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Rate control plays a critical role in achieving perceivable vid⁃
eo quality under a variable bit rate, limited buffer sizes and
low delay applications. Since a rate control system exhibits
non⁃ linear and unpredictable characteristics, it is difficult to
establish a very accurate rate⁃distortion (R⁃D) model and ac⁃
quire effective rate control performance. Considering the ex⁃
cellent control ability and low computing complexity of the
fuzzy logic in non⁃ linear systems, this paper proposes a bit ⁃
rate control algorithm based on a fuzzy controller, named the
Fuzzy Rate Control Algorithm (FRCA), for All⁃Intra (AI) and
low⁃delay (LD) video source coding. Contributions of the pro⁃
posed FRCA mainly consist of four aspects. First, fuzzy logic
is adopted to minimize the deviation between the actual and
the target buffer size in the hypothetical reference decoder
(HRD). Second, a fast lookup table is employed in fuzzy rate
control, which reduces computing cost of the control process.
Third, an input domain determination scheme is proposed to
improve the precision of the fuzzy controller. Fourth, a novel
scene change detection is introduced and integrated in the
FRCA to adaptively adjust the Group ⁃ of ⁃ Pictures (GOP)
length when the source content fluctuates. The FRCA can be
transplanted and implemented in various industry coders. Ex⁃
tensive experiments show that the FRCA has accurate vari⁃
able bit⁃rate control ability and maintains a steady buffer size
during the encoding processes. Compared with the default
configuration encoding under AI and LD, the proposed FRCA
can achieve the target bit rates more accurately in various
classical encoders.

rate control; video coding; fuzzy control; bit per pixel; rate⁃dis⁃
tortion model
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1 Introduction

ith the widespread development of various vid⁃
eo streaming and multimedia networking appli⁃
cations, such as mobile TV, live video broad⁃
casting and home cinema, a desire for high

quality and low delay is increasing rapidly. In the video coding
technology, rate control (RC) is an important tool to strengthen
the coding efficiency, which can maximize visual quality under
limited bandwidth and buffer capacity. RC can be classified in⁃
to two types, the constant bit rate (CBR) and the variable bit
rate (VBR). The CBR allocates an uniform bit to different cod⁃
ing units regardless of their characteristics. Correspondingly
the CBR scheme leads to frequent fluctuation and degradation
of the picture quality for consecutive pictures with fast motion
or scene change. Compared with the CBR, the VBR scheme
can dynamically adjust the target bit rate according to charac⁃
teristics of video content and obtain the consistent picture qual⁃
ity, but it may cause extensive buffer delay.

RC regulates the encoder output bit rate by adjusting the
quantization parameters (QP) to optimize the video quality un⁃
der an available channel bandwidth. Thus, many RC algo⁃
rithms concentrate on an accurate rate⁃distortion (R⁃D) model
and an efficient bit allocation scheme. Along with the video
coding standard developing, MPEG⁃2, H.263, MPEG⁃4, H.264/
AVC and HEVC integrate RC algorithms into their encoders.
Meanwhile, various improved RC algorithms [1], [2], [3] have
been investigated.

The R⁃D model is the kernel model for the great majority of
RC algorithm since the QP value assignment depends on the
transcendental R ⁃ D model. Based on discrete mathematics
function, various R ⁃D models were derived. T. Chiang, et al.
[4] proposed a widely used quadratic R⁃D model by assuming
the video source statistics are Laplacian distribution and ex⁃
panding the rate distortion function into a Taylor series.
Through observing the strong relationship between Qstep and
the quantization parameter, Z. Li, et al. [5] improved the qua⁃
dratic R⁃D model by using the predicted mean absolute differ⁃
ence (MAD) and Qstep instead of QP. To identify the impacts of
the parameter Lambda in rate control, B. Li, et al. [6] proposed
R -λ model and adopted it into High Efficiency Video Coding
(HEVC) rate control. Besides, ρ ⁃domain rate control [7] was
proposed by Z. He, et al., where ρ is the zero ratios of trans⁃
formed coefficients after quantization. In our previous work, a
concise exponential R ⁃Q model [8] was proposed for H.264/
AVC, which takes picture complexity, gradient and histogram
information into consideration.

To provide a significant improvement in the coding efficien⁃
cy, the study of RC has focused on the R ⁃D [9] or the rate ⁃
quantization (R⁃Q) [10] model, and also dealt with the Intra on⁃
ly RC [11], the scalable video coding RC [12] and the bit allo⁃
cation schemes [13]. These studies are important parts in RC
and have helped develop various video compression standards,
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▲Figure 1. Structure of fuzzy controller.

such as MPEG⁃2, H.263, MPEG⁃4, H.264/AVC and HEVC.
Fuzzy logic has become a successful intelligent technology

for control process [14]. Compared with traditional controllers
such as proportional⁃integral⁃derivative (PID), proportional⁃in⁃
tegral (PI) and proportional⁃derivative (PD), fuzzy control does
not require any internal mathematical model and can be ap⁃
plied to uncertainty and imprecision system [15]. Traditional
controllers have been used to control over 90% industrial pro⁃
cesses [14]. However, for more complex systems, such as time
delay, time varying parameters, models mismatch and non⁃lin⁃
earity, those controllers cannot generate satisfactory system
performance since they depend on the mathematical model
[16]. With the development of intelligent control, the fuzzy con⁃
troller is adopted in industrial fields such as transportation de⁃
vices, intelligent machines, power engineering, and chemical
processes [17]. In the medical area, fuzzy logic effects on diag⁃
nosis, treatment of illness, patient pursuit, prediction of dis⁃
ease risk and other medical fields [18]. Besides, fuzzy control⁃
lers are also used for food control [19], network control [20]
and so on. The experiments in literature show that fuzzy con⁃
trollers adopted in related areas obtain effective performance,
robustness and overall stability, and overcome the shortages of
traditional controllers, especially in uncertain and complex sys⁃
tems.

RC systems also adopted the fuzzy logic into the coding pro⁃
cess. D. H. Tsang, et al. [21] proposed a fuzzy logic⁃based con⁃
trol scheme for real⁃time MPEG video to avoid long delay or ex⁃
cessive loss at the user⁃network interface (UNI) in an asynchro⁃
nous transfer mode (ATM) network. S. Sheu et al. [22] present⁃
ed a fuzzy adaptive rate control scheme to select the transmis⁃
sion rate for frame transmissions in wireless LANs. M. Rezaei,
et al. [23] introduced a semi⁃ fuzzy rate control algorithm that
utilized a fuzzy rate controller and a quality controller to adjust
the QP value. However, existed fuzzy controllers based RC
schemes are only used for certain video coding standards, or
simple experience parameters are used into the fuzzy control⁃
ler. To improve the efficiency and accuracy and to reduce the
computational complexity of the rate control system, this paper
proposes a novel adaptive RC approach, named the Fuzzy Rate
Control Algorithm (FRCA). This is an input domain determina⁃
tion scheme to improve the precision of the fuzzy controller
and adopts a fuzzy logic look⁃up table to derive increment QP
values to minimize the deviation between the actual and the
target buffer sizes in the hypothetical reference decoder (HRD).

The proposed FRCA controls the bit rate by adjusting the
QP value. It employs an improved fuzzy controller that utilizes
an exponential R ⁃ D model to determine the input domain.
Then, the proposed fuzzy controller is adopted to generate a
fast lookup table. Through looking up the fast table, the FRCA
uses the signals from the buffer to calculate the increment QP
value, which is used for the RC process. The proposed FRCA
also presents a novel scene change detection to adaptively ad⁃
just the Group⁃of⁃Pictures (GOP) length when the source con⁃

tent fluctuates. The proposed FRCA has high adaptability and
can be transplanted and implemented in various industry cod⁃
ers. In this paper, FRCA is implemented on MPEG⁃2, H.263,
MPEG ⁃ 4, H.264/AVC and HEVC encoders. Simulations and
analysis show that the proposed FRCA provides good perfor⁃
mance on the peak signal⁃to⁃ noise ratio (PSNR) gains and bit⁃
rate savings.

The remainder of this paper is organized as follows. Section
2 introduces a fuzzy logic controller for the low delay video
coding rate control. Section 3 presents a new input domain de⁃
termination for the fuzzy controller. Section 4 proposes a scene
change detection scheme and Section 5 gives the description of
the proposed RC algorithm step by step. Simulation results and
performance analysis are described in section 6. Finally, Sec⁃
tion 7 concludes the paper.

2 Fuzzy Controller for Rate Control
Different from traditional controller systems with exact math⁃

ematical models, the fuzzy controller has an intelligent control
process that is set according to the experience values and can
be applied into unpredictable or uncertain system. In this pa⁃
per, we adopt a fuzzy controller to regulate the suitable QP val⁃
ue for encoding.
2.1 Structure of Fuzzy Controller
Fig. 1 shows the structure of the proposed fuzzy logic con⁃

troller used for RC. It is composed of the fuzzy interface, the
knowledge base (rule base), the inference mechanism and the
defuzzy interface. First, a fuzzy interface transforms an exact
measured value into a fuzzy value to fit the fuzzy calculation.
Second, this fuzzy value is utilized to calculate the fuzzy output
value by the fuzzy control knowledge base and the inference
mechanism. Third, the fuzzy system converts the fuzzy output
value to a precise value to control the coding process.

The fuzzy controller (Fig. 1) has two input variables and an
output variable. The input variable in the video coding consists
of two components, which are the buffer deviation and the buf⁃
fer deviation rate of changes. Compared with the multiple ⁃ in⁃
put multipleoutput fuzzy controller, the proposed controller has
simple architecture that results in low computing complexity.
Meanwhile, it can accurately reflect the dynamic characteris⁃
tics of the output variable during the control process.

de
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At the encoding time t , the variable target bit rate TBRtcan be converted to the target bit per pixel Tbppt by (1).
Tbppt = TBRt /(W∙H∙Frate) , (1)

where Frate indicates the actual frame rate and W and H are
frame’s width and height.

After the t⁃th frame is encoded, let Rt denote the actual out⁃
put bits, then the current buffer size Bt can be updated by (2).

Bt =Bt - 1 +Rt /(W∙H) - Tbppt . (2)

2.2 Fuzzy Interface
It is important to recognize input variables and output vari⁃

ables of the fuzzy control system. Generally, the fuzzy control
system defines two variables as the input variables. One vari⁃
able is the deviation between the actual value and system de⁃
fault value. Another is the change rate of this deviation. The
control value is determined as the output of the system. Since
QP value is the principal term that is employed to adjust the
encoder output bit rate and avoid over⁃flow and under⁃flow of
the buffers in video decoders, we take QP as the output of the
system in this fuzzy controller.

Generally, the content and motion complexity of the succes⁃
sive pictures have a high correlation, so the QP at the coding
time t ⁃ 1 is very close to that of the coding time t . Without
loss of generality, we define the incremental QP as output vari⁃
able u∗ , and then calculate the current QP based on the incre⁃
mental QP.

For low delay video capture and transmission system, a rela⁃
tively small buffer size is adequate. However, for random ac⁃
cess applications such as network televisions, a large buffer
size is obligatory. When feeding the bit stream into a HRD
with suitable parameters, the HRD buffer should be neither
overflow nor underflow. The overflow brings unexpected frame
skipping in the encoder, which may result in visual quality de⁃
grades. On the other hand, the underflow can lead to under uti⁃
lization of the available network bandwidth.

We define the deviation between the target buffer level BTand current buffer size Bt as the input variable et , define the
change rate of the deviation as another input variable eDt . Gen⁃
erally, in order to avoid overflow and underflow and to reduce
the deviation between the target buffer size and the current buf⁃
fer level, BT is set to constant value 0. et and eDt can be cal⁃
culated by (3) and (4).
et =Bt -BT , (3)

eDt = et - et - 1 . (4)
After the fuzzy controller inputs and outputs are selected,

we define the fuzzy control system. Fuzzy control is a fuzzy log⁃
ic based control method. In the fuzzy logic, fuzzy input vari⁃
ables are used for the fuzzy inference. Thus, precise inputs

should be converted to the fuzzy subset by the fuzzy interface,
which can be interpreted and compared to the rules in the rule⁃
base. The actual input variables are et and eDt , the scaled vari⁃
ables are E and EC , we define the domain of the scaled vari⁃
ables with finite integer. The domain S can be expressed by
(5).
S ={-6,-5,-4,-3,-2,-1,0,+1,+2,+3,+4,+5,+ }6 . (5)
The practical domains of input variables et and eDt are dif⁃

ferent from the domain S , so the actual input variables et and
eDt should be scaled into the scaled variables in domain
[-6,6] . If the values of input variables et and eDt range in
[aE,bE] and [aEC,bEC] respectively, the et and eDt can be
scaled to E and EC by (6),
ì

í

î

ï
ï
ï
ï

E = é
ë
ê

ù
û
ú

12∙(et -(aE + bE)/2)
bE - aE

EC = é
ë
êê

ù

û
úú

12∙(eDt -(aEC + bEC)/2)
bEC - aEC

. (6)

After scaling, scaled variables E and EC are then fuzzi⁃
fied by input fuzzy sets. Input fuzzy sets are defined on do⁃
mains S . Since the number of fuzzy segmentation determines
the fuzzy control accuracy, the fuzzy segmentation is signifi⁃
cant in the fuzzy controller. Designing more fuzzy segmentation
levels results in more control rules and increases the comput⁃
ing complexity. On the contrary, less fuzzy segmentation level
degrades the control precision and has low calculating com⁃
plexity. To maintain the trade⁃off between precision and com⁃
plexity, the most fuzzy control literature [24] adopts the fuzzy
controller, which divides the linguistic variable into 7 fuzzy
sets, to control systems and simulations show this fuzzy control⁃
ler can obtain effective control performance. In this paper, we
also use 7 fuzzy sets for input and output variables. Each input
fuzzy set is assigned a linguistic name: negative big (NB ), neg⁃
ative medium (NM ), negative small (NS ), zero (ZO ), positive
small (PS ), positive medium (NM ), positive big (PB ). We de⁃
fine fuzzy sets of E , EC and U as {NB,NM,MS,ZO,PS,
PM, }PB .
2.3 Knowledge Base

Fuzzification results are used in fuzzy rules to make com⁃
bined membership values for fuzzy inference. Once the domain
S and the fuzzy segmentation are selected, the membership
function is required, which is a quantitative description of the
fuzzy conception and is the basis of the fuzzy controller. It can
be utilized to transform the quantized precise inputs into fuzzy
sets. However, it is difficult to define the uniform membership
function type. In order to decrease computational complexity
and acquire low delay, we choose a simple triangle member⁃
ship function to change the values of E , EC and U into a
membership value that is confined to [0,1] .
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NB: negative big
NM: negative medium

NS: negative small
PB: positive big

PM: positive medium
PS: positive small

ZO: zero

▼Table 1. Membership function

PB
PM
PS
ZO
NS
NM
NB

⁃6
1
0
0
0
0
0
0

⁃5
0.5
0
0
0
0
0
0

⁃4
0
0.5
0
0
0
0
0

⁃3
0
1
0
0
0
0
0

⁃2
0
0.5
0.5
0
0
0
0

⁃1
0
0
1
0.5
0
0
0

0
0
0
0.5
1
0
0
0

1
0
0
0
0.5
0.5
0
0

2
0
0
0
0
1
0
0

3
0
0
0
0
0.5
0.5
0

4
0
0
0
0
0
1
0

5
0
0
0
0
0
0.5
0.5

6
0
0
0
0
0
0
1

▼Table 2. Fuzzy control rules

NB: negative big
NM: negative medium

NS: negative small
PB: positive big

PM: positive medium
PS: positive small

ZO: zero

NB
NM
NS
ZO
PS
PM
PB

NB
NB
NB
NM
NM
NS
NS
ZO

NM
NB
NM
NM
NS
NS
ZO
PS

NS
NM
NM
NS
NS
ZO
PS
PS

ZO
NM
NS
NS
ZO
PS
PS
PM

PS
NS
NS
ZO
PS
PS
PM
PB

PM
NS
ZO
PS
PS
PM
PM
PB

PB
ZO
PS
PS
PM
PM
PB
PB

Table 1 gives the membership values of the linguistic vari⁃
ables E , EC and U for fuzzy sets. The first row and column
of Table 1 are 13 values of the domain S and the fuzzy sets.

The fuzzy control rules are set up based on the expert knowl⁃
edge or the manual operation. Control rules are critical to the
fuzzy control system, since the quantity and accuracy of the
rules have an effect on the performance of the control system.
In this paper, we adopt the double ⁃ input singleoutput fuzzy
controller, the double inputs are E and EC , the single output
is the control variables U . So the fuzzy control rules in this pa⁃
per is IF E AND EC THEN U . Since the fuzzy spatial seg⁃
mentation of the proposed fuzzy controller has seven levels, we
can get 7 × 7 = 49 fuzzy control rules which represent the rela⁃
tionships between inputs ( E and EC ) and output (U ).

Table 2 gives the fuzzy control rules in this work. The first
row and column of Table 2 are the fuzzy sets of E and the
fuzzy sets of EC respectively. Other values are the elements
of the fuzzy sets of U .
2.4 Inference Mechanism

Inference mechanism emulates the expert’s decision in in⁃
terpreting and applying knowledge to control the process. By
inference mechanism, the membership values produced by
fuzzification are transformed to the output fuzzy set.

If a rule in Table 2 is IF E is Ai AND EC is Bi THEN U
is Ci , where Ai , Bi and Ci are fuzzy sets, these fuzzy sets are

defined by membership function in(7), (8) and (9).
Ai = ∫E μAi

(e)/E , (7)
Bi = ∫EC μBi

(ec)/EC , (8)
Ci = ∫U μCi

(u)/U , (9)
where μAi

(e) , μBi
(ec) and μCi

(u) are membership values. The
rule deduces a fuzzy relation Ri by (10).

Ri = Ai⊗Bi⊗Ci , (10)
where ⊗ is the mini⁃operation rule of fuzzy implication. The
ultimate fuzzy relation Re can be expressed by (11).

Re =⋃Ri , (11)
where ⋃ represents the union operation.

When inputs E and EC are given as A∗ and B∗ , the con⁃
trol variables Û can be calculated by (12).
Û = A∗⊗B∗⊕Re , (12)

where A∗ , B∗ and Û are fuzzy sets, ⊕ is the sup⁃min com⁃
positional operator.
2.5 Defuzzy Interface

The output control value Û generated by the inference
mechanism is a fuzzy value, which cannot be directly used in
the monitor. The defuzzification converts the result obtained by
the inference mechanism into the exact value which can be ap⁃
plied to control the process. In this paper, the fuzzy set Û ex⁃
pressed by membership values should be transformed to û by
the center of gravity method in (13).

û =∑i
μ
Û
(Ui)∙Ui∑i
μ
Û
(Ui) . (13)

Fuzzy sets A∗ and B∗ can be acquired according to Tables
1 and 2 after two input variables are calculated. Then the con⁃
trol variable û can be calculated according to (10), (12) and
(13).

In order to achieve low computation work, we built a fuzzy
logic querying table shown in Table 3 to represent the relation⁃
ship between the inputs e,ec and output u . Through looking
up this table, we can obtain the control variable based on the
input variables et and eDt .

The output control value û in Û cannot be directly used in
the RC system since the domain of the û is different from the
domain of adjustable parameter ΔQP . Thus, the scale factor
Kû is employed to converts the value in Table 3 to the actual
control value u∗ , which can be expressed by (14).
u∗ =[û∙Kû] . (14)
The maximum range of û value is ±6 , while the QP value

variation allowed in rate control amplitude is ±3 , so the scale

4
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▼Table 3. Querying table of fuzzy control

⁃6
⁃5
⁃4
⁃3
⁃2
⁃1
0
1
2
3
4
5
6

⁃6
⁃4.8
⁃4.8
⁃4.8
⁃4.8
⁃3.6
⁃3.6
⁃3.2
⁃3.2
⁃2.0
⁃2.0
⁃0.3
⁃0.3
0.0

⁃5
⁃4.8
⁃4.8
⁃4.8
⁃4.8
⁃3.6
⁃3.6
⁃3.2
⁃3.2
⁃2.0
⁃2.0
⁃0.3
⁃0.3
0.0

⁃4
⁃4.8
⁃4.8
⁃3.6
⁃3.6
⁃3.6
⁃3.6
⁃2.0
⁃2.0
⁃1.1
⁃1.1
0.0
0.0
0.3

⁃3
⁃4.8
⁃4.8
⁃3.6
⁃3.6
⁃3.6
⁃3.6
⁃2.0
⁃2.0
⁃1.1
⁃1.1
0.0
0.0
0.3

⁃2
⁃3.6
⁃3.6
⁃3.6
⁃3.6
⁃2.0
⁃2.0
⁃1.1
⁃1.1
0.0
0.0
1.1
1.1
2.0

⁃1
⁃3.6
⁃3.6
⁃3.6
⁃3.6
⁃2.0
⁃2.0
⁃1.1
⁃1.1
0.0
0.0
1.1
1.1
2.0

0
⁃3.2
⁃3.2
⁃2.0
⁃2.0
⁃1.1
⁃1.1
0.0
0.0
1.1
1.1
2.4
2.4
3.6

1
⁃3.2
⁃3.2
⁃2.0
⁃2.0
⁃1.1
⁃1.1
0.0
0.0
1.1
1.1
2.4
2.4
3.6

2
⁃2.0
⁃2.0
⁃1.1
⁃1.1
0.0
0.0
1.1
1.1
2.0
2.0
3.6
3.6
3.9

3
⁃2.0
⁃2.0
⁃1.1
⁃1.1
0.0
0.0
1.1
1.1
2.0
2.0
3.6
3.6
3.9

4
⁃0.3
⁃0.3
0.0
0.0
1.1
1.1
2.0
2.0
3.6
3.6
3.6
3.6
4.8

5
⁃0.3
⁃0.3
0.0
0.0
1.1
1.1
2.0
2.0
3.6
3.6
3.6
3.6
4.8

6
0.0
0.0
0.3
0.3
2.0
2.0
3.2
3.2
3.6
3.6
4.8
4.8
4.8

▼Table 4. Fuzzy rate control fast lookup table

⁃6
⁃5
⁃4
⁃3
⁃2
⁃1
0
1
2
3
4
5
6

⁃6
⁃5
⁃5
⁃5
⁃5
⁃4
⁃4
⁃3
⁃3
⁃2
⁃2
0
0
0

⁃5
⁃5
⁃5
⁃5
⁃5
⁃4
⁃4
⁃3
⁃3
⁃2
⁃2
0
0
0

⁃4
⁃5
⁃5
⁃4
⁃4
⁃4
⁃4
⁃2
⁃2
⁃1
⁃1
0
0
0

⁃3
⁃5
⁃5
⁃4
⁃4
⁃4
⁃4
⁃2
⁃2
⁃1
⁃1
0
0
0

⁃2
⁃4
⁃4
⁃4
⁃4
⁃2
⁃2
⁃1
⁃1
0
0
1
1
2

⁃1
⁃4
⁃4
⁃4
⁃4
⁃2
⁃2
⁃1
⁃1
0
0
1
1
2

0
⁃3
⁃3
⁃2
⁃2
⁃1
⁃1
0
0
1
1
2
2
4

1
⁃3
⁃3
⁃2
⁃2
⁃1
⁃1
0
0
1
1
2
2
4

2
⁃2
⁃2
⁃1
⁃1
0
0
1
1
2
2
4
4
4

3
⁃2
⁃2
⁃1
⁃1
0
0
1
1
2
2
4
4
4

4
0
0
0
0
1
1
2
2
4
4
4
4
5

5
0
0
0
0
1
1
2
2
4
4
4
4
5

6
0
0
0
0
2
2
3
3
4
4
5
5
5

factor Kû can be derived from (15).
Kû = max{ }ΔQP max

û ∈ S { }|| û = 3/5 = 0.6 . (15)
After scaling, a fast lookup table used for encoding process

is obtained (Table 4).
2.6 QP Computation in Rate Control

The incremental QP value ΔQ can be calculated based on
the proposed fuzzy control scheme. This ΔQ and the previous
frame QP value Qt - 1 are adopted to calculate the QP value,
which can be expressed by (16), to encode the current frame.
Qt

* =Qt - 1 + ΔQ =Qt - 1 + u∗ . (16)
As usual, the QP value is bounded in [Qmin,Qmax] , which in⁃

tends to avoid large quality fluctuation between two consecu⁃
tive frames. Therefore, all the derived QP values are clipped
by (17).
Qt =max{ }Qmin,min{ }Qmax,Qt

* . (17)

3 Input Domain Determination for Fuzzy
Controller
In a fuzzy controller, the practical domain of input variables

et and eDt can be converted to the internal domain E and
EC based on the practical variation range of input variables.
To quantize et and eDt , we pre⁃calculate the practical varia⁃
tion range of input variables [aE,bE] and [aEC,bEC] . This work
inherits the exponential R⁃D model to pre⁃calculate the practi⁃
cal variation range, which is expressed in (18).

Rbpp = α∙e-β∙Q , (18)
where Rbpp represents output encoded bits per pixel, Q d⁃
enotes quantization parameter QP, and α and β are model
parameters.

We run tests on different representative video sequences.
Table 5 lists the exponent fitting results including α , β and
the Pearson correlation coefficient P2 . P2 is the correlation
between the model and actual R ⁃ Q data. The correlation is
stronger with P2 being closer to 1, and vice versa. Table 5
shows that the R⁃Q curve intercept α drastically changes, but
the curvature β changes steadily. For example, in the 720p
sequence, the min and max value of α are 6.8911 and 27.178
respectively, however β is bounded in [0.0756,0.0949] .
Thus, we adopt β to pre ⁃ calculate the practical variation
range.

The first⁃order and second⁃order differentials of R⁃Q model
(18) can be expressed by

dRbpp

dQ
= α∙e-β∙Q∙(-β) = -β∙Rbpp , (19)

d2Rbpp

dQ2 = -β∙α∙e-β∙Q∙(-β) = β2∙Rbpp . (20)

When QP varies in a small range, we suppose
ΔRbpp ≈ dRbpp , ΔQ≈ dQ , ΔR2

bpp ≈ d2Rbpp , ΔQ2 ≈ dQ2 . There⁃
fore, if ΔQ bounds in [-3,3] , the practical variation range of
the two input domain can be calculated by (21).

[aE,bE] =[-ΔRbpp,ΔRbpp] =[-β∙Rbpp∙3,β∙Rbpp∙3] . (21)
Since β changes steadily, the mean of the β in Table 5 is

adopted to calculate (21) and (22). The Rbpp can be approx⁃

5
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▼Table 5. Exponential R⁃D model regression results

CIF: Common Intermediate Format QCIF: Quarter Common Intermediate Format WQVGA: Wide Quarter Video Graphics Array WVGA: Wide Video Graphics Array

Resolution

QCIF

CIF

4CIF

WQVGA

WVGA

720p

1080p

Average

Seq. name
Akiyo

Carphone
Coastguard
Deadline

Bus
Coastguard
Football
Harbour
City
Crew

Harbour
Ice

BasketballPass
BlowingBubbles

BQSquare
RaceHorses

BasketballDrill
BQMall

PartyScene
RaceHorses

DucksTakeOff
OldTownCross

Shields
Mobcal
Beach

BQTerrace
Cactus

ParkScene

MPEG⁃2
α

0.076
0.222
0.538
0.223
3.299
2.485
2.288
3.422
5.943
3.991
7.984
1.901
0.974
1.915
3.133
2.094
3.009
4.215
12.841
8.660
27.178
6.891
8.914
17.292
14.590
26.421
13.595
14.508

β
0.045
0.066
0.083
0.070
0.075
0.083
0.065
0.084
0.077
0.049
0.076
0.050
0.066
0.089
0.083
0.081
0.060
0.068
0.091
0.080
0.084
0.080
0.076
0.095
0.061
0.095
0.077
0.081
0.0746

P2

0.932
0.930
0.958
0.952
0.966
0.961
0.950
0.973
0.930
0.876
0.955
0.912
0.939
0.957
0.984
0.941
0.912
0.942
0.980
0.957
0.965
0.912
0.904
0.954
0.962
0.955
0.936
0.944
0.9442

MPEG⁃4
α

0.041
0.129
0.314
0.141
2.391
1.692
1.833
2.553
3.468
2.966
5.954
1.258
0.677
1.137
2.444
1.362
2.094
2.929
9.566
6.081
20.618
3.562
4.908
9.766
12.128
15.345
8.201
8.636

β
0.050
0.063
0.088
0.080
0.081
0.087
0.068
0.093
0.072
0.047
0.079
0.019
0.064
0.089
0.096
0.079
0.054
0.065
0.100
0.082
0.087
0.053
0.063
0.089
0.053
0.080
0.056
0.062
0.0713

P2

0.846
0.866
0.937
0.915
0.960
0.944
0.946
0.965
0.900
0.871
0.945
0.676
0.904
0.930
0.969
0.919
0.884
0.922
0.969
0.932
0.956
0.795
0.872
0.921
0.955
0.945
0.917
0.915
0.9098

H.263+
α

0.039
0.145
0.376
0.163
2.775
1.831
2.133
2.773
3.935
3.206
6.297
1.543
0.731
1.316
2.756
1.501
2.247
3.119
10.112
6.509
21.058
3.999
5.247
10.886
16.682
17.863
9.026
9.245

β
0.046
0.072
0.090
0.086
0.081
0.086
0.061
0.094
0.072
0.040
0.079
0.043
0.066
0.090
0.099
0.079
0.052
0.066
0.100
0.076
0.086
0.067
0.065
0.092
0.043
0.084
0.060
0.066
0.0728

P2

0.827
0.903
0.944
0.947
0.962
0.945
0.938
0.968
0.909
0.857
0.946
0.892
0.919
0.940
0.981
0.918
0.889
0.927
0.970
0.926
0.955
0.867
0.888
0.934
0.960
0.955
0.937
0.927
0.9261

H.264/AVC
α

0.589
3.213
20.495
3.296
60.099
149.425
38.644
150.684
411.483
192.370
451.766
27.528
17.868
54.966
109.042
45.569
60.816
93.920
385.835
375.714
1201.25
450.266
1244.72
2125.11
268.107
5276.24
2699.6
969.87

β
0.111
0.132
0.168
0.133
0.142
0.177
0.122
0.170
0.188
0.154
0.165
0.120
0.130
0.161
0.175
0.141
0.132
0.141
0.162
0.162
0.157
0.196
0.210
0.226
0.123
0.227
0.209
0.179
0.1611

P2

0.979
0.996
0.998
0.999
1.000
0.995
0.998
0.995
0.986
0.990
0.999
0.992
1.000
0.999
0.995
1.000
0.998
0.998
0.998
1.000
0.997
0.964
0.973
0.988
0.999
0.990
0.980
0.991
0.9927

imately arrived by the average of output bits per pixel.
[aEC,bEC] =[-ΔRbpp

2,ΔRbpp
2] =[-β2∙Rbpp∙32,β2∙Rbpp∙32] , (22)

Rbpp = 1
n
∙ 1
W∙H∙∑

i = 1

n

Rt - i , (23)
where n is the window size that is empirically set to 15.

4 Scene Change Detection
When an unpredictable scene change happens, video con⁃

tent changes among consecutive frames. In this condition, in⁃

formation, such as QP, from previous frames cannot be directly
employed to encode the current frame. Therefore, scene ⁃
change detection is significant to recognize changes and pre⁃
vent unexpected inter prediction. There is much research work
dealing with the scene change detection based on the video
frame features, such as luminance component [25], YUV’s
mean [26], image complexity MAD [27] and color histogram in⁃
formation [28]. The statistical properties of video sequences in⁃
dicate that the histogram information between the two adjacent
frames has a greater difference when the scene change occurs.
Therefore, this paper proposes scene a unified scene change
detection algorithm based on the histogram statistics informa⁃
tion of the video frame, which integrates the Pearson correla⁃

6
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tion coefficient and cosine similarity to calculate the histogram
correlation between the two adjacent frames.
4.1 Pearson Correlation Coefficient

The Carl Pearson correlation coefficient P 2
t - 1, t is used to

represent the histogram relationship between two consecutive
frames.

Pt - 1, t =
∑
i = 1

n

( )Ht - 1[ ]i - H̄t - 1 ( )Ht[ ]i - H̄t

∑
i = 1

n

( )Ht - 1[ ]i - H̄t - 1
2 ∑

i = 1

n

( )Ht[ ]i - H̄t

2 , (24)

with
H̄t =∑

i = 1

n

Ht[ ]i /n , (25)
where H is histogram, Ht[i] represents the total number of
pixels at gray level i in coding the current frame, n denotes
the total number of elements in H ,which is usually set to
256, and Pt - 1, t ranges in [-1,1] .

The correlation between two consecutive frame histograms
can be measured by P 2

t - 1, t . Generally, if the P 2
t - 1, t is greater

than the predefined threshold 0.8, the correlation becomes ob⁃
vious. Otherwise, the correlation is weak, which indicates the
scene change happens.
4.2 Cosine Similarity of Histograms

Another algorithm for scene change detection between suc⁃
cessive frames is the cosine similarity. It is expressed by (26).

cos( )θt - 1, t = Ht - 1∙Ht

 Ht - 1 ∙ Ht

= ∑
i = 1

n

Ht - 1[ ]i ∙Ht[ ]i

∑
i = 1

n

( )Ht - 1[ ]i
2 ∑

i = 1

n

( )Ht[ ]i
2 , (26)

where the cosine similarity is bounded in [0,1] . If thecos(θt - 1, t) is close to 1, it denotes the correlation is strong. Oth⁃
erwise, the correlation is weak, which shows the scene change
occurs.
4.3 Unified Scene Change Detection and GOP Adjustment

To improve the accuracy of scene change detection, we pro⁃
pose a novel scene change detection method that combines the
Pearson correlation coefficient and the cosine similarity to de⁃
tect the histogram correlation between the two adjacent frames.
We define Simt to express the similarity between two succes⁃
sive frames, which is calculated by (27).
Simt =Pt - 1, t∙ cos(θt - 1, t) . (27)
We predefine a threshold ξ , and it means a scene change

occurs if the Simt is lower than the ξ . Otherwise, there is no
scene change. ξ is an experience value showing the sensitivi⁃

ty of the scene detection, which is empirically set to 0.85.
The adaptive GOP structure is formed according to the

scene structure. When a scene change occurs, the current
frame type is set to I⁃frame. Besides, we should adjust the GOP
size and allocate a new GOP.

5 Fuzzy Rate Control Algorithm
This section exhibits a new rate control algorithm (Algo⁃

rithm 1) that integrates the proposed fuzzy controller and the
unified scene change detection.
Algorithm 1 Fuzzy Rate Control Algorithm
Require:

Initial QP value, QIni ;Target bit⁃rate(kbps), TBR ;
Resolution of the source, W ×H ;
Frame rate, Frate ;Total number of frame to be encoded, N ;
Fuzzy rate control fast lookup Table 4 , T[13][13] ;
Constant R⁃D model value, β = 0.07 for QP range [0,31] or
β = 0.15 for QP range [0,51];
Constant scene change detection empirical value, ξ = 0.85 ;
Initial encoding time, t = 0 ;
Initial the HRD buffer error and its deviation, et = eDt = 0 ;

Ensure:
1: Encode the first frame adopting QIni and type0 = Intra ;
2: t = t + 1 ;
3: While t <N do
4: Collect the previous output bits Rt - 1 ; Update the target

bit per pixel Tbppt by (1); Update the HRD buffer error
Bt by (2);

5: Calculate the HRD buffer error et and its deviation eDtby (3) and (4) respectively;
6: Count the average frame bits per pixel Rbpp by (23);

Calculate the fuzzy controller input domain [aE,bE] and[aEC,bEC] by (21) and (22) respectively;
7: Calculate the fuzzy control input value e and ec by (6)

and (7); Bring e and ec into table T , query the
incremental control value u∗ ;

8: Calculate the current frame QP value, Qt =Qt - 1 + u∗ .
9: Count the previous and current frame histograms, Ht - 1and Ht separately;
10: Calculate Carl Pearson coefficient of histograms Pt - 1, t

by (24);
11: Calculate cosine similarity of histograms cos(θt - 1, t)

by (26);
12: Calculate similarity between two adjacent frames, Simtby (27);
13: Gather the current frame type, typet ∈{Intra,Inter} ;14: if typet = Intra and Simt < ξ then15: typet = Intra ;

7
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6 Simulation Results
To assess the performance of the proposed rate control

scheme, the experiments were conducted on MPEG⁃2, H.263,
MPEG ⁃ 4 and H.264/AVC, and Hx265 separately. There are
two prediction structures over the coding tests. One is All⁃Intra
frames coding (II..I) and the other is low⁃delay frames coding;
only the first frame is I⁃frame and the remaining frames are all
P⁃frames (IPP..P). Comprehensive experiences have been car⁃
ried out to evaluate the performance of the proposed FRCA
and the default configuration encoding. Typically, the test QP
points are {8,11,14,17,20} for the QP range of [0,31] and{17,22,27,32,37} for the QP range of [0,51] .

Table 6 gives seven groups of video sequences generated
for the coding tests. All of the encoding tests in this paper are
based on these video sequences.

Four classical encoders are used to show the control accura⁃
cy of the FRCA in Table 7. We can find that the bit rate error
(the difference between the target bit rate and actual bit rate)
of the FRCA is relatively small. For AI case, the average bit
rate error is less than 0.066%; for LD case, the control accura⁃
cy can achieve 0.03%.

Fig. 2 shows the simulation results of the HRD buffer size
during the coding process with All⁃Intra and low⁃delay coding
structure. The X⁃axis and Y⁃axis denote the picture index and
the actual buffer size respectively. It is obvious that, compared
with the default configuration encoding, our algorithm signifi⁃
cantly acquires a more stable buffer size during the entire cod⁃
ing process. According to the upper and lower limits of the Y⁃

axis given in Fig. 2, FRCA can control the buffer curves in a
very narrow interval. Although there are large fluctuations
caused by scene change, the buffer curves can more quickly re⁃
sponse and return to steady, which illustrates that the FRCA
can effectively work in video coding.

In Figs. 2b and 2d, it can be seen that buffer curves are on
the brink of the target buffer level (constant set to 0), and fluc⁃
tuate frequently. However, our rate controller quickly and ef⁃
fectively controls the buffer and makes the buffer close to tar⁃
get buffer levels, which indicates the FRCA has a strong con⁃
trol ability.
Fig. 3 shows the actual output bit curves for each frame cod⁃

ing. The X⁃axis is the picture index and Y⁃axis denotes the ac⁃
tual output bit per pixel (bpp) during frame level encoding. It
is evident that the curves of FRCA are consistent and very reg⁃
ularly fluctuates around the target bpp. The four classic encod⁃
ers under default configuration value coding exhibit that frame
level bpp are not controlled and present obvious volatility char⁃
acteristics. In Fig. 3, FRCA variances σ are smaller than those
of classic encoders, which indicates that FRCA can totally ful⁃
fil the purpose of rate control. The FRCA bpp variance σ in all
of the sub⁃figures is significantly less than the σ value of de⁃
fault configuration encoding. Meanwhile, the σ value of FRCA
with scene change ON is smaller than the σ value in the OFF
condition. This means that the scene change detection with
adaptive GOP length can obviously enhance FRCA perfor⁃
mance.

To further demonstrate the FRCA algorithm performance in
the latest encoders, comprehensive experiences have been con⁃
ducted on Hx265. The simulations are performed over the se⁃
quences of Class A-Class F suggested by the common test con⁃
ditions (CTC) for Hx265 [29], which include 20 sequences
with resolutions ranging from 4K to WQVGA. Table 8 pres⁃
ents the control accuracy results for comparison with the de⁃
fault RC algorithm. From Table 8 we can find that the bit rate
error of the FRCA is much smaller than the default RC algo⁃
rithm. It shows that the proposed algorithm works better than

16: else
17: typet = Inter ;18: end if
19: Encode one frame with Qt and typet ;20: t = t + 1 ;
21: end while

▼Table 6. Video sequences used for the coding tests

CIF: Common Intermediate Format
QCIF: Quarter Common Intermediate Format

WQVGA: Wide Quarter Video Graphics Array
WVGA: Wide Video Graphics Array

QCIF

CIF
4CIF

WQVGA

WVGA

720p

1080p

Sequence
Akiyo (160)+Bridge (180)+Claire (200)+Container (220) +Deadline (240)

Coastguard (160)+Soccer (180)+City (200)+Foreman (220) +Silent (240)
Soccer (220) + Ice (240) + City (260) + Harbor (280)

BasketballPass (360)+BlowingBubbles (440)+BQSquare (520) +RaceHorses (280)
BasketballDrill (360)+BQMall (520)+PartyScene (440)+RaceHorses (280)

InToTree (240)+Mobcal (280)+OldTown (320)+Shields_ter (360) + Stockholm (400)
Kimono (240)+ParkScene (240)+Beach (250)+Cactus (390)+ BQTerrace (480)

Frequency (Hz)
30

30
30
50

50

25

25

Frames
1000

1000
1000
1600

1600

1600

1600

▼Table 7. Rate control accuracy for AI and LD

AI: All⁃Intra
CIF: Common Intermediate Format
LD: Low delay

QCIF: Quarter Common Intermediate Format
WQVGA: Wide Quarter Video Graphics Array
WVGA: Wide Video Graphics Array

QCIF
CIF
4CIF

WQVGA
WVGA
720p
1080p
Average

AI
MPEG⁃2
0.004%
0.004%
0.428%
0.003%
0.004%
0.001%
0.020%
0.066%

MPEG⁃4
0.003%
0.006%
0.005%
0.002%
0.003%
0.004%
0.009%
0.004%

H.263+
0.004%
0.005%
0.030%
0.001%
0.003%
0.002%
0.019%
0.009%

H.264/AVC
0.007%
0.008%
0.006%
0.007%
0.004%
0.005%
0.028%
0.009%

LD
MPEG⁃2
0.107%
0.011%
0.006%
0.002%
0.007%
0.011%
0.065%
0.030%

MPEG⁃4
0.030%
0.025%
0.002%
0.006%
0.007%
0.005%
0.100%
0.025%

H.263+
0.107%
0.032%
0.007%
0.004%
0.017%
0.016%
0.078%
0.037%

H.264/AVC
0.035%
0.012%
0.004%
0.009%
0.009%
0.010%
0.111%
0.027%

8
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the default RC algorithm for both AI structure and LB struc⁃
ture on Hx265. To clearly represent the FRCA control accura⁃
cy on Hx265, Fig. 4 shows the simulation results of the HRD

buffer size during the coding process with All⁃Intra and low⁃de⁃
lay coding structure. The HRD buffer state diagrams of the de⁃
fault RC algorithm are provided in (a), (b), and (c) in the figure

FRCA: Fuzzy Rate Control Algorithm QP: quantization parameter WQVGA: Wide Quarter Video Graphics Array

FRCA: Fuzzy Rate Control Algorithm WQVGA: Wide Quarter Video Graphics Array

▲Figure 2. HRD buffer size comparison of default configuration encoding and FRCA.

(a) (b)

(c) (d)

▲Figure 3. Actual bit per pixel performance comparison of default configuration encoding and FRCA.
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and the HRD buffer state diagrams of the FRCA are presented
in (d), (e), and (f). It is obvious that, compared with the default
configuration encoding, our algorithm can strictly control the
HDR buffer in a very narrow interval and acquire a more sta⁃
ble buffer size during the entire coding process.

7 Conclusions
This paper develops a novel RC algorithm base on a fuzzy

controller regardless of R ⁃ D model dependence, named the

Fuzzy Rate Control Algorithm (FRCA). The significant features
of the FRCA are simple, efficiency and low computation com⁃
plexity. Considering the efficiency and accuracy of the control
system, an input domain determination scheme is adopted in
the proposed fuzzy controller. The work employs a fast lookup
table generated by fuzzy logic to calculate increment QP value,
which reduces the computation complexity. In addition, we pro⁃
pose scene change detection for adaptive GOP length adjust⁃
ment. FRCA achieves accurate rate control while maintains ex⁃
tremely low delay between the encoder and the decoder. Exten⁃
sive simulations and analytical results demonstrate that the FR⁃
CA outperforms the default configuration encoding in bitrate
accuracy.

AI: All⁃Intra
FRCA: Fuzzy Rate Control Algorithm
HEVC: High Efficiency Video Coding

LD: low delay
RC: rate control

FRCA: Fuzzy Rate Control Algorithm HEVC: High Efficiency Video Coding RC: rate control VBR: variable bit rate

▼Table 8. Rate control accuracy comparison

Sequence

HEVC⁃A
HEVC⁃B
HEVC⁃C
HEVC⁃D
HEVC⁃E
Overall

Default RC
AI

20.17%
24.12%
18.32%
7.83%
9.23%
19.33%

LD
7.94%
4.54%
5.51%
1.49%
5.61%
5.74%

FRCA
AI

0.09%
0.04%
0.03%
0.01%
0.02%
0.04%

LD
0.08%
0.07%
0.03%
0.02%
0.07%
0.06%

▲Figure 4. HRD buffer size comparison for AI structure on Hx265.

(a)BasketballDrive Default RC (b) Racehorse Default RC (c) BasketballPass Default RC

(d) BasketballDrive FRCA (e) Racehorse FRCA (f) BasketballPass FRCA
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