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1. Introduction
Hypothetical reference decoder (HRD) is a mathematical model for the decoder, its input buffer, and the channel. It’s a normative part of any video coding standard. A compliant video bitstream must be decoded by HRD. It means there is no overflow or underflow in the input buffer of HRD. The EAT_LB HRD model and CAT_LB model have been defined in the CD [1] and FCD [2] of JVT, respectively. Comparing between EAT_LB and CAT_LB, the EAT_LB model has lower initial delay, whereas the CAT_LB model has lower maximum delay. Recently, the researchers are discussing which model to be used in JVT. In this document, we proposed an improved HRD model. The initial delay of the proposed model is the same as EAT_LB, and the maximum delay is the same as CAT_LB.  
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 {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. 
Figure 1 shows an illustration of the proposed HRD model. The proposed HRD model firstly generates the schedule curve S(t) with the final arrival time as late as possible. In this way, the S(t) follows the playout curve D(t) except handling the large frames. In the case of the exception, workahead transmission is performed to avoid exceeding the channel peak rate R. Afterwards, the HRD parameters are defined according to the schedule curve. The proposed HRD model is indicated as the latest arrival time leaky bucket (LAT_LB) model hereafter in this document. The following defines how to design LAT_LB in detail. 
Step 1: define the playout curve D(t)
Suppose playout curve D(t) is a staircase function. For 
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where fi denotes the bits of the ith picture. Then D(t) can be denoted as follows:
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(2)
Step 2: define the schedule S(t)
Assume 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. Thus, the shape of the curve S(t) is defined 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. For convenience, some parameters are defined as follows. 
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The following facts in terms of the stop points and resume points exist:
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Therefore, S(t) is defined as follows.
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(5)
The schedule S(t) can be defined by the stop points and resume points. Since the resume points can be calculated according to the stop points, only the algorithm for computing the stop points is presented. The Pseudo C description is as follows.
i = 0;

SPT[i] = n – 1;

for (j = n – 2; j >=0; j --)

{

 
 DT = DSPT[i] – R * [t SPT[i] – t r(j)];


 if (DT < Dj)

{


i ++;


SPT[i] = j;

}

}

m = i + 1;

for (j = 0; j < m; j ++)

{


SP[j] = SP[i - j];

}

The described algorithm starts from last frame of the sequence and backward to the first frame. 
Step 3: define HRD parameters
1) buffer size B:
The minimum buffer size Bmin can be defined as follows.
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2) Initial removal delay initial_prec_dec_removal_delay:
For the first stop points SP0, 
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The initial buffer fullness can be given by:
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Therefore, the initial_prec_dec_removal_dealy is given by:
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3) removal time tr(k):
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4) Initial arrival time tai(k) and final arrival time taf(k):
For kth picture, we can find one resume point RPl and one stop point SPl which satisfied the following inequation:
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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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Figure 1. LAT_LB HRD Model

3. Experiments and Results
In order to evaluate the proposed HRD model, three different schemes, namely EAT_LB, CAT_LB and LAT_LB, are tested. Three parameters are used to evaluate the performance.
· Minimum buffer size: Bmin.
· Initial delay Tinitial: the same as initial_pre_dec_removal_delay.
· 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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Firstly, the experiments are performed on the data provided by Eric Viscito and Mike Nilsson in HRD AHG discussion, namely Lili Dive, Live Capture, and TV Sequence.  
· Lili Dive (from a Superbit DVD ---
VBR)
peak rate         
9.80 Mbps
average rate        
6.98 Mbps
buffer size         
1,835,008 bits
· Live Capture (Conexant MPEG-2 hardware encoder --- CBR)
average rate        
8.00 Mbps
buffer size         
1,835,008 bits
· TV Sequence (H.26L, QCIF, encoded using JM2.0)

average rate

25.3kbps
The Lili Dive and Live Capture provided by Eric are MPEG-2 bit streams. And TV Sequence provided by Mike Nilsson is coded by JM2.0 codec with fixed quantization parameter. Table 1, Table 2 and Table 3 give the simulation results. The experiments 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 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. 
Secondly, in order to verify LAT_LB HRD model for the JVT bitstreams, we have generated a JVT coded sequence composed of 5815 frames at QCIF format 30 pictures per second. The test sequence is first encoded by 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 by JM3.9 codec with the rate-control proposed in [3] in order to have the same bit rates as the previously generated bitstreams. The achived 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 group of data. Table 4 and Table 5 show the simulation results. Finally, we use these video bitstream for the performance evaluation of HRD models. The following tables show the experimental results. The experiments further demonstrate that LAB_LB outperforms CAT_LB and EAT_LB. 
Table 1. CbrLiveCapture

	Comparison
	Compressed Data Buffer Delay

	Bit Rate
	Buffer Size
	EAT_LB
	CAT_LB
	LAT_LB

	
	
	Initial
	Maximum
	Initial
	Maximum
	Initial
	Maximum

	5.0
	2.74E+08
	54.88
	54.90
	54.90
	54.90
	54.8841
	54.8951

	5.5
	2.29E+08
	41.59
	41.61
	41.61
	41.61
	41.5864
	41.6054

	6.0
	1.83E+08
	30.51
	30.53
	30.53
	30.53
	30.5049
	30.5307

	6.5
	1.38E+08
	21.13
	21.16
	21.16
	21.16
	21.1282
	21.1623

	7.0
	9.19E+07
	13.09
	13.14
	13.14
	13.14
	13.0911
	13.1354

	7.5
	4.66E+07
	6.152
	6.208
	6.208
	6.208
	6.1521
	6.2081

	8.0
	1.75E+06
	0.138
	0.218
	0.218
	0.218
	0.1380
	0.2184

	8.5
	1.48E+06
	0.025
	0.270
	0.174
	0.174
	0.0252
	0.1739

	9.0
	1.31E+06
	0.024
	0.263
	0.146
	0.146
	0.0238
	0.1457

	9.5
	1.14E+06
	0.023
	0.249
	0.120
	0.120
	0.0225
	0.1205

	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

	Bit Rate
	Buffer Size
	Earliest Arrival Time
	Constrained Arrival Time
	Last Arrival Time

	
	
	Initial
	Maximum
	Initial
	Maximum
	Initial
	Maximum

	5.0
	99227798
	19.8456
	19.8456
	19.8456
	19.8456
	19.8456
	19.8456

	5.5
	74327823
	13.5141
	13.5141
	13.5141
	13.5141
	13.5141
	13.5141

	6.0
	49530804
	8.2551
	8.2551
	8.2551
	8.2551
	8.2551
	8.2551

	6.5
	25063364
	3.8559
	3.8559
	3.8559
	3.8559
	3.8559
	3.8559

	7.0
	7684572
	1.0978
	1.2031
	1.0978
	1.0978
	1.0978
	1.0978

	7.5
	1447198
	0.0924
	0.2946
	0.1930
	0.1930
	0.0924
	0.1930

	8.0
	1061465
	0.0867
	0.2496
	0.1327
	0.1327
	0.0867
	0.1327

	8.5
	1003073
	0.0816
	0.2428
	0.1180
	0.1180
	0.0816
	0.1180

	9.0
	952084
	0.0770
	0.2375
	0.1058
	0.1058
	0.0770
	0.1058

	9.5
	951286
	0.0730
	0.2381
	0.1001
	0.1001
	0.0730
	0.1001

	10.0
	951286
	0.0693
	0.2387
	0.0951
	0.0951
	0.0693
	0.0951


Table 3. TVSequence

	Comparison
	Compressed Data Buffer Delay

	Bit Rate
	Buffer Size
	Earliest Arrival Time
	Constrained Arrival Time
	Last Arrival Time

	
	
	Initial
	Maximum
	Initial
	Maximum
	Initial
	Maximum

	25.3
	1353960
	28.1192
	53.5162
	53.5162
	53.5162
	28.1192
	53.5162

	32
	530936
	12.6050
	34.8530
	16.5918
	16.5918
	12.6050
	16.5918

	40
	328272
	3.9650
	25.8338
	8.2068
	8.2068
	3.9650
	8.2068

	48
	215936
	0.7437
	17.9980
	4.4987
	4.4987
	0.7437
	4.4987

	54
	162656
	0.6521
	16.4644
	3.0121
	3.0121
	0.6521
	3.0121

	64
	76896
	0.5378
	9.2680
	1.2015
	1.2015
	0.5377
	1.2015

	72
	33776
	0.4691
	5.3533
	0.4691
	0.4691
	0.4691
	0.4691

	80
	33136
	0.4142
	5.2741
	0.4142
	0.4142
	0.4142
	0.4142

	88
	32968
	0.3746
	5.2727
	0.3746
	0.3746
	0.3746
	0.3746

	96
	32968
	0.3434
	5.2733
	0.3434
	0.3434
	0.3434
	0.3434

	104
	32968
	0.3170
	5.2738
	0.3170
	0.3170
	0.3170
	0.3170

	112
	32968
	0.2944
	5.2743
	0.2944
	0.2944
	0.2944
	0.2944

	120
	32968
	0.2747
	5.2747
	0.2747
	0.2747
	0.2747
	0.2747

	128
	32968
	0.2576
	5.2750
	0.2576
	0.2576
	0.2576
	0.2576


Table 4. Bitstream generated by JM3.9 with fixed quantization
	Comparison
	Compressed Data Buffer Delay

	Bit Rate
	Buffer Size
	EAT_LB
	CAT_LB
	LAT_LB

	
	
	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 5. Bitstream generated by JM3.9 with rate control
	Comparison
	Compressed Data Buffer Delay

	Bit Rate
	Buffer Size
	Earliest Arrival Time
	Constrained Arrival Time
	Last Arrival Time

	
	
	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


4. Conclusion
This document has proposed an improved HRD model namely LAT_LB for JVT standard. Experimental results demonstrate that the LAT_LB outperforms the EAT_LB and CAT_LB in terms of initial delay and maximum delay. Different from EAT_LB and CAT_LB, LAT_LB needs one bit for each frame to indicate whether it contains resume point. If it does, the delayed time to resume the transmission should be encoded into the bitstream. Due to the good performance of LAT_LB, the modification is acceptable.    
Reference

[1] Thomas Wiegand, “Joint Committee Draft (CD)”, Joint Video Team of ISO/IEC and ITU-T the 3rd Meeting, JVT-C167, Fairfax, Virginia, USA, 6-10 May, 2002.
[2] Thomas Wiegand, “Joint Final Committee Draft (FCD)”, Joint Video Team of ISO/IEC and ITU-T the 4th Meeting, JVT-D157, Klagenfurt, Austria, 22-26 July, 2002.
[3] Siwei Ma, Wen Gao, Yan Lu, “Rate control on JVT standard,” Joint Video Team of ISO/IEC and ITU-T the 4th Meeting, JVT-D030, Klagenfurt, Austria, 22-26 July, 2002.
(Append for Proposal Documents)

JVT Patent Disclosure Form

	International Telecommunication Union
Telecommunication Standardization Sector
	International Organization for Standardization
	International Electrotechnical Commission  

	[image: image23.wmf]
	[image: image24.png]1S0
NS




	[image: image25.png]





Joint Video Coding Experts Group - Patent Disclosure Form
(Typically one per contribution and one per Standard | Recommendation)

Please send to:

JVT Rapporteur Gary Sullivan, Microsoft Corp., One Microsoft Way, Bldg. 9, Redmond WA 98052-6399, USA

Email (preferred): Gary.Sullivan@itu.int  Fax: +1 425 706 7329 (+1 425 70MSFAX)

This form provides the ITU-T | ISO/IEC Joint Video Coding Experts Group (JVT) with information about the patent status of techniques used in or proposed for incorporation in a Recommendation | Standard.  JVT requires that all technical contributions be accompanied with this form. Anyone with knowledge of any patent affecting the use of JVT work, of their own or of any other entity (“third parties”), is strongly encouraged to submit this form as well.

This information will be maintained in a “living list” by JVT during the progress of their work, on a best effort basis.  If a given technical proposal is not incorporated in a Recommendation | Standard, the relevant patent information will be removed from the “living list”.  The intent is that the JVT experts should know in advance of any patent issues with particular proposals or techniques, so that these may be addressed well before final approval.

This is not a binding legal document; it is provided to JVT for information only, on a best effort, good faith basis.  Please submit corrected or updated forms if your knowledge or situation changes.

This form is not a substitute for the ITU ISO IEC Patent Statement and Licensing Declaration, which should be submitted by Patent Holders to the ITU TSB Director and ISO Secretary General before final approval.

	Submitting Organization or Person:

	Organization name
	Institute of Computing Technology 
	

	Mailing address
	Ke Xue Yuan South Road 6. 

Haidian, Beijing, 100080, China
	

	Country
	China
	

	Contact person
	Wen Gao
	

	Telephone
	(86-10) 8264-9208
	

	Fax
	(86-10) 8264-9298
	

	Email
	wgao@jdl.ac.cn
	

	Place and date of submission
	
Geneva, Switzerland, 9-17 October, 2002
	

	Relevant Recommendation | Standard and, if applicable, Contribution:

	Name (ex: “JVT”)
	JVT
	

	Title
	An improved HRD model for JVT standard
	

	Contribution number
	E091
	

	
	
	


(Form continues on next page)

	Disclosure information – Submitting Organization/Person  (choose one box)

	
	

	[image: image26.wmf]
	2.0
The submitter is not aware of having any granted, pending, or planned patents associated with the technical content of the Recommendation | Standard or Contribution.

or,

	The submitter (Patent Holder) has granted, pending, or planned patents associated with the technical content of the Recommendation | Standard or Contribution.  In which case,



	[image: image27.wmf]
	2.1
The Patent Holder is prepared to grant – on the basis of reciprocity for the above Recommendation | Standard – a free license to an unrestricted number of applicants on a worldwide, non-discriminatory basis to manufacture, use and/or sell implementations of the above Recommendation | Standard.

	
	

	[image: image28.wmf]
	2.2
The Patent Holder is prepared to grant – on the basis of reciprocity for the above Recommendation | Standard – a license to an unrestricted number of applicants on a worldwide, non-discriminatory basis and on reasonable terms and conditions to manufacture, use and/ or sell implementations of the above Recommendation | Standard.


Such negotiations are left to the parties concerned and are performed outside the ITU | ISO/IEC.

	
	

	
[image: image29]
	2.2.1
The same as box 2.2 above, but in addition the Patent Holder is prepared to grant a “royalty-free” license to anyone on condition that all other patent holders do the same.

	
	

	[image: image30.wmf]
	2.3
The Patent Holder is unwilling to grant licenses according to the provisions of either 2.1, 2.2, or 2.2.1 above.  In this case, the following information must be provided as part of this declaration:

· patent registration/application number;
· an indication of which portions of the Recommendation | Standard are affected.
· a description of the patent claims covering the Recommendation | Standard;

	In the case of any box other than 2.0 above, please provide the following:

	Patent number(s)/status
	pending
	

	Inventor(s)/Assignee(s)
	
	

	Relevance to JVT
	
	

	Any other remarks:
	
	

	(please provide attachments if more space is needed)




(form continues on next page)

Third party patent information – fill in based on your best knowledge of relevant patents granted, pending, or planned by other people or by organizations other than your own.

	Disclosure information – Third Party Patents (choose one box)
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	3.1
The submitter is not aware of any granted, pending, or planned patents held by third parties associated with the technical content of the Recommendation | Standard or Contribution.
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	3.2
The submitter believes third parties may have granted, pending, or planned patents associated with the technical content of the Recommendation | Standard or Contribution.



	For box 3.2, please provide as much information as is known (provide attachments if more space needed) - JVT will attempt to contact third parties to obtain more information:



	3rd party name(s)
	
	

	Mailing address
	
	

	Country
	
	

	Contact person
	
	

	Telephone
	
	

	Fax
	
	

	Email
	
	

	Patent number/status
	
	

	Inventor/Assignee
	
	

	Relevance to JVT
	
	

	
	
	


	Any other comments or remarks:
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