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ABSTRACT

Most real-time MPEG-like encoders are designed to perform in a
constant bit rate (CBR) mode, in which large deviations from a
target rate are avoided at any time instant because of video buffer
regulations set at the decoder. A rate-control method at the en-
coder ensures that by intelligent selection of encoding parameters,
the video buffer constraints are met, while at the same time a best
possible video quality is achieved. Almost all reported rate-control
methods model the rate and distortion in terms of the quantiza-
tion step size. A recently suggested alternative is to use ρ, the
fraction of zeros among the quantized DCT coefficients [5]. In
this paper, we address the problems associated with the ρ-domain
rate-control approaches in the literature. In addition, we propose a
robust MPEG-2 rate-control algorithm that aims to minimize pic-
ture quality variations. Our extensive analysis with several video
sequences and using MPEG-2 codec indicates that the proposed
algorithm can achieve a more uniform visual quality, and provides
a PSNR gain that ranges from 0.5 dB at 2 Mbps to 0.9 dB at 6 Mbs
over TM5 on the average.

1. INTRODUCTION

The rate-control problem for video coding applications can be ad-
dressed at three layers. At the group of pictures (GOP) layer, the
problem is to find the bit budget for each GOP. Similarly, at the
picture layer, it involves finding the picture bit budget (for each
frame within a GOP) from a given GOP bit budget. Finally, at
the macroblock layer, the rate control problem reduces to finding
the coding parameters for each macroblock, given the frame bit
budget.

The output bit rate of a video source can be controlled by mak-
ing several encoding/decoding passes to meet the target bit rate,
but most applications demand a very fast encoder. Conventional
rate-control methods use mathematical models to estimate the out-
put bit rate and video quality (or distortion) to avoid multiple en-
coding passes. The performance of these rate control algorithms
greatly depends on the accuracy of the models used. The perfor-
mance of an encoder is measured by its bit rate R, and the distor-
tion, D, that is introduced. The distortion is a measure of the ac-
tual or perceived difference between the original and coded video
frame. Most R and D models reported in the literature [1, 2, 3, 4]
try to relate these quantities to the quantization step size Q. He
et al. have shown, however, that the fraction of zero coefficients
among the quantized DCT coefficients is a simpler to compute
quantity that can estimate R and D more robustly [5]. Thus, it is
possible to improve rate-control performance by using ρ-domain
models instead of Q-domain ones. For an MPEG-2 coder, we
have observed that the ρ-domain rate model suggested by He et

al. is accurate. However, we have also observed that the distortion
model suggested by He et al. is less accurate and the frame bit al-
location using this model (proposed in [6]) exhibits stability prob-
lems. In this paper, we present a robust rate-control algorithm for
MPEG-2 based on new ρ-domain rate and distortion models, and
a method for estimating the model parameters. We also consider
a new framework in which achieving a uniform distortion (PSNR)
is selected as the optimization criterion instead of the commonly-
used criterion of minimizing (maximizing) the average distortion
(PSNR).

2. ρ - DOMAIN OPTIMIZATION FOR RATE CONTROL

2.1. Rate and distortion models in ρ domain

Based on the assumption that the AC coefficients of a natural im-
age have a distribution that is best approximated by a Laplacian
distribution, He et al. showed that the number of bits per pixel re-
quired to encode one color component of a quantized DCT image
is given by [5]

R = log2

1 + ψa

1 + ψa − 2ψ + (1 − a) (1 + ψa) ψ ln ψ
,

where ψ = 1 − ρ and a is the ratio of the quantization step size
to the quantization dead zone width. He et al. suggested a linear
approximation to the above formula given as

R = θ (1 − ρ) bits per pixel, (1)

where θ is a constant. Similarly, the distortion, defined as the mean
square error introduced by quantization of the DCT coefficients is
given by

D = E
[
|x − x̂|2

]
=

1 + ψa − 2ψ + (1 − a) (1 + ψa) ψ ln ψ

λ (1 + ψa)
.

As in the case for the rate, a simplified approximation to D is
possible. In [6], He et al. suggested an exponential approximation
as

D (ρ) = σ2e−α(1−ρ), (2)

where σ2 is the picture variance and α is an unknown constant.
We experimented with the rate model of (1) and the distortion

model of (2) for ρ-domain optimum bit allocation as described
in [6]. For a wide range of video sequences and various encoding
parameters, we had a number of observations:

• The rate model is accurate (for the purposes of rate control).

• The distortion model is not always accurate, particularly for
B-frames.
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• The frame bit allocation algorithm using the ρ-domain dis-
tortion model occasionally becomes unstable and fails to
achieve the target bit rate.

Observe that according to the distortion model of (2), we always
have D ≤ σ2. However, the case where D > σ2 is frequently
observed when the source video is encoded using an MPEG-2 en-
coder. This is due to the distortion component coming from the DC
coefficient quantization that becomes significant especially when
σ2 is small. In the extreme case where all coefficients are quan-
tized to zero, the distortion is equal to the sum of the squares of
the pixel values which is larger than the variance. As a result of
the fact that D > σ2 is possible, the estimate of the model pa-
rameter α can assume negative values and the frame bit allocation
algorithm can return negative values for the number of target bits
for the consecutive frames. To alleviate this problem, we propose
a new distortion model:

D = κσ2e−2θ(1−ρ),

where κ > 0 is a model parameter. Note that the rate R is defined
as the number of bits per pixel. We will use this model to develop a
new rate-control algorithm for the MPEG-2 encoder. As discussed
in Section 1, we will develop our solution to the rate-control prob-
lem at three layers in a hierarchical order.

2.2. GOP layer bit allocation

One of the fundamental problems in rate control is the allocation
of the available bits for a group of pictures (GOP). For constant bit
rate encoding, the bit budget for each group of pictures is a con-
stant, which is determined using the target bit rate of the encoded
video bitstream. That is, the target number of bits for the GOP,
Rgop, is computed using the target rate R, frame rate F , and the
GOP size G as:

Rgop =
R × G

F
.

2.3. Picture layer bit allocation

The overall picture bit budget is shared by the encoding of the
motion vectors, the quantized DCT coefficients and the headers.
The sum of the required bits for encoding the motion vectors and
the headers will be referred to as the overhead bits. We have the
two formulas for the distortion and DCT bit rate mentioned earlier,
R (ρ) = θ (1 − ρ) , and D (ρ) = κσ2e−2θ(1−ρ).

The optimal bit allocation in the sense of achieving uniform
distortion within the GOP can be formulated as follows. Define

Bgop : total GOP bits,
Bdct : GOP bits for encoding the DCT coefficients,
Boh : GOP overhead bits.

Bgop can be computed using the target gop rate, Rgop, and assume
that Boh is estimated from the previous GOP. At the start of the
sequence, Boh must be initialized. Then

Bdct = Bgop − Boh.

Assume we are about to encode the kth picture of the current GOP.
Let {Ti}G

i=k be the set of bit budgets for encoding the DCT coef-
ficients for pictures i = k, · · · , G, where G is the GOP size. The
set of Ti’s that would yield uniform distortion throughout the GOP
satisfies

κiσ
2
i e−2

Ti
K = κjσ

2
j e−2

Tj
K , ∀ i �= j, j = k, · · · , G

subject to
G∑

i=k

Ti ≤ Bdct, (3)

where K is the number of pixels in a frame (e.g., if the video is
in 4 : 2 : 0 format and has a resolution of 720 × 480 pixels, then
K = 720 × 480 × 1.5). The solution to (3) is given by

Ti =
K

2
ln 2κiσ

2
i +

(
Bdct −

G∑
j=k

K
2

ln 2κjσ
2
j

)

G − k + 1
, (4)

where i = k, · · · , G. Note that the variance σ2
k can be computed

for the current picture, however it must be estimated for the future
frames (i > k). Similarly, the model parameter κi needs to be
estimated for the current and future frames.

2.4. Macroblock layer quantizer adaptation

The macroblock-level rate-control algorithm is adopted from [6],
with slight modifications. At this layer, the goal is to find the set of
quantization parameters (Q) so that the picture bit budget is met,
while the quality variation is minimized within the frame. Suppose
we are given the DCT coefficient bit budget Tk for the current
kth frame to be encoded. Let R(m) be the number of remaining
bits for encoding the DCT values of the unencoded macroblocks
before encoding the macroblock with index m. Let θ be the rate
parameter of the frame. Let D0

k and D1
k be histograms of the DCT

coefficients for intra and non-intra cases, respectively. Initially,
m = 0 and R(0) = Tk. The ρ − Q mappings are determined
using histograms of the DCT coefficients of macroblocks as

ρ (Q) =
1

K

∑
|z|≤Q

D0
k (z) +

1

K

∑
|z|≤Q+δ

D1
k (z), (5)

where Dk(z) is the number of the DCT coefficients that has a
value of z, and δ + Q is the width of the dead zone of the non-
uniform quantizer of the non-intra macroblocks. After encoding
each macroblock, the remaining bit budget is updated. That is, af-
ter encoding m− 1 macroblocks, we update R(m), the remaining
bit budget for encoding the remaining picture macroblocks, by

R(m) = Tk − (DCT bits of first (m − 1) macroblocks) .

We also update the histograms D0
k and D1

k of the DCT coefficients
so that the histograms show the DCT coefficient distributions of
the remaining macroblocks to be encoded. To compute Q for the
current macroblock, the target ρ should be computed using the
residual picture budget as

ρ(m) = 1 − R(m)

θ × N(m)
,

where N(m) is the number of the remaining macroblocks to be
encoded. The quantization parameter Q is determined using the
mapping between ρ and Q given in (5).

2.5. Estimation of model parameters θ, σ2, κ

After a frame is encoded, the actual number of DCT bits (Sdct)
and the actual fraction of zeros (ρact) are recorded. The value
of θ depends on the picture type even though the video content
does not vary. As a result, we use separate estimators for different
picture types, θI , θP and θB . Let T (k) be the type of the kth frame
(T (k) ∈ {I, P, B}). For the kth picture we estimate θT (k) as

θT (k) =
Sdct

(1 − ρact) × K
, T (k) ∈ {I, P, B}.
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In a single pass environment, the actual frame variance for the cur-
rent picture is available, while that of future frames are not. There-
fore they need to be estimated so that we can use in (4). We con-
sider using the variances of previous frames of the same type for
future pictures. Therefore, we use separate estimators for each pic-
ture type, namely V I , V P , and V B . The actual frame variance for
the current picture is assigned as the estimate for the future picture
of the same type as

V T (k) = σ2
k.

The distortion parameter κ relates the fraction of zeros and the
residual picture variance to the picture distortion. It depends on
the picture type. Therefore as in the case of the bit production
parameter θ, we propose using separate estimators for each picture
type. Let κI , κP , and κB be the estimators for I-, P-, and B-type
pictures, respectively. After a frame is encoded, the distortion D
is computed as the mean square error (MSE) between the original
and reconstructed pictures (X and X̂), i.e., D = E[(X − X̂)2].
Using the distortion, the distortion model parameter κ for the kth

picture is updated as follows:

κT (k) =
V T (k)

D
e2Sdct .

The current values of the estimators (V I , V P , V B) and (κI , κP , κB)
are used as the (V, κ) values associated with the future frames in
(4).

3. RESULTS

The proposed rate-control algorithm was implemented with the
Berkeley MPEG-2 codec and tested for various video sequences.
All of the test sequences were in the 4 : 2 : 0 sampling format with
720 × 480 resolution and a 30 fps frame rate. The GOP size was
15 and the P picture distance was 3. The search range was selected
as 16 × 16.

We compare the coding efficiency of the proposed algorithm
with that of TM5 and a ρ-domain R-D optimal rate control algo-
rithm that uses the distortion model of Eq. (2). We will denote this
algorithm by RC1. We compare the average PSNR values at three
different rates, and with six different sequences.

Table 1 shows the average PSNR results for the six sequences
at 4.0 Mbps. The second column shows the PSNR performance
of the TM5 rate-control algorithm. In the third column, the same
sequences are encoded using the RC1 method. The next column
shows the proposed R-D optimum ρ-rate control algorithm. The
proposed algorithm achieves as much as 1.0 dB PSNR gain over
TM5. RC1 occasionally achieves very low average PSNR. For
these cases, RC1 fails to achieve the target bit rate. Table 2 and 3
depict the average PSNR results at the encoding rates of 2 Mbps
and 6 Mbps, respectively. These results show that at lower bit
rates, the PSNR improvement is less when compared to higher bit
rates. Figs. 1, 2, 3 and 4 show PSNR curves for some of the encod-
ing tests. These results show that the proposed algorithm achieves
consistently better picture quality. In all four cases, it achieves
substantially less PSNR variation between the frames, which is
desirable for video coding applications.

Table 4 shows the rate-control parameter statistics. The av-
erage values of the distortion parameter κ and the bit production
parameter θ are different for different picture types. The value
of ρ is around 0.85 for I pictures, around 0.95 for P-pictures and
around 0.99 for B-pictures. The statistics indicate that the model
parameters depend on the picture type and the characteristics of
the video in general.

Sequence TM5 RC1 Proposed RC

CAROUSEL 33.8 29.6 34.8
FLOWER GARDEN 30.4 26.1 31.1

FOOTBALL 32.2 28.9 32.6
MANHATTAN 39.0 32.4 40.0

MOBILE AND CALENDAR 27.0 24.2 28.0
SUZIE 40.5 34.3 40.7

Table 1. PSNR comparisons for six test sequences (in dB). The
picture format is CCIR-601, with 4 : 2 : 0 sampling, a GOP size
of 15, and a P-picture distance L = 3. The target bit rate is 6
Mbps.

Sequence TM5 RC1 Proposed RC

CAROUSEL 30.0 29.5 30.4
FLOWER GARDEN 26.8 26.1 27.7

FOOTBALL 28.8 28.5 28.9
MANHATTAN 35.8 32.4 36.6

MOBILE AND CALENDAR 24.2 24.1 24.6
SUZIE 38.5 34.1 38.7

Table 2. PSNR comparisons for six test sequences at 2 Mbps.

Sequence TM5 RC1 Proposed RC

CAROUSEL 35.8 37.1 37.2
FLOWER GARDEN 32.2 26.1 33.2

FOOTBALL 34.2 28.5 34.7
MANHATTAN 40.7 41.5 41.7

MOBILE AND CALENDAR 28.9 24.3 30.0
SUZIE 41.7 34.8 42.0

Table 3. PSNR comparisons for six test sequences at 6 Mbps.

Sequence ρ̄act κ̄ θ̄

I 0.893 0.37 6.94
CAROUSEL P 0.956 0.70 6.67

B 0.986 1.20 6.80

I 0.819 0.44 6.25
FLOWER GARDEN P 0.957 1.10 8.76

B 0.993 1.38 12.67

I 0.882 0.51 6.74
FOOTBALL P 0.956 0.82 6.85

B 0.988 1.26 7.01

I 0.856 0.60 6.38
MANHATTAN P 0.962 0.81 6.55

B 0.989 1.31 7.78

I 0.836 0.80 5.90
MOBILE AND CALENDAR P 0.966 0.98 7.20

B 0.989 1.16 8.71

I 0.820 0.56 5.75
SUZIE P 0.960 0.93 6.81

B 0.993 1.19 8.41

Table 4. Proposed ρ-domain rate control parameter statistics for
six sequences. The coding parameters are the same as for the ex-
periments in Table 1.
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4. SUMMARY AND CONCLUSIONS

In this paper, we addressed the problems associated with the ρ-
domain rate-control approaches proposed in [6]. We proposed to
use a new distortion model in the ρ-domain to alleviate the stability
problems. By using the new distortion model, we proposed a ro-
bust MPEG-2 rate-control algorithm that aims to minimize picture
quality variations instead of maximizing the overall quality. By
extensive analysis with several video sequences, we showed that
the proposed algorithm can achieve a more uniform visual quality.
We also demonstrated that the proposed algorithm provides an av-
erage PSNR gain that ranges from 0.5 dB at 2 Mbps to 0.9 dB at
6 Mbs over TM5. A future research direction is to apply the pro-
posed rate and distortion models for other video encoders besides
MPEG-2.
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Fig. 1. Comparison of the frame PSNR values for CAROUSEL

sequence. The coding parameters are the same as for the experi-
ments in Table 3. The dotted line shows the PSNR values achieved
with the macroblock level ρ-rate control. The solid line shows the
PSNR values achieved with the proposed ρ-rate control algorithm.
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Fig. 2. Comparison of the frame PSNR values for FOOTBALL

sequence. The coding parameters are the same as for the experi-
ments in Table 3. The dotted line shows the PSNR values achieved
with the macroblock level ρ-rate control. The solid line shows the
PSNR values achieved with the proposed ρ-rate control algorithm.
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Fig. 3. Comparison of the frame PSNR values for FLOWER GAR-
DEN sequence. The coding parameters are the same as for the
experiments in Table 3. The dotted line shows the PSNR values
achieved with the macroblock level ρ-rate control. The solid line
shows the PSNR values achieved with the proposed ρ-rate control
algorithm.
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Fig. 4. Comparison of the frame PSNR values for MOBILE AND

CALENDAR sequence. The coding parameters are the same as for
the experiments in Table 3. The dotted line shows the PSNR values
achieved with the macroblock level ρ-rate control. The solid line
shows the PSNR values achieved with the proposed ρ-rate control
algorithm.
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