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ABSTRACT

This paper proposes a new bit allocation scheme for Fine-
Granular-Scalability (FGS) video coding, through which we
can achieve better video quality. Different from traditional
rate-distortion (R-D) optimization schemes, we consider the
characteristics of the bit-plane (BP) coding method. To be
specific, we first find the approximate linear relationship
between the bitrate of the FGS-layer and the percentage
of non-zero binary-scaled coefficients (NZBC) in each BP;
second, with mathematical justification, we derive an opti-
mal strategy by analyzing the overall distortion with respect
to NZBC. Finally, we perform our optimum bit allocation
(OBA) on a FGS coder. Experimental results prove that
our scheme can achieve smooth video quality with a higher
average PSNR gain compared with uniform bit allocation
(UBA). And for certain frames with lower PSNR, it has a
gain of up to 3dB. It is highly source-independent and more
robust compared with previous bit allocation schemes.

1. INTRODUCTION

The FGS video coding technique [1], proposed as a new
flexible and simple framework for scalable coding, has been
incorporated into MPEG-4 as an amendment for the stream-
ing video profile. The major difference between FGS and
conventional SNR scalability is the adoption of BP cod-
ing for DCT coefficients instead of the conventional quan-
tization of DCT coefficients. If we encode and send all
the BP information of FGS-layer, which is unnecessary, the
bitrate will reach quite a high level that will exhaust net-
work resources greatly and probably result in traffic con-
gestion; realistically, video bitstreams are often transmitted
in a bandwidth-constrained environment. Therefore, there
is a need to regulate the bitstream of the FGS layer and ac-
cordingly perform an efficient bit allocation.

In a sentence, the aim of R-D analysis and OBA is to
minimize the overall distortion, given a certain rate con-
straint. Recently several optimal rate allocation schemes
[2, 3, 4, 5] for FGS coding have been proposed. In [3], the
R-D relationship is extracted from experimental video data;
such an empirical approach has not given us a deep insight
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into the FGS-coding behaviors. In [2, 3], the classical R-
D model, used in general transform coders, is employed to
express the coding behaviors of FGS layer approximately.
However, without accurate R-D model we can’t perform ac-
curate optimal bit allocation [6]. According to our observa-
tion, traditional OBA solution is not reasonable enough for
FGS coding. In the latest work, a mixed statistical model [7]
is proposed and distortion analysis [5, 7] is performed con-
sidering some characteristics of FGS coding, but they do not
develop a corresponding rate model to perform an analytic
R-D optimization. Therefore, a more robust and reasonable
bit allocation framework is required.

In this paper, we will propose a new bit allocation scheme
for FGS coding based on analyzing the relationship between
the R-D behaviors with respect to NZBC. We observe that
the percentage of NZBC, P1, has an important effect on the
bitrate of FGS layer; and at the same time the distortion is
directly decided by the coded NZBC. Based on our R-D anal-
ysis, we come to an optimal strategy to encode those binary
coefficients and then perform our bit allocation scheme.

The rest of the paper is organized as follows: in Section
2, we review previous R-D model and OBA for FGS cod-
ing briefly, and then highlight what we believe are some of
the limitations; section 3 investigates some R-D characteris-
tics of FGS coding and present our R-D analysis; in Section
4, the proposed bit allocation scheme is implemented for a
practical FGS coder and compared with the UBA scheme;
conclusions are given in Section 5.

2. BACKGROUND AND PROBLEMS

In this section, we give a short review of traditional OBA
techniques; and point out some existing problems.

2.1. Optimum bit allocation

Let D; and R; be the distortion and rate for the input source
{S;|]1 < i < N} respectively. Usually, for transform vi-
sual compression, the R-D model [8] is expressed as (1),
where R; denotes the average bits per pixel, o is the signal
variance of S; , and €7 is a constant dependant on the prob-
ability density function (p.d.f) of S;, about 1.0 for uniform
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distribution, 1.4 for Gaussian, and 1.2 for Laplacian [9]. In
practice, €7 is affected by the type of encoding used as well.

D; = e}o;2 % €8]

The objective of OBA is to minimize the distortion, sub-
ject to a rate constraint. Thus, the problem of OBA can be
expressed with the popular Lagrange multiplier method (2)
and the optimal solution is given below (3), where R is the
target rate.

JA) = Z Di(Ri)+X- (D> Ri— Rr) 2)

1
2 2
_ Rr 1 €0;

R; N + B log, 3)

2.2. Review of bit allocation strategies for FGS

UBA is the simplest way among all bit allocation schemes
for FGS coding. It allocates an average number of bits to
each input source. The coding behavior will stop once the
allocated bits are used up. Because there is no optimization
technique, such an approach has low coding efficiency.

More efficient bit allocation schemes [2, 3, 4] have been
developed based on the R-D optimization. The R-D analysis
is the basis of OBA. It is therefore the key to achieve an
accurate R-D function to model the characteristics of FGS-
layer coding. Previously, there are two basic approaches to
solving the problem. One approach follows the traditional
analytic R-D model (1) and its solution (3), which leads to
constant visual quality among frames at the same time [2,
3]. In another approach, several R-D points are extracted
empirically during the encoding processing [3].

However, there are some practical drawbacks when we
apply the traditional analytic R-D model to FGS coding di-
rectly. First, the p.d.f of the source for FGS-layer coding,
is uncertain because it is dependent not only on the original
video frames but also on the quantization strategies of the
base layer (BL). In the R-D model (1), ef reflects the p.d. f
of the input source S;. In existing schemes, they simply
assume that all €? is the same and then use the simplified
solution (4), which means that all source data have the same
p.d.f. However, we find that such a simplification isn’t rea-
sonable enough. For instance, the value of e? for different
frame in the FGS-layer is computed according to (1) and
plotted in fig.1, which shows us that it is inaccurate and un-
reasonable to assume €? is approximately constant.

R 2
~ — )
(I1 j=19; )N

Second, there is obviously one practical constraint R; >
0. However, when applying the theoretical solution (4) to a
practical FGS coder, we probably get R; < 0 for a certain
percentage of the total frames. From (4), the first item is
related to R and the second item is related to o7. Because

1
R; = t3 log,
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Frame number

(a) Foreman (b) Carphone
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Fig. 1. Value of €? for different frames when BL is coded with
VM18 rate control at 100kbit/s and FGS-Layer is coded with UBA
at 100kbit/s.

Rt and af are independent, for a sequence with N frames,
when there are many negative R; in the optimal solution
due to a small R or widely varying o; a large rate control
error will be generated if we simply set the R; with negative
values to 0 as mentioned in [3]. One example is shown in
fig.2 to illustrate the bit allocation result with the traditional
OBA schemes, which isn’t robust. The result will be worse
if the target bitrate is further reduced or o2 varies in a wider
range.

Foreman Foreman

o
R (bitipixe)

o 50 100 200 250 300 -0.

0 50 150

Frame mumber 1% Framé Pumber 2%
() (b)
Fig. 2. Allocated number of bits, R;, computed by previous bit
allocation schemes, when both BL and FGS-Layer are encoded at
100kbit/s respectively. N = 300, Foreman. (a) o2; (b) R;

250 300

3. R-D ANALYSIS OF FGS CODING

For convenience, we introduce some definition, which is
also applicable to the Appendix.

Subscript i:  frame index;
Subscript j:  BP level index,

corresponding to the resolution level of 27;
Subscript k:  the coefficient index,

for both DCT and binary coefficients;
x: DCT coefficient;
b:  binary coefficient;
N: the size of the data source;
: the set of encoded BP levels;

In the standard FGS coder, source signals are transformed
to DCT coefficients; then we decompose them into different
BP and apply entropy coding to encode different BP starting
first with the most significant bit (MSB) plane.

With a given coder, R-D function is totally dependent on
the statistical characteristics of the DCT coefficients [10].
However, as illustrated in 2.2, the p.d. f of the source DCT
coefficients varies a lot and it is difficult to model accu-
rately in a mathematically tractable form. As a result, we

<
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can’t get an efficient bit allocation scheme by simply fol-
lowing the traditional method. In [10], the framework of
R-D analysis is developed on the study of its relationship
with the percentage of zero-valued quantized DCT coeffi-
cients, one advantage of which is little source-independent.
In FGS coding, the source for the encoder will be those bi-
nary coefficients in different BP levels. Similarly, it must be
necessary and beneficial to study the effect of those binary-
scaled coefficients on our desired R-D model.

3.1. Rate Model

The actual distribution of NZBC and rate for different BPs is
shown in fig.3. We can see that the percentage of NZBC in
the BP j, P1; decreases gradually when the BP level j in-
creases; and the ultimate bitrate of the BP j, I2;, has a strong
correlation with P1;. In FGS coding, P1 is quite different
from BP to BP (e.g. as shown in fig.3), which results in
different statistical characteristics for the rate model. In ad-
dition, four VLC tables are designed corresponding to MSB
plane, MSB-1 plane, MSB-2 plane, and other BPs based on
the statistics[1]. Therefore, we investigate the characteris-
tics of our rate model on the basis of the BP.

Foreman

Foreman 14

R (bit/pixel/BP)

o 1 2 3 4 5 0 1 2 3 4 5

BP B8P
(a)NZBC distribution (b)bitrate distribution
Fig. 3. Example of NZBC and rate distribution among BPs.

Next, let us see the relationship between the P1; and
R; from fig.4. Here note that the P1; stands for the per-
centage of the encoded NZBC in one BP if the whole BP is
not encoded entirely. From the straight gradient shown in
the fig.5, we can observe that there is a linear relationship
between P1; and R;. Let b; ; be the binary coefficient in
the BP j of x.. Then P1; can be computed by (5). The rate
function for one BP (6) and the whole frame (7) are written
below, where 6; is a statistical slope and can be estimated
according to experimental data and N, is the size of BP j.
Note it is possible that not all the NZBCs are encoded in the
BP j among our encoded BPs, and in that case P°1; stands
for the percentage of the encoded NZBC among the encoded
source.

Fig. 4. Plot of P1; versus R; in different BP from the same
frame: (a)-(d) the BP level j from O to 3 respectively.

Zl]cvil bjk
Pl, = === 2~ 5
j N, ©)
R; =0;-P1; - N; (6)
R=Y0;-P1;-N; 7)
jeJ

3.2. Distortion Analysis with respect to NZBC

With the linear relationship between R and NZBC, R-D anal-
ysis can be transformed to minimize distortion at a certain
budget number of NZBC. Next, we will study the relation-
ship between the overall distortion and the strategy to en-
code NZBC.

The usual way to reflect the picture quality is the distor-
tion measured by mean square error (MSE). We use the bi-
nary coefficients in different BPs to express the overall dis-
tortion. Assume that the source DCT coefficients for FGS
coding, X = {xx|1 < k < N}, are encoded in the strat-
egy J = {Ji|1 < k < N}, the distortion expression can be
written as the following (8). We can see that the distortion is
affected only when b; ;, = 1 and this corresponds to a NZBC.
It indicates that the decision in our strategy to encode NZBC
is the key to minimize the overall distortion.

N
D= (zx— Y bjx-2) ®)
k=1 J€Tk

From (8) we can draw the following two conclusions
(see the Appendix) when we select NZBC to encode. First,
the larger BP level j that the encoded NZBC is located in, the
smaller D. In other words, we should select the NZBC in the
higher BP to be encoded first. In the case of bit allocation
among multiple frames, it indicates that we should ensure
the higher BP among all frames to have a higher priority
during encoding. Second, to minimize D, the NZBC decom-
posed from x; with a larger residue of xj should have a
higher priority to be encoded. What this implies is that in
the same BP j, we prefer to encode the one decomposed
from the DCT coefficient with a larger residue, if the re-
maining number of bits isn’t sufficient to encode the whole
BP.

Our above R-D analysis is based on the distribution of
NZBC among BPs. It is little dependence on the the p.d. f of
the source. In addition, our distortion model (8) is the actual
distortion, which is more accurate than the traditional one
estimated by the rate-quantization theory.

4. EXPERIMENTAL RESULTS
With the rate model taking NZBC into consideration and the
distortion analysis with respect to NZBC, we have derived
our optimal strategy.

We apply it to a basic FGS coder. Foremen, Carphone
sequences at QCIF resolution, 300 frames, 4:2:0, are tested.
The encoding frame rate is 25 frame/s for both BL and FGS-
layer. A comparison between our proposed OBA scheme
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and UBA scheme is given in fig. 5. From the figure, we can
see that the picture quality appears to be smooth and it also
achieve a higher average PSNR gain, 0.16dB for Foreman
and 0.25 dB for Carphone. For frames whose BL has a very
low PSNR, a gain of up to 3dB can be achieved compared
with UBA. In comparison, it shows that our algorithm is
more efficient.

Foreman

Carphone

200 250 300 0 50 100 150 200 250 300
Frame number

(] 50 100 150
Frame number

Fig. 5. PSNR of Foreman (a) and Carphone (b) Sequence, when
BL and FGS-layer are encoded at 100kbit/s respectively. BL is
controlled by the VM18 rate control algorithm. Solid line: our
proposed work, dotted line: UBA

5. CONCLUSION

In this paper, the problem of bit allocation for FGS coding
was highlighted. At first, we point out the shortcomings of
applying traditional OBA schemes to FGS coding. Next,
we propose our new bit allocation scheme, which is based
on the analysis of R-D with respect to the NZBC. The main
contribution of our work are: first, the rate model for FGS
coding based on the linear relationship between the rate and
the percentage of NZBC, which is more source independent,
simple and accurate, was developed. Second, we analyze
the relationship between the distortion and NZBC. From the
theoretical derivation, it is reasonable to develop a strategy
to optimize the overall distortion. Supporting experimental
results have been provided. Overall, the proposed approach
can provide higher video quality and is more robust.

Appendix:Proof of the strategy to encode NZBC
Assume the data source X = {zx|1 < k < N} with an arbitrary
encoding strategy J = {Ji|1 < k < N}.

Next, if we only can encode one more NZBC,which one should
be encoded to minimize the D? Select two arbitrary un-encoded
NZBC: bj1 11 and bjz k2. According to (8), the distortion is shown
below, where D;1 k1 is the D when selecting b;1,x1 and D 2 is
in the case of selecting b2 x2. In the following, prove our strategy
in three steps by comparing D1 k1 and Dz go.

Dji,k1 = ijvzl,k;tkl (zr — ZjeJk bjx - 27)°
(k1 — Zje{Jk1+jl} bjk1 - 2j)2
Dja k2 = z]kvzl,kqtkz (zk — ZjeJk, bjk - 27)°
(w2 — ZjE{Jk2+j2} bj.hz - 2j)2
1. When k1 = k2, and j1 # j2,AD = Dj1 p1 — Djox2 =
{2 (zp1 — Z bj1 - 2]') _9i2 _ 2]’1}(2]'2 _ 2]’1)
J€Jk1
When j1 > j2, AD < 0. It prove that we should choose
the one located in the highest BP level on such a condition.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

[10]
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. When k1 # k2, and j1 # 52.

Suppose j1 > j2, then we can get (9). Following the above
step, we assume j1 and j2 satisfy the above conclusion,
then we can get (10).

21 > 2. 97 )
22 > ap— Y bk 2 (10)
j€{In2+i2}
AD = {2272 4 2721 (249 — Z bk - 27)}
J€{Jr2+i52}
_{22.3'1 + 9d1+1 (zr1 — Z bjk1 - 2]’)}
je{Ir1+il}

Combining (9) and (10), we can derive AD < 0. It prove
that we should select the one located in the higher BP level.

. When k1 # ks, and j1 = jo. ADis

2 (k2 — Y bk 2) — (i — Y b - 2')}

J€Jk2 J€Jk1

When a?kl—zjeJkl bjk1-27 > ku—ZjeJkg bj k2 - 27,
AD < 0, namely we should choose the one with a larger
residue on such a condition.
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