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ABSTRACT 

Hypothetical Reference Decoder (HRD) is a mathematical model 
of a decoder and its input buffer. It represents a set of normative 
requirements on bitstream for the purpose of avoiding buffer 
overflow and underflow. In other words, any coded video 
bitstream shall meet constraints imposed by HRD model. Two 
HRD models, i.e. the Earliest Arrival Time Leaky Bucket (EAT-
LB) and the Constrained Arrival Time Leaky Bucket (CAT-LB), 
have been proposed for the JVT standard jointly developed by 
ISO/IEC and ITU-T. EAT-LB has the lower initial delay, 
whereas the CAT-LB model has the lower maximum delay. This 
paper proposes an improved leaky bucket model called Latest 
Arrival Time Leaky Bucket (LAT-LB) so as to achieve the 
advantages of EAT-LB and CAT-LB simultaneously. The 
proposed LAT-LB first defines the data transmission schedule 
according to a set of resume points and stop points, and then 
derives the HRD parameters according to this schedule. 
Experimental results demonstrate that the proposed LAT-LB 
outperforms EAT-LB and CAT-LB in terms of initial delay and 
maximum delay. 

1. INTRODUCTION 

Traditional video transmission networks, such as terrestrial and 
cable TV broadcasting networks, are constant-rate channels. In 
order to transmit the compressed digital video over these 
constant-rate channels, buffers at the encoder and decoder are 
necessary because the compressed video bitstream is usually in a 
format of variable-rate. Buffers at the encoder are used to 
translate the variable-rate bitstream into constant-rate bitstream 
for transmission, whereas buffers at the decoder are used to 
convert the received constant-rate bitstream into the original 
variable-rate bitstream for decompression. Particularly, in the 
decoder the compressed data has to flow with a precisely 
specified arrival and removal timing through the buffer. 
Therefore, a hypothetical decoder is normally defined to model 
the buffering process for the video coding standard. This 
hypothetical decoder is known as the Hypothetical Reference 
Decoder (HRD) in H.26x [1], [2] and the Video Buffering 
Verifier (VBV) in MPEG [3]. As shown in Figure 1, HRD is 
used to indicate the hypothetical decoder hereafter in this paper. 

HRD is conceptually connected to the output of an encoder and 
consists of a decoder and its input buffer. A mathematical model, 
known as leaky bucket, is usually employed to characterize the 
hypothetical decoder, its input buffer, and the channel. The 
departure of bits from the encoder buffer corresponds to water 
leaking out of the bucket. However, bits flow in the decoder 

buffer at a constant rate, and are removed from the decoder 
buffer in chunks. The leaky bucket model has three parameters 
(R, B, F), where R is the channel’s peak rate, B is the buffer size, 
and F is the initial decoder buffer fullness.  These parameters 
represent levels of resources (transmission capacity, buffer 
capacity, and start-up delay) used to decode a bitstream. A HRD 
constrained bitstream must be decoded without buffer overflow 
and underflow. 
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Figure 1: Illustration of a hypothetical reference decoder 

The H.264 standard is jointly developed by ISO/IEC and ITU-T 
[6]. Compared to other video coding standards, the H.264 
standard can achieve much higher coding efficiency. However, 
without a HRD model, any video coding standard is practically 
useless. And also, a good HRD model can make a video codec 
work more efficiently. So far, two HRD models have been 
proposed for H.264 standard, respectively, i.e. the Earliest 
Arrival Time Leaky Bucket (EAT-LB) [7] and the Constrained 
Arrival Time Leaky Bucket (CAT-LB) [6]. Comparing between 
EAT-LB and CAT-LB, the EAT_LB model has the lower initial 
delay, whereas the CAT_LB model has the lower maximum 
delay. In order to achieve the advantages of EAT-LB and CAT-
LB simultaneously, this paper proposes an improved leaky 
bucket model. The proposed HRD model generates the 
transmission schedule curve with the final arrival time as late as 
possible, which is called the Latest Arrival Time Leaky Bucket 
(LAT-LB) hereafter in this paper. Firstly, the playout curve is 
defined according to bits of each coded picture. Secondly, the 
schedule cure is defined with some resume points and stop points 
of transmission. A backward algorithm is employed to achieve 
these resume and stops points. And finally, the HRD parameters 
are derived according to the pre-defined schedule curves. 

The rest of this paper is organized as follows. Section 2 presents 
the proposed LAT-LB model in detail. Section 3 shows some 
experimental results. The comparisons among the proposed 
algorithm, CAT-LB and EAT-LB model are also illustrated. And 
finally, Section 4 concludes this paper.  

2. PROPOSED HRD MODEL 

Suppose the HRD input buffer has capacity of B bits. At the 
initial stage, the buffer is empty. It receives S(t) bits through time 
t. Therefore, S(t) indicates the integral of the instantaneous bit 
rate through time t. The lifetime of the coded bits associated with 
picture k in the buffer is characterized by the arrival interval 
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{tai(k), taf(k)} and the removal time tr(k). Here, tai(k) and taf(k) 
denote the initial arrival time and the final arrival time, 
respectively.The first bit of picture k enters the buffer at the 
initial arrival time tai(k) with the bit rate R, and the last bit 
finishes arriving at the final arrival time taf(k), At the removal 
time tr(k), the whole picture is removed from the buffer into the 
decoder instantaneously. To avoid buffer overflow and 
underflow, the decoder buffer must be subject to  this time 
schedule. 
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Figure 2: The proposed latest arrival time leaky bucket model 

Figure 2 illustrates the proposed LAT-LB model. The proposed 
model first generates the schedule curve S(t) with the final arrival 
time as late as possible so that much less buffer delay can be 
achieved. Usually, the schedule curve S(t) follows the playout 
curve D(t). While transmitting the large frames, workahead 
transmission is performed to avoid exceeding the channel peak 
rate R. Afterwards, the HRD parameters are defined according to 
the schedule curve. The design of LAT-LB will be detailed as 
follows. 

2.1. Schedule Curve S(t) 

At first, the schedule curve S(t) have to be defined in order to 
design LAT-LB HRD model. In Figure 2, the playout curve D(t) 
represents the total decoded bits through time t. It is a staircase 
function and can be defined as follows, 

( ) ( ) ( ) ( )
1

,    1
k

k r i r r
i

D t D D t k f t k t t k
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where fi denotes the coded bits for picture i. 

The schedule curve S(t) represents the total received bits through 
time t. In the curve S(t), the point where the slop of S(t) changes 
from R to 0 is called the stop point, and the point where the slop 
of S(t) changes from 0 to R is called the resume point. The shape 
of the curve S(t) is totally determined by the stop and resume 
points. The number of stop points is the same as that of resume 
points. Suppose there are m stop points and m resume points in 
the curve S(t). The stop points and resume points are indicated 
by SP0, SP1, SP2, ..., SPm-1 and RP0, RP1, RP2, …, RPm-1, 
respectively. Thus the schedule curve S(t) can be defined as 
follows: 
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In fact, the resume points can be calculated according to the stop 
points as follows. 
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For the first resume point RP0: ( )0 0t RP =  

For the last stop point RPm-1: ( )1 ( 1)m rt SP t n− = −  

Therefore, in order to create the schedule curve S(t), only the 
algorithm for computing the stop points is needed. As seen from 
Figure 2, the stop points are also removal points of the pictures. 
So through checking whether all removal points are the stop 
points or not, we can achieve all stop points of the schedule 
curves S(t). The algorithm is presented as follows. 

1) The last stop point is the removal point of picture n-1, and 
the stop point number is 1. 

( )1, 1 , 1SPT n SPT rD D t t n m−= = − =  

2) Determine whether the removal point of picture k is the 
stop point or not. 
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3) Repeat step 2 until all removal points have been checked. 

This algorithm starts from last picture of the sequence and 
backward to the first picture.  

2.2. HRD Parameters 

After the schedule curve S(t) has been built, the parameters of 
LAT-LB HRD model can be calculated as follows.  

1) Buffer size B: 

The minimum buffer size Bmin can be defined as follows. 

( )[ ]{ }kkr
nk

fDktSB +−=
<≤0

min max .                      (6) 

2) Initial removal delay (tinitial): 

In fact, the initial removal delay is the removal time of the first 
picture. It can be calculated from the first stop point SP0. As 
above described, the first stop point SP0 is one removal point k0. 
So the initial removal delay can be defined as follows. 
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Here the removal delay between two pictures is known for HRD 
model. 
3) Removal time tr(k): 
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4) Initial arrival time tai(k) and final arrival time taf(k): 

For picture k, we can find one resume point RPl and one stop 
point SPl which satisfied the following equation: 

 ( ) ( ) ( )l r lt RP t k t SP< ≤ .                     (12) 

The initial arrival time tai(k) can be calculated as follows: 
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And the final arrival time taf(k) can be calculated by:  
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R
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3. EXPERIMENTAL RESULTS 

In order to evaluate the proposed algorithm, three different 
schemes, i.e. EAT-LB, CAT-LB and the proposed leaky bucket 
model, are tested. In the experiments, three parameters are used 
to evaluate the performance. 

•  Minimum buffer size Bmin; 
•  Initial delay Tinitial = tinitial; 
•  Maximum delay Tmax: the largest difference between a 

picture's removal time and its initial arrival time over the 
entire bitstream. The maximum delay is calculated by: 
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In our experiments, MPEG-2 and H.264 bitstreams are provided 
to compare the performance of three schemes. At the same time, 
CBR(constant-bit-rate) and VBR(variable-bit-rate) bitstreams are 
generated to verify the validation of our scheme furtherly. 

Firstly, the experiments are performed on the following two 
MPEG-2 bitstream. Live Capture is a VBR bitstream and Lili 
Dive is a CBR bitstream. Table 1 and Table 2 illustrate the 
simulation results, respectively.  

•  Lili Dive (from a Superbit DVD --- VBR) 
o peak rate          9.80 Mbps 
o average rate         6.98 Mbps 
o buffer size          1,835,008 bits 

•  Live Capture (MPEG-2 hardware encoder --- CBR) 
o average rate         8.00 Mbps 

o buffer size          1,835,008 bits 

Secondly, in order to verify the proposed LAT-LB model for the 
H.264 bitstream, we have generated a H.264 coded sequence 
composed of 5815 frames at QCIF format 30 pictures per second. 
The test sequence is first encoded to VBR bitstream by H.264 
reference software JM3.9 codec with the fixed quantization at 20, 
24, 28, 32, 36, 40, 44, and 48, respectively. Then eight 
bitstreams have been generated with the average rate of 301.87, 
176.72, 104.47, 61.25, 36.66, 22.95, 14.80 and 10.54 kbps, 
respectively. Afterwards, the test sequence is encoded to CBR 
bitstream by JM3.9 codec with the rate-control proposed in [8] in 
order to have the same bit rates as the previously generated 
bitstreams. The achieved bit rates are 301.87, 176.72, 104.47, 
61.25, 36.66, 22.95, 14.80, 10.73 kbps. Thus, we can evaluate 
the three HRD models on the two groups of data. Table 3 and 
Table 4 show the simulation results.   

The above experiment results demonstrate that EAT-LB, CAT-
LB and LAT-LB have the same buffer size. However, LAT-LB 
and EAT-LB have the same initial delay, which is lower than 
CAT-LB. And also, LAT-LB and CAT-LB have the same 
maximum delay, which is lower EAT-LB. In other words, the 
overall performance of LAT-LB is better than either CAT-LB or 
EAT-LB.  

4. CONCLUSIONS 

This paper has proposed an improved leaky bucket model 
namely the latest arrival time leaky bucket model or LAT-LB for 
HRD constrained video codec. Experimental results have 
demonstrated that the proposed LAT-LB outperforms EAT-LB 
and CAT-LB model in terms of initial delay and maximum delay. 
And also, it has been shown that the advantage of EAT-LB and 
CAT-LB can be achieved simultaneously with some novel 
modification of the traditional HRD model. The disadvantage of 
the proposed algorithm is that it has to pre-analyze the bitstream 
before transmission. However, the proposed algorithm can still 
be widely used in some applications such as video streaming, in 
which the bitstream is generated offline.  
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Table 1. CbrLiveCapture 

Comparison Compressed Data Buffer Delay 

EAT CAT LAT Bit Rate 
(Mbps) 

Buffer Size 
Initial Maximum Initial Maximum Initial Maximum 

5.0 2.74E+08 54.88 54.90 54.90 54.90 54.8841 54.8951 
6.0 1.83E+08 30.51 30.53 30.53 30.53 30.5049 30.5307 
7.0 9.19E+07 13.09 13.14 13.14 13.14 13.0911 13.1354 
8.0 1.75E+06 0.138 0.218 0.218 0.218 0.1380 0.2184 
9.0 1.31E+06 0.024 0.263 0.146 0.146 0.0238 0.1457 
10.0 9.78E+05 0.021 0.224 0.098 0.098 0.0214 0.0978 

Table 2. LiliDive 

Comparison Compressed Data Buffer Delay 

EAT CAT LAT Bit Rate 
(Mbps) 

Buffer Size 
Initial Maximum Initial Maximum Initial Maximum 

5.0 99227798 19.8456 19.8456 19.8456 19.8456 19.8456 19.8456 
6.0 49530804 8.2551 8.2551 8.2551 8.2551 8.2551 8.2551 
7.0 7684572 1.0978 1.2031 1.0978 1.0978 1.0978 1.0978 
8.0 1061465 0.0867 0.2496 0.1327 0.1327 0.0867 0.1327 
9.0 952084 0.0770 0.2375 0.1058 0.1058 0.0770 0.1058 

10.0 951286 0.0693 0.2387 0.0951 0.0951 0.0693 0.0951 

Table 3. Bitstream generated by JM3.9 with fixed quantization 

Comparison Compressed Data Buffer Delay 

EAT CAT LAT Bit Rate 
(Kbps) 

Buffer Size 
Initial Maximum Initial Maximum Initial Maximum 

301.87 5704182 10.9410 23.5175 18.8962 18.8962 10.9410 18.8962 
176.72 2967560 10.3900 22.9856 16.7924 16.7924 10.3900 16.7924 
104.47 1868838 8.4038 24.0619 17.8888 17.8888 8.4038 17.8888 
61.25 1122234 6.2797 22.9085 18.3222 18.3222 6.2797 18.3222 
36.66 651196 5.3807 21.7018 17.7631 17.7631 5.3807 17.7631 
22.95 372761 5.2633 19.7653 16.2423 16.2423 5.2633 16.2423 
14.80 189752 5.1818 15.7389 12.8211 12.8211 5.1818 12.8211 
10.54 108818 4.5672 13.3336 10.3243 10.3243 4.5672 10.3243 

Table 4. Bitstream generated by JM3.9 with rate control 

Comparison Compressed Data Buffer Delay 

EAT CAT LAT 
Bit Rate Buffer Size 

Initial Maximum Initial Maximum Initial Maximum 

301.87 104321 0.3345 0.3456 0.3456 0.3456 0.3345 0.3456 
176.72 76152 0.4193 0.4309 0.4309 0.4309 0.4193 0.4309 
104.47 45357 0.4248 0.4342 0.4342 0.4342 0.4248 0.4342 
61.25 27864 0.4477 0.4569 0.4549 0.4549 0.4477 0.4549 
36.66 17352 0.4538 0.4733 0.4733 0.4733 0.4538 0.4733 
22.95 11333 0.4337 0.4938 0.4938 0.4938 0.4337 0.4938 
14.80 16463 0.6937 1.3773 1.1124 1.1124 0.6937 1.1124 
10.73 42935 0.9026 4.0014 4.0014 4.0014 0.9026 4.0014 
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