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Abstract

In this paper, we propose a wavelet transform for arbi-
trary shape object. Compared with previous schemes, the
proposed transform generates exactly the same number of
coefficients as that of the original object. What is more,
the phase of the horizontal wavelet filter is aligned so that
the subsequent vertical transform is applied on coeffi-
cients with coherent phases and thus the transform effi-
ciency is improved. We denote the scheme as the arbitrary
shape wavelet transform with phase alignment (ASWP).
The scheme was proposed at the MPEG4 meeting at
Stockholm in July 1997, and was adopted by MPEG4 CD
verl for wavelet transform of arbitrary shape object.

1 Introduction

As image compression becomes more and more
popular, applications call for techniques that can handle
not only rectangular objects, but also objects with arbi-
trary shape. Some typical applications include image ed-
iting, computer/video games, virtual environment, inter-
net, etc. In response to such demands, the MPEG4 com-
mittee has established an expert group devoted specifi-
cally to the compression of arbitrary shape objects.

An arbitrary shape object consists of a shape mask and
a content image. The shape mask is usually binary, indi-
cating whether the pixels belong to an object. However, it
may be of multiple values, indicating the level of trans-
parency (i.e., the alpha channel). Coding of an arbitrary
shape object involves the coding of the binary mask and
the coding of the content image. If the shape mask is of
multiple values, it is first decomposed into a binary shape
mask and a gray scale content image and then encoded.
Compression of the binary shape mask can be achieved by
the modified modified READ (MMR) coding or the con-
text arithmetic coding. Compression of the gray scale
content image involves arbitrary shape object transform,
quantization and entropy coding. In this contribution, we
propose an effective method of transforming an arbitrary
shape object into the wavelet domain.

Since the content image is not of rectangular shape,
regular DCT and wavelet transform can not be applied
directly. There are a number of existing approaches for

0-8186-8821-1/98 $10.00 © 1998 IEEE

transforming an arbitrary shape content image. The most
popular approach is padding. Wu et al [2] proposed a
padding based DCT scheme, where the image was seg-
mented into fixed size blocks and the pixels were padded
repetitively for blocks not fully occupied by the object. To
reduce the number of padding pixels, Moon et al [3] pro-
posed a systematic way of changing the block positions
and tiling the blocks so that less coefficients were padded.
Katata et al [4] proposed a padding based object wavelet
transform (OWT) where only pixels which surround the
original object and contribute significantly to the wavelet
transform are padded. Padding increased the number of
coefficients to be coded and thus reduced the coding effi-
ciency. Kauff et al [6] proposed a shape-adaptive DCT
(SA-DCT) which avoided the padding. When applied to a
block not fully occupied by the object, SA-DCT first
moved all pixels toward the upper block boundary. A
variable basis DCT was applied to each column with the
number of DCT basis equaled to the number of coeffi-
cients in each column. The pixels were then moved to-
ward the left block boundary, and a similar variable basis
DCT with basis corresponding to the number of coeffi-
cients in each row was applied horizontally. SA-DCT
avoided padding, however, the variable basis DCT used in
SA-DCT had no fast algorithms, and the neighbor pixels
in the horizontal transform might not be the neighbor pix-
els in the original image, which reduced the transform
efficiency. Li et al [5] proposed a non padding shape
adaptive wavelet transform. The arbitrary shape object
was first transformed in the horizontal direction and then
in the vertical direction. When the data length was longer
than the filter length, it was first truncated to the next
available even length and transformed directly with a cir-
cular wavelet transform. The extra data point in case the
data length is odd is directly copied into the low pass
band. When the data length was shorter than the filter
length, the Haar transform was applied. The scheme gen-
erated exactly the same number of coefficients as that of
the original object, however, the implementation was
complex since the scheme treated the data differently de-
pending on its length. The transform efficiency was also
not very good as the vertical transform may operate on
coefficients generated by different types of wavelet filter
and of different phases.



2 Arbitrary shape wavelet transform with
phase alignment (ASWP)

In this work, we propose an arbitrary shape wavelet
transform with phase alignment (ASWP). The proposed
transform generates exactly the same number of coeffi-
cients as that of the original object. What is more, the
phase of the horizontal wavelet filter is aligned. Such ar-
rangement improves the efficiency of the subsequent ver-
tical transform because it is applied on coefficients with
coherent phases. We proposed the scheme at the MPEG4
Stockholm meeting held in July 1997. Coincidentally,
Lehigh University and Oki Electronics had independently
developed and proposed a similar scheme at the same
meeting. The joint scheme was later adopted by MPEG4
CD version 1 for wavelet transform of arbitrary shape
object.

MPEG CD version 1 only includes the ASWP with
odd tap symmetrical filter. We will discuss the ASWP
with both the odd and even tap filter in this paper.

2.1 Wavelet transform with symmetrical

boundary extension

The implementation of ASWP is facilitated by the
wavelet transform with symmetrical boundary extension.
If the wavelet filter is symmetrical (i.e., of linear phase),
symmetrical signal extension can be applied so that the
number of wavelet transformed coefficients is exactly the
same as that of the original data. There are two extension
approaches which correspond to the filter with even and
odd tap length, respectively. Let us first consider the case
that the filter is an odd tap symmetrical wavelet filter.
Both the low and high pass odd tap filters are symmetrical
with regard to the center of the filter. During the filter
operations, they are centered at alternate even and odd
index positions, as shown in Figure 1. The wavelet de-
composition may start with either low or high pass de-
composition, which is denoted as phase 0 or phase / fil-
tering, respectively. Let the original and transformed sig-
nal be denoted by x(n) and y(n) with n=0,1,...,N-1, re-
spectively. The boundary extension first mirrored the data
to form signal x'(n) of length 2N-2:

, x(n) n=0,1,...,N-1

x(”)={ X(2N-2-n) n=N,....2N-3 (D
Then, x(n) is periodically repeated to form signal X(n) of
period 2N-2:

%(n)=Zx'[n-(2N-2)j]. @)

The extension of X(n) is equivalent to mirror x(n) repeti-
tively along two boundary points 0 and N-I, with bound-
ary points themselves excluded in the mirroring operation.
Because of the symmetry of the extended data and the
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filter, the resultant decomposed wavelet coefficient y(n) is
also a period 2N-2, symmetrically mirrored signal. There-
fore, it is sufficient to store only a length N segment of

Y(n), which constitutes the transform result y(n). In recon-

struction, y(n) is symmetrically extended to form y(n),
which is then used to reconstruct x(n). A length N segment

of x(n) is just the original signal x(n). An example of
symmetrical extension with odd tap filter with phase 0 and
data length 5 is demonstrated in Figure 1.

Let us consider the second case that the filter is an
even tap symmetrical wavelet filter. Boundary extension
of the even tap filter is different than the odd tap case be-
cause that the high pass even tap filter-is anti-symmetrical
while the low pass filter is still symmetrical. Moreover
during the filter operations, both the low and high pass
filters are centered at the same position, between a pair of
pixels in the original data, as shown in Figure 2. The filter
may be centered between index 0 and 1, or between index
-1 and O, which corresponds to phase 0 or phase I filter-
ing, respectively. In the boundary extension, the signal is
first mirrored symmetrically to form signal x(n) of length

2N:
o x(n) n=0,1,...,N-1
X(n)_{x(ZN—I-n) n=N.,...2N-1 3)

which is then periodically repeated to form signal X(n) of
period 2N:

%(n)=Lx [n-2Nj]. @
7

The extension of X¥(n) can also be considered as mirroring
x(n) repetitively along two points -0.5 and N-0.5, with the
boundary points 0 and N-/ included in the mirroring op-

eration. Filtering the periodic signal x(n) results in a peri-

odic 2N coefficient j(n). Because of the symmetry of the
data and the low pass filter and the anti-symmetry of the
high pass filter, the low pass coefficients are symmetrical,
and the high pass coefficients are anti-symmetrical with
regard to mirror points -0.5 and N-0.5. Moreover, when-
ever the center of the filter is at points either -0.5 or N-0.5,
the high pass coefficient will be zero and there will be
only low pass coefficient at the boundary point. There are
still N independent coefficients after filtering, which con-
stitute the filtered coefficient y(n) and are still the same as
the original signal points. Depending on the phase and
data length, there may be 0, 1 or even 2 fewer high pass
coefficients than the low pass. In reconstruction, y(n) is

first extended to form y(n), where the low pass coeffi-
cients are symmetrically mirrored and the high pass coef-
ficients are anti-symmetrically mirrored along points -0.5

and N-0.5. Inverse filtering y(n) and truncating a length N
segment reconstructs the original signal x(n). An example



of symmetrical extension with even tap filter with phase 1
and data length 4 is demonstrated in Figure 2.

2.2 One-dimensional ASWP

We first explain the 1-D single scale ASWP algorithm.
Let the object mask be denoted by m(i). We assume that
the mask is binary, with '1"' for object pixel and '0' for non
object pixel. The ASWP is again different between the
odd tap filtering and the even tap filtering. We first illus-
trate 1-D ASWP with odd tap symmetrical filter, with
detail procedure follows:

Step 1. Segment identification

Each segment is identified from the 1-D mask m(i).
Let the start and end index of each segment be idx_st and
idx_ed, and let the length of the segment be
len=idx_ed-idx_st+1.

Step 2. Arbitrary shape wavelet transform with phase
alignment

Each segment is independently extended and filtered.
The symmetrical extension of odd tap filter discussed in
Section 2.1 is applied. The phase of the filter is fixed with
regard to the original data index, i.e., the low pass filter is
always applied at even index 2i, and the high pass filter is
always applied at odd index 2i+1, with results stored at
index i of the low and high pass band, respectively. De-
pending on the parity of the start index, the segment is
decomposed with phase O filtering (even idx_st) or phase
1 filtering (odd idx_st). The fixed filter phase will be
beneficial for the 2D transform. The decomposition gen-
erates the same number of low and high pass coefficients
for even length segment, and generates one more low
(even idx_st) or high (odd idx_st) pass coefficient for odd
length segment.

An example of 1-D odd tap ASWP is shown in Figure
3. The length of the data is 16 and there are two segments.
The first segment starts at odd index 3 with length 4, the
second one starts at odd index 11 with length 3. Each
segment is independently extended and filtered. In this
example, since both segments start with odd index, they
are decomposed with phase 1 filtering, i.c., starting with
the high pass filter. The decomposition results in 2 low
and 2 high pass coefficients for the first segment, and 1
low and 2 high pass coefficients for the second segment.
They are stored at index 2-3, 6 of the low pass band and
index 1-2, 5-6 of the high pass band. Both segments can
be perfectly reconstructed from the transform coefficients.

The operation procedure of 1-D even tap ASWP is
similar to that of the odd tap case. The segment is first
identified and the start, end, and length of the segment are
recorded. Each segment is extended and filtered inde-
pendently. The boundary extension and filtering follows
the rule of symmeitrical extension with even tap filter dis-
cussed in Section 2.1. The phase of the filter is again fixed
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with regard to the original data index, and the center of
the low and high pass filtering is always located between
index 2i and 2i+/. The resultant coefficients are stored at
index i of the low and high pass band, respectively. De-
pending on the parity of start index idx_st, the wavelet
transform of the segment may start with either phase 0
(even idx_st) or phase 1 (odd idx_s?). In case that the start
index idx_st or the end index idx_ed is odd, the center of
the filter coincides with the segment boundary, which re-
sults in one more low pass coefficient as the high pass
coefficient will be zero at the boundary. Depending on the
parity of the start index idx_st and the parity of the seg-
ment length len, there may be 0, 1, or 2 more low pass
coefficients than that of high pass.

An example of one-dimension even tap ASWP is
shown in Figure 4. The data sample is the same as that of
Figure 3. Since both segments start with odd index, they
are decomposed with phase 1 filtering, i.e., the center of
the filter crosses the left segment boundary. The decom-
position results in 3 low and 1 high pass coefficients for
the first segment, and 2 low and 1 high pass coefficients
for the second segment. The resultant coefficients are
stored at index 1-3, 5-6 of the low pass band and index 2
and 6 of the high pass band. Both segments can be per-
fectly reconstructed from the transform coefficients.

When the length of the segment is 1, ie., a single
pixel, we simply copy the pixel to the low (for odd tap
filtering with even idx_st or for even tap filtering) or high
(for odd tap filtering with odd idx_sr) pass band.'

2.3 Two-dimensional ASWP

In 2-D ASWP, the object is first horizontal filtered
with 1-D ASWP for each row and then vertically filtered
for each column, as shown in Figure 5. Since the phase of
the wavelet filter is always fixed, the vertical transform is
applied on the coefficients of coherent phases of the hori-
zontal transform. Such phase alignment of ASWP im-
proves the transform efficiency. Multi-scale 2-D ASWP
can be achieved by recursively decomposing the LL sub-
band of each scale. The implementation of ASWP is con-
sistent with the rectangular wavelet transform with sym-
metrical boundary extension. In fact, the rectangular
wavelet transform is a special case of ASWP with the ob-
ject being the entire image.

3 Experimental Results

Experiments have been conducted to compare ASWP
with a number of arbitrary shape object transform
schemes, which include the padding based DCT

! This differs from the implementation of MPEG4 CD
version 1, which multiplies the single pixel by a factor of

\/E and always copies it to the low pass band.



(PADDCT), the shape-adaptive DCT (SA-DCT)[3] and
the object wavelet transform(OWT)[4]. The test images
are the first frame Akiyo, Coast, Sean, and Weather of
CIF and QCIF format. The test objects are the woman in
Akiyo, the man in Sean, the big boat in Coast, and the
woman in Weather. Objects are coded at 5k, 10k, 15k bits
per frame for QCIF format, at 15k, 30k, 50k for CIF for-
mat. All schemes encode the binary shape mask with the
context arithmetic coding (CAE) scheme and the shape
bitrate is included in the result. PADDCT and SA-DCT
transformed coefficients are further compressed by a 2-D
run level huffman coding, the OWT and ASWP coeffi-
cients are compressed by the MZTE, both specified in
MPEG4 VM7. The comparison results are shown in Table
1. It is observed that ASWP outperforms OWT, a padding
based arbitrary shape object wavelet transform scheme for
about 0.1-2.6dB over all test images, with an average of
0.8dB. Since the coefficient coding schemes of the OWT
and ASWP are the same, the gain confirms that ASWP
reduces the number of coefficients to be coded and im-
proves the coding efficiency by eliminating the padding. It
can also be observed that ASWP outperforms SA-DCT
for an average of 0.8dB, and outperforms PADDCT for an
average of 0.2dB for our test images. ASWP thus demon-
strates itself to be an efficient scheme for the wavelet
transform of arbitrary shape object.
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Figure 3. 1-D odd tap arbitrary shape wavelet transform
with phase alignment



Table 1 Comparison between ASWP, SA-DCT, PADDCT
and OWT for images Akiyo, Coast, Sean and Weather
ASWP QCIF CIF
Image | BitRate | PSNR | BitRate | PSNR
(bits) (dB) (bits) (dB)
Akiyo 4934 28.1 15157 31.0
10118 33.0 29645 354
14590 36.1 50765 40.0
Coast 4962 26.0 15036 26.9
10098 35.1 30036 35.0
14770 42.3 47668 42.1
Sean 5010 26.3 14900 28.7

l%%%ﬂ. I%%. 9906 31.1 29564 33.0

Synthesisl ¢ 15242 | 347 | 48700 | 37.0

. i Weather | 5007 28.5 14976 30.5
[ IBlAlABBICIHIDICIB T IcIFIEEEIGIGIE 9999 332 20336 358

15375 37.2 49544 40.2
SA-DCT| 4984 27.1 15056 29.5

Figure 4. 1-D even tap arbitrary shap ‘wavelet transform Akiyo | 10016 31.8 30712 34.7
with phase alignment 15480 | 353 | 51880 | 393
Coast 5064 25.9 15064 27.3

L H 10192 34.5 29360 35.0

- ] 13912 39.7 | 49200 | 41.8
Sean 4944 26.3 14824 | 28.0
9800 30.6 | 30888 | 332

11
111
!

] 14336 | 340 | 49896 | 37.4

H 0 = [ Weather [ 5096 27.3 14896 | 29.2
m 9960 31.6 | 30584 | 34.8

14184 | 34.6 | 47080 | 39.0

. PADDCT| 4968 28.1 14744 | 303

LHLHLHLHLHLHLHLH Akiyo 10112 32.6 29152 35.1
Phase of the Wavelet Filter (a) 157 1 2 36 1 47008 390

L H Coast | 5048 27.0 14792 | 287

i 9976 | 34.3 | 28144 | 352
£ 15616 | 406 | 45848 | 408
3 Sean | 5032 | 266 | 15168 | 288
5 H 9984 31.3 30032 | 33.6
ok o => 14464 | 345 | 52824 | 384
5 i » Weather [ 5039 | 28.1 | 14968 | 303
H 10423 | 33.0 | 29464 | 354
“H [T : 15144 | 356 | 51192 | 404
() LH HH OWT | 5036 27.9 15013 | 304

Figure 5. 2-D arbitrary shape wavelet transform using odd Akiyo 10308 32.7 30349 347
tap filter with (a) 1-D horizontal decomposition of each 15316 36.0 53389 38.9
row and (b) 1-D vertical decomposition of each column Coast 5033 249 15222 259

10377 32.9 31038 335
15913 39.7 54278 39.9
Sean 5017 25.8 15194 28.1
10017 30.5 30218 32.6
15073 33.6 50962 36.8
Weather [ 5039 28.1 15333 30.2
10423 33.0 31197 354
15839 36.9 52509 40.1
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