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ABSTRACT

Scalable video coding (SVC) allows to encode videos in a unique bit
stream at several operating points corresponding to different quality,
spatial resolution and temporal frame rate. In this paper, we ap-
ply the allpass-based wavelet filters to wavelet-based scalable video
coding (WSVC) for improving the coding performance, in particu-
lar, at reduced spatial resolutions. The allpass-based wavelet filters
used in this paper are orthogonal and symmetric, and have a better
frequency response than the D-5/3 and D-9/7 biorthogonal wavelet
filters. Therefore, some spatial aliasing effects can be suppressed,
when the allpass-based wavelet filters are used as a spatial transform
in WSVC. Moreover, the inverse MCTF transform is performed at
full spatial resolution to avoid the imprecision of the deduced MVs.
Finally, a coding performance comparison between the proposed
allpass-based and conventional D-9/7 biorthogonal wavelet filters is
shown in terms of coding efficiency.

Index Terms— Scalable video coding, wavelets, allpass filter,
IIR filter, MCTE, lifting scheme

1. INTRODUCTION

Scalable video coding (SVC) has a wide range of applications, such
as internet video, mobile wireless video, and so on [7]~[12]. By
using SVC, a number of desirable streams can be extracted from a
single bit stream corresponding to various operating points in terms
of image quality, spatial resolution and temporal frame rate. SVC
techniques can be classified mostly as wavelet-based SVC (WSVC)
and hybrid SVC used in MPEG-x or H.26x video coding standards
[9]. Although hybrid SVC based on spatial DCT and temporal
ME/MC (Motion Estimation/Motion Compensation) has provided a
coding performance improvement, WSVC is an attractive technique
too, because wavelet transform naturally provides a scalable multidi-
mensional (space-time-quality) signal representation. There are two
schemes in WSVC; t4+2D and 2D+t, depending on the space-time or-
der in which the wavelet transforms operate. t+2D scheme performs
a motion compensated temporal filtering (MCTF) in the original
spatial domain followed by a spatial transform on each temporal
subband, while the spatial transform is applied before the temporal
one in 2D+t scheme. 2D+t scheme had demonstrated lower coding
efficiency compared to t+2D one, especially at higher resolutions,
due to the reduced efficiency of MCTF when applied in the spatial
highpass subband domain [9]. Therefore, we will discuss only t+2D
scheme in this paper. t+2D scheme is the most intuitive way to
build a WSVC system, however, it has some relevant drawbacks,
especially for spatial scalability performance, due to spatial aliasing
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introduced by non-ideal wavelet filters, e.g., the D-5/3 and D-9/7
biorthogonal wavelet filters. Therefore, it is required to design more
selective wavelet filters to reduce the spatial aliasing [8], [11].

In this paper, we firstly introduce a class of orthogonal symmet-
ric wavelet filters using IIR allpass filters proposed in [3] and [4].
The allpass-based orthogonal symmetric wavelet filters have a bet-
ter (more selective) frequency response than the D-5/3 and D-9/7
biorthogonal wavelet filters, thus, aliasing introduced by the deci-
mation can be reduced. The allpass-based wavelet filters have been
applied to lossy and lossless image coding, and demonstrated a supe-
rior coding performance in [S] and [6]. We then use the allpass-based
wavelet filters as a spatial transform in WSVC to suppress some spa-
tial aliasing effects for improving the coding efficiency, in particular,
at reduced spatial resolutions. Moreover, we perform the inverse
MCTF transform at full spatial resolution to avoid the imprecision
of the deduced MVs. Finally, a coding performance comparison be-
tween the allpass-based and D-9/7 wavelet filters is given in terms of
coding efficiency. It is shown from the experimental results that the
allpass-based orthogonal symmetric wavelet filters outperform the
conventional D-9/7 biorthogonal wavelet filter.

2. WAVELET-BASED SCALABLE VIDEO CODING

The general framework of WSVC is shown in Fig.1, which is usually
referred as to 2D+t+2D scheme. A video signal is firstly decom-
posed by pre-spatial 2D DWT (Discrete Wavelet Transform), then
by temporal DWT including ME/MC (Motion Estimation/Motion
Compensation), that is, MCTF (Motion Compensated Temporal Fil-
tering), followed by post-spatial 2D DWT. t+2D and 2D+t schemes
can be implemented without pre- or post-spatial 2D DWT. Tempo-
ral transform implements a framewise motion compensated lifting
wavelet transform, and generally uses the Haar or D-5/3 wavelet fil-
ter depending whether motion modes are unidirectional (forward or
backward) or bidirectional [12]. The lowpass temporal filtering up-
dates the corresponding temporal subbands with ghosting artifacts
due to unavoidable local MC failures. The update step in the lifting
scheme can be also omitted to eliminate ghosting artifacts. A pop-
ular wavelet filter for lossy image coding is the D-9/7 biorthogonal
wavelet filter. This FIR filter is generally used as a spatial transform
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Fig. 1. General framework of WSVC.



in WSVC. The D-9/7 biorthogonal wavelet filter has a symmetric
impulse response (exactly linear phase), but its magnitude response
is not good enough as a downsampling filter [8], [11]. Thus, spa-
tial aliasing is introduced by the decimation and non-ideal frequency
response of wavelet filters. Spatial aliasing degrades spatial scal-
ability performance in t+2D scheme and reduces the efficiency of
MCTF when applied in the spatial highpass subband domain of 2D+t
scheme [9]. Therefore, a more selective wavelet filter is needed to
reduce these spatial aliasing effects, as described in [8] and [11].

3. T+2D SCHEME USING THE ALLPASS-BASED
WAVELET FILTERS

In this section, we propose the t+2D scheme of WSVC using the
allpass-based orthogonal symmetric wavelet filters. The allpass-
based wavelet filters can be also used to improve the coding effi-
ciency of 2D+t scheme, although it had demonstrated lower coding
efficiency compared with t+2D one, especially at higher resolutions,
due to the reduced efficiency of MCTF [9]. In the following, we
firstly describe the allpass-based orthogonal symmetric wavelet fil-
ters proposed in [4], and then used the wavelet filters as a spatial
transform in WSVC.

3.1. Allpass-based Orthogonal Symmetric Wavelet Filters

A class of orthogonal symmetric wavelet filters has proposed in [4]
by using allpass filters as follows;
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where K is integer, and A(z) is an IIR allpass filter of order N
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where a,, are a set of real-valued coefficients and ap = 1.
Assume that 6(w) is the phase response of A(z), then we have
the frequency responses of H(z) and G(z) as

H() = e IEF D) cos{0(2w) + (K + %)w}

jw . K+ - 1 (3)
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It is clear in Eq.(3) that H(z) and G(z) have an exactly linear phase
response and satisfy the following power-complementary relation;
[H(E) + |G = L. )

That is, this class of wavelet filters is orthogonal and symmetric.
For H(z) and G(z) to be a pair of lowpass and highpass filters,
the phase response of A(z) must satisfy

Fig. 2. Orthogonal symmetric wavelet filters using allpass filters.

where w), and w; are the cutoff frequencies in passband and stopband
of H(z), respectively, and wp + ws = .

Due to the antisymmetry property of the phase response, the de-
sired phase response of A(z) can be reduced to

ba(w) = (5 + 2w

5 1 (0 < w < 2wp). ©)

Therefore, the design problem of the allpass-based orthogonal sym-
metric wavelet filters shown in Fig.2 becomes the phase approxima-
tion of A(z) to the desired phase response in Eq.(6). The existing
design methods of allpass filters, for example, the maximally flat
and equiripple approximations, can be used to design this class of
orthogonal symmetric wavelet filters. In [4], a design method has
been proposed for the allpass-based orthogonal symmetric wavelet
filters with the specified degree of flatness, thus H(z) and G(z)
have 2L + 1 zeros at z = —1 and z = 1 respectively, where L
is a parameter that controls the degree of flatness in the magnitude
response, and 0 < L < N. If L = N, then the filter is the max-
imally flat (Maxflat) one. When L. < N, the remaining degree of
freedom in the design is used to minimize the magnitude error in the
approximation band.

3.2. MC-EZBC Scalable Video Coder

In this paper, we use the MC-EZBC scalable video coder proposed
in [12] to implement the t+2D scheme of WSVC. The t+2D scheme
performs MCTF directly in the original spatial domain, followed
by a spatial transform on each temporal subband. The block-based
ME/MC is implemented via a quadtree structure. To reduce the spa-
tial aliasing effects, we use the allpass-based orthogonal symmetric
wavelet filters as the spatial transform, instead of the conventional
D-9/7 wavelet filter.

We have used the design method proposed in [4] to examine the
performance of these wavelet filters. The magnitude responses of the
obtained wavelet filters with NV = 2 and K = 3 are shown in Fig.3.
It is seen in Fig.3 that the Maxflat wavelet filter with L = N = 2
has a better magnitude response than the D-9/7 biorthogonal wavelet
filter. The magnitude responses of other two filters with L = 1 are
also shown in Fig.3, where the passband cutoff frequency is set to
wp = 0.3607 and w, = 0.414m, respectively. The wavelet filter
with wp = 0.4147 has the sharpest transition band compared with
other filters, but has a larger ripple in the stopband.

It is known that aliasing is caused by non-ideal magnitude re-
sponse of wavelet filters. Spatial aliasing degrades spatial scalability

Maxflat

] DET NS e = 0.360T
% w, = 04141
g os D-9/7

e

E o4

g

2!!1

= 02

0 0.1 0.2 0.3 0.4 0.5

Normalized Frequency

Fig. 3. Magnitude responses of wavelet filters with N=2.
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Fig. 4. Relation between cutoff frequency and aliasing energy.

performance and reduces the efficiency of MCTF at lower spatial
resolutions. An desirable characteristic is that H(z) and G(z) have
no overlap in the magnitude response, but it is impossible to realize
it. To evaluate the aliasing effect, we define an aliasing energy of
wavelet filters as follows;
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where E 4;iq5 1S zero for an ideal wavelet filter pair without a magni-
tude overlap. We have calculated the aliasing energy E a;:q5 for the
wavelet filters with N = 2, L = 1 and K = 3, where the passband
cutoff frequency is varied from w, = 0 to w, = 0.57. Note that
wp = 0 is correspondent to the Maxflat wavelet filter. The result is
shown in Fig.4, and it is seen that if w, < 0.48, the allpass-based
wavelet filter has a smaller aliasing energy Fajiqs than the D-9/7
biorthogonal wavelet filter. When w, = 0.414m, we can obtain a
wavelet filter with the smallest aliasing energy, whose E 4;iqs is less
than half that of the D-9/7 wavelet filter.

In this paper, we use the allpass-based wavelet filter with N = 2
and K = 3. This filter requires only 4 multipliers and 10 adders,
whereas the D-9/7 wavelet filter implemented by the lifting scheme
has 6 multipliers and 8 adders.

3.3. The Inverse MCTF at Full Resolution in Decoder

The t+2D scheme performs MCTF directly in the original spatial
domain, thus, the estimated motion vectors (MVs) are optimal at
full spatial resolution. However, it has some relevant drawbacks,
especially for spatial scalability performance. When a lower spa-
tial resolution is needed, the inverse MCTF transform is usually im-
plemented at reduced spatial resolution in decoder, where MVs are
typically deduced from the MVs estimated at full resolution by the
down-conversion, and an interpolation filter is needed to calculate
some subpixels. Due to spatial aliasing introduced by the non-ideal
wavelet filters, the deduced M Vs cannot be guaranteed to be optimal
at the target resolution, resulting in the reduced coding efficiency at
lower spatial resolutions.

Although the allpass-based wavelet filter has been used to re-
duce some spatial aliasing effects, it is still needed to avoid the im-
precision of the deduced MVs. In this paper, we do not perform
the inverse MCTF transform at reduced spatial resolution. Firstly,
we do up-sampling at reduced spatial resolution and filtering it by a
lowpass filter to get full spatial resolution. Then we perform the in-
verse MCTF transform at the full spatial resolution where the MVs
are estimated. Finally, the target spatial resolution is obtained by
decimation (lowpass-filtering and down-sampling). Note that those
MV at reduced spatial resolution are not needed. In this paper, the
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Fig. 5. PSNR comparison of test sequence Bus at CIF resolution
with different wavelet filters.
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Fig. 6. PSNR comparison of test sequence Mobile at CIF resolution
with different wavelet filters.

lowpass filter H(z) in the allpass-based wavelet filters has been used
for down-sampling and up-sampling.

4. EXPERIMENTAL RESULTS

In this section, we present some experimental results and compari-
son with the D-9/7 biorthogonal wavelet filter. Two test sequences
Bus and Mobile (CIF, 30fps) have been used to evaluate the coding
performance. Three allpass-based wavelet filters of N = 2, L =
1, K = 3 withw, = 0, wp, = 0.3607, and w, = 0.414m, as shown
in Fig.3, have been used in the t+2D scheme. The filter with w, = 0
is the Maxflat filter, and that with w, = 0.4147 has the smallest
aliasing energy F ajiqs. In addition, the filter with w, = 0.3607
is chosen as a trade-off between the aliasing energy and stopband
ripple, having a slightly larger F4;;,s and smaller stopband ripple,
compared with that of w, = 0.414.

Firstly, the PSNR comparison at full CIF resolution for different
wavelet filters is given in Fig.5 and Fig.6, respectively. It is seen that
the Maxflat filter has the best coding performance at full resolution.
Then, the PSNR comparison of different MVs at lower QCIF reso-
lution is given in Fig.7 and Fig.8. It is clear that the coding perfor-
mance when MVs were implemented at full resolution is much better
than when MVs were deduced at lower resolution for all wavelet fil-
ters. Finally, the PSNR comparison at lower QCIF resolution for dif-
ferent wavelet filters is shown in Fig.9 and Fig.10, where the inverse
MCTF was imlemented at full resolution. The coding performance
of the allpass-based wavelet filters are better than the D-9/7 wavelet
filter at lower resolution, and the filter with w, = 0.4147 has the
best coding performance.
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Fig. 7. PSNR comparison of test sequence Bus at QCIF resolution
with different MVs.
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Fig. 8. PSNR comparison of test sequence Mobile at QCIF resolu-
tion with different MVs.

5. CONCLUSION

In this paper, we have introduced a class of orthogonal symmetric
wavelet filters using allpass filters. The allpass-based orthogonal
symmetric wavelet filters have a better magnitude response than the
D-9/7 biorthogonal wavelet filter, thus, some spatial aliasing effects
can be reduced. The allpass-based wavelet filters have been applied
to lossy and lossless image coding, and demonstrated a superior
coding performance. In this paper, we have used the allpass-based
wavelet filters as the spatial transform in WSVC to improve the cod-
ing efficiency, in particular, at reduced spatial resolutions. Moreover,
we have performed the inverse MCTF transform at full spatial res-
olution to avoid the imprecision of MVs. Finally, a comparison in
the coding efficiency has been given between the allpass-based and
D-9/7 wavelet filters. It is shown from the experimental results that
the allpass-based orthogonal symmetric wavelet filters outperform
the conventional D-9/7 biorthogonal wavelet filter.
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