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ABSTRACT 

We present a practical scheme for error-resilient digital video broad- 
casting. using the Wyner-Ziv coding paradigm. We apply the gen- 
eral framework o f  systematic lossy source-channel coding to genrr- 
ate a supplementary bitstream that can correct transmission errors in 
the decoded video waveform up to a certain residual distortion. The 
systematic ponion consists o f  a conventional MPEC-2 bitstream. 
which is  transmitted over the error-prone channel without forward 
error correction. The supplementary bitstream is a IOW rate represen- 
tation o f  the transmitted video sequence generated using Wyner-Ziv 
encoding. We use the received error-prone MPEC-2 prediction er- 
ror signal as side information to decode the Wyner-Ziv bits. The de- 
coder combines the error-prone side information and the Wyner-Ziv 
description to yield an improved decoded video signal. We describe 
a system that uses an embedded Wyner-Ziv c d e c  lo  achieve grace- 
ful quality degradation without the nerd for a layered representation 
o f  the video waveform. 

1. INTRODUCTION 

In typical digital video hroadcasting systems, an MPEC-coded 
video bitstream is transmitted to multiple receivers. Tocorrect trans- 
mission errors, the source hitstream i s  generally protected using 
some form o f  forward error correction (FEC). The forward error 
comction scheme, along with decoder-based error concealment en- 
sures the availability of "broadcast quality" video. However, when 
the channel error rate exceeds the errnr correction capability o f  the 
FEC codes. the video quality degrades rapidly, leading to the unde- 
sirable " c l i f f  effect. In this paper, we investigate a novel method 
for error-resilient video broadcasting which uses Wyner-Ziv coding. 
instead o f  conventional forward error comcLinn. 

Wyner-Ziv coding refers to lossy compression with side infor- 
mation at the decoder. Achievable rates for this setting were derived 
in the mid-1970s by Wyner and Ziv [ I ,  2, 31. I t  was proved that the 
minimum encoding rate for a source sequence X, for a given distor- 
tion, when the side information Y i s  only known to the decoder, i s  
greater than or equal to the rate obtainable when the side informa- 
tion is  also available at the encoder. Zamir 141 showed that the rate 
loss assminted with ignoring the side information at the encoder is 
upper-bounded by the minimax capacity of an additive noise chan- 
nel, whcre the side information Y i s  thought to he a noisy version o f  
X .  Even with this rate loss. the encoding rate with Wyner-Ziv cod- 
ing i s  lower than that aohieveahle in theconventional non-distributed 
case owing to the correlation between X and Y .  In general, the 
Wyner-Ziv codec consists of an inner channel codec and an outer 
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quantization-reconstruction pair. For this paper, these functions are 
performed by a Reed-Solomon codec and an MPEG-2 quantizer re- 
spectively. 

The Wyner-Ziv problem i s  closely related 10 the problem o f  sys- 
tematic lossy source-channel coding 151. In this configuration. an 
analog source X is transmitted over an analog Channel A with- 
out coding. A second encuded version o f  X is sent over a digi- 
tal Channel D as enhancement information. The noisy version Y 
of the original serves as side information to decode the output of 
Channel D and produce the enhanced version Y' .  The term "sys- 
tematic coding'' has been introduced as an extension o f  systematic 
error-correcting channel codes to refer to a partially uncoded trans- 
mission. Shamai, Verdu. and Zamir established information theo- 
retic bounds and conditions for optimality o f  such a configuration 
in 151. The systematic coding framework was used by Pradhan and 
Ramchandran [6] for enhancing the quality o f  images corrupted by 
additive white Gaussian noise, using digital side information 

The undesirable FEC "cliR' effect can be prevented by using 
Priority Encoding Transmission (PET) [71 which assigns varying 
degrees of FEC to difkrent parts of the video bitsirram depending 
upon their relative importance. This approach. which ensures grace- 
ful degradation o f  the image quality i n  the presence of channel er- 
rors, has been exploited by layered video coding schemes I8.Y. IO]. 
However. these schemes are not used in practice because o f  the in- 
efficient rate-distortion performance o f  layered video coding. In 
this paper, we describe a scheme using Wyner-Ziv coding that can 
achieve graceful degradation of the decoded video quality wirlmur 
rhe need fur U layered mpresmrurion. 

First results of applying simple pixel-domain Wyner-Ziv cod- 
ing for error resilient video broadcasting were presented in our own 
work [II, 121. However, since the Wyner-Ziv codec did not ex- 
ploit any spatial or temporal correlation in the video sequence. these 
schemes could not compete with the low bitrates achieved by tradi- 
tional broadcast systems which use FEC. We presented substantially 
improved results using a hybrid video codec in conjunction with 
Reed-Solomon codes [13]. This scheme required an extra video 
encoder inside the Wyner-Ziv decoder and thus, had high compu- 
tational complexity. In this paper. we describe a practically imple- 
mentable system which is fully backward-compatible with legacy 
broadcast systems and operates with negligible complexity over- 
head. 

Recently, otherdistributed videocoding schemes have been pro- 
posed, al lxi t  for different applications. In particular. Puri and Ram- 
chandran presented the PRISM architecture 1141. using uses chan- 
nel coding concepts to achieve Herible distribution ofcomputational 
complexity between the encoder and decoder along with robustness 
to predictive mismatch. Aaron and Cirod presented a Wyner-Ziv 
video ccdec ideally suited for applications like camemphones which 
require low complexity encoding. where individual f r x "  are en- 
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coded independently hut dccnded conditionally [ 15, 161. Sehgal et 
al. [17. 181 used coset codes to design a vidco cidec immune to 
predictive mismatch. 

In Scction 2. we explain the lossy fonvard error protection 
scheme and descrihc i ts  fundamental huilding block, i.e.. the Wyner- 
Ziv cidec. In Section 3. we present experimental results of applying 
this scheme to error-resilient broadcasting. 

2. SYSTEMATIC LOSSY FORWARD ERROR 
PROTECTION SCHEME 

2.1. Wyner-Ziv Coding for Error-Resilient Video Broadcast 

The concept of systematic lossy forward error protection is illus- 
trated in Fig. 1. using MPEG video compression as an example. 
At the transmitter. the input vidco signal S i s  compressed indepen- 
dently by an MPEG video coder and a Wyner-Ziv coder. Since the 
MPEG video hitstream is  generated without Consideration o f  the er- 
ror resiliencc provided by the Wyner-Ziv coder. we refer to the over- 
all scheme as systematic source-channel coding. The video signal 
compressed hy MPEG and transmitted over an error-prone channel 
constitutes the systematic portion of the transmission. which is aug- 
mented by the Wyner-Ziv hitstream. At  the receiver. the MPEG hit- 
stream is decoded and transmission errors are concealed, resulting 
in the decodcd video S'. Even after concealment. S' contains some 
portions that are dcgraded by unacceptably large errors. These errors 
are corrected. up to a certain residual distortion, by the Wyner-Ziv 
decoder. The Wyner-Ziv code can he thought o f  as a second. inde- 
pendent description o f  the input video S, but with coarser quantiza- 
tion. To prevent mismatch between the MPEG encoder and decoder, 
i t  i s  advantageous to use a locally decoded version o f  the MPEG- 
compressed vidco as input to the Wyner-Ziv video encoder, rather 
than the original video S. Without transmission errors, the Wyner- 
Ziv description is  then fully redundant, i.e., i t can he regenerated 
hit-by-bit at thc decoder, using the decoded video S'. 

Fig. 1. Wyner-Ziv decoder uses decoded ermr-concealed vidco 
waveform as side information in systematic lossy source-channel 
setup. 

With transmission errors, Wyner-Ziv hits must he sent to allow 
error-free reconstruction of the coarser second description. employ- 
ing the decnled video signal S' as side infomation. The error cor- 
rection capabilities o f  the Wyner-Ziv bitstream can he simultane- 
ously used to protect the Wyner-Ziv hits against transmission errors, 
The coarser second description and side information Si are com- 
bined to yield an improved decoded video signal S'. In ponions 
where the waveform S' is not affected by transmission errors, S' 
i s  essentially identical to Si. However. in portions of the wave- 
form where S' i s  substantially degraded by trnnsmission errors, the 
second coarser representation transmitted at very low hitrate in the 
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Wyner-Ziv hitstrcnm limits the maximum degradation that can w -  
cur. Instead o f  the error-concealed decoded signal S', the signal S' 
a1 the output o f  the Wyner-Ziv encoder is  fed hack to the MPEG 
decoder to serve as a more accurate reference frame for decoding of 
further frames. The systematic scheme described in Fig. I is  com- 
patible with systems alrcddy deployed. such as MPEG-2 digital TV 
broadcasting systems. The Wyner-Ziv bitstreams can he ignored by 
legacy systems. but would he exploited by new receivers. 

2.2. Wyner-Ziv Codcc 

We now describe a practical Wyner-Ziv codec cnnstructed from 
well-understood components viz.. quantizers. entropy coders, and 
a Reed-Solomon (RS) codec. As shown in Fig. 2, The Wyner-Ziv 
encoding process consist? of two stages: 

I .  A coarse quantizer oprates on the quantized transformed 
prediction error signal generated by the cotivcntional MPEG- 
2 encoder. The Wyner-Ziv description now consists of the 
entropy coded output o f  the coarse quantizer along with the 
motion vectors and mode decisions inherited from the con- 
ventional MPEG-2 encoder. 

2. The resulting hitstream is input to a channel coder which ap- 
plies systematic RS codes with byte-long symbols. across the 
slices o f  an entire frame. Only rlie RSpority symbols are then 
transmitled to the receiver. and these consitute the Wyner-Ziv 
hitstream. The sysremaric poniorr oj'the RS encoder output is 
discanfed.. 

If there are no transmission errors. the RS parity symbols do 
not pmvidc any additional information. This is similar to the inef- 
ficiency of traditional forward crmr correction when there are no 
errors. When transmission errors oc'cur. the decoder generates a 
coarsely quantized version of the received prediction error signal. 
This coarse version i s  actually an error-prone copy o f  the Wyner-Ziv 
description. which serves as side information for the RS decoder. 
The RS decoder uses the parity symbols and error-prone Wynrr-Ziv 
description to obtain the error-free Wyner-Ziv description. Since 
the location o f  the lost slices is  known, the RS decoder can perform 
emsure decodiny across the error-prone slices. A fallback mecha- 
nism substitutes the lost slices in the main video sequence with their 
correct but coarser versions. After decoding, the coarse fallback 
causes some prediction mismatch which propagates to the suhse- 
quent frames, but visual examination of the decoded sequence shows 
that this small error i s  imperceptible. Thus, the receiver obtains a 
video sequence o f  .&prior visual quality. This system includes FEC 
as a special case, if the "coarse" quantizer uses the same quantiza- 
tion parameter as the main MPEG-2 encoder. Note that this scheme 
applies Wyner-Ziv decoding to the rrceived prediction error signal, 
as opposed to generating side information by re-encoding the output 
of the MPEG decoder, as was done in [13]. Therefore, the decoder 
implementation is very simple, with the coarse quantizer Q1 and 
extra entropy coding adding a negligible complexity overhead with 
respect to conventional FEC techniques. 

2.3. Embedded Wyner-Ziv Codec 

The trade-off between the distortion due to transmission errors 
and Wyner-Ziv hitrate can he exploited to construct an embedded 
Wyner-Ziv code that achieves graceful degradation o f  the decoded 
video when the error rate o f  the channel increases. An example of 
such a system i s  shown in Fig. I for the case o f  2 quality levels. 



LEGACY BROADCASTING SYSTEM 

I 
VI 

. .................... ~ . .  
D e d e d  motion v- 

Fig. 2. Implementation o f  systematic forward e m i r  protection by combining MPEC coding and Reed-Solomon codes across slices. 

Wyner-Ziv encoder A employs a coarser representation that i s  em- 
bedded in the finer representation of Wyner-Ziv encoder R. Since 
Wyner-Ziv encodcr A has a coarser quantizer, its hitstream i s  easier 
to decode and. therefore. has stmnger error protection capabilities. 
I t  i s  decoded first. using decoded video S' as side information to 
yield improved decoded video 5''. I f  the transmission erron arc not 
too severe, then the Wyncr-Ziv streiim R can also he decoded. pos- 
sibly using the side information SI. This yields a further improved 
decoded video signal S". Thus, graccful degradation of decoded 
video quality is  achieved withuut a layered coding scheme. 

3. EXPERIMENTAL RESULTS 

Ziv s t r r m i  contain 222 Kbps ofparity information applied to (I) the 
coarsely quantized description alone. and (2) the finely quantized 
description alone. For the I-level codec with finer quantization. the 
Wyner-Ziv bitrate is  too low to correctly dccode most o f  the frames. 
so the PSNR falls rapidly. For the I-level codec with coarser quanti- 
zation, thc Wyner-Ziv bitrate is sufficient to correctly decode all the 
frames but the PSNR i s  affected by the coarse quantization. Hvw- 
ever, for the 2-level codcc. the bitrate is  uscd efficiently. When a 
video frame has few error-prone slices. the finer representation can 
be decoded, When a large number of slices are in error. i t  i s  st i l l  
possible to decode the coarser representation. thus avoiding a large 
drop in PSNR. Since quality degradations due to transmission errors 
are localized within the sequence, PSNR values everazed over the - 
entire scquence are o f  limitcd value. A better appreciation o f  the 
clcnr advantages of  embedded Wyner-Ziv coding can be obtained 
from the traces in Fig. 4 and by comparing the visual quality of the 

3.1. Wyner-Ziv Cnding for Forward E r ro r  Protection 

The perfomance of our system oYer a range of symbol 
is  shown for the Foremutt CIF sequence in Fig. 3, along with tradi- video, as shown in Fig.5. 

tional FEC for comparison. Each plot corresponds to a main MPEC- 
2 bitstream. with the I-B-U-P frame structure, encoded at 2 Mhps, 
with an additional 222 Khps worth of US parity information. As i t  
can be seen, the PSNR for the system using conventional FEC drops 
rapidly beyond a symbol error probability o f  3 10 '. The for- 
ward error protection (FEP) scheme also uses 222 Kbps worth of 
RS parity symbols, but the RS code i s  applied tv coarser versions 
of the original video sequence, encoded at 1 Mhps and 500 Khps 
resprctively. Thcrcfore. FEP can use stmnger RS protection at the 
same bitrate. and can provide acceptable video quality over a wider 
range o f  symbol errvr rates. For low symbol error probability, there 
i s  a small reduction in the PSNR owing to the coarser quantization 
employed in FEP. But at higher symbol error probabilities, the FEP 
schemes significantly outperform traditional FEC. 

3.2. Embedded Wyner-Ziv Coding 

m  ̂E 
$ 

1 0- 

In  Figs. 3 and 4, we compare the 2-level embedded codec with the s * w  E"W prmabllw 

I-level codec at the same bitrate. In the 2-level codec. Wyner-Ziv 
stream A consists of 166 Kbps of parity information corresponding 
10 a coarsely quantized version of the video sequence, at 
500 Khps. The Wyner-Ziv stream K consists of 56 Kbps of parity 
information. corresponding to a finely quantized version encded at 
I Mhps. We compare this with a I-level codec in which the wyner. 

Fig. 3. Forward error protection (FEP) achieves graceful degra- 
dation o f  the decoded video quality, compared to traditional FEC. 
Embedding two FEY streams exploits the tradeoff between error- 
resilience and the Wyner-Ziv bitrate, to obtain graceful quality 
degradation without a layered video codcc. 
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Fig. 4. Depending upon the quality of the side information. the 
PSNR of the embedded Wyner-Ziv coding scheme remains greater 
than or equal to that of the single layer scheme with coarsely quan- 
tized Wyner-Ziv descrimion. A l l  traces are at symbol error proba- 
bility of 10 

we a l l rw  for higher distortion. This trade-off has been used to build 
a embedded Wynrr-Ziv codec. that achieves graceful degradation of 
the decoded video quality without needing a layered representation 
of the video source. 
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