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Fast and Efficient 3-D Wavelet Based Video
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Abstract— In this paper, an efficient and embedded 3-D
wavelet based video coding technique is proposed. The key idea
is the use of a composite block-tree hierarchical structure to
link blocks of wavelet coefficients in spatial, temporal and color
planes in such a way that a large number of the insignificant sets
are coded together. The proposed scheme uses nxn block of
wavelet coefficients as a basic unit, in contrast to the existing
3-D set partitioning in hierarchical trees (3-D SPIHT) algorithm
that uses a single coefficient as a basic unit. Simulation results
show a significant performance improvement in coding
efficiency and reduction in computational complexity over the
3-D SPIHT video coder.

Index Terms— Video coding, 3-D wavelet video coding, 3-D
tree structure, color coding.

. INTRODUCTION

Video delivery through heterogeneous networks over new
multimedia devices of varying capabilities requires scalable
coding. In recent years, scalable video coding using the 3-D
wavelet transform has gain a lot of attention [1]. Wavelet
based 3-D video coding systems use spatio-temporal analysis
of a group of frames (GOF) followed by coefficients
encoding. An efficient spatio-temporal analysis and
coefficient encoding is required to achieve effective
compression performances.

Inspired by the success of embedded zerotree wavelet
(EZW) [2] and set partitioning in hierarchal trees (SPIHT) [3]
algorithms for compression of gray scale images, they are
successfully extended for 3-D video coding [4]-[6]. The
successful extension of SPIHT for 3-D video coding is
proposed in [5]. An efficient tree structure for packet
decomposition using 3-D SPIHT is developed in [6].
Moreover, in these codecs, the color video sequences are
coded by treating luminance-chrominance (YUV) color
planes independently, assuming that they are mutually
exclusive. In the scheme proposed in [5], during the
significance testing in each bit-plane, first all the Y plane
coefficients are checked followed by all the U plane
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coefficients and then all the V plane coefficients. However,
this approach is more biased towards the luminance
component. The problem is that if the bit-budget is exhausted
at the beginning of a particular bit-plane, some of the bits
might be wasted in coding the insignificant luminance
coefficients which could otherwise be utilized to code many
significant chrominance coefficients.

In color video sequences, the three-color planes may be
uncorrelated, but they are not independent. A color video
coding algorithm using the EZW framework and exploiting
the interdependency among the three-color planes was first
proposed in [7]. In this algorithm, each luminance node is
having up to six children, four in the luminance plane and one
in each of the two chrominance planes. However, it suffers
with the problem of early accumulation of chrominance
nodes in the list, thereby reducing its coding efficiency.
Many efficient and embedded color coding techniques based
on SPIHT are proposed [8]-[10], in which the three color
planes are linked through a tree structure with root nodes in
luminance (Y) color plane only. In these algorithms, a root
node has all of its descendents either in the luminance or
chrominance planes only.

In this paper, we propose an efficient and embedded 3-D
wavelet video coding technique. It is based on partitioning a
spatio-temporally transformed video frames into coefficient
blocks, each of size nxn . A comprehensive spatial-temporal
orientation tree of the blocks (known as block-tree) is then
used to exploit the self-similarity and magnitude localization
property in the spatio-temporal subbands as well as in the
luminance-chrominance color planes. In a block-tree,
significant blocks are found using the tree partitioning
concept of SPIHT [3], whereas significant coefficients within
each significant block are found using the quad-tree
partitioning of SPECK [11]. A significant block-tree is
recursively partitioned (with combined tree and block
partitioning) until the significant coefficients are found.

The rest of the paper is organized as follows. The proposed
coding technique is described in section Il. Simulation results
and discussions are presented in section Il and finally the
paper is concluded in section 1V.

Il. THE PROPOSED TECHNIQUE

The basic structure of the 3-D video coder is shown in Fig.
1 which essentially consists of: spatio-temporal analysis
using 3-D wavelet transform, 3-D tree structure for the
wavelet coefficients and coefficients encoding algorithm. In
the spatio-temporal analysis, temporal decomposition
followed by spatial decomposition is applied on each GOF.
In the proposed technique, each of the three color planes
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(4:2:0 YUV format) is wavelet transformed using N; levels of
decomposition for the luminance () plane and (Ns-1) levels
for each of the chrominance (U, V) planes. Since in 4:2:0
color format, the resolutions of the chrominance planes are
one-quarter to that of the luminance plane, wavelet
decomposition of the chrominance planes by one level less
than that of the luminance plane will result in the LL-band of
each transformed planes of the same dimensions. This will
simplify the child-parent relationship to link the three-color
planes together.

3-D Wavelet Transform

GOF |? Temporal i | Spatial
Analysis ;71 Analysis

DOutput

Encoding

Algorithm

Spatio-Temparal
Tree Structure

Fig. 1. Basic structure of 3-D wavelet video coder

After spatio-temporal analysis of a GOF, the wavelet
coefficients in each color plane are divided into blocks of
nxn coefficients. To exploit the self-similarity and
magnitude localization property in the spatio-temporal
subbands, a spatial orientation tree of blocks (block-tree) is
used. In a significant block-tree, significant blocks are found
using the tree partitioning concept of SPIHT, whereas
significant coefficients within each significant block are
found using quad-tree partitioning of SPECK. A significant
block-tree is recursively partitioned until significant
coefficients are found. Additionally, to exploit the
interdependency of the color planes, the block-trees of the
three color planes are linked together through a composite
spatial orientation tree of blocks as shown in Fig. 2. In order
to maintain the clarity, only four temporal frames with two
levels of temporal decompositions are shown. However, this
basic structure can be extended to N levels of temporal

decomposition on a GOF size of 2t . Also shown in Fig. 2 is
the associated U and V color planes with each of Y plane.
The parent child relationship can be described as follows. Let

B(i, j,t: X) : an arbitrary block of size nxn at column i,
row j and frame t in color plane X, X € {Y,U,V}

w: width of the lowest frequency spatial subbands
h: height of the lowest frequency spatial subbands
f. width of the lowest frequency temporal subband
O(i, j,t: X) = offsprings of a block B(i, j,t: X)
e if X =Y, then

* ifi<w,j<h,t<f

Ol j,t:Y)= B(i+_vv,j,t:Y)_,E_%(i,j+h,t_:\{),B(i+w,j+h,t:Y),

B(, j,t:U),B(, j,t:V),B(, j,t+f:Y)

* else if i<w, j<h, t in the highest frequency
temporal subband
Ol jt:Y) = B(?+_vv,j,t:Y)_,B_(i,j+h,t:Y),B(i+w,j+h,t:Y),
B(, j,t:U),B(, j,t:V)

* elseifi<w, j<h
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B(@i+w,j,t:Y),B(i, j+ht:Y),
O(, j,t:Y)=<B(i+w, j+ht:Y),B(, jt:U),
B(i, j,t:V),B(, j,2t:Y),B(i, j,2t +1:Y)

*  else
O(i,j,t:Y)={B(2I’21’t:Y)’B(ZHl’ZJ’t:Y)’ }

B(2i,2j+1t:Y),B(2i+12j+Lt:Y)

o elseif X e{U,V}

* ifi<w,j<h

O i t:X) = B(i+w, j,t:X),B(, j+h,t:X),
(3t:%)= B(i+w, j+ht:X)

* else

Ol it:X)= B(2i,2j,t: X),B(2i +1,2j,t: X),
(10X = B(2i,2j+1t: X),B(2i +12j+1t: X)

We have used a bit-plane based coding algorithm
comprising of two main stages within each bit-plane; sorting
and refinement passes. The coding process starts with the
most significant bit plane and proceeds towards the finest
resolution. The coefficients significance is managed by the
use of three ordered lists: a list of insignificant blocks (LIB),
a list of insignificant block sets (LIBS) and a list of
significant pixels (LSP). At the initialization step, only the
root blocks from the lowest temporal band of Y plane are
added to LIB and LIBS. The LSP starts as an empty list.

During the sorting pass, the encoder first traverses through
LIB, testing the significance of a block against the current
threshold. For each block in the LIB, one bit is used to
describe its significance. If the block is not significant, then it
is a zero-block and a ‘0’ is sent, it remains in the LIB and no
more bits will be generated. Here, insignificant information
of nxn individual coefficients is conveyed using a single
‘0’ bit, whereas in 3-D SPIHT this will generate nxn ‘0’
bits. Otherwise, if the block is significant then a “1’ is sent
and it is partitioned into four adjacent blocks (quad-tree
partitioning). The partitioning operation is repeated
recursively until no further partition is needed or the smallest
possible block size (individual coefficient) is attained. At this
stage four coefficients and their significances are tested
individually. If a coefficient is insignificant, then a ‘0 is sent
and it is moved to LIB as a single coefficient block.
Otherwise, if a coefficient is significant, then a ‘1’ is sent and
its sign bit is also coded and the coefficient is moved to LSP.
After testing all the four individual coefficients in the block,
the current block is deleted from LIB.

Similarly, each set in LIBS requires one bit for
significance information. Insignificant sets remain in LIBS
while the significant set will be partitioned into subsets. A
significant type ‘A’ set will be partitioned into a type ‘B’ set
and its offspring blocks. The type ‘B’ set is added to the end
of LIBS while the offspring blocks are immediately
examined for significance as is done in LIB. A significant
type ‘B’ set will be partitioned into type ‘A’ sets; all of them
are added to the end of LIBS.
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Fig. 2. Parent-Child relationship in the block-tree structure

Since all of the newly generated insignificant sets are added
to the end of LIBS, they will be processed in the same manner
at the same threshold until each one of them is examined.
After each sorting pass, each coefficient in LSP, except those
just added in the current bit plane, is refined with one bit. The
algorithm then repeats the above procedure by decreasing the
current threshold by a factor of two until the desired bit rate is
achieved.

IIl. SIMULATION RESULTS

Performance of the proposed technique is evaluated on
CIF (352 x 288) test sequences Salesman and Akiyo, each of
96 frames. For 3-D wavelet transform, a GOF of 16 frames is
first temporally decomposed into four temporal subbands
using 5/3-biorthogonal filters. The resulting frames are
spatially decomposed using 9/7-biorthogonal filters [12] as
follows. For Y plane, we used four levels of decomposition,
and each of U and V planes is decomposed with three levels
only. All the tests were performed at the frame rate of 30
frames per second. The results are compared with the 3-D
SPIHT algorithm, in which each color plane is spatially
decomposed to 4 levels.

Our implementation of 3-D SPIHT is similar to the one
given in [5] but with the following differences. The CIF
resolution images with four levels of decompositions result in
odd dimensions of LL-band of chrominance planes and
hence it is not suitable for SPIHT-type child-parent
relationship. Kim et al. have solved this problem by
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extending the chrominance planes before the 2-D spatial
transformation [5]. However, we believe that this increases
the complexity of the encoder and decoder and slightly
reduces the coding efficiency also. In our implementation,
the last rows and columns of the LL-band of chrominance
planes follow the EZW’s tree structure. Our 3-D SPIHT also
uses separate coding of each color plane as in [5], but
initialization structure of LIP and LIS is as done in [8]. The
initial block size in the proposed technique is considered as
2x2. All results are without arithmetic coding and without
motion compensation in both coders. The objective quality of
the decoded frames in terms of the peak-signal-to-noise-ratio
(PSNR) in dB of the three color planes X, X&{Y, U, V} is
defined as

2
255 )
mse(X)

The implementations were done in C programming
language under LINUX operating system. Tests were
performed using a personal computer with AMD Athlon 64
processor with CPU speed of 2.21 GHz and 2 GB RAM.

Figures 3 and 4 show the average luminance PSNR (dB)
for the Salesman and Akiyo sequences. A comparison reveals
that the proposed technique always outperforms 3-D SPIHT.
In particular, it brings a performance gain of about 0.4-2.1 dB
with respect to 3-D SPIHT for both sequences. In Table 1,
we compare the average PSNR (dB) of the three color planes
at two different bit budgets. From the analysis of these results
it is clear that improvement in PSNR of Y plane in the

WCE 2008



Proceedings of the World Congress on Engineering 2008 Vol 1
WCE 2008, July 2 - 4, 2008, London, U.K.

proposed coding technique is not at the expense of the
chrominance planes. The PSNR results of the U and V planes
are comparable in both codecs. This is in spite of using one
level less spatial decomposition for the chrominance planes
in the proposed techniques as compared to 3-D SPIHT. Since
human eye is more sensitive to the changes in the brightness,
therefore the gain for Y plane as obtained from the proposed
coder will yield visually better results. The reason for the
superior performance is due to the better exploitation of
intra-band correlations in the form of zeroblock as well as the
interdependency of the color planes.

We also compare the computational complexity of the two
coders by measuring the run times of encoding and decoding.
Table 2 summarizes these timings for the two codecs. It can
be observed that the proposed algorithm encodes a set of
wavelet coefficients about 55-64 % faster than 3-D SPIHT.
On the other hand its decoder timing is comparable to that of
3-D SPIHT. The possible reason for this is that being a
block-based encoder it has considerably smaller number of
elements in its lists than in 3-D SPIHT. Therefore, it has
considerably reduced memory access timings which make it
faster than 3-D SPIHT.
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Fig. 3. Rate-distortion comparison at various bit rates for test sequence
Salesman.

53

52

514

50

49 4

48 4

474

YPSNR (dB)

46
45 +
44 4

—e— Proposed
43 3 —%— 3-DSPHT

42

500 1000 1500 2000 2500
Bitrate (kbps)

Fig. 4. Rate-distortion comparison at various bit rates for test sequence
Akiyo.

IV. CONCLUSIONS

In this paper, an embedded 3-D wavelet video coding
technique is proposed. It is based on the joint exploitation of
inter- and intra-subband correlations of the wavelet
coefficients within each color plane and inter-dependency
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among the luminance-chrominance color planes. The
proposed technique has been shown to provide a better
coding efficiency and has low computational complexity
compared to 3-DSPIHT. Use of motion compensation and
arithmetic coding can provide further enhancement in the
performance. Also, the bit streams can easily be tailored for
temporal and spatial scalability requirements.

TABLE 1
RATE-DISTORTION COMPARISON (COLOR PLANE WISE)
Bitrate 3-D SPIHT Proposed
(kbps) | Y Ju Vv ] Y JJulJyv
Salesman

1000 40.0 | 46.5 | 47.8 | 404 | 46.6 | 47.8
2000 41.7 | 48.2 | 495 | 42.7 | 48.3 | 49.6
Akiyo
1000 46.4 | 515 | 52.3 | 47.1 | 515 | 524
2000 49.5 | 55.1 | 55.7 | 51.1 | 55.1 | B5.7

TABLE 2
COMPARISON OF ENCODING AND DECODING TIMINGS
Bitrate Encoding time (ms) Decoding time (ms)
(kbps) [ 3-D SPIHT [ Proposed | 3-D SPIHT | Proposed
Salesman
1000 2190 970 80 80
2000 2800 1010 140 150
Akiyo
1000 2410 940 70 70
2000 3000 1350 130 140
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