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Additive Vector Decoding
of Transform Coded Images

Siu-Wai Wu, Associate Member, IEEBNd Allen GershoFellow, IEEE

Abstract—In a standard transform coding scheme of images  To understand this decoding problem, we shall look at the
or video, the decoder can be implemented by a table-lookup role of the decoder in a compression system as the interface
technique without the explicit use of an inverse transformation. between the channel and the output video display device
In this new decoding method, each received code index of a 11. While th dert lates th id . |
transform coefficient addresses a particular codebook to fetch [ 1 '_e € encode rans’.a?s € source video signa
a component code vector that resembles the basis vector of theiNto a bitstream and transmits it over a channel, the decoder
linear transformation. The output image is then reconstructed by interpretsthe bitstream. Similar to the interpretation of human
summing a small number of nonzero component code vectors. |anguage, a particular bitstream could be interpreted by the
With a set of well-designed codebooks, this new decoder cangacoger in a nonunique fashion, but some interpretations will

exploit the correlation among the quantized transform coefficients . LT .
to achieve better rate-distortion performance than the conven- resultin perceptually good quality video, while others may not.

tional decoding method. An iterative algorithm for designing a Suppose an encoder produces the binary codeydat a
set of locally optimal codebooks from a training set of images is finite duration input signak. The optimal decodeis one that

presented. We demonstrate that this new idea can be applied to generates the minimum distortion estimatexofjiven /3. In

decode improved quality pictures from the bitstream generated o1har \ords, the objective of the decoder design is to solve
from a standard encoding scheme of still images or video, while e
the minimization problem

the complexity is low enough to justify practical implementation.

Index Terms—Discrete cosine transform, image compression, min E{d(x,X) | 8} (1)
transform coding, vector quantization. *
whered(-, -) is an appropriate distortion measure, ani the

output signal reconstructed from the codewgrdror the well-
known mean squared error distortion measure, the optimal
N THE PAST, most research studies on video compressidacoder reproduces the video sigrmalas the conditional
have focused on the joint design of both the encoder asgpectationE[x | 3.
the decoder with the goal of optimizing the performance Since the set of admissible values @fconsists of those
of the entire system subject only to a constraint on ttetainable permutations of zero’s and one’s that can be pro-
available capacity of the channel. However, the expandingiced by the encoder and transmitted on the channel, the
usage of video codecs coupled with the establishment a@ftimal decoder could in principle be implemented by a
coding standards in recent years makes it less likely tHabkup table addressed b§, or equivalently, by an index
today’s system designer would have the freedom to jointtorresponding tg3. The content of the table is the set of
design the encoder and the decoder. From the perspectivédh@ft representative output video signals corresponding to the
decoder design, the performance of the system is constraipedmissible values gf. Notice that such an optimal decoder is
by an existing encoder which generates the bitstream ahé decoder of a vector quantizer [2] whose codebook contains
cannot be modified by the designer of the decoder. Therefotige representative video signals.
effectively designing the decoder under these constraints is dn practice, it is difficult or impossible to implement the
distinctive and important task worthy of special consideratiopptimal decoder because the size of the codebook grows
exponentially with the bit rate of the codewoyel There-
fore some structures are usually employed at the decoder to
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Fig. 1. Model of a conventional transform decoder.

in Section IV. Finally, we apply the additive vector decoding Fig. 2. Additive vector decoder for transform coding.
scheme to an industrial coding standard based on the discrete
cosine transform (DCT). Simulation results and analysis of the

implementation complexity will be presented in Section V. guantization of the transform coefficients results in vari-
ous artifacts in the decoded image, including loss of detail,

introduction of noise, and blockiness. Methods for reduc-
ing the block-artifacts in transform coding of images have
Transform coding has recently become the heart of seyeen extensively studied [3]-[5]. However, these enhancement
eral industry standards for image and video compression. ththniques proposed for transform decoders mitigate the block-
particular, the DCT is adopted in the Joint Photographesstifacts only in smooth areas of the image, and are based
Expert Group (JPEG) image coding standard, the Motiah the conventional transform decoding model. We have
Picture Expert Group (MPEG) video coding standard, theot found any literature prior to our work on changing the
ITU-T (formerly CCITT) H.261 and H.263 recommendationgasic structure of the decoder to minimize the amount of
for visual telephony, and many other commercially availablguantization noise in the decoded image.
compression systems based on some variations of these stan-
dard transform coding schemes. The purpose of this Worlﬁll
is to investigate a vector decoding technique for reconstruct-
ing enhanced quality pictures from the compressed bitstreantrom the theory of transform coding, we know that the im-
produced by a standard transform encoder. This enhan@§t block reconstructed by a conventional transform decoder
decoding technique inherits the table-lookup philosophy of ti¢&n be formulated as the weighted sum of the basis vectors of
optimal block decoding scheme while employing a summatidie transformation (see for example [6]), which is
structure to ease the codebook storage complexity. Details of
this enhanced decoding technique are given in the following %= T
sections. First of all, let us examine the model of conventional

Il. TRANSFORM CODING

V ECTOR DECODING WITH A SUMMATION STRUCTURE

=

k=1
transform coding. K
Transform coding is a block-based image compression tech- = ax (1) Tx 2
nique in which the input image is partitioned into fixed- k=1
size small blocks and each block of pixels is quantized i
independently. In a typical transform encoder, an input ima%f@ere{Tl’ T T?"} are the basis vectors of the transforma-
lon, and{qx(¢) : ¢ = 1,---, My} denotes the set of possible

block, x, is transformed by a linear operati@hat the encoder R ) .
into a set of transform coefficients. Each transform coefficierfluantization levels of the quantiz&l,. Notice that each term

yr (k = 1,---,K), is encoded independently by a distinci” (2) is a vector valued function of a discrete varialje
scalar quantizer to generate an indéx The indices are |nerefore,x can be generated as a sumaaide vectorsny

then losslessly entropy encoded to generate a binary strmﬁ construction

of bits that are transmitted to the decoder. In this paper, we K o
shall assume that the channel is error-free so that the decoder X = Z Cé )(Ik) (3)
receives the same string of bits produced by the encoder. k=1

Fig. 1 shows the model of a conventional decoder of tra
form coding. For each image block encoded by the encoder,
an ordered sef[ of _indice{sll,---,IK] are extracted from ngo)(lk) = qu (1) T (4)
the corresponding binary codeword received by the decoder,
and each index;, in this set is independently decoded intd'his formulation of transform coding belongs to the class
a quantized transform coefficiesfi,. The set of quantized of summation product codéa the literature of vector quan-
transform coefficients are then converted into the output imatjgation [7], [8]. Instead of using an inverse transformation
block % by the inverse transformatio—!. The image is Wwith scalar decoding, the conventional transform decoder can
reconstructed by tiling the output image blocks on the sarhe equivalently implemented by a bank &f lookup tables
grid as the block partitioning at the encoder. and a summation as shown in the schematic of Fig. 2, where

To achieve a high compression ratio, most of the transfor@ach indexl; of an image block addresses a particular table
coefficients are coarsely quantized at the encoder. CoafsedebookCy, to fetch the code vectdﬁgto)(lk)to be summed.

ere
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Compared to the conventional decoding structure that de- Mabie |
. .. . _ | Table |
codes the quantized transform coefficients and performs in-  / jLookup C,(1)
verse transformation, the table-lookup structure of Fig. 2 is a { =
one-step process that skips the transform domain and generates LG : ‘ Overlap N
. . . . : @ Buffer & X
the spatial domain components of the output image block : : Add
directly from the indices, hence allows more freedom in the : /
design of the decoder. The equivalent conventional decoder 1, — Table C (Ig)
formulated above is only a special case in which a set of trivial Lookup
codebooks defined by (4) are employed. In general, we may ﬁ\

use an arbitrary set of codebooks. Of course, if we pick the

codebooks randomly, there is no guarantee on the performaﬁ@ea Additive vector decoder with block overlapping for transform coding.

of the decoder, and it is likely that the resulting decoder will

produce random noise rather than a good quality reproduction

of the original image. However, with a set of well-designed /: |

codebooks that fit the statistics of the input images, such an

additive vector decoding structure is potentially capable of

decoding images with lower distortion than that decoded by

the inverse transformation method. Conceptually, the inverse

transform in the conventional decoder is a linear operation ;,

on the quantized transform coefficients, whereas the vector

decoder with a set of nontrivial codebooks is a nonlinear

operation in which the output image block is nonlinearly

“interpolated” from a small number of nonzero quantizeﬁig' 4. Additive vector decoder with block overlapping and quantizer scaling
.. . or DCT coding.

transform coefficients. For this reason, such an enhanced

decoder is sometimes referred asnanlinear interpolative

decoder [9], [10]. Combined decoding and estimation has been

studied more extensively in the context géneralized vector

guantization[11]. An overlapped block decoding technique X

[12] can be easily applied to this vector decoding scheme to

improve its performance by exploiting the statistical depen-

dency among the indices in neighboring blocks. A schematic Fig. 5. Example of a neighborhood of input vector

of this lapped vector decoder is shown in Fig. 3. The first part

of this lapped vector decoder is the same as the summation . . .

vector decoding scheme described above, except that the cigygneasure the distortion of the decoded images. Although

vectorsCj,(I) have higher dimension than the basis vectof§iS distortion measure may not exactly match a model of
of the transformation so that the output block human perception, it is closely related to the general perceptual
quality of the coded image, and therefore can be used to

X guide the codebook design algorithm. This is verified by the
x= Z Cr (i) (5) experimental results presented in a later section.
k=1 Let us define the neighborhoodV, of an input blockx
covers an area that extends beyond the input image btoclas a particular subset of blocks associated with the input
into its neighborhood. The image is reconstructed by ovdmage. An example is shown in Fig. 5 where the neighborhood
lapping the buffered output blocks and summing the corref an input blockx is the set consisting of the block and
sponding elements of the blocks in the overlapped regioral the eight blocks adjacent te in the input image. Notice
For the rest of this paper, we will consider this more genertilat neighborhoods are symmetric in general, i.e., a biock
summation vector decoding structure with overlapping blockis.in A, if and only if x5 is in Ny, . This symmetry property
An algorithm for designing a set of locally optimal codebookis assumed throughout this paper. We also assume that the
from a set of training images will be developed in th@eighborhood of a block does not vary with the location of
following section. in the image, therefore a spatially invariant set of ordered pairs
® = {(m,n) : X(m,n) € Nx} can be defined, where,,
IV. CODEBOOK DESIGN denote the input vectom blocks to the right andh blocks

Given a fixed transform encoder, we want to design a dylow the current input vectat. (Note thatx,) = x.)

of codebooks{Cy, - --,Cx} that optimize the performance of For each code vectoly (i), a set ofp_artial code vectors
the vector decoder of Fig. 3, whe@, = {Ci(i) : i = {Cr,(mn)(%) = (m,n) € ®} can be defined such that each
1,---,My). For mathematical tractability, we use the meaR@artial code vector has the same dimension as the input vector,

squared error of the block of pixels, defined as and the elements &}, (., »)(4) are the contributions of (4)
to the reconstruction of the block of pixels at coordinate

d = E[||x — %/|?] (6) (—m,—n) relative to the current input vector from which

Overla]
Buffer v& P 2
Add
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Theorem 1—Necessary Condition for Optimalifyor ev-
ery k € {1,---,K} and for every(m,n) € ®, the optimal
partial code vectors of the codebo6k (..., are

027(77;771) (L) = T(nl,n)E[gk,(rn,n) (Nx) | Ik(x(rn,n)) = L]
fori=1,---, My (11)

Elements of code vector (i)

. whereY,, ) is a masking operator that sets selected elements
. Padded with 0"s of the vector to zero according to the structural constraint on
Fig. 6. Construction of partial code vectors for the nine-block neighborhocgge p_artlal code VeCt.O@;%(m’n) (0)- .

of Fig. 5. (The index is omitted in the figure for simplicity.) This theorem basically means that the best partial code
vector to use at the decoder is the conditional expectation

. . . of gk, (m,n) given that thekth index received for the block

the .IndEX'L is genera.teq. An exar.nple. of the constr.uctlon qk ;. Notice thatgy, (m.») is @ function of the input image
partial code vectors is illustrated in Fig. 6 for the nine-block,ck x's neighborhood. Therefore the conditional expectation
neighborhood of Fig. 5. In this diagram, each block in thg (11) can be easily estimated from a large training set of

figure represents one partial code Vec®f (m,n)(1) Where renresentative images by computing the ensemble average
m,n € {-1,0,1}. The heavily shaded region representFM] [15] as follows:

elements ofCy () (i) inherited from Cy(4), whereas the =
lightly shaded region represents element€gf,,, ) that are Czy(m’n)(i)

defined as zero. 1
With the partial code vectors so defined, a block of pixelsin = [z =" 75 Y L) BrmamyN)  (12)
the output image at the same spatial coordinates as the original T VER () (#)

block x in the input image is reconstructed as whereV = {v} is the set of input blocks extracted from the

X training imagesRy, (m,n) (i) = {v:v € V., Li(Vimny) = i}
4= Z Z C. (I(x )) ) and| - | denotgs th_e number of vectors in the_set.

R (mm) LSk (m,n) Hence, an iterative codebook design algorithm can be de-
veloped from the above theorem: Starting from any initial
configuration, we can iteratively apply (12) to improve one
partial codebook at a time, keeping all other codebooks fixed.
The distortiond can also be estimated from the training images
by computing the ensemble average

k=1 (mn)ed

wherex(,, ») is the block at coordinatém,n) relative tox
in the input image, andy.(x(,.,»)) is the index encoded from
the k-th transform coefficient ok,, ). Thus designing the

codebooks{C;,---,Cx} is equivalent to designing a set of
partial codebooks(Cy, () : B = 1,---,K;(m,n) € ®} d= ZHV—‘A’HQ (13)
whereCy, (m,n) = {Chr,(mn)(4) : ¢ = 1,--- My }. Notice that =y’

a partial codebook can be considered as a mapping from

finite set of integers to thé-dimensional vector space. Thvez'lere v denotes the reconstructed version of the training

: ; : - . Image blockv. This distortiond decreases monotonically with
codebook design problem is to find the mappif@%,, »)(-) : T . . : S
(m,n) € ®} to minimize the distortion successive iterations. Since the distortion is bounded from

below and decreases monotonically, it converges to a local

2 minimum. A distortion thresholde) is used as a convergence
. criterion similar to the generalized Lloyd algorithm (GLA) for
d=FE||x— Z Com,my (I (X(m,m))) (8)  vector guantizer codebook design [15]. We stop the iterations
(mn)e® when the percentage decrease in distortion is less than a preset

threshold. A pseudocode description of the algorithm for the
subject to the structural constraint on the partial code vectoneighborhood definition of Fig. 5 is given in the Appendix.

For eachk € {1,---, K} and for eachim,n) € ®, let us The training images used to design the codebooks crucially
define affects the performance of the decoder. In general, a large
. training set with a large variety of images assures robust

: performance for images outside the training set. However, if

8k, () (Nx) = X_Z Z Cr iy LX)y it is know a prior that the decoder is used only to decode
k=1 y ﬁf’:;’;)(iil “ a particular class of images, e.g., head-and-shoulder images,

o o (9) the performance of the decoder can be boosted by using only

and write the distortion as training images that belongs to the class.

d = El||gk,(m n)(/\/x) = Cnny Ik (X(m n)))”?]_ (10) V. APPLICATION TODCT CODING WITH A QUANTIZER SCALE

In most existing transform coding schemes for compres-
Then the following theorem can be readily derived from basgion of images and video, the DCT is employed. The two-
estimation theory [13]. dimensional (2-D) DCT of & x P block of pixels{z(¢, j) :
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t,7 =0,---, P — 1} can be defined as TABLE |
WEIGHTING MATRIX USED IN THE EXPERIMENTS THE AC ENTRIES
rP-1r-1 2% + 1) ARE Two TIMES THE QUANTIZATION STEP SiZES GIVEN IN [17]
y(u,v) dww, Z Z i J) COS oP 16 22 20 32 48 80 102 122
7 i=0 j=0 24 24 28 38 52 116 120 110
(2§ + Do 28 26 32 48 80 114 138 112
Y (14) 28 31 M 5% 102 174 160 124
36 44 74 112 136 218 206 154
for w,v = 0,..-, P — 1, where A8 70 110 128 162 208 226 184
1 fork=0 98 128 156 174 206 242 240 202
— V2 - 1) Y 5o4 ¢ Sne 10%
wy, = {0 otherwise 144 184 190 196 224 200 206 198
)
and the inverse DCT is defined as s
| Pmip |
=I5 Y dtwyeos L
f4r\‘\\
u—O v=0 2p : i
(25 + Dur \
X COs ———— 15 2
e aw® .
|
for ¢, = 0,---,P — 1. % \ |
Typically, a 2|g zag scanning scheme is applied to ordér \
the elements of the 2-D array of DCT coefficients into a one- \\
dimensional (1-D) sequendgyo, - - -, yx—1 + Where K = P2, 8
The DC coefficienyy, is coded independently with sufficiently ¥\
high resolution while the AC coefficient$y;,---,yx} are 46 T~
quantized with uniform step sizes defined by a fixed weighting
tablew; : k =1,---, K and a quantizer scalgsuch that the 44— 5 m o o0 = 500
step size for thekth transform coefficient is ’
ITERATIONS

9k = qUk. (16) Fig. 7. Changes in average distortion during the codebook design procedure.

The weighting table determines the relative importances of the

DCT coefficients, while the quantizer scale is used to adjust tBéce the DCT is a linear process, the AC component of the

compression ratio. For this class of DCT coding schemes, aatput image block can therefore be written as

input image block can be modeled as the vector sum of a DC 1

component and an AC component, which are coded separately. x =4qQ <—x>

Thus we may assume that the transform coding is applied only 4

on the AC component, so that the input to the transform codeyhereQ denotes the operation of DCT coding with quantizer

x, is the mean-removed image block. The separately quantizgfile equal to one, ang denotes the AC component of

DC component (mean) is added to the decoded AC compongt# input image block. This equation shows that varying the

at the output of the transform decoder. quantizer scale is equivalent to preprocessing the input image
A prominent example of this class of transform codinglock to change the contrast (AC amplitude) of the pixel

schemes is the JPEG baseline coding algorithm, in whiglriations by a factor of; before applying the DCT coding

a quantization table completely specifies the step sizes with unit quantizer scale. The contrast of the image block is

the quantizers. The number of bits generated by the JPIstored at the decoder by multiplying the scaling fagtdo
algorithm for a particular image is determined by the imagehe decoded AC component. Hence, the lapped additive vector

the guantization table, and the Huffman tables. However, thecoding structure discussed above can be applied to this class
currently favored strategy for adjusting the compression rai$ DCT coding scheme by incorporating a scaling factor as
of a JPEG coder is to scale all the entries in the quantizatishown in Fig. 4. Here, the output block is reconstructed as
table by the same factor so that the relative weightings of the X
transform coefficients are constant while the step sizes of the . qz Cu(li)
quantizers vary [16]. Another example of DCT coding is the —
MPEG intraframe coding scheme where the quantizer scale B
may vary from one block to another to control the number a¥here{ly,---, I} are the AC indices of the block.
bits generated from each block. Ideally, for each quantizer scale value, a distinct codebook
With the quantizer step sizes defined by (16), the quantiz#tat is tailored to the statistics of the images coded at that
transform coefficients are determined by guantizer scale value should be used. In practice, however, if
the codebook is designed from training images that contain a
Gk = qug Rounc{ Yk } . large enough variety of scenes, a single codebook can be used
qUk for a wide range of quantizer scales values above one. This is

(18)

(19)

17)
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Fig. 8. DCT basis vector (2, 2). Elements of the vector are normalized an
offset by 128.

Fig. 10. Original boat image.

A set of codebooks with code vector dimension equal to 14
x 14 (three-pixel extension on each side of aix 8 block)
were designed using the iterative algorithm given in the Ap-
pendix. The training set was composed of 20 luminance images
containing a large variety of scenes. Fig. 7 shows the change
in distortion during the codebook design procedure in which
the codebooks were refined in cycles of 63 iterations along the
zig-zag scan. In each iteration, the codebook corresponding to
one DCT coefficient was updated. The mean squared error
(MSE) converges to 81% of the initial value in four cycles
(e = 0.005), corresponding to a 0.9 dB gain in SNR. Figs. 8
Fig. 9. Code vector in codebook (2, 2). Elements of the vector are normaind 9 display, respectively, the DCT basis vector (2, 2) and
ized and offset by 128. a code vector in the corresponding codebook designed by the
iterative algorithm. The elements in these displayed vectors are
normalized and offset by a constant gray level (128). Notice
because training vectors derived from natural images haveha noise like high frequency “correction” components in the
wide range of AC magnitude, therefore the same training s&ide vector of Fig. 9.
can represent the statistics of a wide range of quantizer scal@he vector decoder is tested with images Lenna and boat,
values. We will demonstrate, with the following computewhich are outside the training set. Table Il lists the peak
simulation experiments, that the codebooks designed for usiginal-to-noise ratio (PSNR) values of the images decoded
quantizer scale can also operate with a range of quantizespectively by the conventional decoder (IDCT) and the

scales, for most practical purpose. vector decoder for quantizer scales ranging from one to three.
The bit rates in b/pixel are also listed in the table for reference.
A. Results Figs. 10-12 show a selected portion of the original boat

Computer simulations were conducted to study the veicnage, boat decoded by the conventional decoder, and boat
tor decoding method for images compressed withx88 decoded by the vector decoder, respectively (both zoomed
DCT at low to medium bit rate (0.25 to 0.5 b/pixel) wheréwo times by pixel repetition). The images are coded with
objectionable distortion can be easily found in the picturesit quantizer scale. The corresponding results for Lenna with
conventionally decoded with inverse DCT. In the experimentguantizer scale equal to 1.5 are shown in Figs. 13-15.
we use the JPEG encoder with the weighting table shownThe images reconstructed by the vector decoder not only
in Table I, which is based on the relative weighting of thhave higher SNR values, but also have better perceptual
DCT coefficients in the quantization table suggested by JPE@ality compared with those reconstructed by the conventional
for luminance images. The actual quantization table for eadhcoder. We can see that there is less blockiness, or stair-
experiment is obtained by scaling this weighting matrix bgase effect, and less mosquito noise along the edges. These
the quantizer scale. improvements resulted from exploiting both the intrablock
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Fig. 11. Boat image decoded by conventional decoder (0.35 b/pixel).

=

Fig. 12. Boat image decoded by vector decoder (0.35 b/pixel).

TABLE 1 : ; : ;

Fig. 14. Lenna image decoded by conventional decoder (0.34 b/pixel).

CoMPUTATIONAL COMPLEXITIES FOR DECODING BOAT AND 9 9 Y ( pixel)
LENNA. THE MuLTIPLICATIONS ARE NOT NEEDED FOR

VECTOR DECODING IF THE CODEBOOKS ARE PRESCALED B. Computational Complexity
Linage Quaﬂiim '31; tate \‘ 1 — PSNR (dr]?) . _ There are two phases in the conventional decoding method:
seale | (bpp) _ Inverse DOT | Vector Decoding | Gain i) regeneration of the quantized DCT coefficients and ii)
Lenna 1.0 0.42 33.86 ‘ 311 1 0.55 tation of the inver DCT. Whil ne multiplication
1.5 0.341 32.64 \ 33.20 0.56 90mpu a lon o e Inverse ' e one _U Iplicatio
2.0 0.99 3173 3298 0.55 is required to regenerate each nonzero quantized transform
3.0 0.24 30.13 30.91 0.51 coefficient from its code index, the inverse DCT of ax&
Boat i“ 8;12 ;é:“ :f(ﬁ 8-“3,. block can be computed in 464 additions and 80 multiplications
5 30.87 31 57 . P .
50 0T 090 0.0 s ywth existing fast DCT algorithms [16]. S'uppose anxg88 '
350 0% 2856 | 29,09 0,46 image block is coded as nonzero quantized DCT coeffi-

cients. Ignoring the complexity of comparison and decision
operations, the conventional decoding scheme will require a
and interblock correlations among the quantized transfortotal of 464 additions an(k0+) multiplications for decoding
coefficients. the block from the code indices.
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TABLE 11l

801

CoMPUTATIONAL COMPLEXITIES FOR DECODING BOAT AND LENNA. THE MULTIPLICATIONS
ARE NoOT NEEDED FOR VECTOR DECODING IF THE CODEBOOKS ARE PRESCALED

Quantizer | Average complexity per 8 x & block Average complexity per 8 x 8 block
scale of conventional decoder of vector decoder
Lenna | Boal Lenna I Boat
1.0 164 add, 84.6 mul | 464 add, 86.7 mul 902 add 1324 add
1.5 464 add, 83.8 mul | 164 add, 85.4 mul | 746 add, (64 mul) | 1050 add, (64 mul)
2.0 464 add, 83.3 mul | 164 add, 84.5 mul | 654 add, (64 mul) | 880 add, (64 mul)
3.0 464 add, 82.8 mul | 464 add, 83.4 mul | 550 add, (64 mul) | 676 add, (61 mul)

zero-code vectorgnstead of using the conditional expectation

in (11) to update the zero-code vectors, we assign the null
vector to them. In other words, the elements of the zero-

code vectors are defined as zero. With this constraint on
the zero-code vectors, the average distortion still decreases
monotonically in the codebook design algorithm since the

remaining code vectors are still being optimally selected at
each iteration. Moreover, this constraint does not significantly
deteriorate the performance of the vector decoder since the
zero-code vectors usually bear very little information.

With this modification, the zero-code vectors can be ex-
cluded from the summation in (19), and the additive vector
decoder sums up only the nonzero code vectors. As a result,
the number of additions are reduced to ony additions for
each 8x 8 image block. Since a large fraction of the DCT
coefficients are quantized to zerois usually a small number.
Table Il shows the average computational complexities per 8
x 8 block for decoding the test images, Lenna and boat, by
the additive vector decoder in the experiments of Section V-
A. In the calculations of the complexities, we did not count
the blocks that do not contain any nonzero quantized AC
coefficients, since these DC blocks can be trivially decoded.
Comparing with the inverse DCT decoder, the vector decoder
could decode an image with fewer multiplications but slightly

On the other hand, a straightforward implementation #fore additions.
the additive vector decoder would requif& — 1) vector The numbers of additions in Table Il are based on code

additions. For a fixed quantizer scale, the code vectors cg@ftor dimension 14x 14 (B = 196). If the rate-distortion

be premultiplied by the quantizer scale and multiplicatioR€rformance advantage of using overlapping output blocks is
is not required. If the quantizer scale is variable, then eagfcrificed by decreasing the dimension of the code vectors,
pixel is multiplied by the quantizer scale after summing thtewer additions will be required. In the case of n_o'noverlapplng
code vectors. ThuskB additions andB multiplications OUtPutblocks,B = 8x8 = 64, the number of additions can be
are required to decode each image block by the additifeduced t_o 33% of thos_e sh_own in Table lll. Then the_overall
vector decoder, wherd is the number of pixels in a code Computational complexity will be less than that of the inverse
vector (B > 64). For the experiments described above, theRRCT decoder, while the average rate-distortion performance of

would be 12348 additions and 196 multiplications pek 8 the vector decoder will still be at least as good as the inverse
8 block. However, only one multiplication is required foPCT decoder. Moreover, notice that as the bit rate decreases,

each pixel in the reconstructed image if the quantizer scdlir® are fewer nonzero quantized DCT coefficients, hence
is the same for every block in the image. This results in On[&wer additions are required.
64 multiplications instead of 196 multiplications per>8 8
block. C. Codebook Storage

A simple heuristic can be incorporated in the design of In the vector decoder of Fig. 3, there are a totalidf=
the codebooks to allow the images to be reconstructed @,{‘zl M;, possible code vectors, wherd,, is the range of
the additive vector decoder with fewer additions. For eaghe indexl;. Assuming that the input image has a resolution
DCT coefficient there is a quantizer index that represents tbe8 b/pixel, it can be easily derived from the definition of the
amplitude level zero. We call the corresponding code vectdeCT in (14), that the number of different quantization levels

Fig. 15.

Lenna image decoded by vector decoder (0.34 b/pixel).
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for the DCT coefficienty,., of an 8 x 8 block is in a practical system that uses standard transform coding for
image or video compression.

25 v 1
My =2 x Round{ DoWy Z Zstep{cos m + Lur APPENDIX

4Gy = 16 SUMMATION VECTOR DECODER
e CODEBOOK DESIGN ALGORITHM
2 1 S -
X oS %} } +1 (20) 1) Encode the training images to generate the indices.
2) Generate a set of initial codebooks:

Fork =1,---,K

wherestefz) = x for x > 0, stegz) = 0 for z < 0, and Fori = 1,---, My

quv 1S the quantizer step size faf,,. The constanta,,, w, & _ Ja(®Ty, form,n=(0,0)
are defined in (14). For the weighting matrix given in Table I, (mn) (1) = 0 otherwise.
there are a total of 1733 possible code vectors.

However, it is not necessary to store every possible code Calculate
vector. Since the probability distribution of the DCT coef- _g_ 1
ficients are biased, a large percentage of the code vectors [V

have practically zero probability of occurrence. We noticed 2
that more than 60% of the possible code vectors are never Z
addressed by the training images during the codebook de- ey
sign procedure. These “zero-probability” code vectors can beaq — 0.

omitted from the codebook storage without deteriorating the

m=1 n=1

V- Z > > G I Vinm)

k=1l m=—1n=-1

performance of the decoder. Furthermore, it is trivial to see3) While (32 > ¢)

that the decoder does not need to store the zero-code vectors, Fork =1,---,K

leading to a further reduction in codebook storage. Based Form = —1,0,1; n = —1,0,1
on these observations, we found that only 627 code vectors Fori = 1,---, My

needed to be stored. Each code vector héx 14 = 196
elements, and a 12-b scaled integer was used to represent
each element. Hence, the total amount of memory required for
codebook storage is 184 Kbytes, which can be |mplementeqj
easily in either software or hardware. 1

In the experiments of Section V-A with the test images ——— Z T m,n)
Lenna and boat, the zero-probability code vectors were neveL k() () VER () (©)
addressed. For some rare images, however, the encoder may

if Ry (m, n)( i)| # 0 then do

ke (mn) (1) =

encounter input image blocks that do not conform to the h=1 n=l1
statistics of the training images, and generates indices that<§ V— Z Z Z Cy (1, n)( (Vonm)))
address the zero-probability code vectors. In these cases, we k=1 th=—1 r=—1

can generate on-line the scaled DCT basis vectors defined in (Rt i) 7(kymmsm)
(4) to use as the code vectors.

m=1 n=l1

Z Z Z Ck ,(m, n) Ik V(rn n)))

=lm=—1ln=-1

M Z

vey
VI. CONCLUSION Ad=d,—-d

We have investigated a vector decoding technique with{, = d
a summation structure for reconstructing improved quality )
pictures from the bitstreams generated by a standard transform Endwhile.
encoder. A set of well-designed codebooks is crucial for good
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