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ABSTRACT quantization-reconstruction pair. For this paper, these functions are
performed by a Reed-Solomon codec and an MPEG-2 quantizer re-

We present a practical scheme for error-resilient digital video broa@pectively.
casting, using the Wyner-Ziv coding paradigm. We apply the gen-  The Wyner-Ziv problem is closely related to the problem of sys-
eral framework of systematic lossy source-channel coding to gengematic lossy source-channel coding [5]. In this configuration, an
ate a supplementary bitstream that can correct transmission error%mamg sourceX is transmitted over an analog Channel A with-
the decoded video waveform up to a certain residual distortion. Thgyt coding. A second encoded version ¥fis sent over a digi-
which is transmitted over the error-prone channel without forwards the original serves as side information to decode the output of
error correction. The supplementary bitstream is a low rate represehannelD and produce the enhanced versigh. The term “sys-
tation of the transmitted video sequence generated using \Wyner-Zdmatic coding” has been introduced as an extension of systematic
encoding. We use the received error-prone MPEG-2 prediction efrror-correcting channel codes to refer to a partially uncoded trans-
ror signal as side information to decode the Wyner-Ziv bits. The dénjssjon. Shamai, Vetd and Zamir established information theo-
coder combines the error-prone side information and the Wyner-Zpgtic hounds and conditions for optimality of such a configuration
description to yield an improved decoded vjdeo signal. Wg descrig [5]. The systematic coding framework was used by Pradhan and
a system that uses an embedded Wyner-Ziv codec to achieve gragemchandran [6] for enhancing the quality of images corrupted by
ful quality degradation without the need for a layered representatiqfyyditive white Gaussian noise, using digital side information

of the video waveform. The undesirable FEC “cliff” effect can be prevented by using
Priority Encoding Transmission (PET) [7] which assigns varying
1. INTRODUCTION degrees of FEC to different parts of the video bitstream depending

upon their relative importance. This approach, which ensures grace-

In typical digital video broadcasting systems, an MPEG-codefy!l degradation of the image quality in the presence of channel er-
video bitstream is transmitted to multiple receivers. To correct tran§0''S, has been exploited by layered video coding schemes [8, 9, 10].
mission errors, the source bitstream is generally protected usifitpWever, these schemes are not used in practice because of the in-
some form of forward error correction (FEC). The forward erro€fficient rate-distortion performance of layered video coding. In
correction scheme, along with decoder-based error concealment &S paper, we describe a scheme using Wyner-Ziv coding that can
sures the availability of “broadcast quality” video. However, wherchieve graceful degradation of the decoded video quaifyout

the channel error rate exceeds the error correction capability of tifae need for a layered representation _ _

FEC codes, the video quality degrades rapidly, leading to the unde- First results of applying simple pixel-domain Wyner-Ziv cod-
sirable “cliff” effect. In this paper, we investigate a novel method"d for error resilient video broadcasting were presented in our own

for error-resilient video broadcasting which uses Wyner-Ziv coding¥ork [11, 12]. However, since the Wyner-Ziv codec did not ex-
instead of conventional forward error correction. ploit any spatial or temporal correlation in the video sequence, these
Wyner-Ziv coding refers to lossy compression with side inforSchemes could not compete with the low bitrates achieved by tradi-
mation at the decoder. Achievable rates for this setting were derivdigna! broadcast systems which use FEC. We presented substantially
in the mid-1970s by Wyner and Ziv [1, 2, 3]. It was proved that thdmproved results using a hybrlq video codec in conjunction Wlth
minimum encoding rate for a source sequeiGdor a given distor- R€ed-Solomon codes [13]. This scheme required an extra video
tion, when the side informatiol is only known to the decoder, is encoder inside the Wyner-Ziv decoder and thus, had high compu-
greater than or equal to the rate obtainable when the side informi&tional complexity. In this paper, we describe a practically imple-
tion is also available at the encoder. Zamir [4] showed that the rafBentable system which is fully backward-compatible with legacy
loss associated with ignoring the side information at the encoder fR§oadcast systems and operates with negligible complexity over-
upper-bounded by the minimax capacity of an additive noise cha ead. o . )
nel, where the side informatidri is thought to be a noisy version of ~ Recently, other distributed video coding schemes have been pro-
X. Even with this rate loss, the encoding rate with Wyner-Ziv codP0sed, albeit for different applications. In particular, Puri and Ram-
ing is lower than that achieveable in the conventional non-distributeg!@ndran presented the PRISM architecture [14], using uses chan-
case owing to the correlation betwe&handY. In general, the nel coding concepts to achieve flexible distribution of computational

Wyner-Ziv codec consists of an inner channel codec and an outepmplexity between the encoder and decoder along with robustness
to predictive mismatch. Aaron and Girod presented a Wyner-Ziv
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C.V.Starr Southeast Asian Fellowship require low complexity encoding, where individual frames are en-




coded independently but decoded conditionally [15, 16]. Seéigal Wyner-Ziv bitstream limits the maximum degradation that can oc-

al. [17, 18] used coset codes to design a video codec immune ¢or. Instead of the error-concealed decoded sighathe signalS*

predictive mismatch. at the output of the Wyner-Ziv encoder is fed back to the MPEG
In Section 2, we explain the lossy forward error protectiordecoder to serve as a more accurate reference frame for decoding of

scheme and describe its fundamental building block, i.e., the Wyndurther frames. The systematic scheme described in Fig. 1 is com-

Ziv codec. In Section 3, we present experimental results of applyirgatible with systems already deployed, such as MPEG-2 digital TV

this scheme to error-resilient broadcasting. broadcasting systems. The Wyner-Ziv bitstreams can be ignored by

legacy systems, but would be exploited by new receivers.

2. SYSTEMATIC LOSSY FORWARD ERROR
PROTECTION SCHEME 2.2. Wyner-Ziv Codec

We now describe a practical Wyner-Ziv codec constructed from
well-understood components viz., quantizers, entropy coders, and
The concept of systematic lossy forward error protection is illusa Reed-Solomon (RS) codec. As shown in Fig. 2, The Wyner-Ziv
trated in Fig. 1, using MPEG video compression as an examplencoding process consists of two stages:

At the transmitter, the input video signélis compressed indepen-
dently by an MPEG video coder and a Wyner-Ziv coder. Since the
MPEG video bitstream is generated without consideration of the er-
ror resilience provided by the Wyner-Ziv coder, we refer to the over-
all scheme as systematic source-channel coding. The video signal
compressed by MPEG and transmitted over an error-prone channel
constitutes the systematic portion of the transmission, which is aug-
mented by the Wyner-Ziv bitstream. At the receiver, the MPEG bit- 2. The resulting bitstream is input to a channel coder which ap-
stream is decoded and transmission errors are concealed, resulting plies systematic RS codes with byte-long symbols, across the
in the decoded vide§’. Even after concealmens, contains some slices of an entire frameédnly the RS parity symboése then
portions that are degraded by unacceptably large errors. These errors  transmitted to the receiver, and these consitute the Wyner-Ziv
are corrected, up to a certain residual distortion, by the Wyner-Ziv bitstream.The systematic portion of the RS encoder output is
decoder. The Wyner-Ziv code can be thought of as a second, inde-  discarded.

pendent description of the input vidéh but with coarser quantiza- . )
tion. To prevent mismatch between the MPEG encoder and decoder, T there are no transmission errors, the RS parity symbols do
it is advantageous to use a locally decoded version of the MPE .Q.t provide any gddltlonal information. Th|§ is similar to the inef-
compressed video as input to the Wyner-Ziv video encoder, rathBfi€ncy of traditional f_or\(vard error correction when there are no
than the original vides. Without transmission errors, the Wyner- €TOrS- When transmission errors occur, the decoder generates a

Ziv description is then fully redundant, i.e., it can be regenerate?Parsely qguantized version of the received prediction error signal.
bit-by-bit at the decoder, using the decoded vidéo This coarse version is actually an error-prone copy of the Wyner-Ziv
' description, which serves as side information for the RS decoder.

ot oo The RS decoder uses the parity symbols and error-prone Wyner-Ziv
VS [ weece ] MPEG2 — Vigee description to obtain the error-free Wyner-Ziv description. Since

Encoder a‘ Decoder %’ °°"°°a"“s"'% the location of the lost slices is known, the RS decoder can perform
””””””””” erasure decodingcross the error-prone slices. A fallback mecha-

e o Wm,%ﬂw “Uges®  nism substitutes the lost slices in the main video sequence with their
Dodsder A correct but coarser versions. After decoding, the coarse fallback
%,— causes some prediction mismatch which propagates to the subse-
Side Information becoded quent frames, but visual examination of the decoded sequence shows
{ﬁ»ﬁf’ that this small error is imperceptible. Thus, the receiver obtains a
Encoder® Decoder video sequence of superior visual quality. This system includes FEC
as a special case, if the “coarse” quantizer uses the same quantiza-
Fig. 1. Wyner-Ziv decoder uses decoded error-concealed vidg®n parameter as the main MPEG-2 encoder. Note that this scheme
waveform as side information in systematic lossy source-channapplies Wyner-Ziv decoding to threceivedprediction error signal,
setup. as opposed to generating side information by re-encoding the output
of the MPEG decoder, as was done in [13]. Therefore, the decoder
With transmission errors, Wyner-Ziv bits must be sent to allovimplementation is very simple, with the coarse quantigerand
error-free reconstruction of the coarser second description, empld§%tra entropy coding adding a negligible complexity overhead with
ing the decoded video sign&! as side information. The error cor- €Spect to conventional FEC techniques.
rection capabilities of the Wyner-Ziv bitstream can be simultane-
ously used to protect the Wyn(_er-ziv bits_aga_inst transmission errors.a  Embedded Wyner-Ziv Codec
The coarser second description and side informafibmre com-
bined to yield an improved decoded video sighél In portions The trade-off between the distortion due to transmission errors
where the waveforn$’ is not affected by transmission error$?  and Wyner-Ziv bitrate can be exploited to construct an embedded
is essentially identical t&’. However, in portions of the wave- Wyner-Ziv code that achieves graceful degradation of the decoded
form whereS’ is substantially degraded by transmission errors, theideo when the error rate of the channel increases. An example of
second coarser representation transmitted at very low bitrate in thech a system is shown in Fig. 1 for the case of 2 quality levels.

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

1. A coarse quantizer operates on the quantized transformed
prediction error signal generated by the conventional MPEG-
2 encoder. The Wyner-Ziv description now consists of the
entropy coded output of the coarse quantizer along with the
motion vectors and mode decisions inherited from the con-
ventional MPEG-2 encoder.
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Fig. 2. Implementation of systematic forward error protection by combining MPEG coding and Reed-Solomon codes across slices.

Wyner-Ziv encoder A employs a coarser representation that is erdiv stream contain 222 Kbps of parity information applied to (1) the
bedded in the finer representation of Wyner-Ziv encoder B. Sinceparsely quantized description alone, and (2) the finely quantized
Wyner-Ziv encoder A has a coarser quantizer, its bitstream is easiescription alone. For the 1-level codec with finer quantization, the
to decode and, therefore, has stronger error protection capabiliti&8yner-Ziv bitrate is too low to correctly decode most of the frames,

It is decoded first, using decoded vid&b as side information to so the PSNR falls rapidly. For the 1-level codec with coarser quanti-
yield improved decoded vides™. If the transmission errors are not zation, the Wyner-Ziv bitrate is sufficient to correctly decode all the
too severe, then the Wyner-Ziv stream B can also be decoded, péemes but the PSNR is affected by the coarse quantization. How-
sibly using the side informatiof’. This yields a further improved ever, for the 2-level codec, the bitrate is used efficiently. When a
decoded video signad**. Thus, graceful degradation of decodedvideo frame has few error-prone slices, the finer representation can
video quality is achieved without a layered coding scheme. be decoded. When a large number of slices are in error, it is still
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 averaged over the
entire sequence are of limited value. A better appreciation of the
clear advantages of embedded Wyner-Ziv coding can be obtained

The performance of our system over a range of symbol error ratfiom the trgces inFig. 4 ar_ld b_y comparing the visual quality of the
is shown for theForeman CIFsequence in Fig. 3, along with tradi- decoded video, as shown in Fig. 5.

tional FEC for comparison. Each plot corresponds to a main MPEG-

2 bitstream, with thd-B-B-P frame structure, encoded at 2 Mbps,
with an additional 222 Kbps worth of RS parity information. As it

can be seen, the PSNR for the system using conventional FEC drops
rapidly beyond a symbol error probability 8fx 10>, The for-

ward error protection (FEP) scheme also uses 222 Kbps worth of
RS parity symbols, but the RS code is applied to coarser versions
of the original video sequence, encoded at 1 Mbps and 500 Kbps _
respectively. Therefore, FEP can use stronger RS protection at the§
same bitrate, and can provide acceptable video quality over a wider 3
range of symbol error rates. For low symbol error probability, there

is a small reduction in the PSNR owing to the coarser quantization

3. EXPERIMENTAL RESULTS

3.1. Wyner-Ziv Coding for Forward Error Protection

employed in FEP. But at higher symbol error probabilities, the FEP * R \
. age o i \ \
schemes significantly outperform traditional FEC. 32 "+ Error concealment only o 1
=0~ 2 Mbps + 222 Kbps FEC
-O- 2 Mbps + 222 Kbps FEP applied to 1 Mbps version (A)
31F |- ¢ 2Mbps + 222 Kbps FEP applied to 500 Kbps version (B) B B
32 Embedded Wyner-ZiV C0d|ng =©- 2 Mbps + 222 Kbps FE:’sharedbetweenA‘eTndB )
10° 10
In Figs. 3 and 4, we compare the 2-level embedded codec with the Symbol Error Probabilty

1-level codec at the same bitrate. In the 2-level codec, Wyner-Ziv

stream A consists of 166 Kbps of parity information correspondinfig. 3. Forward error protection (FEP) achieves graceful degra-
to a coarsely quantized version of the video sequence, encodecdation of the decoded video quality, compared to traditional FEC.
500 Kbps. The Wyner-Ziv stream B consists of 56 Kbps of parifembedding two FEP streams exploits the tradeoff between error-
information, corresponding to a finely quantized version encoded Egsilience and the Wyner-Ziv bitrate, to obtain graceful quality

1 Mbps. We compare this with a 1-level codec in which the Wynerdegradation without a layered video codec.
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Fig. 4. Depending upon the quality of the side information, the
PSNR of the embedded Wyner-Ziv coding scheme remains great¢gé]
than or equal to that of the single layer scheme with coarsely quan-
tized Wyner-Ziv description. All traces are at symbol error proba-
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Fig. 5. Substantial improvement in decoded video quality is ob-
served by using embedded Wyner-Ziv coding. Decoded frame #3)
from Fig. 4 is shown here for visual comparison.

(15]
4. CONCLUSIONS

In this paper we presented a practical scheme which applies Wyneyg;
Ziv coding ideas for error-resilient digital video broadcasting. Ex-
perimental results show that a supplementary bitstream generated
using Wyner-Ziv coding of the source sequence can be used to cf®7]
rect transmission errors in the received video signal, up to a cer-
tain residual distortion. In return for some impreceptible residual
distortion in the case of channel errors, the above scheme can &l
tentially achieve a much lower bitrate than a conventional channel
coder which protects the bits produced by the source coder. Equiva-
lently, we can achieve stronger error protection at the same bitrate, if

+ Evror concealmentonly we allow for higher distortion. This trade-off has been used to build
-0~ 2 Mbps + 222 Kbps FEP applied to 1 Mbps version (A) a embedded Wyner-Ziv codec, that achieves graceful degradation of
the decoded video quality without needing a layered representation
of the video source.
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