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ABSTRACT

Motion estimation and compensation combined with wavelet
transformation has been beneficially applied to improve video
compression efficiency and accuracy. Based on the similar motion
structures between the decomposed subimages, wavelet domain
video compression can be improved by means of the
simplifications in motion field refinement as well as in motion
vector representation. Although the utilization of the motion field
correlations between the same orientational subbands can achieve
better compression performance than that between the
approximation subbands, the computational load has to be traded
off. Since most of the energies are concentrated in the low
resolution subbands while decreased in the high resolution
subbands, by considering both the accuracy and complexity, an
efficient approach, called level-refined motion estimation and
subband compensation (LRSC) method is proposed. It realizes
low-entropy coding in the subbands, while keeping low
computational load in motion estimation, thus to achieve both
temporal compression quality and computational simplicity.
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I. INTRODUCTION

By the fact that the wavelet transformed coefficients still contain
spatial domain information, motion structure within the subbands
at the same scale and between different scales are highly
correlated. Motion estimation and motion compensation (MEMC)
can be implemented globally but not fully, using a multiresolution
description of the video frames to obtain initial and refined search
inside wavelet domain by building up the frame pyramids. It is
expected that wavelet domain video compression can achieve
good performance, especially at low bit rates [1], by the
experiment results of image compressions using wavelet
transform. Wavelet-based video compression has been studied in
some papers by applying the search strategies [2-8], complex-
valued wavelet transform [9], overcomplete discrete wavelet
transform [10] and wavelet packets [11].

The refinement mechanism of wavelet motion
estimation method is based on the motion similarities between the
low frequency and high frequency subbands. The correlations
between the LL subframes of different levels are actually low
frequency signals with more details; And the correlations between
the approximation subband and the detail subbands are actually
adjacent bandpass signals. Therefore, the motion estimation
procedure can be simplified so as to save the computational load
and motion information bandwidth. Furthermore, appropriate
motion compensation in the high frequency subbands may obtain
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efficient coding when the entropy is getting lower, as the proposed
level-refined motion estimation and subband compensation
(LRSC) method.

The layout of this paper can be described as follows:
section II is the outline of wavelet domain video compression
including the introductions of level-refined and subband-refined
motion estimation methods. Section III presents the issue of
computational complexity by these algorithms. Section IV
introduces the LRSC method, an efficient MEMC approach.
Section V focuses on the implementations of the entropy-coded
wavelet domain video compression. Section VI shows the
resulting compression performances in terms of computational
load and reconstruction quality. Section VII provides the
conclusions by the results attained in this work.

II. WAVELET DOMAIN MOTION ESTIMATION
METHODS

Wavelet domain motion estimation is processed by searching the
best matching block between the current subframe and the
corresponding reference subframe, from coarse to fine resolutions
hierarchically. An N -level decomposed multiresolution motion
estimation can be refined by:

LL;, - LL;_, (i=2~N)

LL, - HL;,LH; HH; (i=1~N) (1)
where the motion vectors in the right side subband are taking
refinement references from the left side.

In level-refined (LR) motion estimation method, the
motion vectors of LL subframe in a higher resolution level are
refined by those from the lower resolution LL subframe after
doubling, and represent the motion vectors for the three detail
subbands at the same level:

LL; —» LL; 4 i=2~N)

LL; =HL, =LH; = HH; i=1~N) 2)

Because of the similar motion activities in the
approximation and detailed subbands, motion fields can also be
estimated by subband-refined (SR) motion estimation method, in
which motion estimation is developed by the correlated motion
structures between the successive frequency subbands in
horizontal, vertical and diagonal directions:

LLy — HLy,LH y ,HH y

HL; —» HL,;, LH; = LH,_;, HH; » HH,_, (i=2~N) (3)

III. COMPUTATIONAL COMPLEXITY
Although the block size relative to the coverage of the full frame

remains the same, the physical block size to compute the matching
criterion function is halved. Assume the maximum displacement
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in the lowest resolution level is d, -pixel using full search method
after N -level decomposition, and the refinements in other
subframes and levels are d,-pixel, the equivalent search

displacement d in frame resolution using wavelet domain search
method is:

dys =2V dy+ (2N -2)a, 4)
. .. NNy . .
Since the block size is — X at level i, the computational
2 2

load of a current block in all levels for a full frame in size
N{x N, using WS method is:

Lys = LB{(%)N[(de +1)2 +32d, +1)°] +%[1 —(%)N‘l](zd, +1)%}

(5)
assuming that the refinements are performed in each of the
subsequent levels and subbands, and

Ly =< Ny %N, (6)
is the computational load of the matching criterion function for a
full frame current block [12]. Usually, the refinement of motion
vector is 1 pixel (d, =1), owing to the full search method used in

the lowest resolution level and the 2:1 decimation.

The equivalent search displacement in full frame
resolution and the corresponding computational load of a current
block in all levels for LR and SR methods can be expressed by:

N-1
dip =2Vd, +Zzid, =2Vdy+ 2N -2y, o)

i=1
1 1 1 .y
Lig = LB{(?N(MO +1)2 +§“_(Z)N Ned, +1%  ©®)

N-1
dsg =2Ndy+ Y 2'd, =2V dy+ (2N -2)d, ©)
i=1

1 1
Leg = LB{(Z)N(ZdO +1)2 +[1—(Z)N](2d, +D?) (10)

assuming that the motion vectors are available in each of the
reference subbands.

IV. LEVEL-REFINED MOTION ESTIMATION AND
SUBBAND COMPENSATION METHOD

From the level-refined motion estimation method, motion
compensations in the detail HL, LH and HH subbands use the
same positioned compensation blocks in order to save the motion
information bandwidth and computational load of the motion field
refinements. Would the intermode compression be more efficient
than the intramode compression in the wavelet domain
decomposed blocks? The answers are quite different for
approximation and detail subband signals. Based on the
compensated blocks in the subband-refined motion estimation
method, the increased intrablocks after motion compensation
indicates the energy distributions in the decomposed subbands.
Most of the energies are concentrated in the low resolution
approximation subband, while decreased much in the high
resolution detail subbands, and even possible to be less than the
differential blocks after motion estimation. If the energy
comparison between the current block and the differential block is
computed before motion compensation by the same unrefined
motion vectors, lower entropy coding can be achieved. This is the

level-refined motion estimation and subband compensation
(LRSC) method. If the energy of the differential block is larger
than the current block, the compression mode bit is set as 1 and
intermode compression is coded with the corresponding motion
vectors and differential data. Otherwise, the compression mode bit
is set as 0 to represent intramode compression on the current
block. If a current block in the LL subframe is in intramode
compression without motion vectors found, the assumption is that
all the detail subbands at the same level are using intramode
compression, so the compression mode bit is set as 0 without
motion compensation in the decoder. The intramode compression
of the current block in the detail subbands does not change the
motion field reference for the next level refinements, but it will in
the subband-refined method and cost the computational load of
motion estimation by reinitializing full search around the
stationary center of the current block.

Based on the fact that only one motion vector array is
shared by all the subbands in one level, computational loads of
LRSC and LR methods are identical in terms of motion
estimation, the most exhausted part in the encoder. The additional
computation from LRSC method is the comparison of the energies
contained in the current block and the differential block after
motion estimation, which is very insignificant. Furthermore, the
motion vector refinement in each level as well as the differential
motion vector coding remain the same as in LR method.

Besides the motion vector array to specify the locations
of the best matching blocks for the intermode compressed blocks,
LRSC method contains an extra compression mode bit array to
distinguish intramode or intermode compression for each detail
subband. Only one bit for each current block in each level is
needed, this bandwidth is quite small comparing to the block of
frame data. On one hand, LRSC method saves the refinement and
description of the motion vector array for each detail subband, by
sharing the same motion vector array at one scale level as in LR
method; On the other hand, since each current block from LRSC
method has lower energy than that from the LR method, data
distribution is more centralized to represent lower entropy coding;
Therefore, improved compression efficiency is obtained from the
LRSC method.

V. IMPLEMENTATION

Discrete wavelet transform (DWT) is applied on the current frame
and the reference frame before motion estimations between the
subframe pyramids [2, 13]. Minimum absolute difference (MAD)
is used as the matching criterion at the lowest resolution level as
well as the reinitialized current blocks when the best matching
block from the last level is not found. Dynamic Huffman coding is
performed, to deal with the uncertain distribution of the wavelet
differential frame. The bit stream is ordered from motions to
coefficients, from luminance to chrominances, from
approximation to details and from low to high resolution levels.

If the best matching blocks are found in both the current
and its reference subband, the differential motion vectors, which
include the horizontal and vertical refinements are coded; If the
best matching block is found in the current level but not in its
reference subband, real motion vectors are coded. In both cases,
compression mode bit of 1 is assigned in front of the motion
vector and the quantized differential data to represent intermode
compression. Define level 2 be in half resolution of level 1, the
first decomposition level of the full frame. Table 1 summarizes the
motion vector refinements as well as the differential coding
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Table 1. Motion vector refinement (left) and differential coding (right) for the subbands in wavelet domain motion estimation methods

LL, HL,,LH,,HH, LL, HL, LH, HH,

WS N/A LL, LL, LL, | 2LL, | LL LL, LL, LL, LL, LL,
LRSC, LR | N/A LL, NA | L, | 21, | L N/A LL, N/A LL, N/A
SR N/A LL, LL, NA | NA | HL, | 2HL | LH, | 2LH, | HH, | 2HH,
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Figure 1. Wavelet domain compression using level-refined and LRSC MEMC methods for “football”
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relationships between two adjacent decomposed subbands,
assuming that the best matching block is found from the reference
subband, otherwise full search algorithm is used instead.

VI. RESULTS

The compression performances of the wavelet domain motion
estimation and compensation methods are evaluated by the
reference-current frame pairs of the test video sequences. The
experiment takes the 2™ frame from “football” as the current
frame and uses the 1% frame as the reference. Multiresolution
motion estimation is performed on the subframe pairs using 2-
pixel full search in the lowest resolution level and 1-pixel
refinements after 2-level decomposition. The results from the LR
method as well as the LRSC method are compared in Figure 1 by
illustrations in each row respectively. The motion vectors of the
intermode compressed blocks are drawn after the best matching
block is found, otherwise a square is marked for an intramode
compressed block. The motion fields of the subbands at the same
level are identical in LR method since one motion vector array
from the approximation subband are shared for all the detail
subbands, but modified by the LRSC method to realize most of
the possible intramode compressed blocks. The reconstructed
frame from LRSC method achieves 29.3dB in PSNR at bit rate of
0.5bpp after 50 times compression, which is 2dB above that from
the LR method. The low bit rate compressions using the WS, LR,

SR and LRSC methods are compared in Figure 2 for sequence
“carphone”, in which the 5™ frame is the current processing frame
and the 1% frame is the reference frame, as the interframe
compression pair.
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Figure 2. Wavelet domain MEMC methods for “carphone”
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Besides compression quality, another important issue as
mentioned in section III is the computational complexity of
motion estimation. Figure 3 illustrates the computational load L
including all the decomposed levels for a current block with
respect to the search displacement d using WS, LR, SR and
LRSC methods. A 2-level decomposition with d, =1 pixel

refinement is applied and the evaluations are in unit of Lg. It

shows that the LR and LRSC methods contain only 1/3 of the
computational complexity in WS and SR methods.

2 O o ol e o T o Y a6

18
113 &
1} "
12k -
A
=2
a gt .
5 v
a
Z B
=
k-1
- L
B WE M
aF = SR ]
al ’ LRSC, LR+
|:| i i i :
5 T 15 = =

Somaw by win ckrw s pl s sment Irdae[l-
Figure 3. Computational load of wavelet domain MEMC methods

The results illustrate the improved performance of the
LRSC method than the other wavelet domain MEMC methods by
the low computational load and motion bandwidth as the level-
refined method, as well as the good reconstruction quality as the
subband-refined method.

VII. CONCLUSIONS

The efficiency obtained by LRSC method is based on the similar
motion structures and compact energy distributions in the wavelet
decomposed subbands. Because of the strong motion correlations
between the adjacent frequency passbands, motion vector fields
from the level-refined and subband-refined methods simplify the
wavelet domain motion estimation and compensation procedure,
as compared by the computational load formulations. The energy
distributions and the increased intramode compressed blocks in
the decomposed subbands indicate the energy contained in the
high frequency subbands, which is even lower than the differential
error blocks after motion estimation. The proposed level-refined
motion estimation and subband compensation method applies
selective motion compensation in the detail subbands using the
estimated motion vectors from the approximation subband. By
comparing the compression performances, LRSC method obtains
close or better signal to noise ratio than the WS and SR methods,
which is much better than the LR method, while the motion
estimation process is as fast as the LR method. Therefore,
referring to reconstruction quality and computational load as the
main factors of performance measurements, LRSC method is the
most efficient technique in the wavelet domain video
compressions discussed in this research work.
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