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Abstract: The paper deals with a new three-layer video coder based on spatio-temporal
scalability and DCT data partitioning. The base layer is fully MPEG-2 (or MPEG-4) compat-
ible and the whole structure exhibits high level of compatibility with individual building blocks
of MPEG-2/4 coders. The bitrate overhead measured relative to the single layer MPEG-2
bitstream varies between 5% and 25% for progressive television test sequences. The paper
deals with the problem of control of bitrate allocation between layers for the constant bitrate
mode of operation. The experimental data prove that bitrates can be flexibly controlled in
order to match communication channel requirements.
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1. INTRODUCTION

Recent developments in video compression standards are mostly aimed at new
functionalities rather than at increase of coding efficiency alone. This priority change has
became clearly remarkable during the standardization procedures of MPEG-4 [1] and JPEG2000
[2]. Among many functionalities provided by new international standards, scalability is that of
paramount importance. The bitstream produced by scalable video coders is partitioned into at
least two parts: an independently decodable base layer bitstream that represents low-quality
video and an enhancement layer bitstream which provides additional data needed for repro-
duction of full-quality video. Scalability is substantial for video communication via heteroge-
neous networks, video transmission in error-prone environments as well as broadcasting to
terminals defined in various standards.

The base layer represents a video sequence with reduced spatial resolution, temporal
resolution or signal-to-noise ratio (SNR). The respective functionality is called spatial, tempo-
ral or SNR scalability. Another similar mechanism called data partitioning consists in alloca-
tion of the crucial data to the base layer while the other data belong to the enhancement layer.
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All the above mentioned tools are already standardized in MPEG-2 [3,4] and MPEG-4 [1].
Unfortunately, the standard solutions for spatial scalability suffer from low efficiency related to
high bitrate overheads as compared to single-layer coding. On the other hand, spatial scalability
called also hierarchical compression has been implemented in a very efficient way using wavelet
decomposition of still images. The approaches to scalable video compression recently reported
in the references are mostly related to SNR scalability or wavelet decomposition [5-9].

2. PROBLEM CONSIDERED

In contrary to most of the approaches described in the references, this paper deals with a
proposal where a two-layer system [10] based on mixed spatial and temporal scalability is
combined with data partitioning resulting in a three-layer system [11,12]. The assumption is
that high level of compatibility with the MPEG video coding standards would be ensured. In
the paper, the MPEG-2 video coding standard is used as reference but the results are also
applicable to the MPEG-4 systems with minor modifications. In particular, it is assumed that
the low-resolution base layer bitstream is fully compatible with the MPEG-2 standard. The
work is aimed at video coding for bitrates of few Mb/s.

Application of spatial scalability alone is not practical because halving both spatial reso-
lutions (horizontal and vertical) results usually in bitrate reduction about 30% only. Therefore
a combination of spatial and temporal scalabilities has been proposed by the authors [10].
Such a two-layer system exhibits moderate bitrate overheads due to scalability. Straightfor-
ward extension of this idea onto three-layer systems is possible but not very practical because
an input resolution of 720 x 576 pixels and 50 frames per second would imply the base layer
in QCIF format (180 x 144) with 12.5 frames per second. Therefore a combination of spatio-
temporal scalability with DCT data partitioning related also to some SNR scalability is pro-
posed in this paper.

The problem considered in this paper is related to bitrate control in the individual layers.
For the practical reasons, in the constant bitrate mode of operation, the bitrates of the indi-
vidual layers must be controllable in some range. The range of efficient bitrate control should
be around the point where all three bitrates are equal.

3. CODER STRUCTURE

The proposed three-layer coder produces three bitstreams:

e  Base layer with reduced spatial and temporal resolutions. The numbers of rows and
columns of pixels in a frame as well as the frame frequency are halved.

e  Middle layer with full spatial and temporal resolution but reduced quality (reduced
PSNR) obtained by DCT data partitioning, i.e. leaving some high-frequency DCT
coefficients for the enhancement layer.

e  Enhancement layer providing the rest of DCT coefficients necessary to restore full
quality video with full temporal and spatial resolutions.

The coder (cf. Fig. 1) consists of two motion-compensated video coders:

e  Base-layer encoder is a standard single-layer MPEG-2 (or MPEG-4) encoder that
performs compression of video with reduced spatial and temporal resolution.

e  Middle and enhancement-layer encoder that performs compression of full-resolu-
tion video. This encoder performs independent motion estimation and exploits in-
terpolated reconstructed base-layer images in order to avoid simulcast coding.
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Fig. 1. Block diagram of the three-layer coder.

The second encoder produces a bitstream that is partitioned between the middle layer
and the enhancement layer. The middle layer comprises all headers, motion vectors and low-
frequency DCT coefficients while the enhancement layer comprises the rest of DCT coeffi-
cients as well slice headers that are needed for resynchronisation in the case of uncorrected
transmission errors.
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Fig. 2. The structure of a group of pictures. Horizontal arrows represent temporal prediction
while vertical ones correspond to spatial interpolation.
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Separable FIR filter banks are used for spatial decimation and interpolation. Temporal
resolution reduction is obtained via B-frame data partitioning. Each second frame called BE-
frame is skipped from the base layer thus existing in the enhancement layer only. The B-frames
that exist both in the base and enhancement layers are called BR-frames. These frames are used
as reference frames for temporal prediction of BE-frames in the enhancement layer (Fig. 2).

4. EXPERIMENTAL RESULTS

The verification model has been prepared as software written in C++ language. The most
important feature is its flexibility allowing tests of different variants of coding algorithm. The
software runs on PC compatible computers under the Windows NT operational system.

The coder is aimed at processing of progressive 720 x 576, 50 Hz test sequences. There-
fore the base layer is in the SIF format but both the middle layer and the enhancement layer are
in the full television resolution. The experiments have been performed with 4:2:0 sequences as
the verification model implements the coder that is an augmented version of main profile /
main level MPEG 2 coder.

For the sake of brevity, the results are given for one video sequence only but similar
results have been obtained for other test video sequences. Table 1 proves that similar bitrates
can be achieved in the three layers for some reasonable total bitrate range. The results are
given for 50Hz progressive video that corresponds to somewhat higher bitrates than common
25Hz interlaced video.

Table 1. The experimental results for BT.601 progressive sequence Fun.

Single layer Bitstream [Mb] 4.0 5.18 6.0 7.0
(Mclfggr_ 2y | Average PSNR [dB] for luminance 306 | 322 | 33.0 | 338
Base layer average PSNR [dB] for

. 30.5 33.0 34.1 34.1
luminance

Average PSNR [dB] for luminance
recovered from two layers
Average PSNR [dB] for luminance
recovered from all three layers

285 | 29.7 | 29.6 29.7

30.6 | 32.1 33.0 | 338

Proposed Base lgyer bitstream as percent of the 318 | 376 | 370 | 310
scalable total bitstream
coder Middle layer bitstream as percent of the

total bitstream 455 | 38.0 | 358 | 34.7

Enhancement layer bitstream as percent
of the total bitstream

Scalability overhead [%] (as compared to
single-layer coding)

227 | 244 | 272 343

10.0 10.8 12.6 15.2

Figs. 3 and 4 show that also the middle and enhancement layer bitstreams can be flexibly
controlled by appropriate partitioning of the DCT non-zero coefficients.
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5. CONCLUSIONS

With the same bitrate as by MPEG-2 nonscalable profile, the scalable coder proposed
reaches almost the same quality. The bitrate overhead due to scalability is only about 5%-25%.
The three-layer codec proposed outperforms spatially scalable MPEG-2 or MPEG-4 codecs
which generate bitrate overheads often exceeding 50% even for two-layer versions.

The paper proves that the coder proposed can be easily controlled in such a way that
similar bitstreams are allocated to all three layers. Such bit allocation is very advantageous for
practical applications.

Bitrate of the base layer coder is controlled using standard procedures well developed
for single-layer coders. Three-dimensional spatio-temporal decimation allows the base layer
bitrates of about 30-40 % of the total bitrate. The remaining bitstream, i.e. 60-70 % of the total
bitstream can be partitioned between the other two layers. In particular, the middle layer bitrate
is controllable in a relatively wide range as shown in Fig. 3. The ratio of bitrates related to the
both layers is directly controlled by the number of nonzero DCT coefficients allocated to the
middle layer. The amount of DCT data in the middle layer is almost proportional to the num-
ber of nonzero coefficients allocated to this layer. Fine granularity is also obtainable for the
base layer because some nonzero DCT coefficients from the base layer can be also allocated
into the middle layer using similar data partitioning
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Fig. 3. Middle layer bitstream as percent of the total bitstream
for test sequence Fun.
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Fig. 4. Enhancement layer bitstream as percent of the total bitstream
for test sequence Fun.
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