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Video Coding Using Wavelet Decomposition for
Very Low Bit-rate Networks

Hwang-Seok Oh' - Heung-Kyu Lee''

ABSTRACT

The video coding for very low bit-rate has recently received considerable attention, but the conventional coding
schemes with block based transform suffer from the blocky effect for the constraints of limited bit-rate. In this
paper, we present a video coding system based on wavelet transform and multiresolution motion estimation/
compensation for very low bit-rate video. The proposed scheme uses the wavelet transform which is flexible to re-
present non-stationary image signals and adaptable to the human visual characteristics. The wavelet transformed
coefficients are coded by various coding modes in accordance with the sum of absolute error after motion esti-
mation/compensation in wavelet decomposed domain. And simple buffer control technique is applied to handie
constant image quality. It is shown that the presented scheme has more acceptable image quality without blocky
effects than conventional block based transform video coding.

1. Introduction In recent years, it is tried that many video applic-

ations are served on the already established networks
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irements of the problem dictate at least an order of
magnitude improvement in coding efficiency[14].

Nowadays, many researchers have been studied the
coding system for very low bit-rate. Those results are
categorized into four classes:transform technique
based video coding, object-oriented based video coding,
model-based video coding, and fractal based video
coding[14]. As we consider time complexity and the
amount of generated data of coding algorithm, an
enhanced transform based coding algorithm will be a
solution in a few years under the current technologies.
The wide spread video coding system using transform
technology is H.26xp which is composed of block
based motion estimation/compensation in spatial do-
main, discrete cosine transform, and variable length
entropy coding[12]{13]. The major problem of the
coding scheme for very low bit-rate communication
networks is the degradation of reconstructed image
quality in terms of peak signal-to-noise ratio(PSNR)
and/or subjective quality caused by block artifact and
mosaic effects between blocks.

To remedy of the problems, we proposed a new
coding system based on wavelet transform, which is
known that it has good adaptability and flexibility to
represent non-stationary image signals{[1][8], multire-
solution motion estimation/compensation techniques

specially designed for very low bit-rate video transmis-

sion. The coding system cooperates with the quantizer
and the buffer controller to achieve constant bit-rate
transmission and good picture quality at a given bit-
rate.

The description of image decomposition with wave-
let transform, multi-resolution motion estimation/com-
pensation, various coding modes, and simple buffer
control of suggesting video coding system are dis-
cussed in section 2. In section 3, we show some exper-
imental results to evaluate our system. Then we con-
clude with the summary of the system and lists of

further works.
2. Proposed Video Coding Scheme

In this section, we describe the video coding scheme
using wavelet transform and multiresolution motion
estimation/compensation for very low bit-rate. As
shown in (Fig. 1), the system is composed of discrete
wavelet transform, multiresolution motion estimation/
compensation, variable length coder(quantizer, run-
length coder, and huffman coder), and buffer control-
ler. To obtain high compression ratio without great
loss of image quality, we use wavelet transform that is
well known as good representation tool of non-station-
ary signal and motion estimation/compensation in

wavelet transform domain, which uses the similarity

Video in Wavelet
Transform|

Huffman data out
o

(Fig. 1) Block diagram of the proposed video coding scheme which uses wavelet
transform and muitiresolution motion estimation/compensation



of motion structures between sub-bands with same di-
rection[9]. And accounting for bit-rate and activity of
input signal, we introduce four classes of coding
mode. The detailed explanation of each component is
given in the following subsections.

2.1 Wavelet Transform

Wavelet transform has been paid considerable at-
tention to in the area of image signal representation
due to its flexibility to represent image signal and ad-
aptability to human visual characteristics(HVC), since
human visual system(HVS) is insensitive to degra-
dation in high frequency region of image signal[l].
Most of the conventional video coding systems take
block based DCT to reduce correlation among pels in
the same video frame. The block based schemes cause
critical blocky effect by quantization noise in case of
very low bit-rate, so the degradation of image quality
cannot be allowed. But wavelet transform decom-
poses the image signal into more stationary in spatial
and frequency domain, thus the decomposed signal is
more adaptable to the HVS and can be coded ef-
ficiently.

In our video coding system, we use Daubechies’s
biorthogonal 9-7 filter[8] to transform the video
frames. In term of energy compaction and entropy,
biorthogonal 9-7 filter has better performance than
orthogonal D4, D-6, or biorthogonal 9-3, 5-7 filters.
That is, biorthogonal 9-7 filter shows the character-
istics of symmetry which increases regularity. Thus we
can encode wavelet transformed coefficients with low
bit-rate. After the wavelet transformation, many co-
efficients of high frequency components would be
zero. (Fig. 4-(b)) and 4-(d) show sample wavelet trans-
formed images. There are a low frequency level sub-
image on the top-left of the image and some high fre-
quency details which show high frequency compon-
ents of the image.

The coefficients of each band of wavelet decom-
posed have different properties. As shown in (Fig. 2),

low-passed band W preserves the original image char-
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acteristics but high-passed bands have direction sen-

™
sitive high frequency components in original image

such as horizontal orientation in W}, vertical orientat-
ion in W?, and diagonal orientation in W}. In ‘his
video coding scheme we use the properties of each
band to improve video quality under the restricted

bit-rate.

mo=2 m=2 w=l
Resolution me=2|
Low Resolution
b-bmage .m.-m:. Resolution m=1
-Nrr Horizontal
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sub-image
wi (&
Resolution m=1 Resolution m=1
Vertical Diagonal
orientation orientation
sub-image sub-image
wi w}

(Fig. 2) Image decomposition using successive wavelet
transform at low-passed sub-band

2.2 Motioti tstimation and Compensation

The motion compensated coding that exploits tem-
poral redundancies in image sequences is one of the
most popular image coding techniques. As shown in
(Fig. 3-(a)), multiresolution motion estimation/com-
pensation is used at the wavelet decomposed domain
in our video coding scheme. Each layer of the wavelet
decomposed image has similar motion activity accord-
ing to the orientations and layers. Based on this fact
multiresolution motion cstimation/compensation is
suggested by Zhang{9]. The motivation of using the
multiresolution motion estimation/compensation ap-
proach is the inherent structure of the wavelet decom-
position. This scheme significantly reduces the sear-
ching and matching time to find a motion vector.
And it gives smooth motion field due to the predic-
tion of motion vector between successive layers at the

same orientations.
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Current (rame
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(b)

(Fig- 3) (a) Multiresolution motion estimation and pred-
iction of initial motion vector in each sub-band,
(b) An example of motion estimation and pred-
iction

Multiresolution motion estimation/compensation
works as follows in #-successive decomposed frame.
At first, to get motion vector in wavelet decomposed
frame, where W means a sub-band image at ¢ layer j
direction, let the low-passed sub-band W3, be segm-
ented into NXN blocks. They are compared to dis-
placed candidate blocks of the reference frame which
is stored in frame memory. The reference frame, of
course, is already decomposed by wavelet transform.
The offset between the best matched blocks of the ref-
erence frame and matching block in current frame

corresponds the motion which is denoted by a dis-

placement vector v(x, ¥), that is called motion vector.
The search is limited to the maximum displacement p
in both direction around the position of the block in
current frame. In block matching, mean square error
or mean absolute error are the most widely used as
matching criteria. Formally speaking, we can write as
the following equations.

N N

(D)= DisI(z, ), Kz—D, t-1)) )

i=1 j=

where z=(, /), D=(x, 3), —p<x, y<p
#=miny, y $(D)
v=(x, M«

where s(D) is the sum of difference between two
blocks, Dist(-) is a distance measure function, and v
is a motion vector of the block with (x, ¥) component,
which has the smallest sum of distance among the
candidate blocks. Secondly, the motion vectors v, for
the sub-band, W7, where j=1, 2, 3, that are in the
same layer as W5, are obtained by block marching
algorithm as described above. In one lower layer sub-
band, then, we can get motion vector for each direc-
tion sub-band W72’ with similar method. But the
initial motion vector of each sub-band was predicted
using one above layer’s motion vector as v}=2-vi,,.
That is, at each layer except for top most one we
make use of one above layer’s motion vector as initial
displacement, and then refine it so as to accurately
search the motion field. The procedure described
above is repeated until m= 1. The processing of pred-
iction and refining motion vector exploit the motion
structure at the wavelet decomposition domain.

The example of the proposed motion estimation
scheme is illustrated in (Fig. 3-(b)). Where we decom-
pose input video sequence into 7 sub-bands(m=2) ap-
plying two successive wavelet transform to original
image and low-passed sub-band. The arrows depicted
in the figure show which sub-bands are used as initial
motion vector. The block size in successive lower

bands becomes twice as well as sub-band itself com-



pared with that layers.

2.3 Coding Modes

After motion estimation, we classify the block into
4 classes according to the sum of absolute distance of
the block. Since each block has different characteristics
such as containing only backgrounds, new objects,
and only translational moving objects, etc., we must
make use of it to obtain good image quality while low
bit-rate. That is fo say, the blocks having different
properties have to be coded with their own ways. In
our approach all of the blocks are classified into four
classes:no coded mode(MODE 1), inter one motion
vector mode(MODE 2), inter one motion vector and
coding predicted error mode(MODE 3), and intra-
mode(MODE 0) by considering the buffer status and
channel capacity.

{Table 1) Block classification algorithm

MYV:Motion vector which is composed of x, y components

SAE:Sum of absolute error after motion estimation/compen-
sation of a block

TCNC: Threshold for coding or not coding of a block

TINI: Threshold for intra or non intra coding mode

1F (MV=(0, 0) AND SAE<TCNC) THEN
MODKEI1:Coding a block using No Coded Mode
ELSE IF (MV # (0, 0) AND SAE<TCNC) THEN
MODE2:Coding a block using Inter, One Motion Vector
Mode
ELSE IF (TCNC<SAE<TINI} THEN
MODE3: Coding a block using Inter, One Motion Vector
and Coding Predicted Error Mode
ELSE IF (SAE>TINI) THEN
MODED: Coding a block using Intra-Mode

(Table 1) shows the block classification algorithm
which accounts for motion vector and predicted error
of blocks. Where SAE represents sum of absolute er-
ror between two blocks, TCNC represents the thres-
hold whether the block is coded or not, and TINI for
threshold of whether a block is inter-mode or not.
TINI and TCNC are adaptively changed during coding

operation of video frames by rate control algorithm

ENE HE UEHS 24T OIER BB 018 HICI2 AL 2633

with observation of remaining buffer size and bit-rate

of transmission lines.

{Table 2) Coding informations and methods of each coding

mode
MODE (Coded information | Coding method
MODE] | Block classification | Fixed length coding
information
MODE2 | Block classification | Fixed length coding
information Variable length coding
Motion vector
MODES3 | Block classification | Fixed length coding
information Variable length coding
Motion vector Quantization +Raster scanning and
Block difference | run-length coding +huffman coding
MODEQ | Block classification | fixed length coding
information if low-pass band, DCT +quantization
Block information +Zigzag scanning and run-length
coding +huffman coding
otherwise, quantization + raster
scenning and run-length coding
+huffman coding

MODE 1:In this mode, we assume that the block
can be rebuilt with acceptable image quality from pre-
vious frame which is stored in frame memory. When
a block has no motion and does not contain any new
objects or the remaining buffer size, channel band-
width is not enough, we can coding the block as
MODE 1 with only sending block classification infor-
mation. So the amount of data is very small.

MODE 2:To construct the block, the block classif-
ication information and the motion vector are requ-
ired. A block, so to speak, has objects with only trans-
la'tional motion from reference frame. So we can gel
the block from reference frame using motion vector
that is displacement of the two blocks. It is desirable
to code motion vector with variable length coder such
as huffman coder since they have statistical redundan-
cies, that is, motion vectors of adjacent blocks are
very close at each direction.

MODE 3:Block classification information, motion

vector, and coded data of predicted error after mo-
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tion compensation are needed to reconstruct blocks
for this mode. An object within block have some mo-
tion but it is not exactly represented by motion vec-
tor, thus the difference of two blocks must be coded.
The motion vector coded by the same way of MODE
2, and the block difference is coded through
quantization, run-length coding, and huffman coding.
In contrast to intra-mode, quantization is performed
in its error block itself. The execution of DCT in this
mode does not compact energy since each pels of a
block has already decorrelated.

MODE 0:There is no prediction in intra-mode.
With the motion estimation we cannot get any pred-
iction gain because this block does not correlate any
blocks of reference frame. Thus block classification
information and block data itself must be transmitted
to receiver. In this mode, a block is coded through
DCT, zig-zag scanning and run-length coding, and huf-
fman coding if the block lies in low-passed sub-band,
or raster line scanning and run-length coding, huffman
coding if in otherwise bands. This coding mode gen-
erates a lot of data as well as takes more computing
time than other modes. As many as blocks coded with
this mode the quality of reconstructed image is the
better at the cost of bit-rate.

A block of which coding mode is determined is
coded with its own way. Quantization and run-length
coding are needed to code the MODE 0 and MODE
3. All of data to be transmitted are came from the
above two modes. So it is required careful treatment
of quantization to accomplish good quality of recon-

structed image under the constraint of very low bit-rate.

2.4 Quantization, Variable Length Coding and Buf-
fer Control

The wavelet decomposition decorrelates the pels

values of the original image and concentrates the im-

age information into relatively small number of coef-

ficients[13]. The coefficient distribution of wavelet

transformed image has a fower entropy than the orig-

inal image, thereby more compression is possible.

Based on rate distortion theory we can eliminate the
coefficients with small magnitudes without occurring
of significant distortion in the reconstructed image.
The elimination of small valued coefficients can be
accomplished by applying a threshold function.

0 if |x| < threshol ¢
T(x)={x @

otherwis

we call the range —¢t<x<? as dead zone. And the
amount of compression obtained can be controlled by
varying the threshold parameter £.

Higher compression ratios can be obtained by quan-
tizing the non-zero wavelet coefficients before they are
encoded. A quantizer is a many-to-one function g(x)
that maps many input values into a smaller set of
output values. Quantizer is a staircase function char-
acterized by a set of numbers {d;, 1=0, ---, N} called
decision points and a set of numbers {r;,i=1, ---, M}
called reconstruction levels. An input value x is map-
ped to a reconstruction level #; if x lies in the interval
(d;, di+).

To accomplish the high compression ratio without
significantly loss of information we used different
range of dead zone and quantization step size for each
sub-band. At each band, quantizer has uniform step size.
Quantization is perform as follows for each band W.

x:input value
y:output value
T(x): threshold function
3

Quant! ,
2.0

Quant],

T(x) +
y =

where Quant:-’: . means a quantization step size for jth
orientation, 7th layer, at $k$th frame. It is adaptively
changed for constant quality and bit-rate in coding
processing.

After the quantization the coefficients of block is

coded through zero run-length coder with raster line



scanning when MODE 3 or zig-zag scanning when
MODE 0. During the scanning process non zero coef-
ficient is occurred, then we mark runs and the coef-
ficient as (number of zero run, non zero coefficient)
pairs which is called 2-D run-length encoding, and
then continue the scanning process. The following
process of run-length encoding is huffman coding that
are well known. After all, in the process of quantiiat-
ion, information loss is occurred.

When the block classification and quantization are
being executed, the buffer control algorithm is per-
formed at the same time. The buffer control techniq-
ues take an important role in video coding systems.
Because each of video frame generates different am-
ount of data according to its activity, it is needed that
buffer control schemes handle the generating bit-rate
to preserve constant image quality. In our system, only
quantization step size(Quant), threshold of coding a
block or not(TCNC), threshold to determine whether
a block is coded with intra-mode or inter-mode(TINI)
are considered. To determine quantization step size,
we use similar algorithm used in H.26p[12]. Quantiza-
tion step size Quant! for each band is determined as

the equation (4).

Bi-y—B
B

Bi,bz——b7—'§
+p - —®r @)

Quant] = Quant!,_, +a-

Where Quant! , is the quantizer step size for jth
orientation, Zth layer at kth frame, B;-, means the
number of bits spent for the previous picture, B is the
expected number of bits per picture, &/ is the present
sub-band layer, B; » means the number of bits spent
until now for the picture, R is bit-rate of transmission
line, and « and & are constants. The equation (4) tells
that the quantization step size of current frame is de-
termined by considering the previous frame quantiz-
ation step size, bit-rate of previous frame, and bit-rate

until now for that frame. If previous frame have gen-
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erated a lot of bit-rate, then in terms of the buffer
status control we increase the quantization step size
to reduce bit-rate for current frame. To adaptively
change the threshold values, buffer fullness is also con-
sidered. Buffer _fullness is defined as ratio of remain-
ing buffer size to total buffer size, that is, buffer _full-
ness=(remaining _buffer_size)/(total _buffer _size). As
increasing buffer_fullness, the TINI, TCNC is incre-
asing with the rate of buffer_fullness.

To control the TCNC and TINI, the buffer fullness
is used so as to allow constant buffer rate and to
maintain acceptable video quality. The initial TCNC,
TINI, is already set for classification of block before
coding process as 10%, 80% of mean SAE of block at
first frame, respectively. Which are determined by an-
alyzing the several simulations results. In the course
of coding process TCNC, TINI is changed in accord-
ance with buffer_fullness as follows.

TCNC =TCNC +(buffer _fullness —0.5) x TCNC )
TINI=TINI +(buffer_fullness —0.5) x TINI

3. Experimental Results

In this section, we show the experimental results to
evaluate our video coding system for very low bit-rate.
As a distortion measure, we take the PSNR, which is
defined as

USE ©®

PSNR=10"- log( 2557 )

where MSE is the mean square error of the com-
pressed image[7]. Although PSNR does not completely
correspond to subjective visual qualification of image,
it is a commonly used measure for the comparison of
the different coding techniques. There is no distortion
measure yet which models the working of the human
visual system in a proper way.

Miss America video sequence is used to evaluate
the performance of the video coding system, and Len-

na image to analyze only intra-mode coding. The
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frame rate is 5 frames/sec, size of a frame of the video
sequence is 176 pels/line, 144 lines/frame, QCIF 4:2:0
format. (Fig. 4) shows Lenna and a single frame of
Miss America original image and their wavelet trans-
formed images respectively.

(© @

(Fig. 4) Test image and single frame of video sequence :
(a) Lenna(256x256, 8bits/pel) original image
for testing only intra-mode, (b) Wavelet decom-
posed image of Lenna, (c) One frame of Miss
America(QCIF, 4:2:0 format, luminance com-
ponent) (d) Wavelet decomposed image of Miss
America

For performance evaluation of the coding scheme,
we considered the analysis of the intra-mode coding
performance and the entire system performance, resp-
ectively. First, we compared the results of four types
of coding methods that are DCT, WT, WT +DCT,
and WT +LDCT to analyze intra coding mode. Each
method of intra coding mode uses the techniques de-
scribed below to encode image data.

DCT :DCT — quantization— zigzag scanning, run-
length encoding—> huffman coding

WT: wavelet transform— scanning, run-length cod-
ing— huffman coding WT +DCT : wavelet transform
— DCT —> quantization— zigzag scanning, run-length

encoding — huffman coding

WT +LDCT: wavelet transform — (DCT—>zigzag
scanning, run-length encoding— huffman coding if low-
passed band or scanning, run-length coding— huf-
fman coding otherwise)

(Fig. 5) and 7 show the result of intra-mode coding.
At high compression ratio(below 0.25bpp), WT +
LDCT has better performénce than others. The de-
coded image with WT, WT +LDCT is more accept-
able than that of DCT which shows significant degra-
dation of image quality caused by blocky effect. The
proposed system, after classification of block coding
mode, used WT +LDCT scheme to improve the per-

formance.
PSNR of LENNA : 256 x 256
ol . T r —
sl
@
=
2 o
25 b
20
V] 05 1 15 25 3
B rate(bpp)
(Fig. 5) PSNR vs. bit-rate for intra-mode with DCT, WT,
WT -+ DCT, WT +LDCT

{Table 3) Average performance of codec with Miss Amer-
ica video sequence

Bit-rate | Method | Frame rate | PSNR or Y| PSNR of Cb| PSNR of Cr
9.6Kbps | Zhang(?] | 5 frame/sec| 31.9501 | 33.0760 | 28.6415
Proposed| § frame/sec| 32.3087 | 33.4816 | 29.2755
19.2Kbps| Zhang[?]| 5 frame/sec| 33.8271 | 34.8130 | 29.7312
Proposed| 5 frame/sec| 34.4375 | 35.3216 | 30.4224

PINR_of Nies Amvrica ac 2600bpe and 18300k

rIvese T
R
s

N
* o s 10 1 20 2% 30
rame Rumber

(Fig. 6) PNSR vs. frame number of Miss America at 9.6
kbps and 19.2kbps, where ‘prop’ means the
proposed method and ‘Zhang' means the method
suggested by (9]



(d)

(Fig. 7) Performance of intra-mode coding with Lenna at
0.21bpp : (a) DCT, (b) WT, (c) WT+DCT (d) WT
+LDCT

In (Table 5) and (Fig. 7), we present the compara-
tive results to show the average performance in terms
of PSNR when transmitted at both 9.6kbps and 19.2
kbps with Miss America video sequence. To compare
the performance of our system, we use the video
coding system suggested by Zhang[9] which uses the
multiresolution motion estimation/compensation and
vector quantization for residual signals. At 9.6Kbps
and 19.2Kbps transmission bit-rates, the average
PSNR of luminance component of Miss America
video sequence is 32.3087 dB, 34.4375 dB at S frames
per second respectively. From the (Table 3), the pre-
sented system has better PSNR performance than that
of Zhang's scheme at low bit rate by 0.5dB or so.

Some selected reconstruction images at 19.2kbps
bit-rate are shown in (Fig. 8) (only luminance com-
ponent is printed here). The decoded image quality is
acceptable with no blocky effects which would result
if block based DCT and motion estimation in spatial
domain are used. But the coding system has at least
one frame delay for reconstruction of received data

since wavelet transform is applied to whole single frame.

HE UEYE 28 ACIEH HB S 0183 HICI2 R 2637

(g)frame number 70 (h)frame number 80

(Fig. 8) Reconstructed video sequence of Miss America
at 19.2kbps

4. Conclusion

This paper described a new video coding scheme
using wavelet transform and multiresolution motion
estimation/compensation. The wavelet Lransform used
here attempts to exploit the HVS, yielding encourag-
ing result compared with the block based waveform
coding techniques. And multiresolution motion esti-
mation/compensation took advantage of motion str-
ucture of wavelet decomposed image using prediction
between layers. Bit-rate was controlled by quantization
step size, coding modes of blocks by considering the

remaining buffer size and amount of generated data.
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The result of video coding system with Miss America
video sequence at 9.6Kbps and 19.2Kbps transmission
bit-rates is that the average PSNR of luminance
component is 32.3087 dB, 34.4375 dB at 5 frames per
second respectively. The coding system has out-per-
formance with respect to objective quality and subject-
ive quality comparing to block based {ransform coding
scheme because it has removed the blocky effects.

Further research should be needed to optimize the
proposed video coding scheme with'the consideration
of the effet:ts of the wavelet transform to the HVS,
and to reduce the complexity of algorithm for real-
time processing and cost effectiveness in application
of very low bit-rate video.
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