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Abstract: This paper proposes a frame-level rate control algorithm for low delay video applications 
to reduce the fluctuations in the bitrate. The proposed algorithm minimizes the bitrate fluctuations 
in two ways with minimal coding loss. First, the proposed rate control applies R-Q model to all 
frames including the first frame of every group of pictures (GOP) except for the first one of a 
sequence. Conventional rate control algorithms do not use any R-Q models for the first frame of 
each GOP and do not estimate the generated-bit. An unexpected output rate result from the first 
frame affects the remainder of the pictures in the rate control. Second, a rate-distortion (R-D) cost 
is calculated regardless of the hierarchical coding structure for low bitrate fluctuations because the 
hierarchical coding structure controls the output bitrate in rate distortion optimization (RDO) 
process. The experimental results show that the average variance of per-frame bits with the 
proposed algorithm can reduce by approximately 33.8% with a delta peak signal-to-noise ratio 
(PSNR) degradation of 1.4dB for a “low-delay B” coding structure and by approximately 35.7% 
with a delta-PSNR degradation of 1.3dB for a “low-delay P” coding structure, compared to HM 8.0 
rate control.      
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1. Introduction 

As telecommunication technologies and smart multi-
media devices are being developed and deployed rapidly, 
network traffic on the wired and wireless networks has 
increased drastically. Mobile traffic, such as text 
messaging, multimedia messaging and handset video 
services are forecasted to increase by approximately 78% 
in the annual growth rate from 2011 to 2016 [1]. Despite 
the advancements in network technology, the network 
bandwidth has been congested by ever-increasing global 
internet traffic induced by the rapid increase in video 
content transmission. To reduce the oversized internet 
video traffic, a next generation video coding standard, 
which is known as high efficiency video coding (HEVC), 
was developed by joint collaborative team on video coding 
(JCT-VC) in cooperation with ITU-T SG 16 Working 
Party 3 video coding experts group (VCEG) and ISO/IEC 
JTC 1/SC 29/WG 11, moving picture experts group 

(MPEG) [2]. The emerging HEVC, which uses intra 
prediction, inter prediction, transform, in-loop filter and 
entropy coder is a type of block-based hybrid coding 
structure, such as MPEG-1 Video, MPEG-2 Video, 
MPEG-4 Visual, H.264/Advanced video coding (AVC), 
etc. HEVC is known to reduce average bitrate by 50% with 
the same subjective quality compared to H.264/AVC. 
HEVC and H.264/AVC have three main differences. First, 
a quadtree structured coding tree unit (CTU) which is 
composed of coding units (CUs), prediction units (PUs), 
and transform units (TUs) of variable sizes is used in 
HEVC. Second, precise and complex prediction tools are 
employed in intra- and inter-prediction: 35 spatial 
predictions for intra-frame coding mode and 8-tap 
interpolation filter, asymmetric motion partitioning, 
advanced motion vector prediction (AMVP), and merge 
mode for inter-frame coding mode. Third, additional tools, 
such as sample adaptive offset (SAO) and discrete sine 
transform (DST), are employed in HEVC. HM8.0 
reference software for HEVC standard can encode the 
same sequence with 36.7% bit saving, compared to JM-
18.4, the H.264/AVC reference software [3]. As final draft 
international standard (FDIS) of HEVC is scheduled to be 
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completed by Jan. 2013, some extension tools and non-
normative technologies such as encoder optimization, 
decoder speed improvement, post filtering, and loss 
concealment are being actively developed [4]. 

Along with the normative tools and decoding 
algorithms, rate control plays an important role in real 
video applications and has been studied steadily in the 
video coding field despite being a non-normative tool. 
TM5 for MPEG-2 employs a simple rate control based on 
fluid flow traffic model [5]. They reported that the P 
frames adjacent to an I frame are more important than the 
P frames further away in the same group of pictures (GOP). 
Therefore, more bits are allocated to the P frames closer to 
the I frame in their study. The rate control of H.263 
considers the error-free environment for all practical 
purposes with some trade-off between complexity and 
quality [6]. The frame dropping concept was used when 
the bit-rate budget is exceeded. Verification model (VM) 8 
for MPEG-4 was developed to achieve a constant bit rate 
for multiple video objects coding [7]. JVT-N046 for 
H.264/AVC achieves fairly precise target bit control as 
well as good RD performance [8]. Rate control is also an 
essential part of an HEVC encoder to provide real-time 
services at a limited bandwidth. The rate control for 
HM8.0, which was adopted at JCTVC 8th San Jose meeting, 
employs quadratic pixel-based unified rate-quantization 
(URQ) model using mean absolute difference (MAD) to 
avoid chicken and egg dilemma between the number of 
bits and the quantization parameter (QP). Rate control also 
provides a simple leaky bucket model for the bit controller 
and R-Q model for the quality controller. Depending on 
the applications, they can be applied to GOP level, frame 
level or unit level [9]. In GOP level rate control, the given 
target-bit of a sequence is distributed onto the frames 
within a GOP to ensure that all frames in the GOP have 
similar visual quality [10]. In frame level rate control, The 
QP of a frame derived by the rate control algorithm is 
dependent on whether the frame is a reference frame or not. 
If the frame is a reference frame, the R-Q model is applied 
with a target-bit and MAD of the frame. Otherwise, the 
mean QPs of the adjacent reference frames in a previous 
GOP are used as the frame QP. The predicted target-bit is 
distributed equally to all basic units. A unit QP is 
determined with unit MAD and target-bit in the same way 
as in the frame level rate control. From a functionality 
point of view, the rate control is composed of the bit 
controller and quality controller. The bit controller 
distributes the target-bit among the frames or units 
adaptively according to a video sequence. As QP is related 
closely to the generated-bit, the rate control adjusts the QP 
to guarantee a given target-bit with a statistical model in 
the quality controller.  

A performance evaluation of rate control can be 
considered a multi-dimensional problem. First of all, it is 
most important for rate control to maintain a target-bit. 
Once rate control meets the target-bit requirement, its 
performance can be evaluated by the high compression 
performance and low bit fluctuation. For digital video 
recording (DVR) services, it is important to obtain better 
coding gain because many videos are normally stored in 
restricted space. This can be obtained by allocating more 

bits to the reference frames than the non-reference frames 
to increase the accuracy of the prediction. For bi-
directional video communication applications, it is 
essential to minimize the bit fluctuations because it would 
maximize the efficiency of the channel and reduce the 
response time. On the other hand, achieving both 
requirements concurrently is not straightforward; high 
compression performance and low bit fluctuation. The 
HEVC adopted rate control algorithm [11] shows a high 
average BD-Bitrate loss; 31.51%, 27.46% and 21.82% for 
random access (RA), low delay B (LB), and low P (LP), 
respectively, compared to HM8.0 without rate control. For 
HM8.0, several rate control algorithms, such as rate-
lambda model and adaptive rate control were considered. 
Rate-lambda model [12] enhances the compression gain 
with a new bits allocation model, and adaptive rate control 
[13] defines a new distortion model to improve peak 
signal-to-noise ratio (PSNR). On the other hand, those 
algorithms focus on the compression performance or 
PSNR fluctuations rather than the reduction of bit 
fluctuations. Because allocating uneven bits for a frame 
can affect the transmission delay significantly, it is 
essential to consider a stable bits control algorithm for 
practical applications. This paper proposes two algorithms 
to reduce the bit fluctuations with slight coding loss for 
low delay applications. In the first algorithm, R-Q model is 
applied to the first frame in every GOP instead of using the 
average QP of the reference frames in the previous GOP to 
maintain seamless quality, which might result in bit 
fluctuation. The other is that rate-distortion (R-D) cost is 
defined regardless of hierarchical coding structure, which 
makes periodic bit fluctuations to obtain high R-D 
performance. The experiments showed that the bit 
fluctuations decrease with acceptable coding loss. 

The remainder of this paper is organized as follows. 
Section 2 provides an overview of the rate control of 
HM8.0 including R-Q model and a bit-controller. Section 
3 introduces the proposed low-delay rate control algorithm 
for HEVC. Section 4 analyzes the bit fluctuation, PSNR 
fluctuations and buffer occupancy fluctuation of the 
proposed algorithm and conventional rate control. Finally, 
Section 5 concludes the paper. 

2. Conventional fluid-flow traffic model 
using R-Q model 

In conventional rate control algorithms, the target 
bitrate is given to rate control module, and a rate controller 
then calculates a QP to guarantee the bitrate restriction 
based on prior statistics [5]. To reduce the error between 
the given target-bit and a generated-bit, the rate controller 
employs virtual buffers, a complexity model, bit 
controllers and quality controllers. The virtual buffers that 
indicate whether it is overflow or underflow are used for 
both intra-coded frames (IB) and inter-coded frames (VB) 
[14]. The complexity model plays a major role in solving 
chicken-and-egg dilemma between bitrates and QP. Recent 
rate control algorithms adopted for H.264/AVC and HEVC 
reference software utilize MAD models for complexity 
modeling. The rate control of HM8.0 employs a pixel-
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Fig. 1. Block diagram of the conventional rate control. 
 

based unified R-Q model to consider the variable coding 
block of the HEVC [11]. Fig. 1 shows the modules and 
data flow for rate control. 

As shown in Figure 1, the conventional rate control 
algorithm [5] consists of three parts; GOP level, frame 
level and unit level rate controls. The GOP level rate 
control is in charge of the overall management of the target 
bitrate among GOPs, and uses a derivation process of a 
reference QP from a previous GOP to maintain the inter-
GOP quality as well as the decision process for a frame 
budget according to the status of buffer occupancy. A 
predicted QP for a GOP was calculated by the weighted 
average QP of the reference frame in the previous GOP. 
The predicted QP is defined as 

 

2 if ( )1
.,

2 if ( )1

BiQP abs V Ii i i NGOPQPpred i BiQP abs V Ii i i NGOP

⎧⎪⎪ + + <⎪⎪ −⎪⎪⎪= ⎨⎪⎪⎪ − + >⎪ −⎪⎪⎪⎩

  

                                  (1) 
 

where i is the frame index, QPpred, i is the reference QP, Vi 
is the VB that indicates how many bits are exceeded or are 
insufficient to reach the target-bit per frame, and Ii is the 
IB for I frames. The frame budget BBi is calculated using the 
following equation:  
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where Ri is the bandwidth of ith GOP, f is the frame rate of 
the sequence, and Nf  is the number of frames in a GOP. 
The budget only depends on the VB in the constant bit rate 
(CBR) case. In frame level rate control using R-Q model, a 
target-bit and frame complexity are needed for a frame to 
calculate a frame QP. The target-bit is computed by a bit-
controller and the frame complexity is calculated based on 

the complexity model, such as MAD model. The target-bit 
is calculated by a weighted combination as follows: 

 
                (3) ˆ( ) ( ) (1 ) ( ).i iT j T j T jβ β= × + − ×

 
where β is a pre-defined constant value and j is a frame 
index, respectively. T j  is based on the status of the 

buffer occupancy and T j  is based on the remaining 
budget in (2). MAD, which is used to measure the frame 
complexity, is defined as 

( )i

ˆ ( )i

 
 ( ) ( ), , 1pred i m actual i mMAD j MAD jα β= × − +         (4) 

 
where αm and βm are the characteristic variables of the 
MAD model, which are updated after encoding of a frame. 
MADpred is the predicted MAD of the current frame and 
MADactual is the actual MAD of the previous frame. R-Q 
model for frame level rate control is defined as  

 

 ( ) ( ) ( ) ( ), 2( )R R
i pred i

i i
T j MAD j

QP j QP j
α β= × + .         (5) 

 
where Ti(j) is the target-bit, which is calculated from (3). 
αR and βR are the characteristic variables of R-Q model. 
The frame target-bit is divided and distributed uniformly to 
a target-bit for each unit in the frame. In unit level rate 
control, a QP for a unit is calculated with the unit MAD 
and a unit target-bit by R-Q model in the same way as in 
the frame level rate control.  

3. The proposed rate control algorithm 

For low-delay applications with a rate control, it is 
more desirable to produce an accurate actual bitrate. The 
rate control of HM8.0 calculates the QP values for a target 
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bit using R-Q model with the status of the buffer 
occupancy. On the other hand, R-Q model is not used for 
some frames in a GOP. Although forgoing R-Q model on 
the first frame ensures frame quality, continuity over the 
amount of generated-bit might not be guaranteed without 
considering the status of the buffer occupancy. Moreover, 
although different Lagrange multipliers improve RD 
performance, they could generate bit fluctuation. This 
paper proposes two techniques to solve the problems 
causing bit fluctuations. 

3.1 Employment of R-Q model on the first 
frame in a GOP 

The conventional rate control algorithm does not apply 
R-Q model to the firstly-coded frame of a GOP to prevent 
visual artifacts, such as blocking, blurring, and jitter. In 
particular, the firstly coded frame in RA is essential for 
enhancing the compression performance of the following 
frames because RA uses a hierarchical coding structure to 
improve the prediction performance. Therefore, a QP, for 
the first frame, is derived from the average QP of a 
previous GOP. Fig. 2 shows picture order counter (POC) 
and encoding order counter (EOC) in RA.  

 
 

 

Fig. 2. Hierarchical coding structure in RA. 

The firstly-coded frame in the ith GOP is exploited as a 
reference frame for following frames in the GOP. Fig. 3 
shows the bit fluctuations caused by the firstly coded 
frame. The maximum-bit except for the I frames of Fig. 
3(a) was 1.9 megabits (Mbits), which is more than twice 
higher than average of 0.8 Mbits. The maximum-bit for 
inter-coded frames on Fig. 3(b) is two-and-a-half times 
more than the average. In the rate control of HM8.0, an 
unexpected bits fluctuation is observed at the firstly coded 
frame of a GOP and the difference between the target-bit 
and generated-bit continues to increase. Note that a bit-
controller can be damaged by unexpected bits, which 
affect R-Q model. As a result, the generated-bit, which is 
spent too much or too little on the first frame affects 
following frames. These unexpected generated-bit can 
make a long transmission delay, which is unsuitable for 
real-time video applications. In addition, the first frame is 
not a major reference-frame in low delay (LD) because all 
frames are encoded only with POC not using hierarchical 
coding structure. Therefore, this paper proposes that all of 
the frames except for the first frame of a sequence uses R-
Q model to minimize the unintended bit fluctuation for a 
frame-level rate control. Table 1 lists specific the existing 
QP computation algorithm and proposed RQ-based first-
frame QP (FF-QP). 

By calculating the target-bit for a frame, Eq. (3) with a 
virtual buffer based on remaining budget and the other 
virtual buffer based on the status of buffer occupancy was 
employed. The rate controller predicts the QP for the first 
frame with R-Q model with the computed target-bit and a 
frame MAD. To meet a given target-bit, the QP is 
restricted to pQP+2 when the remaining-bit of the GOP 
runs short.  

3.2 Use of single temporal layer ID for LD 
Modern video transmission systems have supported the 

temporal scalability to provide a stable quality of service 
(QoS) under a variety of network conditions. The temporal 

 

 
(a) 

 

 
(b) 

Fig. 3. Bit fluctuations for Class B sequences (a) ′BQTerrace′ for LB 52,632 Kbps, (b) ′Kimono′ for LB 5,202 Kbps. 
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Table 1. QP derivation process for the first frame in a GOP.

QP for the first frame of a GOP (HM8.0) Proposed RQ-based first-frame QP (FF-QP) 

QP ← average QP of a previous GOP 
IF previous frame QP + 2 < QP THEN 

QP ← QP + 2 
ELIF previous frame QP – 2 > QP THEN 

QP ← QP - 2 
ENDIF 

IF No remaining bits in a GOP THEN 
QP ← pQP + 2 

ELSE 
Predict a target-bit 
invoke the unified R-Q model 

ENDIF 
 
// pQP: previous QP 

 

scalability can be implemented in a straightforward 
manner with a temporal layer ID (TID) using a hierarchical 
coding structure considering the compression performance. 
The TIDs were used to distinguish between the reference 
frame and non-reference frame by Media-Aware Network 
Elements (MANEs). For example, when the network status 
becomes worse, the MANEs discard the frame with a 
particular TID to control an actual bitrate. Fig. 4 shows a 
hierarchical coding structure causing bit fluctuations with 
different TIDs for LD applications.  

 

 

Fig. 4. Hierarchical coding structure in LD. 
 
The hierarchical coding structure allocates a TID 

according to POC. The last frame with a zero TID in a 
GOP is referenced more frequently as a predictor to 
improve the compression performance of the following 
frames. The conventional rate control chooses a Lagrange 
multiplier according to the TID in the rate distortion 
optimization (RDO) process, which affects output bits to 
consider the last frame as a vital reference frame. R-D cost 
is denoted as  

 
 min{ }, whereJ J D Rλ= +              (6) 

 
where D and R are the amounts of distortion and 
generated-bit, respectively, the R-D cost, J, is minimized 
for a particular Lagrange multiplier λ [15]. Note that λ has 
to be recalculated after the decision process of a QP in the 
rate control. λ is calculated as follows:  
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                        (7) 

where the fQP is a pre-defined constant value according to 
the prediction mode. For example, R-Q model generally 
selects a higher QP than the previous QP when the GOP 
budget calculated in Eq. (2) is gradually running low. As a 
higher QP leads to a higher λ, the generated–bit (R) is 
weighted more than the distortion (D) in Eq. (6). Although 
the strategy that places more target-bit into the frequently-
referenced frames, e.g. the last frame enhances R-D 
performance with high-quality non-reference frames, it can 
cause severe bit fluctuations that can produce transmission 
delays for real-time video applications. In addition, the 
MANE-based video delivery with temporal scalability can 
be considered to be the same as the rate control. Therefore, 
this paper focuses on rate control to regulate the bits 
generated for real-time video applications. Single λ (SL) 
with respect to QP and prediction mode regardless of the 
TID are used to control the actual generated-bit for low 
delay applications. In the proposed modification, the first 
one of Eq. (7) was used.  

4. Performance Evaluation 

The proposed rate control was evaluated under the 
CBR conditions using a low delay configuration. To 
calculate a target bitrate, the same sequences were encoded 
using HM8.0 given in JCTVC-J1100 common test 
conditions (CTC) [16]. The target bitrate was set to the 
output bitrate of that by HM8.0. To show how the 
proposed rate control fulfills the target bitrate, Δkbps is 
defined as  

 

 proposed HM8.0

HM8.0

'bits ' 'bits ' 
kbps 100

'bits '

−
Δ = ×           (8) 

 
where bitsproposed and bitsHM8.0 are the output bitrates of the 
proposed rate control and HM8.0, respectively. ΔPSNR is 
the difference used to evaluate the frame quality between 
the proposed rate control and the rate control of HM8.0, 
which is denoted as 

 
 proposed HM8.0rcPSNR 'PSNR ' 'PSNR 'Δ = −          (9) 

 
where PSNRproposed and PSNRHM8.0rc are the PSNR of the 
proposed rate control and the rate control of HM8.0, 
respectively. To measure the stability of bit fluctuation, Δσ 
is denoted as 
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 HM8.0rc proposed

HM8.0rc

' ' ' ' 
100

'bits '

σ σ
σ

−
Δ = ×             (10) 

 
where σproposed and σHM8.0rc are the variances of the 
generated-bit of the proposed and HM8.0 over a sequence, 
respectively. Table 2 lists the performance of the proposed 
rate control with RQ-based FF-QP and SL. 

 
Table 2. Rate control performance for LB and LP cases 
compared to the rate control of HM8.0. 

Low delay B Low delay P Class 
Δkbps ΔPSNR Δσ Δkbps ΔPSNR Δσ 

Class B 0.34% -1.13 dB 45.32% 0.29% -1.01 dB 51.33%
Class C 0.19% -0.7 dB 45.36% 0.18% -0.63 dB 46.16%
Class D 0.17% -0.47 dB 25.59% 0.19% -0.42 dB 24.18%
Class E 0.72% -0.71 dB 18.8% 0.73% -0.71 dB 21.06%

Average 0.36% -0.75 dB 33.77% 0.35% -0.69 dB 35.68%
 

The proposed algorithm efficiently reduced the bit 
fluctuations by an average of 33.77% and 35.68% for LB 
and LP, respectively, compared to the rate control of 
HM8.0. The maximum reduction of bit fluctuations was 
approximately 95.3% for the class C, ‘PartyScene’ 
sequence. In addition, the bit fluctuations of high 
resolution sequences decreases more compactly than that 
of low resolution ones. The average ΔPSNR decreases by 
an average of 0.75 dB and 0.69 dB for LB and LP, 
respectively. The ΔPSNR degradation of the proposed rate 
control was found due to the absence of the hierarchical 
coding structure.  

Because the frame that produces more generated-bit 
than the target-bit can increase the level of buffer 
occupancy, R-Q model allocates fewer bits to the 
following frames, which can result in severe bit 
fluctuations. On the other hand, the proposed RQ-based 
FF-QP can reduce the bit fluctuations. Fig. 5 shows the 

target-bit and the generated-bit encoded by the proposed 
rate control with RQ-based FF-QP. Bit fluctuations for the 
first frame in each GOP decrease compared to actual-bit of 
Fig. 3. The proposed rate control with the RQ-based FF-
QP and SL yields more stable RD performance as SL 
mitigates bit fluctuations near the last frame in each GOP. 
Fig. 6 shows decrease in fluctuations of bit generated by 
the proposed rate control in LD, compare to the rate 
control of HM8.0. When a scene change occurs 
unexpectedly near the 140th frame of Fig. 6(b), the 
proposed rate control manages the target-bit and 
generated-bit stably over the frames. Fig. 7 shows the 
comparison between generated-bit of the proposed rate 
control in Fig. 6 and the corresponding target-bit. This 
suggests that the proposed rate control is robust in abrupt 
changes of the scene complexity.  

The occupancy of VB indicates how accurate the target 
bitrate is predicted. As the target bitrate is controlled more 
properly, the accumulated buffer occupancy converges on 
zero. Fig. 8 presents an accumulated occupancy of VB for 
‘BQTerrace’ and ‘Kimono’ sequences. In Fig. 8(a), the 
buffer occupancy of the proposed rate control converges to 
near -0.5 Mbits instead of zero, but is as low as 
approximately 0.13% of whole bits in a sequence. In 
addition, the proposed rate control tends to have a much 
smaller variation in the buffer occupancy than the 
conventional rate control. This shows that the proposed 
rate control can prevent buffer overflow and underflow 
stably. To evaluate the inter-frame quality, the PSNR 
variation is present in Fig. 9. In most cases, the proposed 
PSNR variation is less than the conventional algorithm. 
Although the PSNR variation between the proposed rate 
control and conventional rate control increases after a 
scene change, it is essential to keep inter-frame quality 
regulated in terms of the perceptual quality. Moreover, the 
proposed rate control focuses on reducing the bit 
fluctuations in the trade-off between the bit fluctuations 
and compression performance. Therefore, the proposed 
rate control not using the hierarchical coding structure 
shows some degradation of the compression performance. 

 

 
(a) 

 

 
(b) 

Fig. 5. Bits fluctuations with RQ-based FF-QP (a) ‘BQTerrace’ for LB 52,632 Kbps, (b) ‘Kimono’ for LB 5,202 Kbps. 
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(a) 

 

 
(b) 

Fig. 6. Bits fluctuations with RQ-based FF-QP and SL (a) ‘BQTerrace’ for LB 52,632 Kbps, (b) ‘Kimono’ for LB 5,202
Kbps. 
 

 
(a) 

 

 
(b) 

Fig. 7. The target-bit and the actual-bit with RQ-based FF-QP and SL (a) ‘BQTerrace’ for LB 52,632 Kbps, (b) 
‘Kimono’ for LB 5,202 Kbps. 
 

 
(a) 

 

 
(b) 

Fig. 8. Accumulated occupancy of VB (a) ‘BQTerrace’ for LB 52,632 Kbps, (b) ‘Kimono’ for LB 5,202 Kbps. 
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(a) 

 

 
(b) 

Fig. 9. PSNR variation (a) ‘BQTerrace’ for LB 52,632 Kbps, (b) ‘Kimono’ for LB 5,202 Kbps.  
 

5. Conclusion 

This paper proposes two ways to reduce the bit 
fluctuations and transmission delay with the frame-level 
rate control algorithm. One is that R-Q model is applied to 
the entire frames except for the first frame in a sequence 
because a large gap between predicted target-bit and actual 
generated-bit is caused by the first frame not applying R-Q 
model in a GOP. The other is that a single lambda is used, 
regardless of the TID because if the TID has a significant 
effect on lambda, the altered lambda impacts the output 
bits regardless of the rate control. As the result, variance of 
generated-bit decreases by an average of 33.8% and 
35.68% for LB and LP, respectively, and the maximum 
95.3% reduction of bit fluctuations was observed 
compared to the rate control of HM8.0. In addition, the 
proposed algorithm shows robust performance in bit 
fluctuations, even at scene changes, and the bit variance 
reduces more effectively for high resolution sequences 
than for the low resolution ones. Future studies will 
develop a statistic-based bit controller model to 
supplement the tolerant rate control algorithm when scene 
changes are detected. In addition, unit-level rate control 
will be analyzed to improve the stability of frame dropping 
for low delay applications. 
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