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1. ABSTRACT

In this paper, we propose a codebook adaptation al-
gorithm for very low bit rate, real-time video coding.
Although adaptive codebook design has been studied
in the past, its implementation at very low coding
rates suitable for the MPEG4 standard remains signif-
icantly challenging. Our coder uses a standard motion
compensated predictor with DCT quantization. It is
unique in that it uses a hybrid scalar/vector quantizer
to code predictor residuals. Bits are dynamically allo-
cated to minimize distortion in the current frame, and
‘scalar quantized blocks are used to adapt the VQ code-
book. A codebook adaptation algorithm is described
which uses an “equidistortion principle” and a com-
petitive learning algorithm to continuously adapt the
codewords. This training algorithm results in an in-
creased use of the more efficient vector quantizer and
improved video quality.

2. INTRODUCTION

The general purpose of video coding is to compress the
video image sequence data for more efficient storage
or transmission via a communication channel. From
Shannon’s rate-distortion theory, coding vectors, in-
stead of scalars, gives better performance in theory
when the vector quantizer is matched to the source
statistics. A hybrid scalar/vector quantizer is pro-
posed in our very low bit rate coder [1] to provide effi-
cient quantization with changing signal statistics. The
adaptive VQ schemes pursued before [2] explored the
coding performance via parameters such as degree of
adaptivity, vector dimensionality, and codebook size.
The idea in our codebook adaptation algorithm con-
cerns the tradeoff among the bits allocated to different
types of information under fixed frame and bit rate con-
straints in our coder. As dynamic bit allocation allows
us to optimize the coder performance for the current
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frame in the video sequence, codebook adaptation pro-
vides better coding quality for future frames.

In order to be implemented in real time, the com-
plexity of the codebook adaptation algorithm must be
constrained. At the same time, it must still provide op-
timal use of the codebook to maximize visual quality
of the current frame, while adapting the codebook in
order to improve the efficiency of the quantizer.

3. ALGORITHM

3.1. Analysis

The main idea in the adaptation algorithm is quite
simple. To have a real time video coder, the tradi-
tional LBG codebook generation algorithm will not
work. This is because we are unable to do extensive
iterative learning in a large training set (e.g., all in-
put image blocks) to find the best representative code-
words for the current video sequence. Instead, we can
only use scalar quantized blocks as training vectors for
adaptation as new image frames arrive.

In order to stay within the bit rate limit of each
frame, a dynamic bit allocation algorithm is used to
achieve the best performance for the current frame by
allocating bits between the scalar and vector quantiz-
ers. This results in the transmission of scalar quantized
blocks, which are used to adapt the codebook for fu-
ture frames. These scalar blocks, along with the quan-
tizer statistics for previous frames, are used to adapt
the codebook such that a larger proportion of bits are
allocated to the more efficient vector quantizer for min-
imum coding distortion. This results in improved cod-
ing quality because of the increased use of vector quan-
tization.

From Gersho’s book [3], there are two Lloyd condi-
tions that are necessary for an optimal MMSE quan-
tizer: (1) the codebook vectors should be the cen-
troids of the partitions of the vector space, and (2) the
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boundary between two adjacent partitions should be
equidistant from the centroids of the partitions. These
partitions are called Vonoroi regions when using the
minimum distortion rule, and each Voronoi region is
represented by a codeword. Applying these two con-
ditions iteratively in codebook generation will result
in “equiprobable” characteristics, that is, the proba-
bility of an input vector falling into a Voronoi region
is the same for each region. A VQ codebook that
satisfies these two necessary conditions will be locally
optimal, which means that the performance obtained
strongly depends on the initialization of the representa-
tive codewords to be optimized. Ueda and Nakano [4]
derived an optimal codebook generation criterium, us-
ing an “equidistortion” principle, based on Gersho’s [5]
asymptotic performance theory of VQ. It says that for
a large number of representative vectors, the expected
distortion becomes minimum if and only if every par-
titioned region has the same minimum subdistortion.
Our codebook adaptation algorithm attempts to sat-
isfy this objective.

Thus, there are two basic objectives for our design.
The first is to design an algorithm that approaches
global optimality. The second is to develop a real time
algorithm for the continuous adaptation of codewords
based on new coding information.

The following section describes an adaptation algo-
rithm which uses a split and merge algorithm to in-
troduce new codewords into the codebook, and a com-

petitive learning algorithm to continuously adapt the
codebook.

3.2. Design

Based on the above analysis, we developed a real-time
codebook adaptation algorithm as follows.

We define the codebook size as N, the codeword size
as M, and assume that we start from an empty initial
codebook. For the first several frames of the video se-
quence, while the number of different scalar (training)
blocks is less than N, we split the Voronoi regions un-
til the codebook has N codewords. We then adapt the
codebook by splitting and merging regions based on
their subdistortions, or apply competitive learning if a
new codeword does not reduce the overall distortion.

We represent a codeword by W;(n), and Voronoi
region distortion associated with W;(n) by MSE;(n),
where i is the index of the codeword in the codebook,
and n is the frame index in the video sequence. An
input scalar block is represented by X. When a scalar
block X is encoded using the vector quantizer, it will
be associated with the Voronoi region whose centroid

represents the block with minimum mse, and will con-
tribute to the accumulated distortion of this region.
The decision factor di(n) indicates whether the input
vector X belongs to ith Voronoi region.

_ [ L ifl[Wi(n) = XII? < [|Wj(n) - X|I?
di(n) —{ 0, ;therwise 7 (1)

MSE;(n+1) = MSE;(n) + |Wi(n) — X||* (2)

A Voronoi region is a candidate for splitting, i.e., a new
scalar block associated with that region is added to the
codebook, when the block coding distortion is large,
and the region distortion compared to the distortion in
other regions is large. In order to add an additional
codeword, other Voronoi regions must be merged. A
new codeword is added, and the two codewords having
smallest distortion are merged, if the distortion of the
merged region is not greater than the average region
distortion. This will drive the Voronoi regions to have
equal distortion.

If we do not meet the requirement to split and
merge codewords using the scalar blocks, a competi-
tive learning algorithm is used to update the current
codewords in order to minimize their distortion.

The codewords are updated according to the follow-
ing update rule.

Wi(n +1) = Wi(n) + L(n)[X — Wi(n)] (3)

l;(n) is the learning factor [6], which determines the
updating codeword’s convergence rate. There are mul-
tiple ways to define this factor. One simple way is to
use exp~?*", 0 < @ < 1. In order to consider the con-
tribution of the neighbor to the Voronoi region being
updated, other learning factors have also been studied
[7]. For example, the learning factor is defined in [8]
as:

L iflWin) - X|I? = Bi(n) <
(1W;(n) = X|[2  B;(n) (1)

0, otherwise

Li(n)=

where B;(n) is a bias form, and R;(n) is winning rate:

Bi(n) = C/N - Bi(m)), C<1 (5)
Ri(n + 1) = Ri(n) + Aldi(n) — Ri(n)], 0< A < 1(6)

This competitive learning changes the shape of the
Voronoi region and thus changes the distortion of each
region also. After adapting the codebook for each
scalar encoded block the distortion is recalculated. To
reduce the complexity in calculating the new distor-
tion, input scalar blocks very close to one of the existing
codewords are not used in training the codebook.
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Figure 1: Results
4. RESULTS
Frame PSNR Scalar Bit Allocate

Codebook adaptation increases use of the vector quan- Number | old(dB) | new(dB) | old(bits) | new(bits)
tizer and therefore the decoded image quality. A con- L 17.161 | 17.161 ) 4
stant bitrate is maintained, while more bits are allo- Py 30.572 | 31.664 1040 1001
cated to scalar blocks, which are used to train the VQ 220 31307 | 35.195 1059 909
codebook, when it is not well adapted to the sequence. 345 30.338 31.766 1157 1045
This is illustrated in Figure 1, which shows results for a e 31167 | 34324 1164 1035

sequence coded at a constant 10 frames per second and
16 kbps. Here we compare a simple codeword replace-
ment algorithm with the adaptation algorithm based
on the equidistortion principle and learning. As shown
in the plots, the PSNR improves during training, while
the rate allocated to scalar blocks decreases. This is
due to codebook adaptation and subsequently greater
allocation of bits to the vector quantizer.

Similarly, as shown for representative frames in Ta-
blel, the PSNR increased in the new scheme and the
bits allocated to the scalar quantized image blocks
dropped overall.

5. CONCLUSION

Our hybrid scalar/vector quantizer based very low bit
rate coder is designed for real time implementation on
current video DSP chips. It is unique in that it uses
simple dynamic bit allocation and codebook adaptation
to gain the optimal individual frame and overall video
sequence perceptual visual quality. A formal subjec-
tive study was done to compare this algorithm to more

Table 1: Comparison of Performace

standard MCDCT algorithms. Stronger preference was
found for the new algorithm.
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