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Abstract— The MPEG-4 video coding standard usesvariable
length codes (VLCs) to encode the indices of intra and inter
macroblocks after discrete cosine transform and quantization.
Although VLCs can achieve good compression, they are very
sensitive to channelerrors. Joint source-channeldecoding(JSCD)
is emerging asan ef�cient method for dealing with this sensitivity
to channelerrors. This paper proposesan integrated joint source-
channel decoder (I-JSCD) for �rst order Mark ov sourcescoded
with Huffman codes and convolutional codes over a binary
symmetric channel. The proposeddecoder combines the source
state space of the Huffman decoder and channel state space
of the Viterbi decoder together to construct a joint decoder
with a Viterbi-lik e structur e. We applied this I-JSCD to VLCs
of both inter and intra macroblocks in MPEG-4 coded video.
Experiments indicate that the proposeddecodergivessigni�cant
impr ovements(maximum 7 dB) than a separatescheme,where
a constrained joint source-channeldecoder is concatenatedwith
a Viterbi decoder at the samerate.

I . INTRODUCTION

With thebene�t of increasingbandwidthin theInternetand
wirelessnetworks, many new video communicationsapplica-
tions like Internetvideo streamingand mobile visual phone,
arebecomingmoreandmorepopular. Currently, mostof the
video coding standards,like MPEG-4, use variable length
codes (VLC). Although VLCs provide good compression
ef�ciency, they areverysensitive to channelerrors.A singlebit
error cancausethe decoderto parsethe codeword boundaries
incorrectly leading to a loss in synchronization.Such loss
of synchronizationadversely affects the reconstructedvideo
quality.

The MPEG-4standardprovides a set of tools to deal with
theerrorresilienceproblemwhich include:reversiblevariable
lengthcodes(RVLC) [1], [2], resynchronizationmarkers and
datapartitioning [3]. Althoughtheseerror resiliencetoolscan
protect the video streamfrom somechannelerrors and can
recover somecorruptedvideo frames;they can only restrict
the propagation of errors to a small region of time or space
and not eliminatethe errorscompletely. Therefore,when the
channelbit errorrateis very high, thedecodedvideosequence
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will still have many corruptedblocks,which couldpotentially
degradethe visual quality signi�cantly.

Joint source-channelcoding (JSCC)is regardedas a good
alternative for achieving reliable communicationof signals
acrossnoisychannels.TherationalebehindusingJSCCis that
in practicalsystems,Shannon's source-channelseparationthe-
orem[4] doesnotholdunderdelayandcomplexity constraints.
JSCCtries to designthe sourcecoderand channelcoder in
somejoint fashion,soasto provide bettererrorprotectionand
bandwidthutilization.JSCCschemescanbebroadlyclassi�ed
into threedifferent categories: joint source-channelencoding
(JSCE) [5], [6], joint source-channel decoding(JSCD) [7]-
[14], andrateallocationstrategies[15]. As thenamessuggest,
thesedeal with the joint design of encoders,decodersand
the rate allocation betweenthe channel and source codes
respectively. JSCD uses the redundancy remaining in the
compressedstreamafter sourcecoding to reducethe effect
of the channelnoise in the decodedsignal. JSCD schemes
canbefurtherclassi�ed into constrainedJSCD(C-JSCD)[7]-
[11] and integrated JSCD (I-JSCD) [12]-[14]. C-JSCDsare
typically sourcedecodersthat arebuilt usingprior knowledge
of channelcharacteristicswhile I-JSCDscombinethe source
andchanneldecoderinto oneunit. Examplesof C-JSCDsfor
sourceswith memoryinclude[7]-[11]. In [7], a source-symbol
synchronizedViterbi decoderwas designedfor convolutional
and VLC coded sources.Authors in [8] developed exact
and approximateMAP decoderfor variable length encoded
data transmittedover BSC. We recently developed a novel
state-spacestructureand designeda maximuma posteriori
probability (MAP) decoder for VLC encodedmemoryless
sources[9] and Markov sources[10], [11] transmittedover
binary symmetricchannels (BSCs) for the casewhere the
numberof transmittedwords is not known to the decoder.

Some researchershave proposediterative JSCDs,where
the VLC decoderand the soft channeldecoderare serially
concatenatedand the decoding is done iteratively; e.g. the
work on symbol by symbol MAP decodingfor VLC coded
memorylesssource[16]. Hedayatet al comparedan iterative
JSCC with a separablesystemunder the sameoverall rate
and computationalcomplexity [17]. Kliewer et al designed



an iterative decoderconsistingof an a posteriori probability
basedchanneldecoderand an a posteriori probability based
VLC sourcedecoder[18].

In [12], anI-JSCDwasdevelopedfor convolutionalencoded
Huffman codesby appropriatelycombining the graphrepre-
sentationof the Markov source,the Huffman sourcedecoder,
and the convolutional channeldecoder. This algorithm was
thenusedto exploit theresidualredundancy in motionvectors
(MVs) [13]. Lakovic and Villasenor proposeda modi�ed
Viterbi decodingtrellis [14], incorporatinginformation about
thestructureof theHuffmansourcecode.This decoderdiffers
from [12] in that it is designedfor memorylesssources.The
authorsthenincorporatedit into a turbodecoderin [19], giving
betterperformance.

In this paper we design a MAP basedI-JSCD for VLC
coded�rst order Markov sources,convolutional encodedfor
transmissionover a BSC.Theproposeddecodercombinesthe
sourceandchannelstatespaceto constructa delayeddecision,
joint decoder. Our joint statespaceis smallerthanthatof [12]
andthushaslesscomputationalcomplexity. Our work differs
from [14] in that we considera �rst order Markov source
ratherthana memorylesssource.

As we showed in [20], [21], the VLC codedinter andintra
macroblocks(MBs) in MPEG-4codedvideocanbemodelled
as 1-D Markov processes.Hence,in this paperwe apply the
proposedI-JSCD for the MPEG-4 sourceand then compare
the resultswith a systemthat usesthe C-JSCDdevelopedin
[11], concatenatedwith a Viterbi decoder.

I I . PROBLEM FORMULATION

We de�ne our I-JSCDproblemasa MAP decisionproblem,
which is equivalent to minimizing the probability of deci-
sion error for the sequence.In this paperwe generalizethe
constrainedMAP decoderdeveloped in [11] to include the
decoderfor theconvolutionalcodeaswell. In otherwords,we
designa MAP basedintegrated joint source-channeldecoder.
Mathematically, this problem can be expressedby Equation
1, where t ĵ is the most probable transmittedstream after
convolutional coding from all possible transmittedstreams
f t j g andr i is the received stream.

t ĵ = argmax
t j

Pr( r i jt j ) Pr(t j ) (1)

Let j th sequencefrom the setof all possibleVLCs sequences
of a �rst order Markov sourcebe denotedby cj ; and let t j

representthestreamobtainedfrom convolutionalencodingcj .
Note that thereis an one-to-onemappingbetweencj and t j .
Hence,the mostprobableVLCs streamcĵ is calculatedas:

ĉj = argmax
cj

Pr( r i jt j ) Pr(cj ) (2)

Sincethe sourceis 1-D Markov and the channelis BSC, we
canbreakthe sourceterm Pr(cj ) andchannelterm Pr( r i jt j )
into smaller terms. Let cj = f cj ;k gn ( j )

k=1 , where cj ;k is the
codeword correspondingto thek th symbolin theVLC stream
and n(j ) is the total numberof codewords in this sequence.
Let t j ;k denotetheconvolutionalcodedsymbolcorresponding

to cj ;k and lk is the length of t j ;k in bits. Similarly, let r i;k

be the kth symbol of the received bitstreamunder the same
partition as t j . ThenEquation2 becomes:

ĉj = argmax
cj

[Pr(cj ;1)²dH [t j ; 1 ;r i; 1 ](1 ¡ ²)( l 1 ¡ dH [t j ; 1 ;r i; 1 ]) £

n ( j )Y

k=2

Pr(cj ;k jcj ;(k ¡ 1) )²
dH [t j ;k ;r i;k ](1 ¡ ²)( l k ¡ dH [t j ;k ;r i;k ]) ]

(3)

Here Pr(cj ;1) is the probability that codeword cj ;1 was
transmitted�rst, Pr(cj ;k jcj ;k ¡ 1) is the probability that the
codeword cj ;k was transmittedimmediately after the code-
word cj ;k ¡ 1, dH [sj ;k ; r i;k ] is the Hammingdistancebetween
the transmittedsymbolssj ;k and the correspondingreceived
symbolsr i;k . This maximizationover j , effectively searches
throughall possibleerror sequencesandbit streampartitions.
This processcanbe castasa dynamicprogrammingproblem
oncean appropriatestate-spaceand the correspondingtrellis
arede�ned. We develop the state-spacein SectionIII.

I I I . INTEGRATED SOURCE-CHANNEL STATE SPACE

In [11], [22], we developeda state-spacefor theC-JSCDon
theHuffmancodedMarkov source.This state-spaceconsisted
of completeand incompletestatescorrespondingto whether
the decoderhad just received the last bit of a codeword or
wasin themiddleof a codeword.Thecompletestateconsisted
of all the Huffman codewords. For our currentproblem,we
startwith two state-spaces:onefor theHuffmancodedMarkov
sourceandonefor thechannelcode.Thesearethencombined
appropriatelyto give the overall state-spacefor the I-JSCD.
The sourcestate-spacenow containsall internalnodes(other
than the root) of the Huffman treeaswell. Thesecorrespond
to the incompletestates,whereasthe leavescorrespondto the
completestates.

Figure 1(a) illustratesthe sourcestate-spacefor the Huff-
man code C = f 0; 10; 110; 111g. The complete statesare
a(0); b(10); c(110); d(111) and the statese(1) and f (11) are
the incomplete states.These source statesmay further be
divided into two groupsaccordingto whetherthe rightmost
bit in thesestatesis a '1' (d;e and f ) or a '0' (a;b and c).
This classi�cationessentiallycorrespondsto theinput bit from
the channeldecoderto the sourcedecoder.

Thechannelstate-spaceis simply thestate-spaceassociated
with the convolutional code. Figure 1(b) shows a channel
decoderstate-spacefor the 1=3 convolutional code given in
[23]. The statesherecorrespondto the contentsof the shift
register: s0 ! 00; s1 ! 10; s2 ! 01; s3 ! 11. Thesestates
canalsobe divided into two groupscorrespondingto whether
the channeldecoderoutput is a '1' (s1, s3) or a '0' (s2, s4).

Sincethe outputof the channeldecoderis the input of the
sourcedecoder, we cancombinethe correspondinggroupsin
the sourcestatespaceand the channelstatespace.The inte-
gratedstatespacefor theexampleHuffmanandconvolutional
codesis given in Figure 1(c). Each statein this statespace
re�ects the currentstatusof the joint decoder. For example,
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Fig. 1. Combing sourceand channelstatespace.(a) sourcestatespace.
(b) channelstatespace.(c) integratedstatespace.
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Fig. 2. Splitting the channelstates.

state as0 means the decoder is in state s0 and currently
producingcodeworda. Notethatthesizeof theintegratedstate
spaceis reducedin this diagram.States(bs0; cs0; ds1; f s1) are
eliminatedbecausethey cannever be reachedby otherstates.
Take bs0 asanexample,from Figure1(a)and(b), we seethat
bs0 canonly be reachedfrom a statecombingsourcestatee
and channelstates0 or s2. However, suchcombinationsare
not possiblebecausethey are in the differentgroups.

While the above procedureworks for a k=n convolutional
code where k = 1, channelsplitting needsto be done for
k > 1. In this case,therearemultiple outputsymbolsfor each
transitionbetweenchannelstates.However, thereis only one
input symbol for eachsourcestatetransition.So, to combine
thesourceandchannelstate,eachchannelstatehasto besplit
into k sub-states.An exampleis given in Figure2. The state
spaceof a rate2=3 convolutional codehasfour channelstates
(s0 » s3). Eachstatesi is split into two sub-statess0

i ands1
i .

Thereareonly two typesof transitions:from s0
i to s1

i or from
s1

j to s0
i . For eachof these,thereis only onesymbolproduced,

which enablesthe channelstatespaceto be combinedwith
thesourcestatespace.In this example,asusualwe candivide

Fig. 3. ExperimentalSet-upfor MPEG-4video

thesesub-statesinto two groupsand combingthem with the
sourcestatesin the samegroup.Using channelstatesplit, we
can combinethe statespaceof any k=n convolutional code
with that of any Huffman code.

From the point view of the source state representation,
Murad's algorithm [12] needsN leaf £ (N in ternal + 1) states
whereN leaf is the numberof leaves in the Huffman treeand
N in ternal is the numberof internalnodesin the Huffman tree
(except root). Our algorithmneedsN leaf + N in ternal states.It
can be shown that when N in ternal ¸ 1, N leaf + N in ternal <
N leaf £ (N in ternal + 1). For theexamplein Figure1(a),Murad's
algorithmneeds12 sourcestateswhile oursonly need6 states.

IV. EXPERIMENTAL SETUP AND RESULTS

In our experiments,we encodethe MPEG-4inter andintra
codedMBs using VLCs and decodethem with the proposed
I-JSCD developed for VLCs over BSCs. For comparison,
resultsof a C-JSCD[11] and a traditional MPEG-4 decoder
precededby the usualViterbi decoder(for the convolutional
code)arealsopresented.The experimentalset-upis depicted
in Figure 3. The bit streamscorrespondingto inter and intra
MB are corruptedseparatelythrough eight instancesof the
BSC (simulatedusingdifferentrandomseeds).The Microsoft
MPEG-4 VM encoderand decoderprogramare usedfor all
our experimentsand the datapartitioning and resynchroniza-
tion markers are deployed in all experiments.The remaining
portionsof the MPEG-4video stream(MV, control bits, etc)
are assumedto be very well protectedusing strong forward
error correcting schemes. Twelve frames from the Susie
sequencecontainingoneobjectareencodedas2 I-frames(the
1st and 7th ,) and 10 P-frames.We chooseframes 42nd to
53r d from the total (150 frames)becausethis sectionexhibits
comparatively higheractivity. The sourcerateof the encoded
sequencesfor all experimentsarekept thesameat 0:3 bits per
pixel. The samevideo sequenceis usedin the training stepto
get the probability distribution. Although the video bit-stream
can be highly non-stationary, we can potentially estimatethe
probability of the streamon the �y for smallersegmentsand
updatethe decoderwith the new statistics.Different channel
bit error rates(²) in the [10¡ 4; 10¡ 1:5] rangeare simulated
to corrupt the encodedstream.The resultspresentedhereare
theaverageof eight realizationsof thechannel,corresponding
to eight different error patterns.The rate 2=3 convolutional
encoderin [23] wasusedas the channelcode.

Figures 4 provides a frame-by-framecomparisonof the
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performanceamong proposedI-JSCD, the C-JSCD in [11]
and the MPEG-4 decoderin termsof the averagePSNRfor
the Y componentof the decodedvideo frames.The channel
error rate is �x ed at 10¡ 1:5 for this plot. We see that the
performanceof the proposeddecoderis signi�cantly superior
to thestandardMPEG-4decoderandtheC-JSCD.Theaverage
improvementover the C-JSCDis 6:5 dB.

Figure 5 plots the averagePSNR of the Y componentof
the whole video sequenceat different channelbit error rates.
From this �gure, we see that the I-JSCD performs much
better than the C-JSCD and the standardMPEG-4 decoder
when ² is between10¡ 3:0 and 10¡ 1:5. When ² < 10¡ 3:0,
the performanceof the I-JSCD is almostthe sameas the C-
JSCD. This is becauseat low error rates,the convolutional
codesand C-JSCDcan correct almost all the channelnoise
and hencethere is little to be gainedby using the I-JSCD.
Finally, in Figure 6 we observe the actual I-JSCD, C-JSCD

(a) (b)

(c) (d)

Fig. 6. First frame of the Susiesequence.(a) MPEG-4 decoderdecoded
frame without channelerror. (b) MPEG-4 decoderdecodedframe at ² =
10¡ 2:0 . (c) C-JSCDdecodedframeat ² = 10¡ 2:0 . (d) I-JSCDdecoded
frameat ² = 10¡ 2:0 .

and MPEG-4 decodedframes for the Susiesequencewhen
² = 10¡ 2:0, giving a moreperceptualideaof the performance
of the decoders.The decodedframewithout channelerrorsis
alsoprovided.The I-JSCDseemsto correctmostof theblock
errorscausedby the channel,which the C-JSCDdecodercan
not salvage.

V. CONCLUSIONS

This paper presentedan optimal integrated joint source-
channelMAP decoderfor variablelengthencoded1-D Markov
source.Theproposeddecoderwasthenappliedto VLC coded
inter MB and intra MB of a MPEG-4 video streamover a
BSC. Simulation results demonstratethat this I-JSCD does
signi�cantly better than both the systemcomprising of the
constrainedMAP decoderfollowedby theViterbi decoderand
the conventionalMPEG-4decoderat variouserror rates.
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