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ABSTRACT

In current interframe video compression systems, the encoder per-
forms predictive coding to exploit the similarities of successive
frames. The Wyner-Ziv Theorem on source coding with side infor-
mation 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 propose a Wyner-
Ziv coding scheme for motion video that usesintraframe encoding,
but interframe decoding. In this paper we improve on our \WWyner-
Ziv video codec by sending hash codewords of the current frameto
aid the decoder in accurately estimating the motion. Thisallowsus
to implement alow-delay system where only the previous recon-
structed frame is used to generate the side information of a current
frame. Simulation results show significant gains above conven-
tional DCT-based intraframe coding. The Wyner-Ziv video codec
with hash-based motion compensation at the receiver enables low-
complexity encoding while achieving high compression efficiency.

1. INTRODUCTION

Implementations of current video compression standards, such as
the 1ISO 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 com-
plex 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. How-
ever, some applications may require the dual system, i.e., low-
complexity encoders, possibly at the expense of high-complexity
decoders. Thisis 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. Ex-
amples of such systems include wireless video sensors for surveil-
lance, wirel ess PC cameras, mobile camera phones, and future net-
worked 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 asym-
metric video compression scheme where individual frames are
encoded independently (intraframe encoding) but decoded con-
ditionally (interframe decoding). Two results from information
theory suggest that an intraframe encoder - interframe decoder sys-
tem can approach the efficiency of an interframe encoder-decoder
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system. Consider two statistically dependent discrete signals, X
and Y, which are compressed using two independent encoders but
are decoded by a joint decoder. The Slepian-Wolf Theorem on
distributed source coding states that even if the encoders are in-
dependent, the achievable rate region for probability of decoding
error to approach zerois Rx > H(X|Y), Ry > H(Y|X) and
Rs + Ry, > H(X,Y) [1]. The counterpart of this theorem for
lossy source coding is Wyner and Ziv's work on source coding
with sideinformation [2]. Let X and Y be statistically dependent
Gaussian random processes, and let Y be known as side informa-
tion 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 lossess dis-
tributed source coding as Slepian-Wolf coding and lossy source
coding with side information at the decoder as Wyner-Ziv coding.

We call 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 inde-
pendently, requiring only intraframe processing. The correspond-
ing 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, 4, 5]. Sehgadl et a. also propose Wyner-Ziv cod-
ing 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 infor-
mation at the decoder. In [8], we present a more general frame-
work. The key frames of the video sequence are compressed us-
ing a conventional intraframe codec. The remaining frames, the
Wyner-Ziv frames, are intraframe encoded using a Wyner-Ziv en-
coder. 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 frame to
be decoded. In [9], we extend the Wyner-Ziv video codec to a
transform-domain codec. The spatial transform enables the codec
to exploit the statistical dependencies within aframe, thus achiev-
ing better rate-distortion performance.

To achieve high compression efficiency in a Wyner-Ziv video
codec, motion hasto be estimated at the decoder. |n previouswork,
we have relied on previously decoded frames to either interpolate
or extrapolate the motion without considering the current frame.
Conventiona motion-compensated coding, however, benefitsfrom
extracting the best motion information by directly comparing the
current frame with one or more reference frames. The analogous
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Fig. 1. Wyner-Ziv video codec with hash-based motion compensation at the decoder

approach for Wyner-Ziv video coding requires joint decoding and
motion estimation, using the Wyner-Ziv bits, and possibly addi-
tional helper information from the encoder. The CRC bits in the
system proposed by Puri and Ramchandran [3, 4, 5] isan example
of helper information for joint decoding and motion estimation. At
the decoder, the CRC of a block is used to choose from many de-
coded versions of the block, with each version corresponding to a
different motion vector.

In this work 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 serveto relay the motion information to the decoder with-
out 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 alow-delay system where only
the previous reconstructed frame is used to generate the side infor-
mation of acurrent Wyner-Ziv frame. Thisisanalogous to the I-P-
P-P structure used in conventional interframe video coding. In [8],
the number of Wyner-Ziv frames in between key frames was lim-
ited to a few frames and the side information was generated using
interpolation, thus, requiring out-of-order decoding. Theimproved
system allowslonger group of pictures (GOP) aswell as sequential
decoding.

In Section 2, we describe the proposed Wyner-Ziv video codec
and the use of the hash bits. In Section 3, we compare the perfor-
mance of the proposed codec to conventional intraframe coding
and conventional interframe predictive coding, using a standard
H.263+ video coder.

2. WYNER-ZIV VIDEO CODEC

We propose an intraframe encoder and interframe decoder system
for video compression asshown in Fig. 1. A subset of framesfrom
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.

2.1. Intraframe Encoder

At the encoder, a blockwise DCT is applied to the Wyner-Ziv
frame W to generate X. The transform coefficients are grouped
together to form coefficient bands X, where k denotes the coef-
ficient number. Each transform coefficient band is then encoded
independently.

For each band X, the coefficients are quantized using a uni-
form scalar quantizer with 2+ levels. The quantized symbols, g,
are converted to fixed-length binary codewords, and correspond-
ing bit-planes are blocked together forming M;, bit-plane vectors.
Each bit-plane vector isthen sent to the Slepian-Wolf encoder. The
Slepian-Wolf coder isimplemented using a rate-compatible punc-
tured turbo code (RCPT) [10][11]. 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.

The encoder also generates hash bits to aid the decoder in es-
timating the motion. In the current implementation, the robust
hash code for an image block simply consists of a very coarsely
subsampled and quantized version of the block. Since the hash is
much smaller than the original data, the encoder isallowed to keep
the hash codewords for the previous frame in a small hash store.
For each block of the current Wyner-Ziv frame, the distance from
the corresponding robust hash of the previous frame is cal cul ated.
With the current hash code, this distance is the squared difference
between the subsampled version of the current block and the co-
located quantized samples from the previous frame. If the distance
issmaller than athreshold, a“ no hash bits’ codeword issent. If the
distance exceeds the threshold, the block’s hash is sent, along with
the Wyner-Ziv bits. Strictly speaking, the encoder is no longer an
intraframe coder because of the hash store. However, storing hash
codewords of the previous frame is a negligible burden, compared
to conventional frame store and encoder-based motion estimation.

The proposed codec has an encoder complexity similar to that
of conventional intraframe encoding. For the Wyner-Ziv frames,



turbo coding (composed of interleaving and convolutional coding)
replaces conventional entropy coding. The generation of the hash
information requires minimal memory and computation.

2.2. Interframe Decoder

The hash codewords enable us to implement a low-delay system
where only the previous reconstructed frame and the current hash
bits are used to generate the side information of the current Wyner-
Ziv frame. For agiven block of W, if no hash codeword is sent, the
co-located block is used as side information. If hash bits are sent,
the decoder performs a motion search based on the hash to gener-
ate the best side information block from the previous frame. This
process generates the side information, W, which isan estimate of
w.

The decoder applies a blockwise DCT on W to generate Y.
The transform coefficients from Y are grouped together to form
coefficient bands Y, the side information corresponding to Xj.
To beableto useY; at the turbo decoder and reconstruction block,
the decoder assumes a statistical dependence model between X,

Given a coefficient band, the turbo decoder successively de-
codes the bit-planes starting with the most significant bit-plane. It
takes the received subset of parity bits corresponding to the bit-
plane and the side information Y}, to decode the current bit-plane.
If the decoder cannot reliably decode the bits, 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 cur-
rent 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;. bitsto decode
which of the 2M* bins a transform coefficient belongs to and so
compression is achieved.

When al the bit-planes are decoded, the bits are regrouped
and the quantized symbol stream is reconstructed as ¢,’. The re-
constructed coefficient band X, is calculated as E(Xy|qx’, Yi).
Assuming that g is error-free, this reconstruction function has
the advantage of bounding the magnitude of the reconstruction dis-
tortion to a maximum value, determined by the quantizer coarse-
ness. 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 isthen applied to the reconstructed coefficient bands.
Since the hash codewords correspond to a subsampled, coarsely
quantized version of the original pixels, the hash isalso utilized in
improving the image after the inverse transform. The refinement
stage produces the final reconstruction W"'.

If hash codewords are used in the pixel-domain Wyner-Ziv
video codec implementation proposed in [8], the hash bits can have
the additional function of locking the corresponding probabilities
in the turbo decoder, thus reducing the rate needed for the Wyner-
Ziv bits. Thisapproach isclosely related to theidea of probing the
dependence channel for universal Slepian-Wolf coding, proposed
in[12].

3. SSIMULATION RESULTS

Weimplemented the Wyner-Ziv video codec proposed in Section 2
and assessed its performance for QCIF video sequences.

For encoding a Wyner-Ziv frame, we use a4 x 4 discrete co-
sine transform (DCT) and each coefficient band is quantized with

a uniform scalar quantizer. The combination of quantizers deter-
mines the bit allocation between bands. We use the quantizers
described in [9].

The turbo encoder is composed of two identical con-
stituent convolutional encoders of rate 3 and generator matrix

[l %] [10]. The parity bits from the convolutional en-
coder are stored in the encoder buffer while the systematic bits
are discarded. The simulation set-up assumes ideal error detec-
tion at the decoder — the decoder can determine whether the cur-
rent bit-plane error rate, P., is greater than or less than 1073, If

P. > 1073 it requests for additional parity bits.

The turbo decoder and reconstruction block assume a Lapla-
cian residua distribution between X, and Y;. Let d be the differ-
ence between corresponding elementsin X; and Y. We observe
that the distribution of d can be approximated as f(d) = Se~*I"l.
Each coefficient band has a different o parameter which was ap-
proximated by training from various segquences.

We generate ahash codeword for each 8 x 8 block of theframe.
In the simulations, the hash code simply consists of 16 pixelsfrom
each block, coarsely quantized to 32 levels, resulting in 80 bits
per block. As explained in Section 2.1 we do not send the hash
codeword of every block. Instead we calculate the distance of the
block from the co-located hash of the previous frame. For thishash
code implementation, storing the codewords corresponding to the
previous frame requires a hash storage the size of about 15% the
original frame. In the simulations we send about 5% to 20% of the
hash codewords, depending on the sequence and the quantization
parameters.

The results for the first 100 frames of Salesman and Mother
and Daughter QCIF sequences are shown in Fig. 2 and 3. We var-
ied the number of Wyner-Ziv frames between key frames (result-
ing in different GOP lengths) to generate the different Wyner-Ziv
plots. The key frames were encoded as | frames using a standard
H.263+ codec. For each GOP length, we changed the quantiza-
tion 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. The
frame rateis 30 frames per second. 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 quantization parameters for the | and P
frames.

From the plots we observe impressive gains (up to 8 dB)
over conventional intraframe DCT coding for all the GOP lengths.
There is a performance gap relative to H.263+ interframe cod-
ing, with the gap widening for longer GOP's. For Salesman and
Mother and Daughter the gap from H.263+ interframe coding
ranges from 0.7 to 5.5 dB. It can be seen from the results that
increasing the GOP size does not necessarily improve the com-
pression performance of the Wyner-Ziv video codec. With more
Wyner-Ziv frames between key frames, we reduce the bit rate for
the key frames but we increase the distortion propagation from
a decoded frame to the side information of the next Wyner-Ziv
frame. For Salesman, we obtain the best compression efficiency
for GOP lengths of 15 or 32 frames and for Mother and Daughter
the best GOP length is 4 frames.
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Fig. 2. Bit rate vs. Average Frame PSNR for Salesman sequence

4. CONCLUSIONS

In thiswork we propose to send robust hash codewords in aWyner-
Ziv video codec to achieve more accurate decoder motion esti-
mation. This improvement enables us to implement a low-delay
system which recursively decodes a series of Wyner-Ziv frames
by performing hash-based motion compensation of the previous
frame to generate the side information. This is analogous to the
I-P-P-P structure used in conventiona interframe video coding.
Note that the I-P-P-P dependency is only meaningful at the de-
coder because the frames are till encoded independently at the
encoder.

The Wyner-Ziv video codec shows impressive gains over con-
ventional DCT-based intraframe coding while having compara-
ble encoding complexity. There is still a performance gap from
H.263+ interframe coding especially at larger GOP lengths.

For Wyner-Ziv coding, the optimal bit rate is determined by
the statistical dependence between the source and the side infor-
mation. Rate control is a specia challenge since the side infor-
mation is exploited only at the decoder but not at the encoder. At
present our rate control depends entirely on a feedback channel
from the decoder to the encoder. In future work we can compare
the stored hash codewords of the previous frame and those of the
current frame to estimate the statistics and the resulting bit rate.
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