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ABSTRACT

This paper presents a rate control scheme for H.264 by in-
troducing the concept of basic unit and a linear prediction
model. The basic unit can be a macroblock (MB), a slice,
or a frame. It can be used to obtain a trade-off between the
overall coding efficiency and the bits fluctuation. The linear
model is used to solve the chicken and egg dilemma existing
in the rate control of H.264. Both constant bit rate (CBR)
and variable bit rate (VBR) cases are studied. Our scheme
has been adopted by H.264.

1. INTRODUCTION

Rate control is used to compute quantization parameters for
the current frame according to the specified bit rate and the
statistics of the current frame, like the MAD and the head
bits of each macroblock (MB). The rate control in H.264
is more complex than Q2 and TMN 8 in the sense that
the statistics of the current frame is available in Q2 and
TMN 8 while it is not available for the rate control of H.264
[1, 2]. This is because that the quantization parameters are
involved in both rate control and rate distortion optimiza-
tion (RDO) of H.264 while it is only involved in rate con-
trol of MPEG 2, MPEG 4 and H.263. There exists a typical
chicken and egg dilemma when the rate control is imple-
mented for H.264: to perform RDO for an MB, a quanti-
zation parameter should be first determined for the MB by
using the statistics of the current frame. However, the statis-
tics of the current frame is only available after performing
the RDO.

An intuition method is to predict the statistics of each
MB in the current frame by that of the co-located MB in the
previous frame. However, there exists problem associated
with the prediction at the MB level. For example, image the
case that an MB in the current frame is an Intra-MB while
the co-located MB is an Inter-one. To solve this problem,
we introduce the concept of basic unit, which can be either
an MB, a slice, or a frame. All MBs in the same basic unit
share a common quantization parameter. The choice of ba-
sic unit depends on the size of coded picture buffer (CPB).

An adaptive basic unit layer rate control scheme is then pre-
sented for H.264 by further introducing a linear model to
predict the MADs of the remaining basic units in the cur-
rent stored picture by the actual MADs of the co-located
basic units in the previous stored picture. This solves the
chicken and egg dilemma mentioned above. With the lin-
ear model and the concept of basic unit, our scheme is de-
scribed in detail as follows: the target bits for the current
frame are computed by utilizing a fluid flow traffic model
and linear tracking theory, and are determined by the frame
rate, the current buffer occupancy, the target buffer level
and the available channel bandwidth. The target bits are
further bounded by two values derived by taking the hypo-
thetical reference decoder (HRD) into consideration. The
remaining bits for the current frame are allocated to the re-
maining basic units according to their predicted MADs. A
quadratic rate-distortion (R-D) model is used to compute the
corresponding quantization parameter, which is then used
to perform the RDO for each MB in the current basic unit.
Compared to an H.264 encoder using fixed quantization pa-
rameter, our scheme can improve the average PSNR up to
0.78dB. The improved average PSNR is 0.43 dB for all
H.264 test sequences under normal test condition. Our scheme
has been adopted by H.264.

2. PRELIMINARY KNOWLEDGE

2.1. The Chicken and Egg Dilemma

The coding process of a MB related to the rate control of
H.264 is given by [3]: Statistics of current frame → Rate
control → Quantization parameter → RDO → Statistics of
current frame → Entropy coding.

Clearly, there exists a chicken and egg dilemma when
the rate control is implemented. Because of this, the rate
control of H.264 is more difficult than TM 5, Q2 and TMN
8. To study the rate control for H.264, we need to find a way
to estimate the statistics of the current frame. Besides this,
we also need to determine the number of contiguous MBs
that share a quantization parameter.
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2.2. The Definition of Basic Unit

Suppose that a frame is composed of Nmbpic MBs. A ba-
sic unit is defined to be a group of contiguous MBs which
is composed of Nmbunit MBs where Nmbunit is a fraction
of Nmbpic [4]. Denote the total number of basic units in a
frame by Nunit, which is computed by Nunit = Nmbpic/Nmbunit.

2.3. A Linear MAD Prediction Model

Suppose that the jth picture is a stored picture and the num-
ber of successive non-stored pictures between two stored
pictures are L. The following linear model (1) is proposed
to solve the chicken and egg dilemma [4].

δ̃l,i(j) = a1δl,i(j − L − 1) + a2 (1)

where δ̃l,i(j) is the predicted MAD of the lth basic unit in
the current stored picture in the ith GOP, δl,i(j−L−1) is the
actual MAD of the lth basic unit in the previous stored pic-
ture, a1 and a2 are two coefficients of the prediction model.
The initial values of a1 and a2 are set to 1 and 0, respec-
tively. They are updated after coding each basic unit.

Remark 1 It should be mentioned that δl,i(j −L− 1) is
a reference value for the prediction. There are many other
choices for the reference value. For example, 16×16 based
motion estimation and motion compensation can be pro-
ceeded for all MBs in the current picture before performing
RDO. We can also use the most possible mode used in the
previous frame to perform motion estimation and compen-
sation to get the rough information. The resulted MAD can
also be used as the reference value. For the simplicity, we
choose δl,i(j − L − 1) as the reference value. The number
of header bits can be also obtained in this way. Similarly,
there also exist many models for the prediction and for the
simplicity, we choose the linear model.

3. GOP-LEVEL RATE CONTROL

In this level, the total number of bits allocated to each GOP
is computed and the initial quantization parameter of each
GOP is set.

3.1. Total Number of Bits

The initial value of bits allocated for the ith GOP is com-
puted as follows:

Bi(1) =
Ri(1)

f
Ni + Bi−1(Ni−1) (2)

where Ri(j) is the available channel bandwidth which can
be either constant or time varying, Ni−1 denote the total
number of frames in the (i − 1)th GOP, and f is the prede-
fined frame rate.

Since the channel bandwidth may vary at any time, Bi

is updated frame by frame as follows:

Bi(j) = Bi(j − 1) − bi(j − 1)

+
Ri(j) − Ri(j − 1)

f
(Ni − j + 1) ; j = 2, 3, · · · , Ni

where bi(j) is the coded bits of the jth frame in the ith GOP.

3.2. Initial Quantization Parameter

In our scheme, the initial quantization parameter of the ith
GOP, QPi(1), is predefined based on the available channel
bandwidth and the GOP length. The IDR picture and the
first stored picture of the GOP are coded by QPi(1). The
other QPi(1) is computed by

QPi(1) = max{min{
SumPQP (i − 1)

Np(i − 1)
− min{2,

Ni−1

15
},

QPi−1(1) + 2}, QPi−1(1) − 2}

where Np(i−1) is the total number of stored pictures in the
(i− 1)th GOP and SumPQP (i− 1) is the sum of quantiza-
tion parameters for all stored pictures in the (i − 1)th GOP.
QPi(1) is further adjusted by

QPi(1) = QPi(1)−1 ; if QPi(1) > QPi−1(Ni−1−L)−2

where QPi−1(Ni−1 − L) is the quantization parameter of
the last stored picture in the (i− 1)th GOP. Clearly, QPi(1)
is adaptive to both the GOP length and the available channel
bandwidth.

4. FRAME LEVEL RATE CONTROL

In this level, quantization parameters of non-stored pictures
and the target bits for stored pictures are computed.

4.1. Quantization Parameters of Non-stored Pictures

The quantization parameters of non-stored pictures are ob-
tained through a linear interpolation method as follows:

Suppose that the jth and the (j + L + 1)th frames are
stored pictures and the quantization parameters of two adja-
cent stored pictures are QPi(j) and QPi(j+L+1), respec-
tively. The quantization parameter of the kth(1 ≤ k ≤ L)
non-stored picture is given according to the following two
cases:

Case 1 When L = 1, there is only one non-stored pic-
ture between two stored pictures. The quantization parame-
ter is computed by

QPi(j+1) =

{

QPi(j)+QPi(j+2)+2
2 if QPi(j) 6= QPi(j + 2)

QPi(j) + 2 Otherwise
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Case 2 When L > 1, there are more than one non-stored
picture between two stored pictures. The quantization pa-
rameters are computed by

QPi(j + k) = QPi(j) + α + max{−2(k − 1),

min{
(QPi(j + L + 1) − QPi(j))(k − 1)

L − 1
, 2(k − 1)}}

where α is the difference between the quantization parame-
ter of the first non-stored picture and QPi(j), and is given
as

α =































−3 QPi(j + L + 1) − QPi(j) ≤ −2L − 3
−2 QPi(j + L + 1) − QPi(j) = −2L − 2
−1 QPi(j + L + 1) − QPi(j) = −2L − 1
0 QPi(j + L + 1) − QPi(j) = −2L
1 QPi(j + L + 1) − QPi(j) = −2L + 1
2 Otherwise

4.2. Target Bits of Stored Pictures

The bits allocated to the current stored picture should be
adjusted according to the current buffer occupancy and the
picture complexity as follows:

Step 1 Predefine a target buffer level for each stored pic-
ture in the current GOP.

Suppose that the jth picture is a stored picture. The tar-
get buffer level for the picture is determined by

Si(j) = Si(j − L − 1) −
Si(2) − Vs/8

Np(i) − 1

+
W̄p,i(j − L − 1)(L + 1)Ri(j)

f(W̄p,i(j − L − 1) + W̄b,i(j − 1)L)
−

Ri(j)

f

where Si(2) is reset as Vi(2) after coding the first stored
picture in the ith GOP, Vs is the buffer size, W̄p,i(j−L−1)
is the average complexity weight of stored pictures that have
been coded, W̄b,i(j − 1) is the complexity weight of non-
stored pictures that have been coded [4].

Step 2 Compute target bits for the current stored picture.
The target bits allocated for the jth stored picture in the

ith GOP are determined based on the target buffer level, the
frame rate, the available channel bandwidth and the actual
buffer occupancy as follows:

T̃i(j) =
Ri(j)

f
+ γ(Si(j) − Vi(j))

where Vi(j) is the actual buffer occupancy after coding the
(j − 1)th stored picture in the ith GOP, γ is a constant, its
typical value is 0.5 when there is no non-store picture and
0.25 otherwise.

Meanwhile, the number of remaining bits should also be
considered when the target bit is computed.

T̂i(j) =
Wp,i(j − L − 1)Bi(j)

Wp,i(j − L − 1)Np,r + Wb,i(j − 1)Nb,r

where Np,r and Nb,r are the numbers of the remaining stored
pictures and the remaining non-stored pictures, respectively.

The target bits are a weighted combination of the items
T̃i(j) and T̂i(j),

Ti(j) = βT̂i(j) + (1 − β)T̃i(j) (3)

where β is a constant and its typical value is 0.5 when there
is no non-stored picture and 0.9 otherwise. It can be known
from (3) that a tight buffer regulation can be achieved by
choosing a small β.

To maintain the quality of the coded frames, the target
bit Ti(j) is bounded by

Ti(j) = max{Ti(j),mhdr,i(j − L − 1) +
Ri(j)

4f
} (4)

where mhdr,i(j − L − 1) is the number of bits used for the
header and motion vectors by the previous stored picture.

To conform with the HRD, the target bits are further
bounded by

Ti(j) = min{max{Zi(j), Ti(j)}, Ui(j)} (5)

where Zi(j) and Ui(j) are derived by taking the HRD into
consideration [3].

5. BASIC UNIT LEVEL RATE CONTROL

The basic unit level rate control selects the values of quan-
tization parameters of all basic units in a stored picture, so
that the sum of generated bits is close to the frame target
Ti(j). The following is a step-by-step description of this
method.

Step 1 Predict the MADs of the remaining basic units
in the current stored picture by model (1) using the actual
MADs of the co-located basic units in the previous stored
picture.

Step 2 Compute the number of texture bits b̂l,i(j) for the
current basic unit. This step is composed of the following
three substeps:

Step 2.1 Compute the target bits for the current basic
unit. Let Tr,i(j) denote the number of remaining bits for
the the remaining basic units in the current stored picture,
and the initial value of Tr,i(j) is Ti(j). The target bits for
the lth basic unit are given by

b̃l,i(j) = Tr,i(j)
δ̃2
l,i(j)

∑Nunit

k=l δ̃2
k,i(j)

(6)

Step 2.2 Compute the average number of header bits
generated by all coded basic units:

m̃hdr,l = m̃hdr,l−1(1 −
1

l
) +

m̂hdr,i

l

mhdr,l = m̃hdr,l

l

Nunit

+ mhdr,1(1 −
l

Nunit

)
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where m̂hdr,l is the actual number of header bits generated
by the lth basic unit in the current stored picture, mhdr,1 is
the estimate from all basic units in the previous frame.

Step 2.3 Compute the number of texture bits b̂l,i(j).

b̂l,i(j) = b̃l,i(j) − mhdr,l (7)

To maintain the quality of each basic unit, b̂l,i(j) is fur-
ther bounded by Ri(j)/(4fNunit).

Step 3 Compute the quantization parameter of the cur-
rent basic unit by using the quadratic R-D model [3]. We
need to consider the following three cases:

Case 1 The first basic unit in the current stored picture.

QP1,i(j) = Q̄P i(j − L − 1) (8)

where Q̄P i(j − L− 1) is the average value of quantization
parameters for all basic units in the previous stored picture.

Case 2 When Tr < 0, the quantization parameter should
be greater than that of previous basic unit such that the sum
of generated bits is close to Ti(j), i.e.

QPl,i(j) = QPl−1,i(j) + ∆bu (9)

where ∆bu is a variation range for quantization parameters
of two successive basic units [3].

To maintain the smoothness of visual quality, the quan-
tization parameter is further bounded by

QPl,i(j) = max{0, Q̄P i(j − L − 1) − ∆fr,

min{51, Q̄P i(j − L − 1) + ∆fr, QPl,i(j)}}

where ∆fr is a further variation range for the quantization
parameters [3].

Case 3. Otherwise, we shall first compute a quantization
parameter QPl,i(j) by using the quadratic model [3] and the
bounds given in case 2.

Step 4 Perform RDO for all MBs in the current basic
unit.

Step 5 Update the number of remaining bits Tr and up-
dating the parameters of the linear MAD prediction model
and the quadratic R-D model.

Step 6 After coding the current stored picture, Q̄P i(j)
is updated.

6. EXPERIMENTAL RESULTS

We compare the coding efficiency of an H.264 encoder with
our rate control to that of an H.264 encoder with a fixed
quantization parameter. This type of comparison is recom-
mended by the adhoc group of H.264 according to [5] and
the setting for the experiment is given in [4]. The experi-
mental results of (Y,PSNR) are listed in Table 1. It is shown
that compared to an H.264 encoder using fixed quantization
parameter, our scheme can improve the average PSNR up to
0.78dB. The improved average PSNR is 0.43 dB for H.264
test sequences under normal test condition.

QP 28 32 36 40
Ours(Paris) 34.23 30.9 27.93 25.35

Fixed QP(Paris) 33.77 30.46 27.6 25.04
Ours(News) 37.73 34.75 31.83 28.86

Fixed QP(News) 37.08 34.02 31.08 28.35
Ours(Silent) 36.71 33.7 30.92 28.47

Fixed QP(Silent) 35.99 33.08 30.49 28.07
Ours(Mobile) 34.23 30.9 27.93 25.35

Fixed QP(Mobile) 33.77 30.46 27.6 25.04

Table 1. Experimental results

7. CONCLUSIONS

This paper has proposed an adaptive rate control scheme
for H.264 by introducing the concept of basic unit and a
linear mean absolute difference (MAD) prediction model.
The overall average improvements in PSNR for all the test
sequences recommended by H.264 is 0.43dB. An alterative
method is given in Remark 1. This will be studied in our
future research.
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