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ABSTRACT

In this paper, we present a wavelet-based video coding al-
gorithm within a conventional hybrid framework of tem-
poral motion-compensated prediction and transform cod-
ing. Our proposed algorithm involves the incorporation of
multi-frame motion compensation as an effective means of
improving the quality of the temporal prediction. For an
efficient coding control, we follow the rate-distortion opti-
mizing strategy of using a Lagrangian cost function to dis-
criminate between different decisions in the video encoding
process. As a key element for fast adaptation and high cod-
ing efficiency, our approach uses an entropy coding scheme
based on context-based adaptive arithmetic coding. In ad-
dition, the combination of overlapped block motion com-
pensation and frame-based transform coding guarantees
blocking artifact free and hence subjectively more pleas-
ing video. In comparison with a highly optimized MPEG-4
Advanced Simple Profile coder, our proposed scheme pro-
vides significant performance gains in objective quality of
2-2.5dB PSNR.
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1 Introduction

Multi-frame prediction [1] and variable block-size motion
compensation in a rate-distortion optimized motion estima-
tion and mode selection process [2, 3] are powerful tools
to improve the coding efficiency of today’s video coding
standards like MPEG-4 Visual [4] and ITU-T H.263 [5]. In
this paper, we present the novel design of a video coder
(DVC) that demonstrates how these state-of-the-art cod-
ing tools as implemented in the current test model TML-
8 [6] of the ITU-T H.26L video compression standardiza-
tion project can be successfully integrated in a blocking
artifact free video coding environment. In addition, we
propose a solution for an efficient macroblock-based intra
coding mode within a frame-based residual coder, which is
extremely beneficial for improving the subjective quality.
We further demonstrate how to improve the efficiency of

Hans L. Cycon
University of Applied Sciences
FHTW Berlin
Allee der Kosmonauten 20-22
10315 Berlin, Germany
email: hcycon@fhtw-berlin.de

a wavelet-based residual coder by using appropriately de-
signed entropy coding tools as introduced in our previous
work [7, 8].

This paper is organized as follows. Section 2 gives
an overview of our proposed video coding system. The in-
struments of motion compensated prediction along with the
macroblock-based intra coding mode are described in Sec-
tion 3. The specific wavelet transform used in our approach
is introduced in Section 4, and the associated pre-coding
scheme for transform coefficients is reviewed in Section
5. In Section 6, more details of the adaptive entropy cod-
ing scheme are given. Experimental results comparing our
proposed wavelet-based DVC coder against an optimized
MPEG-4 and H.26L TML-8 coder [3, 6] are presented in
Section 7. Section 8 finally contains concluding remarks
and suggestions for future work.
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Figure 1. Block diagram of the proposed coding scheme

2 Overview of the DVC Scheme

Fig. 1 shows a block diagram of our proposed coder. As
a hybrid system, it consists of a temporal predictive feed-
back loop along with a spatial transform coder. Tem-
poral prediction is performed by using block motion es-
timation (BME) and overlapped block motion compensa-
tion (OBMC), where the reference of each predicted block
can be obtained from a long-term reference frame memory.



Coding of inter frames (P-frames) as well as of intra frames
(I-frame) is performed by first applying a discrete wavelet
transform (DWT) to an entire frame. Uniform scalar quan-
tization (Q) with a central dead-zone around zero similar
to that designed for H.263 is then used to map the dynamic
range of the wavelet coefficients to a reduced alphabet of
decision levels. Prior to the final arithmetic coding stage,
the pre-coder further exploits redundancies of the quan-
tized wavelet coefficients in a 3-stage process of partition-
ing, aggregation and conditional coding.
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Figure 2. Illustration of the four macroblock partition
modes used for temporal prediction

3 Motion-Compensated Prediction

3.1 Motion Model

The motion model used in our approach is very similar to
that of the H.26L. TMLS8 design [6]. Basically, it relies on
a simple model of block displacements with variable block
sizes. Given a partition of a frame into macroblocks (MB)
of size 16 x 16 pels, each macroblock can be further sub-
divided into smaller blocks, where each sub-block has its
own displacement vector. Our model supports 4 different
partition modes, as shown in Figure 2.

Each macroblock may use a different reference pic-
ture out of a long-term frame memory. In addition to
the predictive modes represented by the 4 different MB
partition modes in Fig. 2, we allow for an additional
macroblock-based intra coding mode in predicted inter
frames. This local intra mode is realized by computing
DC components for each 8 x 8 sub-block and each spectral
component (Y,U,V) in a macroblock and by embedding the
DC-corrected sub-blocks into the residual error frame in a
way, which is further described in Section 3.4 below.

3.2 Motion Estimation and Mode Decision

Block motion estimation involves an exhaustive search
over all integer pel positions within a pre-defined search
window around the motion vector predictor, which is ob-
tained from previously estimated sub-blocks in the same
way as in TML-8 [6]. In a number of subsequent steps, the
best integer pel motion vector is refined to the final %—pel
accuracy by searching in a 3 x 3 sub-pel window around the
refined candidate vector. All search positions are evaluated
by using a Lagrangian cost function J = D + AR, which
involves a rate term R and a distortion term D coupled by
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Figure 3. Block diagram of local intra coding mode

a Lagrangian multiplier A. For all fractional-pel displace-
ments, distortion D is estimated in the transform domain
by using the Walsh-Hadamard transform, while the rate of
the motion vector candidates is estimated by using a fixed,
pre-calculated table. This search process involves each of
the 4 different macroblock partition modes and each refer-
ence frame. Finally, the cost of the overall best predictive
mode decision is compared against the cost of the local in-
tra mode decision and the macroblock mode with minimum
Lagrangian cost is chosen.

3.3 Overlapped Block Motion Compensa-
tion

The prediction error signal of the luminance signal is
formed by using the weighted sum of the differences be-
tween all 16 x 16 overlapping blocks from the current frame
and their related overlapping blocks with displaced loca-
tions in the reference frame, which have been estimated in
the BME stage for the corresponding core blocks of size
8 x 8. As a weighting function w, we used the ’raised co-
sine’” window function given by
1 2mn
w(n,m) = Wy * Wy, Wy = 5 {1 €08 — ] @

for all (n,m) € [0, N] x [0,N]. In our presented ap-
proach, we have chosen N = 16 (N = 8) for the lumi-
nance (chrominance, resp.) in Eq. (1) resulting in a block
of 16 x 16 (8 x 8) pixel support centered over a ”core” block
of size 8 x 8 (4 x 4) pels for the luminance (chrominance,
resp.).

For the texture interpolation of sub-pel positions, we
used the same filters as specified in TML-8 [6].

3.4 Macroblock-Based Intra Coding Mode

Macroblock-based intra coding involves three steps as de-
picted in Fig. 3: computation of weighted DCs, removal of
the DC components in an overlapping framework and pre-
dictive coding of the DC values. More precisely, for each
macroblock, we first compute the weighted DC value dc;
fora 16 x 16 overlapping block related to the correspond-



ing 8 x 8 core block:
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where s;(n, m) denotes a sample of the i-th overlapping
block (Y: i =1,...,4; U: i = 5; V: i = 6). In asecond
step, the weighted sum of the differences between the over-
lapping blocks of the corresponding core intra blocks and
its related DC values is formed. Finally, before entering
the pre-coding stage, each DC component is predicted by
using spatially neighboring DC components.

4 Wavelet Transform

In wavelet-based image compression, the Daubechies 9/7-
tap biorthogonal wavelet with compact support [9] is the
most popular choice. Our proposed coding scheme, how-
ever, utilizes a class of biorthogonal wavelet bases associ-
ated with infinite impulse response (1IR) filters, which was
recently constructed by Petukhov [10]. His approach relies
on the construction of a dual pair of rational solutions of
the matrix equation

M(z)MT (271 = 21, (3)

where T is the identity matrix, and

are so-called modulation matrices.
Petukhov constructed a one-parametric family of fil-
ters ha, ga, ha and g,* satisfying Eq. (3):
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In order to adapt the choice of the wavelet basis to
the nature and statistics of the different frame types related
to intra and inter coding mode, we performed a numerical
simulation on this one-parametric family of IIR filter banks
yielding the optimal parameter choice of a = 8 for intra
frame mode and a = 25 for inter frame mode in Egs. (4)-
(7). Note that the corresponding wavelet transforms can be
efficiently realized with a composition of recursive filters
[10].

1hq and g, denote low-pass and high-pass filters of the decomposition
algorithm, respectively, while h, and g, denote the corresponding filters
for reconstruction.
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Figure 4. Schematic representation of the pre-coder used
for encoding the quantized wavelet coefficients

5 Pre-Coding of Wavelet Coefficients

The strategy for encoding the quantized wavelet coeffi-
cients follows our conceptual ideas initially presented in
[7] and later refined in [8]. Next, we give a brief review
of the corresponding techniques of partitioning, aggrega-
tion and conditional coding (PACC). For more details, the
readers are referred to [7, 8].

5.1 Partitioning

As shown in the block diagram of Fig. 4, an initial “parti-
tioning’ stage divides each frame of quantized coefficients
into three sub-sources: a significance map, indicating the
position of significant coefficients, a magnitude map hold-
ing the absolute values of significant coefficients, and a sign
map with the phase information of the wavelet coefficients.
Note that all three sub-sources inherit the subband struc-
ture from the quantized wavelet decomposition as shown
in Fig. 5 (a), so that there is another partition of each sub-
source according to the given subband structure.

5.2 Zerotree Aggregation

In a second stage, the pre-coder performs an ‘aggrega-
tion” of insignificant coefficients using a quad-tree related
data structure. These so-called zerotrees [7, 11] connect
insignificant coefficients sharing the same spatial location
along a fixed orientation (vertical, horizontal or diagonal)
of the multiresolution decomposition as shown in Fig. 5 (a).
However, in our presented approach, we do not consider
zero-tree roots in bands below the maximum decomposi-
tion level, e.g. level 3 in Fig. 5 (a). In inter-frame mode,
coding efficiency is further improved by connecting the
zerotree root symbols of all three lowest high-frequency
bands (V3, H3and D3 in Fig. 5 (a)). In that case, we build a
so-called ’integrated” zerotree root residing in the lowpass
band (e.g. L3in Fig. 5 (), if the corresponding coefficient
in the lowpass band is also insignificant.
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Figure 5. (a) Three-level wavelet decomposition with illustration of the zerotree structure; (b) Orientation dependent design of
the two-level template (white circles) used for conditional coding of a binary event C' of the significance map; V', H: additional
elements used for vertical and horizontal oriented bands, respectively; P: parent of C' on the next upper level [ + 1; (c)
8-neighborhood of significance used for conditioning of a given magnitude C.

5.3 Conditional Coding

The final ‘conditioning’ part of the pre-coding stage sup-
plies the elements of each source with a ‘context’, i.e. an
appropriate model for the actual coding process in the arith-
metic coder. Fig. 5 (b) shows the prototype template used
for conditioning of elements of the significance map. It
consists of two parts. The first part involves a causal neigh-
borhood of the actual coding event C' depending on the
scale and orientation of a given band. Except for the lowest
frequency bands, the second part of the template uses addi-
tional information of the next upper level (lower resolution)
represented by the neighbors of the parent P of C, thus al-
lowing a ’prediction’ of the non-causal neighborhood of C'.

Coding of the lowest frequency band depends on the
intra/inter decision. In intra mode, the lowpass band con-
tains mostly non-zero coefficients, so that there is no need
for coding a significance map. For P-frames, however, the
significance of a coefficient in the lowpass band is coded
by using the four-element kernel of our prototype template
(Fig. 5 (b)), which is extended by the related entry of the
significance map belonging to the previous P-frame.

The processing of subbands is performed band-wise
in the order from lowest to highest frequency bands and
the partitioned data of each band is processed such that the
significance information is coded (and decoded) first. This
allows the construction of special conditioning categories
for the coding of magnitudes by using the local significance
information. Thus, the actual conditioning of magnitudes
is performed by classifying magnitudes of significant co-
efficients according to the local variance estimated by the
significance of their 8-neighborhood (see Fig. 5 (c)). For
the conditional coding of sign maps, we are using a context
built of two preceding signs with respect to the orientation
of a given band [8].

For coding the lowpass band of an intra frame, our

proposed scheme uses a DPCM-like approach with a spa-
tially adaptive predictor and a backward driven classifica-
tion of the prediction error using a six-state model.

6 Binarization and Adaptive Binary Arith-
metic Coding

All symbols generated by the pre-coder are encoded us-
ing an adaptive binary arithmetic coder, where non-binary
symbols like magnitudes of coefficients or motion vector
components are first mapped to a sequence of binary sym-
bols by means of the unary code tree. Each element of the
resulting ‘intermediate’ codeword given by this so-called
binarization will then be encoded in the subsequent pro-
cess of binary arithmetic coding.

At the beginning of the overall encoding process,
the probability models associated with all different context
models are initialized with a pre-computed start distribu-
tion. For each symbol to encode the frequency count of
the related binary decision is updated, thus providing a new
probability estimate for the next coding decision. However,
when the total number of occurrences of symbols related
to a given model exceeds a pre-defined threshold, the fre-
quency counts will be scaled down. This periodical rescal-
ing exponentially weighs down past observations and helps
to adapt to non-stationarities of the given source.

For intra and inter frame coding separate models are
used. Consecutive P-frames as well as consecutive motion
vector fields are encoded using the updated related mod-
els of the previous P-frame and motion vector field, respec-
tively. The binary arithmetic coding engine used in our pre-
sented approach is a straightforward implementation simi-
lar to that given in [12].



FOREMAN (QCIF, 10Hz)

w
~

W
[

TEMPETE (CIF, 30Hz)

36 . 35 —
/0 / )
35 34
p-g

N _ o] B33
k=) /2//( kA Lo
s s
E 33 / / E 32 X
o 32 o 31
: / ¢ Ay
é-f, 31 / / % 30 /
[ [
2 30 2 29

29 —=-pve 28 -=DVC

X —%H.26L 37 ¢ H.26L
28 (< —e—MPEG-4 27 e / —e—MPEG-4
27 . ; ; 26 i i
0 16 32 48 64 80 96 0 256 512 768 1024 1280 1536 1792
Bit-rate [kbit/s] Bit-rate [kbit/s]
(a (b)

Figure 6. Rate-distortion curves for a performance comparison of the proposed DVC coder, H.26L and MPEG-4.

7 Experimental Results

7.1 Test Conditions

To illustrate the effectiveness of our proposed video cod-
ing scheme, we used for comparison an optimized MPEG-
4 coder [3] and the H.26L. TML-8 coder [6]. The MPEG-4
coder follows a rate-distortion (R-D) optimized encoding
strategy by using a Lagrangian cost function, and it gen-
erates bit-streams compliant with MPEG-4, Version 2, op-
erating in Advanced Simple Profile (ASP) [4]. Note that
this encoder provides PSNR gains in the range from 1-2
dB, when compared to the MoMuSys MPEG-4 reference
encoder (VM18) [3]. For our experiments, we used the fol-
lowing encoding options of this improved MPEG-4 coder:
quarter-pel accurate motion compensation and global mo-
tion compensation were enabled. For motion estimation, a
full search with search range of +32 pels was performed,
and for quantization the MPEG-2 quantization matrix was
used. In addition, the recommended deblocking/deringing
filter was applied in a post-processing stage.

For the H.26L TML-8 and the DVC coder, the fol-
lowing common settings were chosen: quarter-pel accurate
motion compensation was used for QCIF resolution, and
eighth-pel accurate motion compensation for sequences
in CIF resolution; a full search within a search window
of +32 pels around the motion vector predictor was per-
formed, and we used five reference frames. For a fair com-
parison, TML-8 was evaluated using the low-complexity
R-D motion estimation and mode decision and the ad-
vanced entropy coding mode of context-based adaptive bi-
nary arithmetic coding (CABAC) [6, 13].

Coding experiments were performed by using a whole
test set of QCIF and CIF sequences. Only the first frame of
each sequence was encoded as an intra picture; all subse-
quent frames were encoded as P-pictures. For each run of a
sequence, a set of quantization parameters according to the
different picture types (I or P) was fixed.

7.2 Test Results

Figure 6 shows the rate-distortion performance of our pro-
posed DVC scheme relative to MPEG-4 ASP and H.26L
TML-8 for the test sequences Foreman in QCIF resolution
and Tempete in CIF resolution. The curves show the aver-
age PSNR of the luminance component as the arithmetic
mean of the corresponding PSNR values for each frame
versus bit-rate averaged over the whole sequence.

As can be seen from the graphs in Fig. 6, the DVC
scheme provides significant PSNR gains of 2.0-2.5 dB in
comparison to MPEG-4 ASP. At lower bit-rates, the R-D
performance of H.26L TML-8 and DVC looks quite simi-
lar for the Foreman sequence , while for higher rates DVC
provides PSNR gains of up to 0.75 dB relative to H.26L for
that particular sequence. However, comparing the visual
quality of reconstructed video for the DVC and the H.26L
coder at those bit-rates that correspond to the same objec-
tive quality, an improvement of subjective quality in favor
of our coder can be observed.

For an assessment of the visual quality Fig. 7 shows
a sample reconstruction of the Foreman sequence coded at
32 kbit/sec for all three competing coders. Both DVC and
H.26L clearly outperform MPEG-4, but it is also quite vis-
ible that the H.26L reconstruction still suffers from some
blockiness, especially in the area of the helmet and the
person’s face. In contrast to that, the DVC reconstruction
seems to be more natural and appealing, although some
slight ringing artifacts can be observed.

For the Tempete sequence, DVC achieved PSNR
gains of 0.5-0.8 dB relative to H.26L (see Fig. 6 (b)). This
corresponds to bit-rate savings of about 10-15% for the
same objective quality. In most cases, however, the sub-
jective quality of the DVC coded video appeared to be su-
perior to that of the H.26L coder at R-D points correspond-
ing to the same PSNR value. This kind of results has been
observed for all other sequences tested.
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Figure 7. Reconstructed frame no. 47 of Foreman coded at 32 kbit/s: (a) MPEG-4, (b) H.26L, (c) DVC.

8 Conclusions and Future Research

The coding strategy of DVC has proven to be very effi-
cient; PSNR gains of up to 2.5 dB relative to a highly opti-
mized MPEG-4 coder have been achieved. Furthermore, it
has been shown that our coder is able to compete with the
best video coding technology currently available? both in
terms of coding efficiency and computational complexity.
However, it should be noted that there is still room for fur-
ther performance improvements of our presented scheme.
For instance, it is well known, that conventional block mo-
tion estimation is far from being optimal in an OBMC-
based framework [14]. Additionally, the performance of
our zerotree-based wavelet coder can be enhanced by us-
ing a R-D-based cost function for a joint optimization of
the quantization and the zerotree-based encoding process.
In summary, we expect another significant gain by exploit-
ing the full potential of encoder optimizations inherently
present in our DVC design. This will be the topic of our
future research.
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