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Abstract—In current interframe video compression
systems, the encoder performs predictive coding to exploit
the similarities of successive frames. The Wyner-Ziv Theorem
on source coding with side information available only at
the decoder suggests that an asymmetric video codec, where
individual frames are encoded separately, but decoded
conditionally (given temporally adjacent frames) could
achieve similar efficiency. In previous work we proposed
a Wyner-Ziv coding scheme for motion video that uses
intraframe encoding, but interframe decoding. In this paper
we improve on our Wyner-Ziv video codec by run-length
coding high frequency coefficients and using these coefficients
at the decoder to accurately estimate the motion. This allows
us to implement a low-delay system where only the previous
reconstructed frame is used to generate the side information
of a current frame. Simulation results show significant
gains above conventional DCT-based intraframe coding. The
proposed Wyner-Ziv video codec enables low-complexity
encoding while achieving high compression efficiency.

I. INTRODUCTION

Implementations of current video compression stan-
dards, such as the ISO MPEG schemes or the ITU-T
recommendations H.263 and H.264 require much more
computation for the encoder than for the decoder; typically
the encoder is 5 to 10 times more complex than the
decoder. This asymmetry in complexity is well-suited for
broadcasting or for streaming video-on-demand systems
where video is compressed once and decoded many times.
However, some applications may require the dual system,
i.e, low-complexity encoders, possibly at the expense
of high-complexity decoders. This is certainly the case
for wireless mobile terminals with a built-in camera that
possess the capability to either store compressed video or
send it to the fixed part of the network. Examples of such
systems include wireless video sensors for surveillance,
wireless PC cameras, mobile camera phones, and future
networked camcorders. For these applications, compression
must be implemented at the camera where memory and
computation are scarce.

To achieve low-complexity encoding, we propose an
asymmetric video compression scheme where individual

frames are encoded independently (intraframe encoding)
but decoded conditionally (interframe decoding). Two
results from information theory suggest that an intraframe
encoder - interframe decoder system can approach the
efficiency of an interframe encoder-decoder system. Con-
sider two statistically dependent discrete signals, X and Y,
which are compressed using two independent encoders but
are decoded by ajoint decoder. The Slepian-Wolf Theorem
on distributed source coding states that even if the encoders
are independent, the achievable rate region for probability
of decoding error to approach zero is Rx > H(X|Y),
Ry > H(Y|X) and R, + Ry > H(X,Y) [1]. The coun-
terpart of this theorem for lossy source coding is Wyner
and Ziv's work on source coding with side information [2].
Let X and Y be statistically dependent Gaussian random
processes, and let Y be known as side information for
encoding X. Wyner and Ziv showed that the conditional
rate-mean squared error distortion function for X is the
same whether the side information Y is available only at
the decoder, or both at the encoder and the decoder. We
refer to lossless distributed source coding as Slepian-Wolf
coding and lossy source coding with side information at
the decoder as Wyner-Ziv coding.

We cal our proposed intraframe encoder-interframe
decoder system a Wyner-Ziv video codec. A Wyner-Ziv
video encoder has great cost advantage, since it compresses
each video frame independently, requiring only intraframe
processing. The corresponding decoder, in the fixed part
of the network, exploits the statistical dependence between
frames, by much more complex interframe processing. A
similar video compression system, using distributed source
coding principles, was proposed independently by Puri and
Ramchandran [3]-{5]. Sehgal et al. also propose Wyner-Ziv
coding for a state-free causal video encoder [6].

We first described the pixel-domain version of our
system in [7] where Wyner-Ziv coding is applied to the
even frames of a video sequence and the odd frames are
known as side information at the decoder. In [8], we present
a more general framework. The key frames of the video
sequence are compressed using a conventional intraframe
codec. The remaining frames, the Wyner-Ziv frames, are



intraframe encoded using a Wyner-Ziv encoder. To decode
a Wyner-Ziv frame, previously decoded frames (both key
frames and Wyner-Ziv frames) are used to generate the side
information which is an estimate of the Wyner-Ziv frameto
be decoded. In [9], we extend the Wyner-Ziv video codec
to atransform-domain codec. The spatia transform enables
the codec to exploit the statistical dependencies within a
frame, thus achieving better rate-distortion performance.

To achieve high compression efficiency in a Wyner-Ziv
video codec, motion has to be estimated at the decoder.
In previous work, we have relied on previously decoded
frames to either interpolate or extrapolate the motion with-
out considering the current frame. Conventional motion-
compensated coding, however, benefits from extracting the
best motion information by directly comparing the current
frame with one or more reference frames. The analo-
gous approach for Wyner-Ziv video coding requires joint
decoding and motion estimation, using the Wyner-Ziv
bits, and possibly additional helper information from the
encoder. The CRC hits in the system proposed by Puri and
Ramchandran [3]-{5] are an example of helper information
for joint decoding and motion estimation. At the decoder,
the CRC of ablock is used to choose from many decoded
versions of the block, with each version corresponding to
a different motion vector.

In [10] we propose to send robust hash codewords from
the encoder, in addition to the Wyner-Ziv bits, to aid the
decoder in estimating the motion and generate the side
information. These hash bits serve to relay the motion
information to the decoder without actually estimating the
motion at the encoder. Since the hash bits can enable more
accurate motion compensation using only one previous
frame, we can implement a low-delay system where only
the previous reconstructed frame is used to generate the
side information of a current Wyner-Ziv frame. This is
analogous to the I-P-P structure used in conventional
interframe video coding.

In thiswork we improve on the system presented in [10]
by treating the high frequency components of the frame as
the hash. We perform Wyner-Ziv coding only on the low
frequency coefficients of the frame, which tend to have
significant correlation with the corresponding coefficients
from the previous frame. The high frequency coefficients,
if sent, are compressed by efficient run-length coding and
are used at the decoder in the inverse transform and in
estimating the motion. Since the high frequencies contain
important edge information, relying only on these coeffi-
cients for the motion search still results in accurate motion
estimation. The motion-compensated previous frame is
then used as side information for Wyner-Ziv decoding the
low freguency coefficients.

In Section |1, we describe in detail the proposed Wyner-
Ziv video codec. In Section Ill, we compare the perfor-

mance of the proposed codec to conventiona intraframe
coding and conventional interframe predictive coding, us-
ing a standard H.263+ video coder.

II. WYNER-ZIV VIDEO CODEC

We propose an intraframe encoder and interframe de-
coder system for video compression as shown in Fig. 1.
A subset of frames from the sequence are designated as
key frames. The key frames, K, are encoded and decoded
using a conventional intraframe codec. In between the key
frames are Wyner-Ziv frames, W, which are intraframe
encoded but interframe decoded.

A. Intraframe Encoder

At the encoder, a blockwise DCT is applied to the
Wyner-Ziv frame W to generate X. The resulting trans-
form coefficients are divided into a low frequency and a
high frequency set. Only the low freguency coefficients are
compressed using Wyner-Ziv coding.

The low frequency transform coefficients are grouped
together to form coefficient bands X, where k& denotes
the coefficient number. Each X ;. is then encoded inde-
pendently as follows: For each band X, the coefficients
are quantized using a uniform scalar quantizer with 2 M«
levels. The quantized symbols, ¢, are converted to fixed-
length binary codewords, and corresponding bit-planes are
blocked together forming M, bit-plane vectors. Each bit-
plane vector is then sent to the Slepian-Wolf encoder.
The Slepian-Wolf coder is implemented using a rate-
compatible punctured turbo code (RCPT) [11] [12]. The
RCPT, combined with feedback, provides rate flexibility
which is essential in adapting to the changing statistics
between the side information and the frame to be encoded.
The parity bits produced by the turbo encoder are stored
in a buffer which transmits a subset of these parity bits
to the decoder upon request. The parity bits sent from the
encoder buffer constitute the Wyner-Ziv bits. For some bit-
planes, however, the correlation with the side information
is very small so the bit-plane is sent uncoded.

The encoder stores for the quantized high frequency
coefficients of the previous frame. For a given block, the
distance of the current coefficients from the corresponding
quantized coefficients of the previous frame is calculated.
If the distance is smaller than a threshold, a “no high
frequency bits’ codeword is sent. If the distance exceeds
the threshold, the block’s high frequency coefficients are
compressed using run-length and Huffman coding and are
sent to the decoder. Strictly speaking, the encoder is no
longer an intraframe coder because of the distance cal-
culation. However, storing the quantized high frequencies
of the previous frame is a negligible burden, compared
to conventional frame store and encoder-based motion
estimation.
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Fig. 1. Wyner-Ziv video codec with intraframe encoding but interframe decoding

The proposed codec has an encoder complexity simi-
lar to that of conventiona intraframe encoding. For the
Wyner-Ziv frames, turbo coding (composed of interleaving
and convolutional coding) replaces conventiona entropy
coding. Storing a quantized version of the high frequency
coefficients requires minimal memory and computation.

B. Interframe Decoder

The decoder generates the side information frame W,
which is an estimate of 1/, from the previous frame and the
high frequency bits. For a given block of the current frame,
if no high frequency bits are sent, the co-located block
from the previous frame is used as the side information. If
the high frequency bits are sent, the decoder reconstructs
these coefficients and utilizes them in a motion search to
generate the best side information block from the previous
frame.

The decoder applies a blockwise DCT on W to gen-
erate Y. The transform coefficients from Y are grouped
together to form coefficient bands Yy, the side information
corresponding to X. To be able to use Y}, at the turbo
decoder and reconstruction block, the decoder estimates the
statistical dependence between X, and Y}, using previously
decoded frames.

Given a coefficient band, the turbo decoder successively
decodes the bit-planes starting with the most significant
bit-plane. It takes the received subset of parity bits cor-
responding to the bit-plane and the side information Y
to decode the current bit-plane. If the decoder cannot
reliably decode the hits, it requests additional parity bits
from the encoder buffer through feedback. The request and

decode process is repeated until an acceptable probability
of bit error is guaranteed. The probabilities generated
for the current bit-plane are used for decoding the less
significant bit-planes. By using the side information Y, and
successively decoding the bit-planes, the decoder needs to
request R, < M, bits to decode which of the 2** bins
a transform coefficient belongs to and so compression is
achieved.

When al the bit-planes are decoded, the hits are re-
grouped and the quantized symbol stream is reconstructed
as qi’. The reconstruction block can use these recon-
structed symbols to repeat the motion estimation algorithm
and further improve the side information used for re-
constructing the coefficients. The reconstructed coefficient
band X}’ is then calculated as F(Xy|qx’, Yi). Assuming
that g’ is error-free, this reconstruction function has the
advantage of bounding the magnitude of the reconstruction
distortion to a maximum value, determined by the quantizer
coarseness. This property is desirable since it eliminates
large positive or negative errors for a given transform
coefficient. These large errors tend to be very perceptible
and annoying to the viewer.

The inverse-DCT is then applied to the reconstructed
low and high frequency coefficients. For the blocks with
no transmitted high frequency bits, the high frequency
coefficients of the side information frame are used.

1. SIMULATION RESULTS

We implemented the Wyner-Ziv video codec proposed
in Section Il and assessed its performance for QCIF video
sequences.



Salesman Sequence

a4;

42

401

PSNR (dB)

-
28} . * '+ H.263+ I-P-P, GOP=8 28} *x- '+ H.263+ I-P-P, GOP=8
;k’ =M= WZ DCT Codec, GOP=8 .’ =M= WZ DCT Codec, GOP=8
* = DCT-based intracoding * == DCT-based intracoding
T ; T T T )

Hall Sequence

PSNR (dB)

150
Rate (kbps)

100 200 250

(8) Salesman sequence

140 160
Rate (kbps)

100 120 180 200 220 240

(b) Hall Monitor seguence

Foreman Sequence

42r

a1t

40+

PSNR (dB)

4 H.263+ |-P-P, GOP=8
=%= WZ DCT Codec, GOP=8
= DCT-based intracoding

: T )

3

00 350
Rate (kbps)

400 450 500

(c) Foreman sequence

Fig. 2. Rate-distortion performance of Wyner-Ziv video
I-P-P interframe predictive coding.

For encoding a Wyner-Ziv frame, we use an 8 x 8 DCT.
Only the ten lowest frequency coefficients are Wyner-Ziv
coded and the rest are treated as high frequencies. The
low frequency bands are quantized using uniform scalar
guantizers, with the same step size for all the coefficient
bands. The number of quantizer bins coded for each band
determines the bit allocation between these bands.

For moderate to high bit rates, the high frequency
coefficients are quantized with the same step size as
the low frequency bands. For the lower bit rates, we
use smaller step sizes for the higher frequencies because
coarsely quantizing these frequencies degrades the motion

codec compared to DCT-based intraframe coding and H.263+

estimation, which in turn increases the required Wyner-Ziv
bit rate. Furthermore, we do not send the high frequency
components of al the blocks so the finer quantization does
not increase the bit rate significantly. In the experiments,
for the low bits rates, the number of blocks with high
frequency coefficients sent ranges from 2% to 50% of the
total blocks.

The turbo encoder for Slepian-Wolf coding is composed
of two identical constituent convol létiong encoders of rate
%. and generator matrix [1 LD [14]. The parity
bits from the convolutional encoder are stored in the

encoder buffer while the systematic bits are discarded.



The simulation set-up assumes ideal error detection at the
decoder — the decoder can determine whether the current
bit-plane error rate, P,, is greater than or less than 10 3.
If P, > 103 it requests for additional parity bits.

For the turbo decoder to decode the parity bits, it
calculates the probability of each possible symbol given
the corresponding side information. The decoder estimates
these probabilities by tracking the correlation from pre-
vious frames. More precisely, for every decoded frame,
the decoder collects the joint histogram of the decoded
symbols and the corresponding quantized side information.
The decoder uses this histogram, giving more importance
to recent frames, to calculate the probabilities for the
turbo decoder. For the reconstruction block, the decoder
assumes a Laplacian residual distribution between X, and
Y%, with the Laplacian parameters approximated by pre-
training from various sequences.

The results for the Salesman, Hall Monitor and Foreman
QCIF sequences (at 10 frames per second and with a total
sequence length of 10 seconds) are shown in Fig. 2. For
the Wyner-Ziv codec, every 8th frame is a key frame. The
key frames are compressed as | frames using a standard
H.263+ codec. To vary the rate for the Wyner-Ziv plots,
we change the quantization parameter of the key frames as
well as the quantization of the Wyner-Ziv frames. The plots
show the total rate and the average frame PSNR of both the
key frames and Wyner-Ziv frames. We compare the rate-
distortion performance to that of conventional DCT-based
intraframe coding and H.263+ interframe coding (I-P-P)
with the same GOP size. The H.263+ interframe coding
plots were generated by choosing the best combination of
guantization parameters for the | and P frames.

For the Salesman and Hall Monitor plots we observe
impressive gains over DCT-based intraframe coding. The
plots show that the Wyner-Ziv coder can achieve, for a
fixed bit rate, 6 to 8 dB PSNR improvement and for a fixed
PSNR, a bit rate savings of 60 to 70%. For the Foreman
sequence, which has high motion throughout the frame,
we observe less improvement over conventional intraframe
coding. The Wyner-Ziv codec attains 1.5 dB improvement
in PSNR and about 15 to 20% in bit rate savings. For
Foreman, more accurate motion estimation is required to
generate reliable side information. The coder sends most
of the high frequency coefficients and the performance is
close to that of simply intracoding the frame.

Thereis aperformance gap relative to H.263+ interframe
coding, with the gap dlightly larger for lower bit rates. For
al the sequences, the gap from H.263+ interframe coding
ranges from 2 to 3 dB. Slepian-Wolf coding is at present
the greatest source of compression inefficiency, as can be
seen by comparing the achieved bit rate with measured
conditional entropies.

IV. CONCLUSIONS

In this work we perform Wyner-Ziv coding only on the
low frequency coefficients of a frame. The high frequency
coefficients are run-length coded and used at the decoder
to achieve accurate motion estimation. This improvement
enables us to implement a low-delay system which recur-
sively decodes a series of Wyner-Ziv frames by performing
motion compensation of the previous frame to generate the
side information. This is analogous to the I-P-P structure
used in conventiona interframe video coding. Note that
the I-P-P dependency is only meaningful at the decoder
because the frames are till encoded independently at the
encoder.

The Wyner-Ziv video codec shows impressive gains over
conventional DCT-based intraframe coding while having
comparable encoding complexity. There is still a perfor-
mance gap from H.263+ interframe coding.
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