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mmm 1. [Introduction

A number of very effective algorithms based on
the discrete cosine transform (DCT) were speci-
fied during the 1980s, for applications including
the coding of stationary and moving pictures. The
results are clearly superior to those achieved using
the differential pulse-code modulation (DPCM)
techniques more-commonly under study at that
time.

Now, in the 1990s, several approaches are being
explored in the picture-coding laboratories as the
search for the elusive “optimum algorithm” con-
tinues. Sub-band or hierarchical techniques, neu-
ronal approaches and 3D object coding are just a
few of them. It is not intended to describe them all
here because their respective applicability and ad-
vantage for television coding have only rarely
been shown. The exception is sub-band splitting
which has been demonstrated as clearly applicable
for television applications and after a brief expla-
nation of the principles, two systems will be de-
scribed.
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mmm 2, Sub-band coding schemes

The DCT approach in image coding can be consid-
ered as a special case of the sub-band approach.
In effect, in both cases, the source picture is de-
scribed in terms of frequency coefficients. One
main difference is that in sub-band coding the
source signal is still described in the “original” do-
main, whereas with the DCT the signal is trans-
formed to a frequency domain. Furthermore, the
filtering for band-splitting in sub-band coding is
performed on the whole picture range whilst
block-oriented processing is performed for DCT.
Blocking effects, which are inherent to DCT - at
least if high data compression ratios are required -
can be avoided by sub-band coding.

B 2.1. Filtering and sub-band
splitting

Expressed simply, sub-band splitting is a process
which decomposes the source picture into several
frequency bands by means of appropriate filters.
Two main principles may be defined, referred to as
hierarchical and parallel.

Using a hierarchical approach, a cascade of half-
band filters are applied to the source picture in suc-
cession; this doubles the number of sub-bands at
each step. After each step, the signal is down-
sampled by afactor of two. The mathematical con-
ditions which must be respected if perfect (or
close-to-perfect) reconstruction is to be achieved
yield two main solutions called quadrature mirror
filters (QMF) and conjugate quadrature filters
(CQF). Each solution has disadvantages, the main
ones being the non-linearity phase for CQF (long-
er than 2) and amplitude distortion in QMFE
Whichever filter family is actually used, the hierar-
chical approach is generally “cleaner” than con-
ventional DCT as regards the Fourier spectrum,
but the freedom in sub-band splitting is limited by
the complexity resulting from the number of pro-
cessing steps involved.

The parallel approach involves the direct, global
construction of all the sub-bands. The DCT may
be regarded as coming in this family since the
transformation provides the coefficients belong-
ing to the different sub-bands. Once the block-
based transform has been carried out (on a block of
8x8 pixels, for example), 64 sub-bands may be
constituted by putting together the homologous
coefficients of all the blocks. This gives 64 sub-
bands with a decimation factor of 8 in both direc-
tions, vertical and horizontal. Although this DCT
technique does not allow any improvement in the
conventional DCT approach, it can nonetheless be
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considered as areference for comparisons between
systems. It may be noted that so-called “lapped
transforms” are currently being proposed to reduce
the edge effects in block-based filtering.

Another parallel solution uses so-called “pseudo
quadrature mirror filters” (PQMF). Sub-band
splitting using the PQMF technique is achieved us-
ing a filter bank which is defined on the basis of a
prototype low-pass filter. The various compo-
nents of the filter bank are derived by modulation
of the prototype filter. The term “pseudo” denotes
the fact that the mathematical conditions needed in
order to obtain perfect reconstitution are fulfilled
only approximately. The POQOMF technique is out-
lined in Section 3.2.2. and a full presentation of the
theory will be found in [1].

B 2.2, Bit-rate reduction

After the sub-band splitting has been performed,
bit-rate reduction must be applied.

The coding scheme may be defined on the basis of
ablock structure, in which the corresponding coef-
ficients in each sub-band are selected, or on an
overall sub-band basis. The block-structure ap-
proach is described elsewhere [2], and the follow-
ing observations concern the sub-band approach.

The simplest way to reduce the bit-rate is to limit
the accuracy and the dynamic range of the trans-
mitted coefficients by quantization (pulse code
modulation). Different quantizing laws can be de-
fined, both non-linear and linear, for each sub-
band. The aim is to optimize the quantization of
the coefficients as regards the visual characteris-
tics of the complete system.

Next in complexity is the use of differential pulse
code modulation (DPCM). In fact, the spatial cor-
relations are only useful in the lower-frequency
sub-bands, but the temporal prediction is as effi-
cient as for the conventional DCT scheme. DCT
coding as designed for conventional-definition
television (CDTV) is sometimes used to process
the lowest-frequency band of an HDTV signal, as
this has advantages with regard to compatibility.
In effect, the sub-band technique is especially
well-adapted to the compatible transmission of
several levels of quality, or standards. The use of
conventional schemes in the lower bands allows
compatible reception of high and low-definition
pictures.

The degree of bit-rate reduction to be applied in
each sub-band remains to be studied in detail, and
it may be expected that a judicious choice in this
domain will lead to further improvements in sub-
band coding efficiency.

HDTV
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B 23 Motion estimation and
compensation

To reduce the bit-rate needed to convey a given
quality (or, conversely, to increase the quality
achieved with a given bit-rate), temporal correla-
tion in the picture must be exploited. This general-
ly implies the use of motion compensation which
is exactly similar, in principle, to that applied in
DCT coding of conventional television.

The motion estimation may be calculated before or
after the sub-band splitting, although it is certainly
simpler if applied to the source picture because the
result is then applicable to all the sub-bands. If
motion vector estimation is performed after split-
ting, the calculation should be done mainly on the
basis of the content of the lower-frequency sub-
bands, although the higher-frequency sub-bands
must also be taken into account, especially if high
accuracy is being sought (half or quarter pixel).

Special care is needed in the case of a compatible
system because the compatible decoder which
uses only the low-frequency sub-bands will notbe
able to calculate the same prediction values as a
coder in which all the sub-bands are available.
Differences between the predictions in the coder
and decoder cause increasing divergence between
the reconstructed picture from the decoder and the
source picture at the coder. Such divergence will
increase until the equipment is reset, for example
with a full-frame intra refresh. Several solutions
to this problem have been proposed, and one possi-
bility involves performing two motion compensa-

tions and two predictions in the coder, to satisfy
compatible and high-definition decoders.

mmm 3. Description of practical
sub-band systems

B 3.1. High Definition Video (HDV)
sub-band codec

B 3.1.1. Introduction

The HDV codec* is being developed for the digital
transmission of high-definition video signals, to-
gether with digital audio and additional data, at a
atotal bit-rate of 140 Mbit/s. The basic compo-
nents of the codec are:

- PCM video codec;
- image processor;

- video buffer including multiplexing/demulti-
plexing functions and buffer control;

- audio codec;

- channel multiplexer/demultiplexer.

The present description will be confined to the vid-
eo parts of the transmission equipment, shown
schematically in Fig. 1.

*  The HDV codec is being developed in Germany by a con-
sortium of:

- Deutsche Bundespost Research Institute, Darmstadt

- Robert Bosch Research Institute, Hildesheim

- University of Hanover, Telecommunications and Informa-
tion Processing Institute

- Standard Electric Lorenz (SEL) Research Centre,
Stuttgart.

Figure 1

Block diagram of the
video sub-systems in
the HDV sub-band
coder.
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The input to the HDV codec is an HDTV signal in
accordance with the proposed European standard
established by the Eureka EU95 project. The pic-
ture has an aspect ratio of 16:9, 1250 lines per
frame (1152 active lines), a field rate of 50 Hz and
2:1 interlacing. The PCM video coder takes red,
green and blue (RGB) primary input signals,
matrixes these to give a luminance (Y) and two co-
lour-difference (R-Y, B-Y) signals, and digitizes
these in accordance with the EU95 proposal. The
Y signal is sampled at 72 MHz and the R-Y and B-
Y signals are sampled at 36 MHz each. Each sam-
ple is linearly quantized and binary coded to 8-bit
resolution. The gross bit-rate at the output of the
PCM coder is 1.152 Gbit/s.

The final bit-rate after bit-rate reduction should
ideally be 122 Mbit/s. Even after the blanking in-
tervals of the source picture have been eliminated,
a reduction factor of 8 remains to be achieved by
source coding, without impairing the high picture
quality. The HDV codec uses a very promising
sub-band coding scheme for this purpose.

B 3.1.2. Filtering and sub-band splitting

The PCM video signals (Y, R-Y, B-Y) are split by
vertical and horizontal, low and high-pass filters
to give four bands denoted LL, LH, HL, HH (see
Fig. 2).Inorder to avoid an increase in the bit-rate
above that of the source signal, maximal decima-
tion filters are used. Intensive investigations have
shown that for this purpose, and with due consider-
ation for the corresponding investment in hard-
ware, separable quadrature mirror filters (QMF)
with 10 taps in the vertical direction and 14 taps in
the horizontal direction, are optimal.

The decomposition of the HDV signal into these
four sub-bands has several advantages, including:

- The LL band can be designed to fit a channel
with “conventional” resolution, such as that de-
fined in CCIR Recommendation 601.

- The four components differ in their statistical
properties and their “information” content. Ap-
propriate redundancy and irrelevancy reduction
methods can be applied independently to each
component, to achieve the best quality of image
reconstruction for a given degree of bit-rate
reduction.

- The four components can be processed in a
fully-parallel hardware system using available
and well-suited technologies.
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B 3.1.3. Bit-rate reduction

The source coder which performs the bit-rate re-
duction is shown schematically in Fig. 3.

The LL band - the most important one - is coded
efficiently using a motion-compensated hybrid
coding scheme. A motion-compensation predic-
tion is calculated for each 8x8 block, on the basis
of information from the previous coded and de-
coded frames. This applies a full-search block
matching process which is accurate to one pixel.
After acomparison between the original block and
its prediction, one of them is selected for further
processing. This processing involves a discrete
cosine transform, predictive coding of the zero-
frequency term, adaptive quantizing and run-
length coding of the non-zero-frequency terms,
followed, finally, by variable-length coding
(VLC).

The hardware needed for the LL band is quite com-
plex, but the other three (higher-frequency) sub-
bands are processed very simply by adaptive quan-
tization, run-length coding and variable-length
coding. Depending on the nature of the expected
orientation of details in these sub-bands, an appro-
priate scanning scheme is applied independently to
each sub-band, in order to maximize the length of
zero runs and, hence, to improve the efficiency of
the run-length coding. Adaptive quantization not
only serves to reduce the coding effort needed but
is also a powerful tool for controlling the data rate.

The data rate after the variable-length coder is of
course variable, so in order to deliver the data to a
channel with constant bit-rate the data stream at
the coder output is “gathered” in a buffer. The data
is read out of this buffer at a constant rate. The
buffer and its controller (which avoids buffer over
and under-flow) have a major influence on overall
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Figure 2

High- and low-pass
filtering in the vertical
and horizontal
directions, to derive
four sub-bands.
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system performance so very careful design is nec-
essary in this area.

B 3.1.4. Results

A hardware-oriented simulation of the HDV co-
dec has recently been completed. Assessments of
the picture quality after coding and decoding, by
both specialists and non-specialists, indicate that
the quality is very high - even for very “critical”
scenes - suggesting that the theoretically expected
high performance of the coding scheme is achiev-
able in practice.

The hardware implementation of the codec will be
completed by December 1991. To reduce the con-
structional complexity, special integrated circuits
are being developed as a part of the project; these
include filter circuits for band-splitting and inter-
polation and a circuit for analogue filtering and
matrixing applications (before and after the A/D
and D/A converters). Commercially-available in-
tegrated circuits are in use for the discrete cosine
transforms and for full-search block matching.
Special multiplexing/demultiplexing chips (TV
container) and forward error-correction chips,
which are being developed outside the HDV con-
sortium, will be used to minimize the physical di-
mensions of the codec.

The HDV codec has a clearly-defined interface to
the channel multiplexer and contains a robust for-
ward error-correction scheme. It is inherently
very flexible and can be used for, or adapted to, a
variety of 140-Mbit/s channels such as the
switched broadband network (VBN) of the
Deutsche Bundespost, the Berkom network in
Berlin, the future B-ISDN, the SDM network or
satellite transmission channels.

3.2 Acompatible HDTV 140 Mbit/s
sub-band codec

B 32.1. |Introduction

The codec described in this Section is being devel-
oped for the digital distribution of programme ma-
terial in the high-definition progressive (HDP)
format in a 140-Mbit/s channel of the kind avail-
able in ATM networks in the future broadband
ISDN*. The useable bit-rate of these channels is
120 Mbit/s and the HDP signal corresponds to a
picture in 16:9 aspect ratio with 1920 pixels per
active line, 1152 lines per active field and 50 fields

3

The compatible HDTV codec is being developed in the
Department of picture coding and psychovisual studies at
the Centre Commun d’Etudes de T¢lédiffusion et
Télécommunications (CCETT), France.
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per second without interlacing. This requires a
bit-rate reduction factor of 15, although after pre-
liminary sub-sampling of the chrominance infor-
mation, this is reduced to 11 for the picture coding
process itself.

B 322 Filtering and sub-band splitting

To facilitate the introduction of HDP vision sys-
tems alongside the interlaced systems of today, a
compatible approach hasbeen chosen. This means
that different decoders having different complexi-
ties (and costs) should be able to extract from the
bit-stream generated by the HDP coder just the in-
formation they need to reconstruct images corre-
sponding to the format for which the decoder has
been implemented.

The possibilities of sub-band techniques using
quadrature mirror filters (QMF) and pseudo quad-
rature mirror filters (PQMF), as well as the well-
known discrete cosine transform (DCT), have
been explored and tried. It has been found that
PQMF techniques perform better than DCT and
are ableto offer very good frequency splitting with
acomputational cost which is much lower than that
necessary with conventional QMF technology.

The DCT, QMF and CQF transforms are now
well-known and are widely used. PQMF sub-
band splitting is less common and a brief explana-
tion of the principles will be appropriate here. It
was noted in Section 2.1. that PQMF splitting uses
a filter bank based on a prototype low-pass filter
and that the components of the filter bank are
derived by modulation of this prototype filter.
Fig. 4 shows the schematic diagram of a one-
dimensional PQMF filter bank. The characteris-
tics of the filter bank are defined by the prototype
filter and the number of sub-bands SB. The analy-
sis filters are calculated by modulating the coeffi-
cients of the prototype filter by a cosine function,
and a second modulation is applied to generate the
synthesis filters. The decomposition process in-
volves down-sampling by a factor SB after analy-

sis filtering, matched by up-sampling before syn-
thesis.

This process of modulation to obtain the SB filters
leads to an efficient hardware implementation
with, first, the action in parallel of polyphase filters
(in which some coefficients have inverted signs),
followed by a classic inverse DCT, of size SB, on
the SB pre-filtered pixels (Fig. 5) obtained after
the first stage An important parameter to be kept
in mind in the design of such systems is the compu-
tation load. To obtain SB pixels, (2SB-1) poly-
phase filters are needed, plus (SB-1) extra addi-
tions and an inverse DCT of size SB. Taking as an
example a system with 8 sub-bands and a 61-tap
prototype filter, it is found that the decomposition
of each pixel requires 9.75 additions and 8.25 mul-
tiplications.

Processing in the synthesis filter bank is shown in
Fig. 6. The reconstruction of each output pixel re-
quires the implementation of a direct DCT fol-
lowed by a polyphase filter. The calculation load
is exactly the same as in the analysis filter

B 3.2.3. Bit-rate reduction

In the present state of the study, the analysis filter
uses separable two-dimensional splitting into 8x8
sub-bands, with a prototype filter having 61 taps
(denoted 2D-PQMFgyg). This replaces the DCT
as the transformation which executes the decorre-
lative process in the coder. After this sub-band de-
composition the system works with 12-bit preci-
sion. Each sub-band is multiplied by a weighting
factor depending on the buffer filling regulator and
its position in the frequency range, and then quasi-
linearly quantized. Within each sub-band, varia-
ble-length codes and run-length codes are used to
represent these quantized values.

B 3.2.4. Motion estimation

Motion estimation is performed at the HDP image
level by means of a full-search block-matching
technique with pel accuracy, followed by a local

HDTV

Figure 4

Basic elements of a
1D-PQMF filter
bank.
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Figure 5

Flow-graph for a
1D-PQMFg analysis

filter bank.
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Figure 6

Flow-graph for a

1D-PQMFg™

synthesis filter bank.
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B 325  Compatibility

Compatible decoders operating in the intra mode
require only to take some of the sub-bands. After
inverse quantization a simpler inverse PQMF
transform will deliver good compatible pictures.
PQMF banks using prototype filters with an odd
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number of taps are more suitable in this respect.
With HDP input, HDP images can of course be ex-
tracted, but also extended-definition progressive
(EDP - 960x576x50:1 active pixels, 16:9 aspect
ratio), or even enhanced-definition interlaced and
high-definition pictures (EDI, HDI).
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To reduce the bit-rate - or to increase the picture
quality with the same bit-rate - temporal correla-
tions have to be exploited. At the present time, full
compatibility is achieved between HDP and HDI,
EDP, EDI formats when working in intra modes or
inter modes without motion compensation. Nev-
ertheless, in inter modes with motion compensa-
tion, problems arise unless special precautions are
taken. In effect, if the HDP coder disregards com-
patibility and performs a conventional block mo-
tion compensation on the whole decoded HDP
images (referred to as an “HDP standalone coder”,
shown in Fig. 7), then an EDP decoder which re-
ceives all of the frequency information but which
processes only the low-frequency (LF) sub-
bands, is not able to generate the HDP prediction
image. This will cause drift between the EDP de-
coder and the HDP standalone coder, which will
increase until the next intra refresh. To resolve this
problem a compatibility-adapted motion compen-
sation technique has been developed for an HDP-
EDP compatible coding technique.

B 32.6. Compatibility-adapted motion
compensation

The simplest solution to the problem of compati-
bility between HDP and EDP decoders, shown in
Fig. 8, isto generate an EDP motion-compensated
image by processing of the LF (low-frequency)
bands only. This EDP prediction image is then
split into 4x4 bands using a 2D-PQMF 4 filter
bank and subtracted from the 4x4 LF bands of the
split original HDP image. With this solution the
EDP decoder is able to generate the same EDP pre-
diction image, so compatibility is guaranteed, but
the loss of efficiency for the HDP coder, compared

high frequencies (HF) takes the form of a two-
loops system. The technique is illustrated in Figs.
9,10 and 11.

The first loop (EDP loop) operates at the EDP sam-
pling frequency. It takes the 4x4 LF bands and af-
ter inverse 2D-PQMF 44 filtering it generates the
decoded EDP image. An EDP prediction image is
created by means of a quarter-pel motion-com-
pensation process operating on blocks of size 8x8,
using the HDP motion vectors. After direct 2D-
PQMPF 44 splitting of this EDP prediction image,
the 4x4 LF predicted sub-bands are available.

The second loop (HDP loop) provides the 48 pre-
dicted HF sub-bands by performing a half-pel
motion compensation operating on the HDP de-
coded images, followed by direct 2D-PQMFgyg
splitting. Only the 48 predicted HF sub-bands are
used, the 16 LF sub-bands being provided by the
EDP loop.

Using this technique, the EDP decoder has normal
complexity (see Fig. 11). HDP/EDP compatibility
is achieved with HDP coders and decoders which
are slightly more complex than in the standalone
case. Nevertheless some simplifications may be
made, which exploit the properties of odd-length
PQMF filter banks; as a result, the difference be-
tween the standalone scheme and the two-loops
scheme resides only in the EDP loop, operating at
the EDP sampling rate. Although system com-
plexity is important, the essential consideration is
that with the two-loops compatibility-adapted
motion-compensation technique the loss in effi-
ciency for HDP coded images, compared to the
standalone case, is less than 0.5 dB (for all se-
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B 32.7. Results

In comparison with a non-compatible HDP coder
(i.e. one using motion compensation at image lev-
el), the proposed two-loops scheme allows com-
patibility at the price of a very small loss in coding
efficiency. The visual quality is very good at 120
Mbit/s (equivalent to 1.08 bits/pel for HDP se-
quences (luminance and chrominance)) and the
compatible images are also of fair quality for dis-
tribution purposes. Subjective tests have yet to be
carried out to confirm these results.

mmm 4. Conclusions

In the overall context of digital bit-rate reduction
research the conclusions to be drawn at the present
time from the studies described here must neces-
sarily be regarded as very provisional. Sub-band
techniques have been under study for a variety of
sound and picture applications for about ten years,
but their superiority over the discrete cosine trans-
form has not yet been demonstrated for the specific
application of television transmission.

This provisional conclusion is in fact valid only as
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case. Both systems described in this article have
shown that the sub-band approach is useful as a
means of achieving compatibility. The main ad-
vantage is the clean separation of different picture
definitions available to viewers. Also, although
they cannot be entirely independent, there is some
scope for the adoption of different coding tech-
niques for each standard.

Sub-band systems generally have a poor reputa-
tion when the hardware implementation is consid-
ered. The HDV codec described in Section 3.1.
will be available in hardware at the end of 1991.
While DCT-based HDTV systems need to be im-
plemented with several coding boards operating in
parallelin order to reach the very high speed neces-
sary, this is not necessary in sub-band systems. In
effect, the processing speed in sub-band hardware
is divided by the number of sub-bands, immedi-
ately after the sub-band splitter. This observation
is not intended to imply that sub-band coding is

less complex, overall, than DCT coding, but
should instead serve to encourage further analysis
of the real, practical complexity of all new
schemes.
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