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ABSTRACT

A joint source-channetoding schemefor scalablevideo is de-

velopedin this paper An SNR scalablevideo coderis usedand
UnequalError Protection(UEP)is allowedfor eachscalabldayer

Our problemis to allocatethe available bit rate acrossscalable
layersand, within eachlayer, betweensourceand channelcod-

ing, while minimizing the end-to-enddistortion of the receved

video sequenceTheresultingoptimizationalgorithmwe propose
utilizes universalrate-distortioncharacteristiplots. Theseplots

shaw thecontrikution of eachlayerto thetotal distortionasafunc-

tion of thesourcerateof thelayerandtheresiduabit errorrate(the

error rate that remainsafter the useof channelcoding). Models
for theseplots areproposedn orderto reducethe computational
compleity of the solution. Experimentakesultsdemonstratéhe

effectivenesof the proposedapproach.

1. INTRODUCTION

During the pastfew yearstherehasbeenanincreasingnterestin
multimediacommunicationsver differenttypesof channels.In
recentdaysa significantamountof researcthasbeenfocusedon
multimediatransmissiomverwirelesschannelsThisis acomple
andchallengingproblemdueto the multipathfading characteris-
tics of thechannel.

Sourcecoding is concernedwith the efficient representation
of asignal. While bit errorsin theuncompressesignalcancause
minimal distortion,in its compresseformata singlebit errorcan
leadto significantlylargererrors. Hencefor transmissiorover an
error pronechannel,it is imperatize that channelcoding be em-
ployed to make the datamore resilientto channelerrorsby in-
creasingheredundang

Traditionally, sourceand channelcoding have beenconsid-
eredindependently The reasonbehindthis is Shannors impor-
tantinformation-theoreticesultestablishinghe principle of sep-
arability [1]. It statesthatthe designof sourceandchannelcod-
ing canbe separatedvithout ary lossin optimality aslong asthe
sourcecodingproducesa bit ratethat canbe carriedby the chan-
nel. This principlerelieson the crucialassumptiorthatthe source
and channelcodescan be of arbitrarylong lengths. In practical
situations dueto limitations on the computationapower andpro-
cessingdelaysthis assumptiordoesnot hold. It is thenof benefit
to consideithe problemof sourceandchannekodingjointly. Joint
source-channealodingis anactive researclarea.A review of joint
source-channalodingfor wirelesschannelsanbefoundin [2].
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Fig. 1. Block diagramof atypical videotransmissiorsystem.

In a compressedideo bit streamthe variouspartsof the bit
streamare not equally importantto the quality of the decoded
videosequenceThus,insteadof protectingthemequally it would
be advantageougo protectthe most important parts of the bit
streammorethanthelessimportantparts. This is theideaof data
partitioningandUnequalError Protection(UEP). In this work we
apply UEPto thelayersof a scalablebit stream.

The break-upof the bit streaminto subsetf varying qual-
ity using a scalablecodeclendsitself naturallyto emplg/ing an
unequalerror protectionscheme.The baselayer is typically bet-
ter protectecthanthe enhancemenayers. This allows for added
degreesof freedomin selectingthe ratesthat will minimize the
overall distortion. In [3], the benefitsof usingscalabilityin aner-
ror proneervironmentareshavn by examiningall the scalability
modessupportecdby MPEG-2in anATM network.

Thebasicblock structureof the systemwe areconsideringn
this paperis shavn in Fig. 1. We begin with a scalablevideo bit
streamthatis channelcodedusinga specifiedchannelrate. This
channelcodedinformationis theninterleaved and modulatedfor
transmissiorover the channel. At the recever the informationis
demodulateédnddeinterlea&ed. Thisreceivedchannebatais then
decodedusing a channeldecoderand finally sentto the source
decoder In this paperwe extend our previously reportedresults
([4, 5, 6]) by usingamodelfor the UniversalRateDistortionChar
acteristics Themodelusedis similarto the oneproposedn [7].

Therestof the paperis organizedasfollows. In section2 we
describethe elementof the videotransmissiorsystem,.e., scal-
able video coding (section2.1), channelencoding(section2.2),
andwirelesschannel(section2.3). In section3, the joint source
coding optimizationalgorithmis described.In section4, exper
imental resultsare presentedand in section5, conclusionsare
drawn.
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Fig. 2. Proposedartitioningof DCT coeficientsfor SNR scala-
bility.

2. VIDEO TRANSMISSION SYSTEM

2.1. SCALABLE VIDEO CODING

A scalablevideo codecproducesa bit streamwhich can be di-

videdinto embeddedubsetswhichcanbeindependentlglecoded
to provide video sequencesf increasingquality. Thus,a single
compressiommperationcanproducebit streamswith differentrates
andreconstructedjuality. A subsebf the original bit streamcan
be initially transmittedto provide a baselayer quality with extra
layerssubsequentlyransmittedasenhancemenayers.

Therearethreemaintypesof scalability: Signal-to-NoiseRa-
tio (SNR), spatialandtemporal.In SNR scalability the enhance-
mentin quality translatesn anincreasen the SNR of therecon-
structedvideo sequencewhile in spatialandtemporalscalability
the spatialandtemporalresolution respectiely, is increasedWe
describenext a methodfor SNR scalabilitywhich requiresonly a
singleDCT andquantizatiorstep[4, 8].

In theproposeSNRscalablevideoencoderaftermotioncom-
pensationthe DCT of the predictionerror is taken, asin a non-
scalableencoder Then, a valueis subtractedrom eachquanti-
zation coeficient index. Subtractinga value from a coeficient
reduceghenumberof bits requiredfor its transmissiorbut clearly
increaseshe distortion. The numberof bits requiredis decreased
becausdor the VariableLength Code(VLC) tablesproposedy
the standardsthe lengthof the codevord generallyincreasesvith
the quantizatiorlevel index. The coeficientindicesaretransmit-
tedasbasdayer(alongwith themotionvectorsandotheroverhead
information)andthesubtracted/aluesaretransmittecasenhance-
mentlayer The decoderreconstructghe quantizedDCT coefi-
cientsby addingthe subtractedralues(if the enhancemenrtyer
is available)to the valuesit received with the baselayer. If more
thantwo scalabldayersarerequired the valuessubtractedor the
creationof thebaselayerarefurtherbrokeninto othervalues.For
example,if we wantto transmita coeficient with magnitudeof
level 9 usingthreelayers,we cantransmitlevel 5 asbaselayer,
level 2 asfirst enhancemenrayer andlevel 2 assecondenhance-
mentlayer We have developedan optimal algorithm for deter
mining the partitioningof the DCT coeficientswhichis basedon
LagrangiamptimizationandDynamicProgrammingd4, 8].

2.2. Channel Coding

Rate-Compatibl®uncturedConvolutional(RCPC)codedor chan-
nel codingareusedin this work. Puncturedconvolutional codes
arefamiliesof channelcodesthat are obtainedby puncturingthe

output of a “mother” convolutional code[9]. Puncturingis the
procesf remaving, or deleting,bits from the outputsequencén
a predefinedmannerso thatfewer bits aretransmittedthanin the
original codeleadingto a highercodingrate. The ideaof punc-
turing was extendedto include the conceptof rate compatibility
[10]. Ratecompatibilityrequireghatahigherratecodebeasubset
of a lower ratecode,or thatlower protectioncodesbe embedded
into higherprotectioncodes.Thisis accomplishedby puncturinga
“mother” codeof ratel/n to achieve higherrates(lessprotection).

2.3. WirelessChannels

Wireless,or mobile, channeldiffer from the traditional Additive
White GaussiarNoise (AWGN) andwired computemetworksin
thetypesof errorsthey introduce aswell as,in theseverity of these
errors. A characteristideatureof wirelesschannelds multipath
fading. It is the resultingdegradationwhen multiple versionsof
a signal arereceved from differentdirectionsat differenttimes.
For thecasein which no directline-of-sightis availableasin most
urbanareaswe referto this channelasa Rayleighfadingchannel
in which the receved signalis corruptedby multiplicative noise
having Rayleighdistribution.

Thus, given a transmittedsignal «(t) over a slowly fading
AWGN channelusing Binary PhaseShift Keying (BPSK) mod-
ulation, the receved signal r(¢) over a signalingperiod can be
representeds

r(t) = a(t)exp D ut) + 2(t), 0<t<T, 1)

wherez(t) is white gaussiamoise,«(t) is the attenuatiorfactor
dueto fading over the signalingperiod T" and ¢(t) is the phase
shift of the received signal. For this signalthe attenuatiorfactor
a(t) is aRayleighrandomprocesswith the phaseshift ¢(t) being
uniformly distributedover theintenal (—m, 7).

In this paper we assumehata(t) and(t) areconstanover
a signalingperiod. In the caseof BPSK modulationover a fad-
ing channel,if thereceved signals phasecanbe estimatedrom
the signalfor coherentdemodulationthe receved signal canbe
recoveredwith theuseof amatchedilter [11].

3. OPTIMAL BIT ALLOCATION BETWEEN SOURCE
AND CHANNEL CODING

It hasnow becomeclearthatchannekodingis necessaryn order
to provide reliablevisualcommunicationgver awirelesschannel.
Thus, the available bit budgetshouldbe sharedbetweensource
andchannelcoding. However, it is not obvious how the bit allo-
cationshouldbe performed.In this sectionwe proposea way of
optimally allocatingthe availablebits betweersourceandchannel
coding.

The formal statemenbf the problemwe are solving hasas
follows: Givenan overall bit rate Rp,qge¢, We wantto optimally
allocatebits betweenthe sourceand channelcoding suchas the
overall distortion D, . is minimized,thatis,

min Ds+c SUbjECt[O Rs+c < Rbudget: (2)

whereR; . is thetotal bit rateusedfor sourceandchannetoding
for all layersand D is the resultingexpected distortionwhich
is dueto both sourcecoding errorsand channelerrors. The dis-
tortion thatis causeddy sourcecodingis dueto quantizatiorand
is deterministic. However, the distortiondueto channelerrorsis



stochastic.Thus,thetotal distortionis alsostochasti@andwe use
its expectedvalue.

For L scalabldayers,R; . isequalto Rs 4. = Ele Rsye,,
whereR; . is thebit rateusedfor sourceandchannebodingfor
scalablelayer!. It is equalto Rs1.; = R s,0 and

R., arethe sourceand channelrates, respectyely, for scalable
layer!. It shouldbeemphasizedhat R, ; is in bits/sand R, is a
dimensionlessumber

The problemis a discreteoptimizationproblem,thatis, R, ;
and R, canonly take valuesfrom disc:retesetsR’s and Ri, re-
spectiely, i.e.,R,; € RY, R.; € RL.

Wewill now utilize Lagrangiaroptimizationto solve theprob-
lemof Eq. (2). In orderto reducethecomputationatompleity of
thesolution, it is usefulto write the overall distortion D, 4. asthe
sumof distortionsperscalabldayers:

L
Ds+c = ZDS+C,l' (3)

In asubband-basestalablecodeciit is straightforvardto express
the distortionasthe sumof distortionsper layer sinceeachlayer
correspondso differenttransformcoeficients. However, in our
scalablecodec,we needto redefinedistortionperlayerasthe dif-
ferential improvement of includingthelayerin thereconstruction.
Thereforejn theabsencef channekerrors,only thedistortionfor
layer 1 (baselayer) would be positive and the distortionsfor all
otherlayerswould be negative sinceinclusionof theselayersre-
ducesheMeanSquarecError (MSE).

Anotherobsenation that shouldbe madeis thatthe differen-
tial improvementin the MSE thattheinclusionof a scalabldayer
causesdependson the ratesof the previous layers. For exam-
ple, for a two layer case,an enhancementayer of 28 kbps will
causea differentimprovementin the MSE dependingon therate
usedfor the baselayer The differentialimprovementdependsn
how goodthe picturequality wasto startwith beforetheinclusion
of the next scalablelayer Therefore,Eq. (3) canbe written as
Ds+c = ZIL:I Ds+c,l(Rs+c,1, ey Rs+c,l)-

We arenow readyto utilize Lagrangiaroptimizationin order
to solve theoptimizationproblem.Theconstrainegroblemof Eq.
(2) is transformednto the unconstrainegroblemof minimizing

J()\) = Ds+c + )\Rs+c- (4)

Our problemnow reducesto finding the OperationalRate-
DistortionFunctiondORDF) D (., ..., .) for eachscalabldayer.
Thus,we shouldexperimentallyobtainthe expecteddistortionfor
eachlayer for all possiblecombinationsof sourceand channel
ratesandall possiblechannekonditions.This would becomepro-
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
shav theexpecteddistortionperlayerasa functionof thebit error
rate(afterchannekoding).In this paper we assumehefollowing
modelfor the URDC.

1.

Ds+c 1= a[logIO(P )] (5)
wherea andb are suchthat the squareof the approximationer-
ror is minimized. Thus, insteadof calculatingthe URDCsusing
experimentalresultsfor all possiblebit error ratesof interest,we

experimentallycalculatethe expecteddistortionfor afew bit error
ratesandusethe modelto approximatehe distortionfor otherbit

errorrates.Assumingtwo scalabldayers,threechoicesof source
codingratesperlayerandthreechanelcodingratesperlayer, three
URDCswould berequiredfor the baselayer, onefor eachsource
codingrate. Furthermorenine URDCswould be requiredfor the
enhancemeniyer, sincefor eachadmissiblesourcecodingrate
for the enhancemeniayer, we needthree URDCs, one for each
selectionof baselayer sourcecodingrate. We needto specifya

differentparameteset(a, b) for eachURDC.

We also needto obtain plots that shav the channelbit error
probability (bit error rate after channelcoding) as a function of
sourcecoding ratesand channelparameters.Theseshouldonly
dependon the channemodelusedandthe channelkodes.For the
caseof a Rayleighfading channelassumlng)erfectlnterleanng,
the channelparameteis the SNR per bit —"E[ 2. We will call
theseplots Channel Error Plots (CEP).By comblnlngthe Chan-
nel Error Plotsandthe UniversalRate-DistortionCharacteristics,
we canestimatethe OperationaRate-DistortionFunctions.More
detailscanbefoundin [4, 5, 6].

4. EXPERIMENTAL RESULTS

We performedthe above optimization procedureusing the pro-
posedmodelfor the UniversalRate-DistortionCurves. Threedata
pointswereusedto obtainthe parametera andb for eachORDC.
Thosepoints correspondedo bit error ratesof 107, 10~° and
10~%. The datapointswere obtainedusingrepeatedxperiments
(30 runs) and taking the averagedistortion. Figure 3 shaws the
expecteddistortion versusthe bit error rate for an enhancement
layer sourcerate of 28 kbpsassuminghat the baselayer source
ratewas also 28 kbps. Both the resultsof the modelandthe ac-
tual pointsusedto obtainthe parametersf the modelareshown.
Note thatto obtainthe enhancemenayer distortion,only the en-
hancementayeris corruptedwith errors,sincewe assumehatthe
total distortionis the sumof the baseandenhancemeniayer dis-
tortions. Also, to obtainthe ORDFsusedfor the optimization,we
needto subtractthe baselayer distortionsincethe ORDFsof the
enhancemernayersaredefinedasthe differentialimprovementof
receving the enhancemenrlfyer in additionto the baselayer It
canbe seenfrom the plot that the fit of the modelto the datais
good.

We alsotestedthe proposedmodel by comparingthe results
of the optimal allocationbetweensourceand channelcoding ob-
tainedwithout the model with resultsobtainedusingthe model.
We assumeda Rayleigh fading channelwith additive Gaussian
noiseandperfectinterleaving (i.e., we assumehatthe samplef
the Rayleighrandomprocessx;, areindependentdentically dis-
tributed(i.i.d.)). The modulationschemewasBinary PhaseShift
Keying (BPSK)with coherentdetection. Rate-Compatibléunc-
tured Cornvolutional codes(RCPC codes)were usedfor channel
coding.OnebaseandoneenhancemerayerwasassumedTable
1 shavstheoptimaloperatingpoints(rateallocationsn theconvex
hull of the overall rate-distortioncurve) for a 10 dB Rayleighfad-
ing channebspresentedh [4], withoutusingthe proposednodel.
Sourceandchannelrate combinationsnot appearingn this table
arenotoptimal,i.e., thereareentriesin this tablewith bothlower
total rate and lower distortion. We chosethe setsof admissible
sourceratesfor bothlayersto beR; = R? = {28,42, 56} kbps.
Thesetof admissiblechannerateswaschosertobeR. = R2 =
{1/2,2/3,4/5}. WeusedRCPCcodeswith mothercoderatel/2



Ryt (kbps) | Rs,1 (kbps) | Re,1 | Rs,2 (kKbps) | Re,2
70 28 4/5 28 4/5
77 28 2/3 28 4/5
84 28 2/3 28 2/3
98 28 1/2 28 2/3
112 28 1/2 28 1/2
168 56 1/2 28 1/2
224 56 1/2 56 1/2

Table 1. Optimal rate allocationfor two layer single-passSNR
scalablevideoover a 10 dB Rayleighfadingchannelfrom [4]).

Ryt (kbps) | Rs,1 (kbps) | Re,1 | Rs,2 (kKbps) | Re,2
70 28 4/5 28 4/5
77 28 2/3 28 4/5
84 28 2/3 28 2/3
98 28 1/2 28 2/3
112 28 1/2 28 1/2
119 42 2/3 28 1/2
140 42 1/2 28 1/2
224 56 1/2 56 1/2

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

from [10].

Table2 shavs the optimal operatingpointsfor the samesetup
usingthe proposednodel. It canbe seenthatthe resultsarevery
similar, thusproving thevalidity of themodel. Theonly difference
is thatwith the useof the model,the 168 kbpstotal rateis not on
the corvex hull of the solution,thusit doesnot appeaiin Table2,
while total ratesof 119 kbpsand140kbpsareon the convex hull
of thesolution.

5. CONCLUSIONS

In this papemwe extendedour previousresultsreportedn [4, 5, 6]
by utilizing a parametrionodelfor the UniversalRate-Distortion
Characteristics Without the useof the model, we would have to
conductsimulationsto find the expecteddistortion for every bit
error rate that correspondso an admissiblechannelcodingrate.
With the useof the model, we have shavn thatit is possibleto
only conductsimulationsfor a smallnumberof bit errorratesand
usethe modelto estimatethe distortionfor otherbit error rates,
thusreducingthe computationatomplexity of thesolution.
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