword generallyincreaseswith
thequantizationlevel index. Thecoefficient indicesaretransmit-
tedasbaselayer(alongwith themotionvectorsandotheroverhead
information)andthesubtractedvaluesaretransmittedasenhance-
ment layer. The decoderreconstructsthe quantizedDCT coeffi-
cientsby addingthe subtractedvalues(if the enhancementlayer
is available)to thevaluesit receivedwith thebaselayer. If more
thantwo scalablelayersarerequired,thevaluessubtractedfor the
creationof thebaselayerarefurtherbrokeninto othervalues.For
example,if we want to transmita coefficient with magnitudeof
level

�
usingthreelayers,we can transmitlevel � asbaselayer,

level � asfirst enhancementlayerandlevel � assecondenhance-
ment layer. We have developedan optimal algorithm for deter-
mining thepartitioningof theDCT coefficientswhich is basedon
LagrangianoptimizationandDynamicProgramming[4, 8].

2.2. Channel Coding

Rate-CompatiblePuncturedConvolutional(RCPC)codesfor chan-
nel codingareusedin this work. Puncturedconvolutional codes
arefamiliesof channelcodesthatareobtainedby puncturingthe

output of a “mother” convolutional code[9]. Puncturingis the
processof removing, or deleting,bits from theoutputsequencein
a predefinedmannerso that fewer bits aretransmittedthanin the
original codeleadingto a highercodingrate. The ideaof punc-
turing wasextendedto include the conceptof ratecompatibility
[10]. Ratecompatibilityrequiresthatahigherratecodebeasubset
of a lower ratecode,or that lower protectioncodesbeembedded
into higherprotectioncodes.Thisis accomplishedby puncturinga
“mother” codeof rate ����� to achievehigherrates(lessprotection).

2.3. Wireless Channels

Wireless,or mobile,channelsdiffer from the traditionalAdditive
White GaussianNoise(AWGN) andwired computernetworks in
thetypesof errorsthey introduce,aswell as,in theseverity of these
errors. A characteristicfeatureof wirelesschannelsis multipath
fading. It is the resultingdegradationwhenmultiple versionsof
a signalarereceived from differentdirectionsat different times.
For thecasein whichnodirectline-of-sightis availableasin most
urbanareaswe refer to this channelasa Rayleighfadingchannel
in which the received signal is corruptedby multiplicative noise
having Rayleighdistribution.

Thus, given a transmittedsignal �
	���
 over a slowly fading
AWGN channelusingBinary PhaseShift Keying (BPSK) mod-
ulation, the received signal ��	���
 over a signalingperiod can be
representedas

��	���
�����	���
���������� ��!#"�$%�&	���
('*)+	���
-,/.102��0234, (1)

where )+	���
 is white gaussiannoise, �5	���
 is theattenuationfactor
due to fadingover the signalingperiod 3 and 6�	���
 is the phase
shift of the received signal. For this signalthe attenuationfactor��	���
 is a Rayleighrandomprocesswith thephaseshift 6�	���
 being
uniformly distributedover theinterval 	8749:,89&
 .

In this paper, we assumethat ��	���
 and 6:	���
 areconstantover
a signalingperiod. In the caseof BPSK modulationover a fad-
ing channel,if the received signal’s phasecanbe estimatedfrom
the signal for coherentdemodulation,the received signalcanbe
recoveredwith theuseof a matchedfilter [11].

3. OPTIMAL BIT ALLOCATION BETWEEN SOURCE
AND CHANNEL CODING

It hasnow becomeclearthatchannelcodingis necessaryin order
to providereliablevisualcommunicationsoverawirelesschannel.
Thus, the available bit budgetshouldbe sharedbetweensource
andchannelcoding. However, it is not obvious how the bit allo-
cationshouldbe performed.In this sectionwe proposea way of
optimallyallocatingtheavailablebitsbetweensourceandchannel
coding.

The formal statementof the problemwe are solving hasas
follows: Given an overall bit rate ;=<?>�@-A-B " , we want to optimally
allocatebits betweenthe sourceandchannelcodingsuchas the
overall distortion C1D8E�F is minimized,thatis,

GIH#J C D�EKF subjectto ; D�E�F 0L; <?>�@ A�B " , (2)

where;MD�E�F is thetotalbit rateusedfor sourceandchannelcoding
for all layersand C D�EKF is theresultingexpected distortionwhich
is dueto both sourcecodingerrorsandchannelerrors. The dis-
tortion that is causedby sourcecodingis dueto quantizationand
is deterministic.However, the distortiondueto channelerrorsis



stochastic.Thus,thetotal distortionis alsostochasticandwe use
its expectedvalue.

For N scalablelayers,OMP�QKR is equalto O=P�QKRTSVUXWY#Z�[ O P8Q�R \ Y^]
whereO P�QKR-\ Y is thebit rateusedfor sourceandchannelcodingfor
scalablelayer _ . It is equalto O P�QKR-\ Y Sa`�b�c d`�e c d

] where O P \ Y and

O R-\ Y are the sourceand channelrates,respectively, for scalable
layer _ . It shouldbeemphasizedthat O P-\ Y is in bits/sand O R \ Y is a
dimensionlessnumber.

Theproblemis a discreteoptimizationproblem,that is, O P-\ Y
and O R \ Y canonly take valuesfrom discretesets f YP and f YR , re-
spectively, i.e., O P \ Y
g f YP ] O R-\ Y&g f YR�h

Wewill now utilize Lagrangianoptimizationto solvetheprob-
lemof Eq. (2). In orderto reducethecomputationalcomplexity of
thesolution,it is usefulto write theoverall distortion ijP�Q�R asthe
sumof distortionsperscalablelayers:

i P�QKR S Wk
Y#Z�[ i P�QKR-\ Y h (3)

In a subband-basedscalablecodec,it is straightforwardto express
thedistortionasthe sumof distortionsper layersinceeachlayer
correspondsto different transformcoefficients. However, in our
scalablecodec,we needto redefinedistortionper layerasthedif-
ferential improvement of includingthelayerin thereconstruction.
Therefore,in theabsenceof channelerrors,only thedistortionfor
layer 1 (baselayer) would be positive and the distortionsfor all
otherlayerswould be negative sinceinclusionof theselayersre-
ducestheMeanSquaredError (MSE).

Anotherobservation thatshouldbemadeis that thedifferen-
tial improvementin theMSE thattheinclusionof a scalablelayer
causesdependson the ratesof the previous layers. For exam-
ple, for a two layer case,an enhancementlayer of 28 kbpswill
causea differentimprovementin theMSE dependingon the rate
usedfor thebaselayer. Thedifferentialimprovementdependson
how goodthepicturequalitywasto startwith beforetheinclusion
of the next scalablelayer. Therefore,Eq. (3) can be written as
ijP�Q�R�SVU WY#Z
[ i P�Q�R \ Yml OMP�Q�R \ [ ] h�hnh ] O P8Q�R \ Y�o h

We arenow readyto utilize Lagrangianoptimizationin order
to solvetheoptimizationproblem.Theconstrainedproblemof Eq.
(2) is transformedinto theunconstrainedproblemof minimizing

p l?qKo Sri P8Q�R:s q O P8Q�R h (4)

Our problem now reducesto finding the OperationalRate-
DistortionFunctions(ORDF) i P�Q�R \ Y^l h ] h#h#h ] h o for eachscalablelayer.
Thus,we shouldexperimentallyobtaintheexpecteddistortionfor
eachlayer for all possiblecombinationsof sourceand channel
ratesandall possiblechannelconditions.Thiswouldbecomepro-
hibitively complex for even a small numberof admissiblesource
and channelratesand channelconditions. Thus, we have cho-
sento relax the optimality of the algorithm and utilize Univer-
sal Rate-Distortion Characteristics (URDC).Thesecharacteristics
show theexpecteddistortionperlayerasa functionof thebit error
rate(afterchannelcoding).In thispaper, weassumethefollowing
modelfor theURDC.

i P�QKR-\ Y S�t�u v#wyx [?z l|{}
~ o^��� (5)

where t and � aresuchthat the squareof the approximationer-
ror is minimized. Thus, insteadof calculatingthe URDCsusing
experimentalresultsfor all possiblebit error ratesof interest,we

experimentallycalculatetheexpecteddistortionfor a few bit error
ratesandusethemodelto approximatethedistortionfor otherbit
errorrates.Assumingtwo scalablelayers,threechoicesof source
codingratesperlayerandthreechanelcodingratesperlayer, three
URDCswould berequiredfor thebaselayer, onefor eachsource
codingrate. Furthermore,nineURDCswould berequiredfor the
enhancementlayer, sincefor eachadmissiblesourcecodingrate
for the enhancementlayer, we needthreeURDCs,one for each
selectionof baselayer sourcecodingrate. We needto specifya
differentparameterset l t ] � o for eachURDC.

We alsoneedto obtainplots that show the channelbit error
probability (bit error rate after channelcoding) as a function of
sourcecoding ratesandchannelparameters.Theseshouldonly
dependon thechannelmodelusedandthechannelcodes.For the
caseof a Rayleighfadingchannelassumingperfectinterleaving,
thechannelparameteris theSNRperbit �K��(�+� u �:� � . We will call
theseplots Channel Error Plots (CEP).By combiningthe Chan-
nel Error PlotsandtheUniversalRate-DistortionCharacteristics,
we canestimatetheOperationalRate-DistortionFunctions.More
detailscanbefoundin [4, 5, 6].

4. EXPERIMENTAL RESULTS

We performedthe above optimizationprocedureusing the pro-
posedmodelfor theUniversalRate-DistortionCurves.Threedata
pointswereusedto obtaintheparameterst and � for eachORDC.
Thosepoints correspondedto bit error ratesof {������ , {n����� and

{�� ��� . Thedatapointswereobtainedusingrepeatedexperiments
(30 runs)and taking the averagedistortion. Figure3 shows the
expecteddistortion versusthe bit error rate for an enhancement
layer sourcerateof 28 kbpsassumingthat the baselayer source
ratewasalso28 kbps. Both the resultsof the modelandthe ac-
tual pointsusedto obtaintheparametersof themodelareshown.
Note that to obtaintheenhancementlayerdistortion,only theen-
hancementlayeris corruptedwith errors,sinceweassumethatthe
total distortionis thesumof thebaseandenhancementlayerdis-
tortions.Also, to obtaintheORDFsusedfor theoptimization,we
needto subtractthebaselayerdistortionsincethe ORDFsof the
enhancementlayersaredefinedasthedifferentialimprovementof
receiving the enhancementlayer in additionto the baselayer. It
canbe seenfrom the plot that the fit of the model to the datais
good.

We also testedthe proposedmodelby comparingthe results
of theoptimal allocationbetweensourceandchannelcodingob-
tainedwithout the model with resultsobtainedusing the model.
We assumeda Rayleigh fading channelwith additive Gaussian
noiseandperfectinterleaving (i.e.,we assumethatthesamplesof
the Rayleighrandomprocess��� areindependentidentically dis-
tributed(i.i.d.)). ThemodulationschemewasBinary PhaseShift
Keying (BPSK) with coherentdetection.Rate-CompatiblePunc-
tured Convolutional codes(RCPCcodes)wereusedfor channel
coding.Onebaseandoneenhancementlayerwasassumed.Table
1 showstheoptimaloperatingpoints(rateallocationsin theconvex
hull of theoverall rate-distortioncurve) for a 10 dB Rayleighfad-
ing channelaspresentedin [4], withoutusingtheproposedmodel.
Sourceandchannelratecombinationsnot appearingin this table
arenot optimal,i.e., thereareentriesin this tablewith bothlower
total rate and lower distortion. We chosethe setsof admissible
sourceratesfor bothlayersto be f [P SVf �P S����y� ]�� � ]-���%� kbps.
Thesetof admissiblechannelrateswaschosento be f [R Srf �R S� {�� � ] � �y� ]�� � ��� h WeusedRCPCcodeswith mothercoderate {�� �



OMP�Q�R (kbps) OMP-\ [ (kbps) O�R-\ [ OMP-\ � (kbps) OMR-\ �
70 28 � � � 28 � � �
77 28 � ��� 28 � � �
84 28 � ��� 28 � ���
98 28 {�� � 28 � ���
112 28 {�� � 28 {�� �
168 56 {�� � 28 {�� �
224 56 {�� � 56 {�� �

Table 1. Optimal rateallocationfor two layer single-passSNR
scalablevideoover a 10 dB Rayleighfadingchannel(from [4]).

O P�Q�R (kbps) O P-\ [ (kbps) O R-\ [ O P-\ � (kbps) O R-\ �
70 28 � � � 28 � � �
77 28 � ��� 28 � � �
84 28 � ��� 28 � ���
98 28 {�� � 28 � ���
112 28 {�� � 28 {�� �
119 42 � ��� 28 {�� �
140 42 {�� � 28 {�� �
224 56 {�� � 56 {�� �

Table 2. Optimal rateallocationfor two layer single-passSNR
scalablevideo over a 10 dB Rayleigh fading channel (using
model).

from [10].
Table2 shows theoptimaloperatingpointsfor thesamesetup

usingtheproposedmodel. It canbeseenthat theresultsarevery
similar, thusproving thevalidity of themodel.Theonly difference
is thatwith theuseof themodel,the168kbpstotal rateis not on
theconvex hull of thesolution,thusit doesnot appearin Table2,
while total ratesof 119kbpsand140kbpsareon theconvex hull
of thesolution.

5. CONCLUSIONS

In this paperwe extendedour previousresultsreportedin [4, 5, 6]
by utilizing a parametricmodelfor theUniversalRate-Distortion
Characteristics.Without the useof the model,we would have to
conductsimulationsto find the expecteddistortion for every bit
error rate that correspondsto an admissiblechannelcodingrate.
With the useof the model,we have shown that it is possibleto
only conductsimulationsfor a smallnumberof bit errorratesand
usethe model to estimatethe distortion for otherbit error rates,
thusreducingthecomputationalcomplexity of thesolution.
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