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ABSTRACT

In this work, we introduce the concept of low-pass fil-
tering of rate-distortion (R-D) functions and develop
a smoothed rate control (SRC) framework for real-time
video recording and streaming. Theoretically, we prove
that using a geometric averaging filter the SRC algo-
rithm is able to maintain a very smooth video presenta-
tion quality while achieving the target bit rate automat-
ically. The proposed SRC algorithm has very low com-
putational complexity and implementation cost. Our
extensive experimental results demonstrate that the pro-
posed SRC algorithm significantly reduces the picture
quality variation in the encoded video clips while match-
ing the encoding bit rate target very accurately.

1. INTRODUCTION

In digital video recording and compression, the ulti-
mate goal of the rate control algorithm is to optimize
the video presentation quality under the bit rate con-
straint. To achieve a visually pleasing video presenta-
tion, not only does each video frame need to be encoded
at the highest quality level, but also the frame-to-frame
perceptual quality changes are smooth enough so that
temporal artifacts, such as quality flicker and motion
jerkiness, is minimized. In [1], the quality smoothing is
formulated as a Lagrange minimization problem, where
the quality smoothness is measured by the frame-to-
frame variation of picture quality. To optimize the
video quality for a given bit rate budget, a two-pass
encoding scheme is often used by rate control algo-
rithms [2]. However, such type of two-pass encoding
scheme is not applicable to real-time video recording
and streaming applications, because the access to fu-
ture frames and global statistics is not possible. Within
the one-pass encoding framework, without access to
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the encoding characteristics of future frames, it is diffi-
cult to maintain a smoothed video presentation quality
while meeting the target encoding bit rate, because the
encoder has no idea about how complicate the future
scenes might be.

In this work, we introduce the concept of low-pass
filtering of R-D functions and develop a smoothed rate
control (SRC) framework for real-time video record-
ing. Both theoretically and experimentally, we demon-
strate that using a geometric averaging filter the SRC
algorithm is able to maintain a very smooth video pre-
sentation quality while achieving the target bit rate
automatically. The rest of this paper is organized as
follows. In Section 2, we explain the basic ideas of low-
pass filtering of R-D functions and SRC. In Section 3,
we prove theoretically that SRC is able to achieve the
target bit rate using a geometric averaging filter. Sec-
tion 4 explains how to construct the CBR R-D func-
tions which are used for SRC. Section 5 summarizes
the major steps in the SRC algorithm and describes
the analysis of computational complexity and imple-
mentation cost. Experimental results are presented in
Section 6 and some concluding remarks are provided in
Section 7.

2. LOWPASS FILTERING OF R-D
FUNCTIONS

In constant-bit-rate (CBR) video coding, the picture
quality varies significantly from frame to frame, espe-
cially for videos with active scenes. Fig. 1-(A) shows
the distortion of each frame, denoted by Dc¢(n), of
“NBA” CIF video coded at 1.8 M bits per second (bps).
Here, the frame target is set to be the average encoding
bit rate, denoted by Rr. In other words, Rc(n) = Rr.
It can be seen that there is a very large frame-to-frame

1101



fluctuation of the picture quality. The basic idea of the
proposed quality smoothing algorithm is to design a
rate control scheme such that the output video quality
changes very smoothly from frame to frame. We re-
fer to this type of rate control algorithm as smoothed
rate control (SRC). In signal processing, a common ap-
proach to obtain smoothness is to use lowpass filtering.
Fig. 1-(B) (in solid line) shows the lowpass filtering
output of the CBR distortion profile {D(n)} of Fig. 1-
(A). It can be seen that the output distortion profile,
denoted by {Dg(n)}, is quite smooth. Let the corre-
sponding encoding bit rate of each frame be Rg(n).
Obviously, Rs(n) is not constant any more, and de-
pends on the design of the lowpass filter. In video
recording application, it is required that the average
encoding bit rate matches exactly the available stor-
age space or transmission bandwidth. This brings up
a problem: how to design a lowpass filter such that
Rs(n) is equal to Rr. This question will be answered
in Section 3.

(A) Distortion Profile D(n) of CBR Coding

(B) Distortion Profile D(n) after Smoothing (Slide Line)
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Tllustration of the basic idea in quality

3. THEORETICAL ANALYSIS

In our smoothed rate control design, we apply the fol-
lowing lowpass filter to smooth out the CBR distortion
profile {D¢(n)},

Ds(n) = »C[DC’(TL)]
M M
= H[Dc(ﬂ—i)]ai, Zaz - ]-7 (1)

where M is the filter length. From the theoretical anal-
ysis in the following, we will see that using this geomet-
ric low-pass filter, the target bit rate can be achieved
automatically. It can be seen that L[] is basically a
non-linear geometric average filter. In other words, in
our SRC scheme, the distortion level of the current

frame is set to be the geometric average of the CBR
distortion values of previous M frames. Let the corre-
sponding encoding bit rate of frame n be Rs( ), whose

run-time average is defined as Rs[N] = % Z Rs(n),

where N is the total number of encoded v1deo frames.
We need to show that when the encoded video clip is
sufficiently long, i.e., when N is sufficiently large, the
asymptotic value of RS[N ] approaches the target en-
coding bit rate Rr. In other words, A}g}noo Rs[N] = Ry.

From Shannon’s source coding theorem, the R-D
distortion function for a Gaussian source is given by

1 2
R(D) = ;log, %, or D(R)=0"27%, (2)
where o2 is the picture variance. Due to scene activ-
ity fluctuations, o2 changes from frame to frame. Let
o2(n) be the variance of frame n, where 0 <n < N. In
CBR video coding, we have Rgo(n) = Ry. Therefore,

D¢c(n) = o2 (n)2_2RT. From Eq. (1), we have

H[ff

According to Eq. (2 ), the corresponding coding bit rate
is given by

i)2-2hr]e, (3)

Rs(n) = 3 log, %{Q) (4)

Thus, the average coding bit rate is

_NE:RS
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Rs[N] =

i=1
1 &1

_ 2 2 -

= Rr+ nEZO 5 llog2 o(n) — ;:1 a;logy, o”(n — z)]

Note that o2 (n) is bounded and

lim — Z[log,‘2 o

N—ooo N
n=0

for 0 < ¢ < M. Therefore, we have

M
- Zailog202(n —z)‘| =0
- (6)

= Ryp. This result tells us that if we

—logyo*(n—i)] =0, (5)

and lim Rg[N]
N—o0

use the geometric average filter £[-] to smooth out the

CBR distortion profile to determine the coding distor-

tion level of the current video frame, the average en-

coding bit rate matches the target bit rate.
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4. CONSTRUCTION OF THE CBR R-D
PROFILE

Our video coding is VBR and one-pass. After a frame is
encoded, what we can get is an R-D point [Rg(n), Ds(n)]
on the VBR profile. Note that the proposed SRC algo-
rithm needs the CBR R-D profile for distortion smooth-
ing. Therefore, we need to construct the CBR R-D pro-
file [Rc(n), Do (n)] from the VBR one [Rg(n), Ds(n)].

We use the simple and accurate linear rate model
developed in [6] to estimate the CBR R-D points. It
has been demonstrated both theoretically and experi-
mentally that, in standard video coding systems, such
as MPEG-2, H.263, and MPEG-4, there is a linear re-
lationship between the actual coding bit rate R and
the percentage of zeros among the quantized transform
coefficients, denoted by p, i.e.,

R(p) =0-(1-p), (7)

where 6 is a constant. The one-to-one mapping be-
tween ¢ and p can be computed from the distribution
of the DCT coefficients [6]. In SRC, when frame n is
encoded, we know the actual encoding bits Rg(n) and
the percentage of zeros produced by the encoder, ps(n).
According to Eq. (7), to achieve the encoding bit rate
of Rt in CBR coding, the encoder needs to generate
the following percentage of zeros

Ry
pc(n) =1~ Rs(n) [1 = ps(n)]. (8)

Using the one-to-one mapping in between ¢ and p, we
can compute the quantization parameter go such that
p(gc) = po(n). In other words, using the quantiza-
tion parameter ¢¢, the output bit rate of the encoder
will be Rr. Based on the distribution of DCT coef-
ficients, we can compute the corresponding CBR dis-
tortion D¢ (n) for the quantization parameter gc [6].
In this way, we have successfully estimated the CBR
R-D point [Rc(n), De(n)] from the VBR R-D point
[RS (n)a Ds(n)] .

5. ALGORITHM

The proposed SRC algorithm has the following major
steps:

1 Initialization. The first M frames of the video se-
quence are encoded in CBR mode. For each frame,
the coding distortion is stored as {D¢c(n)}. The fol-
lowing SRC procedure then starts from frame M +1.

2 Determine the target distortion level. Suppose the
current frame number is n. Its target distortion

level Dg(n) is obtained with Eq. (1). After mo-
tion compensation and DCT, the distribution in-
formation of the DCT coefficients are collected. We

can find the quantization parameter, denoted by gs,
such that Dg(n) = D(n;qs).

3 Encoding. gqs is used to quantize the DCT coeffi-
cients. After entropy encoding, the actual bit rate
is recorded as Rg(n).

4 FEstimate CBR distortion. Using the method dis-
cussed in Section 4, we can estimate the picture
distortion in CBR coding mode D¢ (n).

We can see in the proposed SRC algorithm, the ma-
jor computation is just to collect the distributions of
the DCT coeflicients. The rest of the algorithm in-
volves only a few number of addition, multiplication,
and power operations. Therefore, the algorithm has
very low computational complexity and implementa-
tion cost.

6. EXPERIMENTAL RESULTS

We have implemented the proposed quality smooth-
ing rate control algorithm in MPEG-4 video encoding,
and tested its performance in real-time video record-
ing and streaming. We used several TV news, movie,
and sports clips during the test. All the test videos
are in CIF size (352 x 288) at 30 fps (frame per sec-
ond). Only I and P frames are used, and the GOP
(group of pictures) size is 60. In the following exper-
iments, we use the TM5 bit allocation algorithm for
performance comparison. In Fig. 2, we plot the PSNR
(peak signal-to-noise ratio) values of each frame en-
coded without SRC (dotted line) and with SRC (solid
line) for the generate long standard video clip. It can
be seen that with the SRC algorithm, the frame-to-
frame quality variation has been significantly reduced,
and the output video has a smoothed quality profile.
Fig. 3 plots the encoding bits of each frame. As ex-
pected, the SRC algorithm has a larger variation in bit
rate. As mentioned before, this is allowed in many of-
fline and real-time video recording applications so long
as the total video data storage size is met, which has
been guaranteed by our theoretical analysis in Section
3. Fig. 4 plots the encoder buffer level for a buffer
size of 30 frames, which responds to 1 second of de-
lay. To evaluate the distortion smoothing performance
more systematically, we use the following measure for
video quality variation [1]

S{DM)}) = =7 2_IP(m) =D —1)|,  (9)
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Table 1: Comparison of video quality variation.

Video Quality variation S({D(n)})

Clips Without SRC | With SRC
Standard clip 3.23 0.33
TV news 4.59 0.47
Movie clip 3.89 0.39
TV sports clip 5.10 0.55

where {D(n)} is the distortion profile of the encoded
video, and N is the length of the video clip. Table 1 lists
the values of S({D(n)}) for the above two test videos,
as well as for several other video clips, such as movie
and TV sports clips. Here, the picture distortion D(n)
implies the mean square error between the original and
the reconstructed pictures. We can see that SRC has
dramatically reduced the picture quality variation in
the encoded videos, by up to 10 times. With the buffer
constraint, the quality variation measure has only been
increased slightly.

7. CONCLUSION

We have introduced the concept of low-pass filtering of
rate-distortion (R-D) functions and developed the SRC
algorithm for real-time video recording and streaming
application. Both the theoretical analysis and experi-
mental results have shown that the SRC algorithm is
able to meet the target bit rate accurately while main-
taining a smoothed video presentation quality. The
proposed SRC algorithm has direct application qual-
ity control and performance optimization in real-time
video encoding and streaming system design.

8. REFERENCES

[1] L.-J. Lin and A. Ortega, “Bit-rate control using
piecewise approximated rate-distortion characteris-
tics,” IEEE Trans. on Circuits and Systems for Video
Technology, vol. 38, pp. 82-93, January 1990.

[2] Y. Yu, J. Zhou, Y. Wang, and C. W. Chen, “A novel
two-pass VBR coding algorithm for fixed-size stor-
age application”, IEEE Transactions on Circuits and
Systems for Video Technology, vol. 11, pp. 345 -356,
March 2001.

[3] B. Xie and W. Zeng, “Seqeunce-based rate control for
contant quality video,” Proceedings of International
Conference on Image Processing, vol. I, pp. 77-80,
Rochester, NY, September 2002.

[4] T. Berger, Rate Distortion Theory, Prentice Hall, En-
glewood Cliffs, NJ, 1984.

[6] J. Ribas-Corbera and S. Lei, “Rate control in DCT
video coding for low-delay communications,” IEEE
Trans. on Circuits and Systems for Video Technology,
vol. 9, pp. 172 — 185, February 1999.

[6] Zhihai He and Sanjit K. Mitra, “A linear source model
and a unified rate control algorithm for DCT video
coding,” IEEE Transactions on Circuits and System
on Video Technology, vol. 12, pp. 970 - 982, November
2002.

as

Without SRC
With SRC

25 -

20

) 200 200 600 800 1000 1200
Frame

Figure 2: PSNR of each frame encoded without SRC (dot-
ted line) and with SRC (solid line) for the standard video
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Figure 3: Output bits of each frame encoded without SRC
(top) and with SRC (botto) for the standard video clip.
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Figure 4: Encoder buffer level at each frame. The buffer
size is 1500 Kbits which corresponds to a buffer delay of 1
second for the standard video clip.
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