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Interpolative Vector Quantization of Color Images

HSUEH-MING HANG, MEMBER, IEEE, AND BARRY G. HASKELL, FELLOW, IEEE

Abstract—Interpolative vector quantization has been devised to allevi-
ate the visible block structure of coded images plus the sensitive codebook
problems produced by a simple vector quantizer. In addition, the problem
of selecting color components for color picture vector quantization is
discussed. -Computer simulations demonstrate the success of this new
coding technique for color image compression at approximately 0.3 bits/
pel. Some background information on vector quantization is also
provided.

I. INTRODUCTION

IN recent years, vector quantization (VQ) has been found to
be an efficient data compression technique for speech and
images [1], [2]. The simplicity of a VQ codec, especially the
receiver, makes it a particularly valuable coding scheme. Most
of the previous research on VQ has been conducted for speech
and monochrome images; little has been done for color
images.

A direct VQ applied to monochrome images has a very
simple hardware structure; however, it suffers from the
following problems: visible block structure in the recon-
structed pictures and a codebook that is sensitive to pictures
other than the training ones used to generate it. These two
problems are even worse for color image coding. Because a
color image has three color components, finding a codeword
that matches three components simultaneously is more diffi-
cult.

Many proposals have been raised to solved the above
problems. One simple method is to use a very large codebook
and a very long training sequence. An immediate shortcoming
of this method is its hardware complexity. The increase of
codebook size both increases the searching time to allocate the
best codeword in encoding and requires expanded memories
for both encoder and decoder.

For practical purposes, we would normally prefer the use of
a single universal codebook of reasonable size for all the
pictures to be coded. We can also trade memory with
computation; that is, devise a coding scheme that requires
more computations than a direct VQ, but achieves a universal
codebook of a much smaller size. This direction has been
pursued by many researchers. For example, Baker and Gray
[31, [4] suggested a differential VQ (DVQ) technique that
removes the mean value of each coding block before it is
vector-quantized. The block mean values are transmitted to the
receiver via a PCM or a DPCM coder. Baker and Gray
compared DVQ against the direct VQ and an adaptive DCT
(discrete cosine transform) for monochrome images at the
rates from 0.5 to 2 bits/pel. In all cases, DVQ worked better
than the direct VQ and as well as the adaptive DCT. However,
the hardware structure of a DVQ codec is much simpler than
that of an adaptive DCT. Nevertheless, they also pointed out
that the coded pictures of VQ and DVQ acquired the
“‘blockiness’’ artifacts at rates below 1 bit/pel.

Murakami et al. [5], [6] proposed a VQ coding scheme that
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not only removes the block means, but also normalizes the
block variances. We can call this scheme normalized DVQ.
They also used a different distortion criterion—minimizing the
block peak error, rather than the mean-squared error used by
Baker and Gray. They showed the feasibility of this technique,
but did not compare it to the other coding schemes.

Another proposal is the segmented codebook approach
introduced by Gersho and Ramamurthi [7]. They first classi-
fied the blocks of an image into several constituent groups and
then designed codebooks separately for each group. Direct VQ
was then performed on each group using the corresponding
codebook. This scheme has been refined [8], [9] and needs a
complex segmentation process which may be more difficult

" for real-time image coding.

All the above VQ coding schemes were originally proposed
for monochrome pictures. Recently, Boucher and Goldberg
[10] suggested a direct VQ for color pictures. Their scheme
transmitted the codebook of every individual subpicture (a 32
x 32 window of a picture). Each codebook was designed and
used exclusively for only one subpicture; therefore, they could
eliminate the codebook sensitivity problem and thus name it
adaptive VQ. However, because of the repeated transmission
of codebooks, the bit rate of this scheme could not be very
low. Moreover, the computations required for codebook
design for every picture window would pose some difficulty
for real-time coding.

We will present an interpolative VQ (AVQ) scheme that can
reduce the coded picture blockiness and provide a robust
universal codebook for most real-world images. The basic
idea is to send separately, via PCM or DPCM, one picture
element (pel) of each block to be coded. From these, an
interpolation is constructed that is subtracted from the original
image, producing a differential picture that is then coded by
VQ. Furthermore, in order to encode color pictures, we also
look into such related problems as color space selection and
component coding. Using this new scheme, we have obtained
very successful experimental results at very low rates, around
0.3 bits/pel (for all three colors together).

The organization of this paper is as follows. Section II
briefly reviews the fundamentals of VQ including the code-
book design techniques. The new IVQ coding scheme is
presented in Section III. Section IV discusses a few topics
associated with color picture coding. For comparison, com-
puter simulations in Section V not only demonstrate the
feasibility of IVQ, but also examine the DVQ and the
normalized DVQ schemes for color image coding.'

II. VECTOR QUANTIZATION

A VQ is a mapping from a k-dimensional Euclidean space
R* to a finite subset of R*. This finite set Y is called a VQ
codebook or VQ table. For coding purposes, a complete VQ
codec has two parts: an encoder which assigns each data
vector x € R* to a channel symbol (or index), and a decoder
which maps a channel symbol to a codeword (or reproducing
vector) y € Y. By choosing the size of codebook Y, we can
control the transmission rate of a VQ coding process. Our goal
is to select an optimal codebook Y of size N that results in the

I After this work being done, we found that a modified version of DVQ has
been applied to color images [26], and a normalized DVQ and its extensions
on color image coding are reported in {27]. '
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lowest possible distortion among all possible codebooks of the
same size. The schematic diagram of a vector quantizer
(encoder) for image coding is shown in Fig. 1. The VQ
decoder structure is not included here, since it is simply a table
lookup process.

In order to analyze the performance of VQ, both the source
model and the distortion measure need to be simple and
mathematically tractable. Indeed, it has been proved that VQ
can asymptotically achieve the rate-distortion bound under
proper assumptions of signal sources and distortion measures
[11]-[13]. In other words, VQ is one of the known coding
techniques that could approach the rate-distortion limit.

Although the idea of VQ has been around for a long time, it
is the recent discovery of codebook design methods that makes
this coding scheme practical. Two groups of VQ design
methods have been invented. The first group of methods
constructs codebooks based on mathematical formulas. This
approach can achieve uniform quantization [11], [14] and can
pose a regular structure (e.g., lattice) on the codebook for fast
encoding and decoding [15]-[17]. However, it usually needs a
probabilistic model of the signal source and requires a huge
codebook for good performance.

The second group designs the (locally) optimum codebook
based on empirical data (so-called training set). This ap-
proach is sensitive to the outside data (which are not inside
the training set), but is considered to be more practical for
small size codebooks (less than 1000) and also eliminates the
requirement of a probabilistic model. Two empirical VQ
design algorithms, at least, are available as outlined below.

The first empirical design scheme is suggested by Linde,
Buzo, and Gray [18] and thus named the LBG algorithm.
This scheme is a generalization of Lloyd’s PCM design
technique. It contains two basic steps at each iteration: 1)
partitioning the training data and 2) updating the codebook.
Starting with an initial guess for the codebook, this design
process partitions the training vectors into groups by finding
the closest codeword for each training vector. The new
codewords (vectors) are updated by calculating the minimum
distortion representative of each partition group. For mean-
squared error distortion, the new codeword of a partition
group is simply the average of all vectors in that group. The
above two steps proceed alternately until a preselected
stopping criterion is met, which is usually a small distortion
decrease between two successive iterations.

The LBG algorithm has the advantages that its basic
framework does not depend on the distortion measure, and that
it does not need explicit models of signal sources. However, it
has the following disadvantages: 1) a poorly selected initial
codebook may lead to an undesirable final codebook, and 2) a
complete design requires a very large number of computa-
tions. The computational problem is a more critical issue for
images because image coding usually involves a lot of data.
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The computation associated with the LBG algorithm is
proportional to both the training data size and the codebook
size. For example, a regular 512 X 512 picture partitioned
into 4 X 4 blocks has 16 384 training blocks (vectors). A
straightforward LBG algorithm compares each training block
against all the codewords in the codebook, which is normally
200-1000, and then decides the closest match. This procedure
is repeated for every training vector. Therefore, numerous
computations are required for a totality of 10-20 iterations.

A second empirical VQ design method is proposed by
Equitz [19], which eliminates the need of an initial codebook
and reduces the computations dramatically. Equitz calls it the
nearest neighbor (NN) algorithm, although it is somewhat
different from the original nearest neighbor algorithm sug-
gested in cluster analysis [20]. If fact, the design of a VQ
codebook is basically a clustering problem and, therefore, the
methods invented for cluster analysis are applicable to VQ.
The LBG algorithm is equivalent to the so-called ‘‘k means
algorithm’’ in cluster analysis [21], the Equitz NN algorithm
is a version of the Ward method [22].

At the beginning of the Equitz NN algorithm, all the
training vectors are viewed as initial clusters. Then, the two
nearest clusters are merged and replaced by a new cluster
which is a weighted average of the merged two clusters.
Hence, the number of clusters after merging is reduced by
one. This process is repeated until the desired number of
clusters is reached. Again, if all the possible pairs are to be
compared at each merging step, the total computations are
numerous. To ease the computing burden, Equitz poses a k-d
tree [23] structure on the training data. This tree is constructed
in such a way that the ‘‘similar’’ data vectors are usually
grouped under the same tree branch. Therefore, we only
search the local areas of the tree to allocate the nearest pairs.
This suboptimum scheme can dramatically reduce computa-
tions, and will be referred as the Equitz algorithm. Because
of the approximation steps introduced by Equitz to the NN
algorithm, the convergence property of his algorithm can only
be shown by experiments. i

As reported by Equitz [19], the performance of his
algorithm is better than that of the LBG algorithm with a
randomly selected initial codebook. More importantly, the
computer time of the Equitz algorithm only takes 1/20 of that
of the LBG algorithm. All the above experiments were
conducted on real images. As suggested by Equitz, an even
better codebook can be constructed by first using the Equitz
algorithm to obtain the initial codebook-and then using the
LBG algorithm to refine the codebook. This refinement would
be important for the cases that the Equitz algorithm generates
many similar code vectors due to its suboptimality and/or the
computer numerical errors. This modified Equitz and LBG
algorithm will be used in the rest of this paper.

ITI. INTERPOLATIVE VECTOR QUANTIZATION

Various techniques were invented to improve the coded
picture visibility and to increase the codebook robustness of a
VQ coding process. As being described in Section I, DVQ and
the normalized DVQ are examples along this direction. Both
DVQ and the normalized DVQ have quite insensitive univer-
sal codebooks, but they could not eliminate the block-like
contours along the edges of coding blocks. This is because the
mean values of adjacent blocks are often unequal, and the
quantized differential signals are not usually good enough to
smooth the gaps between the means of neighboring blocks.

The codebook robustness property of the normalized DVQ
is even better than that of DVQ. However, it introduces
another undesirable defect on the coded images. The differen-
tial signals in the picture edge regions have larger variance
than those in the smooth regions. Thus, the normalization
operation reduces the amount of signal changes at edges, while
it enlarges the signal changes in the smooth regions. There-
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fore, the sharp edges in the original picture are relatively
poorly reproduced; i.e., it blurs the picture edges. This may be
improved with better codebook construction. Another inherent
drawback of the normalized DVQ is the additional block
variance information to be transmitted to the receiver.

A new coding scheme named interpolative VQ (IVQ) is
hence proposed to alleviate the block boundary visibility
problem. Similar to DVQ, it sends the low-frequency compo-
nents and the high-frequency components of a picture sepa-
rately. The low-frequency components, which represent the
fundamental patterns of an image, are coded in a more precise
manner, while the high-frequency components, which enhance
the details of an image, are loosely coded. Unlike DVQ, the
low-frequency components in IVQ are reconstructed by
interpolative ' surfaces which do not create gaps between
neighboring blocks and hence produce perceptually better
outcomes.

The basic operation of an IVQ is shown in Fig. 2. A test
image is first partitioned into small rectangular blocks and then
one representative value is selected for each block. This
representative could be the block mean value or the lower right
corner pel of a block. Using the neighboring four block
representatives A, B, C, and D, we can construct an
interpolative surface at block 4. For example, a bilinear
interpolative surface using four lower right corner pels would
suffice for most coding purposes. The block representatives
are then coded either by a PCM or a simple DPCM circuit.

The differential signal between the original image and the
interpolative surface is then vector quantized. The complexity
increase in this new system is due only to the interpolator
which. can be easily implemented when a bilinear interpolator
size of power of 2 is in use. The decoder of IVQ is drawn in
Fig. 3. The interpolative surface is first reconstructed from the
block representatives. The vector quantized differential sig-
nals are then added to the interpolative surface to form the
final outputs. We will show later in Section V that IVQ has
about the same strong robustness as DVQ, but has perceptu-
ally better coded images.

IV. CoLoR PICTURE CODING

IVQ can be directly applied to monochrome pictures;
however, a few related problems need to be investigated for
color picture coding. Three primary components are required
to present a color picture. The popular choices of color
primaries are: 1) RGB (red, green, and blue) primaries, 2)
YIQ components defined by NTSC (National Television

System Committee), and 3) YUV components defined by PAL

(phase alternative line) [24]. The last two systems are closely
related. The Y component in both systems represents the
brightness of a color picture, and the other two components
are chrominance signals (IQ or UV) that are usually sent with
lower resolution than the luminance. A simple linear transfor-
mation could convert UV components to IQ components and
vice versa.

Two problems are involyed in color picture coding: 1)
Should separate component coding or combined component
coding be used? and 2) Which color primary system is more
suitable for data compression? For vector quantization,
combined component coding means that a single codeword
(vector) in the VQ codebook represents all three color
components; they are tied together and are designated by a
single channel symbol. In separate component coding, each
color primary of a picture is regarded as an independent
monochrome picture. Hence, coding a color picture is
equivalent to coding three monochrome pictures indepen-
dently. Our preliminary experiments using the parameters
déscribed below have shown that separate component coding
is more robust when a universal VQ codebook is to be used.
This is especially true for low bit rates and small training sets.
If a training set either lacks or has a very small percentage ofa
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certain color, the resulting codebook will not contain that
color, and the combined component codes can never produce a
good match to that color. On the other hand, the three
codebooks in the separate component coding case are more
likely to produce a better approximation to a color not in the
training pictures. This experimental result can also be ex-
plained as the three individual component codebooks are
equivalent to a single, extremely large, combined codebook.
But unlike such a codebook, each of the individual component
codebooks is small and manageable. Of course, if a VQ
codebook is used only for its training pictures, the combined
component coding would be more efficient since it incorpo-
rates all the correlations among its three color primaries.

The next problem is to seleet the color primaries. We will
consider both coding efficiency and coded picture visibility of
the aforementioned color primaries. If we have already
decided to use the separate component coding for the sake of
codebook robustness, the YUV or YIQ primaries are more
efficient than RGB. For most color pictures, the spatial
bandwidth of the U or ¥ component can be reduced to less
than 1/3 that of the Y component [24]. Therefore, we can
spatially subsample the U and V components without hurting
the overall coding performance. Simulations in Section V will
verify this point. This is not the case for RGB components
because they all require about the same spatial bandwidth as
the Y component. :

The second consideration is the perceptual properties of
color primaries. A convenient distortion measure is a function
of distance in the color space spanned by color primaries.
Hence, an ideal color space is perceptually uniform, i.e., the
similarity measure of two colors is proportional to their
geometric closeness in the color space, and this measure is
spatially invariant. Unfortunately, all the primaries in our
considerations are .perceptually nonuniform [24]. Approxi-
mately uniform color spaces suggested so far all require
complex and nonlinear transformations of the camera’s RGB
outputs [24], [25]. The effectiveness of uniform color space
for VQ coding remains a research topic.
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TABLE 1
MEAN SQUARED ERRORS OF SOME DIRECT VQ SCHEMES

Coding schemes

Lady
(training)

Lake
(outside)

Peppers
(outside)

RGB combined

4X 4 block

0.5 bit/pel 81.9

1002.3 1445.1

YUV combined

4X 4 block

0.5 bit/pel 83.9

1814.6 1097.5

YUV separate

6X 6 block

0.33 bit/pel 62.3

513.7 551.8

V. EXPERIMENTAL RESULTS

This section has two parts. The first part compares the
combined component coding to the separate component
coding. The second part demonstrates the coding performance
of IVQ, DVQ, and the normalized DVQ on color images. The
picture data base from USC (University of Southern Califor-
nia) Image Processing Institute are used as test images. All
pictures in this section are 512 X 512 with 8 bits per color
component (in R, G, B).

As mentioned earlier in Section II, the Equitz VQ algorithm
is more efficient than the LBG algorithm and thus was chosen
to design the initial codebooks. The final codebooks were
obtained by polishing the initial codebooks using the LBG
algorithm. Since the initial codebooks are close to the final
“‘optimum’’ codebooks, the LBG design procedure usually
requires only a few iterations to converge. The k-d tree
structure was used for both codebook design and encoding
process (searching the best codeword). The k-d tree search
algorithm proposed by Friedman ef al. [23] has the same
performance as the exhaustive search (optimal search), but
takes much less arithmetic operations. On average, its
searching time for one input vector is proportional to log N
where N is the codebook size [23].

The popular mean-squared error distortion measure is
adopted for its simplicity in calculation and in deriving the
Equitz clustering algorithm. Coding errors are the differences
between the test image and the coded image in the RGB space,
viewing R, G, and B as three separate components. Because
the RGB space is not perceptually uniform and because the
squared error does not match well with the human vision,
subjective evaluation of the coded pictures is considered to be
more important.

In the first simulation, three coding techniques were
performed to test the color spaces and the component coding
schemes. They are, respectively, RGB combined, YUV
combined, and YUV separate. They all employ direct VQ,
i.e., codewords are selected to match the original picture in a
certain color space. These coding schemes together with their
coding errors on the test images are listed in Table I. The
lady’s face (Lady) is selected as the training picture, and the
rest are outside pictures (pictures outside the training set). The
coding block size and codebook size are chosen to yield an
average bit rate lower than 0.5 bits/pel. In order to achieve
this, the separate component coding, which transmits the
codeword indexes of three components separately, uses a
block size of 6 X 6, which is larger than the 4 X 4 blocks used
for both the RGB and the YUV combined coding schemes.
The two combined coding schemes in Table I use 256-vector
codebooks, which gives an average 0.5 bits/pel.

To reduce the transmission rate of the separate component
coding schemes, the chrominance signals are subsampled
before quantization. The separate coding scheme in Table I
has three codebooks: a 1024-vector codebook for Y, and two
256-vector codebooks for U and V, separately. The U and V'
components are subsampled by choosing every third pel of
every third line. Hence, the total pels of both U and V are
reduced by a factor of 9. The coding block size of the

subsampled U and V'is still 6 X 6. In other words, an 18 X 18
block of the original U or V is condensed to one 6 X 6 coding
block by subsampling. Therefore, the total average bit rate of
this separate coding scheme is [10 + (2 X 8)/9]/(6 X 6) =
0.33 bits/pel where the factor 9 comes from subsampling.

Even though the squared error is not a good distortion
measure for pictures, it is evident from Table I that the
separate component coding scheme is much more robust than
the other two schemes. This is especially true when one
visually inspects the coded pictures produced by these
schemes. A few selected coded pictures are shown in Fig. 4.
This result verifies the analysis in Section IV that the
combined coding scheme would be inferior if the training
pictures do not have the colors contained in the outside
pictures. As for the color space, the YUV space is marginally
better than the RGB space subjectively.

As the second part of our experiments, three robust VQ
schemes are examined. They are IVQ, DVQ, and normalized
DVQ. The separate coding technique, which has been shown
to be more robust in the fist part of the experiments, is
included in all these schemes. Due to the additional transmis-
sion of block means (or block representatives), the coding
block size is chosen as large as 8 X 8 so that the overall bit
rate is below 0.5 bits/pel. Chrominance signals are subsampled
by choosing every fourth pel of every fourth line, i.e., a 16:1
pel reduction. The codebook size is 1024 for Y and 256 for U
and V, individually. These parameters are the same for all the
coding schemes in Table II. Consequently, the average bit rate
of IVQand DVQis[8 + 10 + 2 x (8 + 8)/16)/(8 x 8) =
0.3 bits/pel where 8 bits/block is used to PCM-encode the
block means or block representatives. If a 5-bit DPCM is used
to send block means, the overall coding efficiency can be
further increased by 10 percent. The normalized DVQ has a
higher bit rate, thatis [8 + 8 + 10 + 2 X (8 + 8 + 8)/16)/
(8 x 8) = 0.42 bits/pel. For simplicity, the block representa-
tive of IVQ is the lower right corner pel of each block, and the
bilinear interpolar is used to generate interpolative surfaces.
Moreover, if the indexes of VQ codes are further compressed
by a variable length entropy code, the bit rate for all cases
could drop another 15-25 percent.

As shown in Table II, the coding errors of these three
coding schemes are comparable; however, the pictures pro-
duced by IVQ are perceptually smoother than the others. Some
coded pictures are displayed in Fig. 5. These pictures also
demonstrate the feasibility of a universal IVQ for general
purpose picture coding. In other words, a nonadaptive IVQ
with a fixed codebook is acceptable to encode a large number
of pictures. Of course, as one would expect, the outside
picture quality is somewhat lower.

VI. CONCLUSIONS

In this paper, we have investigated several VQ coding
schemes for color image compression. An interpolative vector
quantizer has been invented to improve the visibility of vectdr-
quantized pictures. In our computer simulations, IVQ has been
shown to reduce the blockiness of the coded pictures.
Moreover, the simulations also demonstrate the feasibility of
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(G

Fig. 4. Coded pictures. (a) and (b) are coded by RGB combined scheme,
rate = 0.5 bits/pel. (¢) and (d) are coded by YUV separate scheme, rate =
0.33 bits/pel.

TABLE II
MEAN SQUARED ERRORS OF IVQ, DVQ, AND NORMALIZED DVQ
Coding schemes Lady Lake Peppers
(training) | (outside) | {outside}
vQ
0.3 bit/pel 40.2 288.5 365.6
8% 8 block
DVQ
0.3 bit/pel 41.9 281.9 367.1
8% 8 block
Normalized DVQ
0.42 bit,/pel 57.6 230.8 335.7
8% 8 block

Fig. 5. Coded pictures. (a) and (b) are coded by DVQ, rate = 0.3 bits/pel.
(c) and (d) are coded by IVQ, rate = 0.3 bits/pel.
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the universal codebook proposal. Owing to its simple hard-
ware structure, IVQ is believed to be a good candidate for
practical applications. IVQ, as well as direct VQ, is expected
to be further improved by using a perceptually uniform color
space and by using a distortion measure that models the human
vision more accurately. In addition, both LBG and Equitz
design schemes tend to generate many similar codewords for
the flat areas in the training images. A mix of the empirical
design and the theoretical design may thus provide a more
robust codebook for a larger class of pictures. These studies
are still in progress.
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