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ABSTRACT

In this paper, a wavelet-based spatially scalable video cod-
ing scheme with in-band prediction is investigated in com-
bination with JPEG 2000 quantization and arithmetic cod-
ing. The wavelet decomposition of each frame of the video
data is succeeded by the computation of a blockwise mo-
tion compensated prediction for the individual subbands. To
achieve half-pixel motion vector accuracy the shift-invariant
overcomplete wavelet transform is exploited. Higher accu-
racy is obtained by additional interpolation of the overcom-
plete subbands to maintain spatial scalability. A blockwise
decision is made between coding of the motion compen-
sated prediction error (inter mode) or the wavelet coeffi-
cients (intra mode). The concept of in-band prediction can
be easily combined with a conventional intra-frame wavelet
coder. In this approach, JPEG 2000 arithmetic coding is
applied to the resulting prediction error.

1. INTRODUCTION

Due to the increasing demand for multimedia applications
such as video streaming on the internet or the support of
decoders with differing complexity a high level of scalabil-
ity is required for the encoded data. Full spatial, temporal,
and SNR scalability should, therefore, be provided by fu-
ture video coding schemes. To achieve spatial scalability
the discrete wavelet transform (DWT) has been successfully
employed in image and video compression. It is used in the
still image coding standard JPEG 2000 [1], and numerous
approaches have been proposed for its application to video
compression.

In this paper, we investigate a spatially scalable wavelet
video coding scheme with blockwise motion compensated
in-band prediction and combine it with JPEG 2000 quan-
tization and arithmetic coding. As in [2, 3, 4], the shift-
invariance of the overcomplete discrete wavelet transform
(ODWT) is exploited to achieve half-pixel motion vector
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accuracy. Higher accuracy is obtained by additional inter-
polation of the overcomplete subbands. The video coding
scheme is extended by a blockwise decision between inter
and intra coding for the subbands of higher frequency, since
in this case the coding of a motion compensated prediction
and the corresponding motion vector data is not necessarily
superior to the coding of the original wavelet coefficients.
An important feature of the in-band prediction scheme is
that it can be easily combined with a conventional intra-
frame wavelet coder by merely inserting the computation
of a motion compensated prediction as an additional pro-
cessing step between wavelet decomposition and coefficient
coding. In our approach, the still image coder JPEG 2000
is modified such that only quantization and arithmetic cod-
ing are applied to the prediction error that results from the
motion compensated in-band coder.

This paper is organized as follows. In section 2 the in-
band video coding scheme is presented, focusing on the ap-
plication of the ODWT for motion compensation and the
employed motion estimation procedure as well as the in-
ter/intra decision and JPEG 2000 coding. Section 3 presents
the experimental results, followed by some concluding re-
marks in section 4.

2. SPATIALLY SCALABLE VIDEO CODING WITH
IN-BAND PREDICTION

Figure 1 shows the structure of the spatially scalable video
coding scheme for a transform depth � � �. Each video
frame is decomposed by a DWT with � transform levels,
employing the 9/7 linear phase FIR lowpass (�) and high-
pass (�) filters of [5]. At each level � filtering and subse-
quent downsampling leads to the three subbands�� �,���,
�� �, and the lowpass band ��� which is further decom-
posed until ��� is obtained. For each individual subband
a blockwise motion compensated prediction is computed.
The resulting prediction error is quantized and coded us-
ing JPEG 2000 lossy compression. In Figure 1 Q denotes
the quantization performed by JPEG 2000 at a certain qual-
ity layer. Each subband is reconstructed at the encoder and

III - 730-7803-7663-3/03/$17.00 ©2003 IEEE ICASSP 2003

➠ ➡



stored as reference for the prediction of the subbands of the
following video frame. To maintain spatial scalability, no
information of the subbands at a higher spatial decomposi-
tion level may be used for the subband prediction at a certain
level �. On the other hand, all information up to the trans-
form level � can be exploited to improve the prediction at
this level.

2.1. Motion Compensation and the Overcomplete Dis-
crete Wavelet Transform

While the reconstructed reference lowpass band ���� of the
previously coded image has to be interpolated to achieve
sub-pixel accuracy for motion compensation, the overcom-
plete discrete wavelet transform is employed for the pre-
diction of the subbands of higher frequency. For a level
� an inverse discrete wavelet transform (IDWT) is applied

to the reconstructed subbands ��� �, ����, ��� �, and the
corresponding synthesized lowpass band ���� at this level,
resulting in the recovered lowpass band ������. This low-
pass band is again decomposed using the ODWT, i.e. the
downsampling of the coefficients by two is ommitted. This
shift-invariant transform results in the three overcomplete
subbands ���� �, �����, ���� � which now serve as ref-
erence subbands with double resolution for motion com-
pensation, as shown in figure 2. The IDWT-ODWT proce-
dure can thus be interpreted as the optimum interpolation of
half-pixel positions. An efficient algorithm for this conver-
sion from complete to overcomplete subbands has been pro-
posed in [2]. If higher motion vector accuracy is required an
interpolation of the overcomplete subbands is necessary to
maintain spatial scalability. In our video coding scheme, we
apply bilinear interpolation to the overcomplete subbands.
For the lowpass band at spatial transform level � higher or-
der interpolation filters are employed.

2.2. Motion Estimation

There are various possibilities to perform motion estima-
tion. Motion vectors can be determined separately either for
each individual subband or for each spatial transform level.
To save motion vector costs we choose the second approach
in which a new motion vector field is computed for each
transform level �, i.e. the same motion vectors are used for
the prediction of the three subbands �� �, ���, �� �. For
level � the lowpass band ��� is treated separately. In our
video coding scheme, motion estimation is performed on
the original video data using a block-matching algorithm.
The same motion vector field is thus employed for compen-
sation at all quantization layers which allows for later exten-
sion of the in band-video coding scheme to SNR scalability.
Alternatively, motion estimation can be performed in the
coding loop between the current video frame and the recon-
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Fig. 1. Spatially scalable video coding scheme for two
transform levels

structed previously coded frame at a given base layer qual-
ity. The estimation of motion on the individual subbands
�� �,���, and�� � does not work satisfactory, since min-
imizing the sum of absolute differences (SAD) does not re-
sult in the estimation of true motion and a homogeneous
vector field [6]. This is mainly due to the lack of the low-
pass component. Therefore, for a transform level �, motion
estimation is performed on the lowpass band�� ���� of level
� � � of the current video frame, as shown in figure 2. The
corresponding lowpass band �����

���
of the previous video

frame serves as reference image. For each block of size
����� an optimum motion vector with full-pixel accu-
racy is computed by minimizing the SAD. A motion com-
pensated prediction with half-pixel accuracy is then com-
puted for the corresponding three subblocks of size ���
of the subbands �� �
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Fig. 2. Motion estimation (ME) and compensation (MC)

be interpolated accordingly. The same interpolation filters
are employed as for motion compensation. In this case the
motion vector search is hierarchically refined to determine
the optimum sub-pixel position.

2.3. Inter/Intra Decision

The wavelet coefficients of the subbands of higher frequency
are small compared to those of the lowpass band, and alias-
ing effects are induced by the application of filter banks with
non-ideal lowpass and highpass filters. Further, no corre-
spondence may exist between the actual coefficient and its
prediction due to occlusion effects and wrong motion esti-
mates, since only translational motion is considered. For
these reasons, the coding of a motion compensated predic-
tion and the additional motion vector data does not neces-
sarily outperform the coding of the original wavelet coef-
ficients. Therefore, a blockwise decision is made for the
subbands of higher frequency whether to code the motion
compensated prediction error (inter mode) or the wavelet
coefficients (intra mode). For the lowpass band inter coding
mode is set as default.

The decision between inter and intra coding is made dur-
ing motion estimation, i.e. on the original video data. The
mode selection can, alternatively, be performed in the cod-
ing loop at a given quality layer. The sum of the SAD of the
prediction error of three��� subblocks is compared with
the sum of the absolute wavelet coefficients of the three cor-
responding subblocks. In addition, motion vector costs can
be taken into account to favor intra coding. The inter/intra
mode selection has to be signaled. This corresponds to an
additional information of 1 bit for three ��� subblocks.

2.4. JPEG 2000 Arithmetic Coding

The in-band video coding scheme is combined with JPEG
2000 lossy compression, using the software included in [1].
Since no further wavelet decomposition needs to be per-
formed, the JPEG 2000 codec is modified such that only
the quantization and coding unit are employed. The predic-
tion error is quantized and arithmetically coded, resulting in
a JPEG 2000 bit stream partitioned into 12 quality layers.
The JPEG 2000 decoder is modified accordingly.

2.5. Temporal and SNR scalability

The presented video coding scheme with in-band prediction
can be extended with respect to temporal and SNR scalabil-
ity. To achieve temporal scalability, the selection of ref-
erence frames for prediction has to be adapted. Frames
not used as reference can then be skipped without induc-
ing drift. Drift-free SNR scalability can for instance be
achieved by combining motion compensated predictive cod-
ing at a defined base layer quality with additional intra cod-
ing of the resulting quantization error. On the other hand,
different methods with motion compensation in the enhance-
ment layer that also avoid drift or, alternatively, allow low
drift can be employed [7].

3. SIMULATION RESULTS

Simulations have been performed with CIF sequences at 30
Hz frame rate. A wavelet decomposition with ��� trans-
form levels is employed. The block size for motion compen-
sation is chosen as ��� pixel for all spatial transform levels.
For the lowpass band, a motion vector accuracy of 1/4-pixel
is selected. For the subbands of higher frequency the appli-
cation of both 1/2-pixel and 1/4-pixel accuracy is evaluated.
The motion vectors are coded using a variable length code.
Figure 3 shows the rate-distortion performance of the in-
band video coder with different parameter settings in com-
parison to pure JPEG 2000 intra coding (INTRA) for the
luminance components of the sequences ”Foreman”, ”Tem-
pete”, and ”Paris”. Simulation results are given for pure
motion compensated inter coding with 1/2-pixel and 1/4-
pixel motion vector accuracy, respectively, for the subbands
of higher frequency (MC-1/2 INTER, MC-1/4 INTER) as
well as for additional inter/intra mode selection (MC-1/2
INTER/INTRA, MC-1/4 INTER/INTRA).

JPEG 2000 intra coding is outperformed by motion com-
pensated inter coding, in particular for sequences with low
motion activity or static background (”Paris”). For sequences
with high motion activity (”Foreman”, ”Tempete”) the cod-
ing performance can be improved by the application of 1/4-
pixel motion vector accuracy. The inter/intra mode selection
leads to an additional performance gain.
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On the other hand, for sequences with a static back-
ground, the coding performance is not altered by these vari-
ations. In this case, the performance is actually comparable
to simple DPCM coding with an additional inter/intra selec-
tion.

4. CONCLUSIONS

A spatially scalable video coding scheme with in-band pre-
diction combined with the intra-frame wavelet coder JPEG
2000 has been presented. The shift-invariant ODWT is ex-
ploited for motion compensation to achieve half-pixel vec-
tor accuracy. While the prediction can be improved by higher
motion vector accuracy, the motion vector costs increase. A
trade-off has to be made to optimize the overall coding per-
formance. Our current work, therefore, includes the inves-
tigation of the impact of different block sizes and motion
vector accuracy on the coding performance.
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”Tempete”, and ”Paris”
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