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Abstract

This contribution proposes a Parametric Overlapped Block Motion Compensation (POBMC) technique to improve the temporal prediction. It extends the notion of OBMC in H.263 to accommodate the variable block-size motion estimates in AVC. The approach solves for the optimal weights of OBMC as a closed-form formula involving only the distances between the predicted pixel and its nearby block centers. The proposed scheme, when combined with EAIF, RDOQ, QALF, EMB, MDDT, and TMP-Skip, is observed to have an average BD-Rate saving of 22.04%, 21.93%, and 41.46% relative to Alpha, Beta, and Gamma anchors, respectively. The average BD-PSNRY gains are, respectively, 0.9dB, 0.91dB, and 1.98dB. Like multi-hypothesis motion compensation, the POBMC has the side benefit of being error resilient, but incurs a moderate increase in memory access bandwidth and computational complexity. 
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1 Introduction

This document is a technical description of the proposal submitted by NCTU in response to the Joint CfP on Video Compression Technology.

2 Algorithm description
This contribution proposes a Parametric Overlapped Block Motion Compensation (POBMC) technique to improve the temporal prediction. We extend the notion of Overlapped Block Motion Compensation (OBMC) in H.263 to accommodate the variable block-size motion estimates in AVC. The challenge now is how to compute, for each pixel, its optimal weights associated with nearby block motion vectors, given that both autocorrelation and cross-correlation are spatially varying. The training-based solution, although feasible in theory, is impractical because the storage of weighting coefficients optimized for different contexts demands huge memory requirement. To tackle this issue, we resort to a parametric solution. The proposed scheme is developed based on KTA 2.4r1 [2], with EAIF [4], RDOQ [6], QALF [7], EMB [3], MDDT [5], and TMP-Skip [13] enabled. A flag is sent for each non-skipped macroblock (MB) to allow for an adaptive switch between block-based motion compensation (BMC) and POBMC. Figure 1 and Figure 2 depict the block diagrams of the proposed encoder and decoder, respectively, which are typical of block-based hybrid coders. 
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Figure 1 Block diagram of encoder
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Figure 2 Block diagram of decoder
Figure 3 illustrates the encoding flow chart, showing how each MB goes through the functional units in the block diagram. As can be seen, each input slice undergoes four encoding iterations. First, the encoder performs RDO mode decision for each MB in the absence of POBMC and EAIF, to generate an initial set of MB modes and motion information. Using these initial estimates, it then applies POBMC to those Inter MBs and compares its R-D performance with that of BMC. In the course, the residuals of Intra MBs are regenerated to close the (spatial) prediction loop. This iteration aims to discover the MBs that can benefit from using POBMC. The third and the fourth iterations resemble the previous two iterations except for a replacement of sub-pel interpolation filter by EAIF filter. Note that the third iteration will produce another set of MB modes and motion information specifically optimized for EAIF. After the fourth iteration, the resulting slice-level R-D performance is compared with that of the second iteration to decide whether or not to enable EAIF for the current slice. Finally, DBF and QALF are applied for reconstruction, which completes the encoding of this input slice. Remarkably, in collecting the R-D data for POBMC, both iterations 2 and 4 follow the mode decisions made in their previous iteration and reuse its motion information. This leads to an easily implemented, but suboptimal coder control. Further improvement can be expected when more iterations are allowed.
Compared with the tedious encoding flow, the decoding flow, as shown in Figure 4, is more straightforward. Conceptually, it begins with the decoding of motion information contained in a slice (or in a number of MB rows) followed by the usual slice decoding (which is a mere reverse of slice encoding). The necessity of first retrieving motion information is because performing POBMC for an Inter MB requires not only its own MVs, but also the MVs of its neighboring blocks. As an implementation expedient, we actually invoke the decoder twice. In the first round, the entire motion information in the bitstream is decoded and stored in a text file; next, the decoder loads the motion data in a slice-by-slice manner and performs actual decoding. By this two-step approach, we can have all the motion data necessary for POBMC in due course. It should be emphasized, however, that from algorithmic perspective, the extra delay incurred by the first round of decoding is redundant.
[image: image3.wmf]Current 

Slice

Iter

1 

MD w/o 

POBMC

Iter

2  

MD with 

POBMC

EAIF 

Decision

DBF

EAIF

Iter

3 

MD w/o 

POBMC

QALF

Iter

4 

MD with 

POBMC

no

Intra/ 

MDDT

BMC/ 

POBMC 

Recon.

RDOQ 

ends?

no

yes

Last 

MB ?

yes

no

Load 

Motion 

Info.

Inter ?

yes

no

BMC/POBMC

Decision

no

Intra/ 

MDDT

VBSME

(32, 16, 8, 4)

MC/ 

TMP Skip

Recon.

RDOQ 

ends?

no

yes

Mode 

Decision

Store  

Motion 

Info.

Last 

MB ?

yes

no

no

Intra/ 

MDDT

BMC/ 

POBMC 

Recon.

RDOQ 

ends?

no

yes

Last 

MB ?

yes

no

Load 

Motion 

Info.

Inter ?

yes

no

BMC/POBMC

Decision

no

Intra/ 

MDDT

VBSME

(32, 16, 8, 4)

MC/ 

TMP Skip

Recon.

RDOQ 

ends?

no

yes

Mode 

Decision

Store  

Motion 

Info.

Last 

MB ?

yes

no


Figure 3 Encoder flow chart
[image: image4.wmf]Current 

Slice

MB Recon.

DBF

CABAC

Store 

Motion Info. 

for POBMC

Last 

Frame

?

yes

no

CABAC, 

IQ, IDCT/ 

MDDT

-

1

Prediction

Last 

MB ?

yes

no

Recon.

Retrieve 

Motion Info.

QALF


Figure 4 Decoder flow chart
2.1 Motion representation
· Extended MB partitions (EMB) [3] of sizes 32x32 and 32x16/16x32 are enabled in addition to the existing MB and sub-MB partitions in AVC.
Encoder parameter: <UseExtMB = 1>.
· Enhanced Adaptive Interpolation Filter (EAIF) [4] is enabled as an alternative to the 6-tap filter in AVC. Encoder parameter: <UseAdaptiveFilter = 5>.
· Template Matching Prediction (TMP) is combined with SKIP mode for an implicit signaling of motion.
2.2 Intra-frame prediction

AVC intra prediction schemes with Mode-Dependent Directional Transform (MDDT). 
Encoder parameter: <UseIntraMDDT = 1>.
2.3 Spatial transforms

AVC integer transforms of sizes 4x4 and 8x8 with the addition of MDDT [5] and 16x16 transform for Intra MBs and extended MB partitions (including 16x16), respectively. 
Encoder parameter: <UseIntraMDDT = 1>.
2.4 Quantization

Rate-Distortion Optimization Quantization (RDOQ) [6] with a QP fine-tuning from -2 to +2.
Encoder parameter: <UseRDO_Q = 1>.
2.5 In-loop filtering

Quadtree-based Adaptive Loop Filtering (QALF) [7] is applied in addition to the deblocking filtering in AVC. 
Encoder parameter: <UseAdaptiveLoopFilter = 1>, <LFPredCoefMode = 0>.
2.6 Entropy coding

Same as CABAC in AVC, but with minor changes to include flags or syntax elements for new tools.
2.7 Parametric Overlapped Block Motion Compensation (POBMC)
A parametric solution is introduced in this contribution to give a closed-form formula for the optimal weights of OBMC. To aid the understanding of the proposed POBMC, we first briefly review the basics of OBMC. Next, we proceed to discuss the concept of POBMC and the implementation details.
A. Basics of OBMC

OBMC is to find a LMMSE estimate of a pixel's intensity value [image: image6.png]I(s)



 based on motion-compensated signals [image: image8.png]Uios (s + vy



 derived from its nearby block MVs [image: image10.png](s




. From estimation-theoretic perspective, these MVs are regarded as different plausible hypotheses for its true motion, and to maximize coding efficiency, their weights [image: image12.png]


 should minimize the mean squared prediction error subject to the unit-gain constraint [14]:
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Applying the Lagrange method to Eq. (1) then gives
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stand, respectively, for auto- and cross-correlation matrices, and U is a column vector with all elements equal to one [14]. Given that the underlying intensity and motion fields are stationary and that motion samples are taken on a square lattice (such is the case when an image is divided into square blocks for ME), the optimal weights [image: image24.png]


 for pixel [image: image26.png]


 depend solely on its relative position within a block. They are often obtained using the least squares approach, due to a lack of probabilistic models of real data.
Although originally designed for use with fixed block-size motion estimates, the notion of OBMC is equally applicable to the case of VBSME. The challenge now is how to get the optimal weights for each pixel given that both auto­ and cross-correlations are spatially varying. The training-based solution, although feasible in theory, is impractical because the storage of weighting coefficients optimized for different contexts demands huge memory requirement. To tackle this problem, we resort to POBMC.
B. Signal Model
POBMC aims to give a closed-form formula for the optimal weights. To do so, it usually needs to assume signal models for the intensity and motion fields. In this contribution, we adopt the motion model proposed in [15], which assumes that the difference between the true motion of any two pixels, e.g. [image: image28.png]


 and [image: image30.png]


, has a normal distribution of the form
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where α is a positive number indicating the degree of motion randomness in the horizontal or vertical direction, and [image: image34.png]r(s;.s;)



 is the L₂ distance (measured in the unit of pixel) between [image: image36.png]


 and [image: image38.png]


. Caution, however, must be exercised when using Eq. (3) because it is an incomplete specification. The variance [image: image40.png]


 must be bounded from above for the model to be proper. To see this, let us assume the motion field is stationary and symmetric. It then follows from Eq. (3) that
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where [image: image44.png]


 and [image: image46.png]


 are the mean and the variance of the motion field, respectively. Using the Cauchy-Schwarz inequality, we have [image: image48.png]


. The lower bound is obvious, but the upper bound deserves more attention. According to Eq. (4), it implies that the motion vectors of two far-away pixels are negatively correlated. A tighter bound that agrees more with the general observation is [image: image50.png]


, which makes them become uncorrelated. We thus define a clipper function for [image: image52.png]r(s;.s;)



 to have the property[image: image54.png]lip(0.r(s,. 5,)./20%, /@)
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. Hereafter we shall use [image: image56.png]


 in place of [image: image58.png]r(s;.s;)



 to omit the tedious repetition of this constraint.
C. Closed-form Solution for Optimal Weights

With the signal model in Eq. (3), we next proceed to determine the optimal weights [image: image60.png]


 using calculus. To begin with, we rewrite, by noting that [image: image62.png]


, the mean squared prediction error[image: image64.png]Ew)



 in Eq. (1) as
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 denotes the residual signal when [image: image70.png]I(s)



 is predicted from the motion compensated signal [image: image72.png]o (s + v(s))



 using the MV [image: image74.png]v(s;)



 for block i. In matrix notation, Eq. (5) can be written more compactly as
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To continue, we borrow a result in [15], which shows that if the motion difference follows the normal distribution in Eq. (3), then [image: image80.png]v(si)))



 has a closed-form formula given by

[image: image82.png]
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where ε is a constant indicating the joint randomness of the motion and intensity fields; [image: image84.png]


 with [image: image86.png]v(s)



 denoting the true motion associated with pixel [image: image88.png]


; and the block MV [image: image90.png]v(s;)



 is approximated as the motion at block center [image: image92.png]


. What remains to be determined in D is those terms off the diagonal, i.e. [image: image94.png]Efd(s: v(s)d(s: v(s;))



, i≠j; in fact, their derivations are merely a direct application of Eq. (7). With a little bit of algebra, we obtain
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Returning to Eq. (6), we are now ready to find the optimal weights. Since[image: image103.png]Ew)



 is to be minimized subject to [image: image105.png]


, the solution space has only a dimension of [image: image107.png]


. To simplify the computation, we define a reduced-dimension weight vector [image: image109.png]


, whose elements are free variables and are related to the optimal weight vector w by
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When spelled out, Eq. (9) simply states that [image: image117.png]


,[image: image119.png]
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. Substituting Eq. (9) into Eq. (6), setting the gradient of [image: image123.png]:(W)



 with respect to [image: image125.png]


 to 0, solving the resulting system equations then yields
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The result of [image: image129.png]


 immediately gives that of [image: image131.png]


 by Eq. (9):
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Inspection of Eq. (12) reveals that the optimal weights depend solely on the distances between the block centers involved [image: image135.png]sk,



 and their distances to the predicted pixel [image: image137.png]


. There is no restriction on their geometric relations. This remarkable property allows MVs sampled on a possibly irregular grid to be incorporated for OBMC, providing a generic reconstruction framework for any sampling structures
.
D. Optimal Weights with Uncorrelated Prediction Errors

An interesting special case of Eq. (12) occurs by considering [image: image139.png]


 as a diagonal matrix. In this case, the prediction errors [image: image141.png](d(s; v(s) ks



 are uncorrelated to each other, i.e. [image: image143.png]E{d(s: v(s;d(s:v(s)))



, i≠j, so that [image: image145.png]


 becomes
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The proof of this result requires some work but involves only straightforward computations. Eq. (13) is a great simplification of Eq. (12): the optimal weights so computed [image: image149.png]


 are just the normalized reciprocal of squared distances from pixel [image: image151.png]


 to the respective block centers [image: image153.png]sk,



. It has the interpretation that prior to normalization, each MV applies a window set of weights that decays quadratically with [image: image155.png]t(s.5)



. When taking such a view, we can easily change the window function. For example, it may be just as well to apply the raised cosine or bilinear function of various supports, or to change the power of [image: image157.png]1/8(s.5;)



. As an afterthought, each of these functions may correspond to the result of some specific assumptions made for the motion and intensity fields.

E. Implementation
Our empirical study shows that Eq. (13) performs very close to Eq. (12); the difference in terms of predictor PSNR is less than 0.3dB. We thus adopt Eq. (13) as our parametric solution for its simplicity and good performance.
Adaptive MV Selection

Eq. (13) provides a convenient way to adapt the prediction weights [image: image159.png]


 and the prediction order [image: image161.png]


 of OBMC. Not only can an arbitrary number of MVs be included for the prediction of a pixel, but also the number of MVs employed can vary from one pixel to another. To make full use of the available VBSMEs, a sliding window of size NxN centered at the predicted pixel is created to include MVs in its neighborhood for prediction; specifically, MVs associated with block partitions covered by the window are considered. Note that the one corresponding to the block to which the predicted pixel belongs is, by default, always used. Obviously, the block size N has a profound effect on the prediction efficiency. In this contribution, it is fixed at 32. Further improvement is expected by fine tuning the parameter N at slice level. 
Extension of POBMC to Bi-Prediction and Multiple Reference Frames
It is possible that a block partition covered by the window has a prediction mode different from that of the predicted pixel. The extension of Eq. (13) to such a case is straightforward. We first compute the predictors for the predicted pixel based on prediction modes associated with block partitions involved. Then, we apply Eq. (13) to combine the resulting predictors for POBMC. The idea can be better explained using the example in Figure 5 (a), where pixel [image: image163.png]


 is to be predicted using the motion information of blocks 1, 2, 3, and 4. Particularly, blocks 2, 4 are assumed to be coded with bi-prediction and blocks 1, 3 to be coded with uni-prediction. Given their prediction directions along with MVs and reference indices, the 4 predictors for pixel [image: image165.png]


 are computed as follows:
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To get the POBMC predictor, they are combined by 
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where [image: image177.png]fwid,



 are the POBMC weighting coefficients from Eq. (13). The resulting prediction scheme, as shown in Figure 5 (b), amounts to multi-hypothesis motion compensation.
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Figure 5 Extension of POBMC to bi-prediction and multiple reference frames.
3 Compression performance discussion

3.1 Objective versus subjective compression performance

  We don't have any particular remarks on this issue.
3.2 Constraint set 1 configuration relative to Alpha anchor

Our encoder configuration for constraint set 1 follows most of the settings for Alpha anchor, except for some minor changes.
· Use Default quantization matrix instead of Flat matrix 
· Extend the RDOQ range to QP±2
· Disable weighted prediction
When it is necessary to change QP in order to fit target bit rates, we apply one of the following QP-change patterns. 
1. No change
2. QPI+1, QPP+1, QPB+1 after a specified frame in display order
3. QPI+1, QPP+2, QPB+1 after a specified frame in display order
4. QPI+1, QPP+2, QPB+2 after a specified frame in display order
5. QPI+1, QPP+3, QPB+3 after a specified frame in display order
6. QPI+1, QPP+4, QPB+4 after a specified frame in display order
The QPI, QPP and QPB denote the initial QP values for I, P, B frames; their relative magnitudes also obey the same constraint as for Alpha anchor. The table below records our QP-change patterns for all test cases in constraint set 1. In addition, since some sequences have a total frame number that is not a multiple of the specified GOP size, we solve this problem by encoding the last remaining frames as BB…BP. All these B pictures are coded with the QP value of the first B layer and without nesting. 
The following sections provide the R-D comparisons between the proposed scheme and Alpha anchor for all test cases in constraint set 1. 
	Change QP Settings - Constraint 1

	Rate Point
	R1
	R2
	R3
	R4
	R5

	Sequence
	Init. 
QPI
	Change 
frame
	Method
	Init. 
QPI
	Change 
frame
	Method
	Init. 
QPI
	Change 
frame
	Method
	Init. 
QPI
	Change 
frame
	Method
	Init. 
QPI
	Change 
frame
	Method

	Class A
	S01
	34
	102
	2
	31
	8
	2
	29
	115
	2
	26
	115
	2
	23
	0
	1

	
	S02
	44
	20
	2
	41
	31
	4
	38
	20
	2
	34
	100
	2
	29
	32
	4

	Class B
	S03
	34
	41
	5
	31
	152
	2
	28
	0
	1
	25
	0
	1
	22
	149
	2

	
	S04
	37
	0
	1
	33
	48
	2
	30
	32
	2
	27
	40
	2
	25
	0
	1

	
	S05
	36
	286
	2
	33
	376
	2
	30
	286
	2
	27
	130
	2
	25
	30
	2

	
	S06
	37
	0
	1
	34
	0
	1
	30
	80
	4
	28
	0
	1
	26
	0
	1

	
	S07
	34
	270
	2
	32
	220
	2
	30
	390
	2
	28
	260
	2
	27
	440
	2

	Class C
	S08
	40
	364
	2
	37
	110
	5
	34
	170
	4
	31
	320
	2
	27
	50
	4

	
	S09
	40
	135
	2
	38
	520
	2
	34
	70
	4
	31
	125
	2
	27
	70
	4

	
	S10
	41
	42
	4
	40
	385
	2
	37
	150
	4
	34
	100
	4
	31
	87
	2

	
	S11
	39
	1
	4
	37
	45
	5
	35
	220
	2
	31
	9
	5
	28
	31
	4

	Class D
	S12
	36
	1
	4
	33
	1
	4
	31
	1
	4
	27
	1
	6
	23
	1
	6

	
	S13
	34
	40
	2
	32
	510
	2
	30
	350
	2
	27
	160
	2
	24
	1
	4

	
	S14
	35
	200
	2
	32
	1
	4
	31
	485
	2
	27
	1
	4
	24
	255
	2

	
	S15
	34
	60
	2
	31
	1
	3
	29
	1
	3
	26
	280
	2
	22
	0
	1


A. Class A

	Class A
	S01
	Traffic_2560x1600_30_crop

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	2494.71 
	35.63 
	37.48 
	37.87 
	2432.58 
	34.29 
	37.31 
	39.65 

	3490.63 
	36.94 
	38.20 
	38.32 
	3430.25 
	35.81 
	38.03 
	40.35 

	4971.34 
	38.23 
	38.98 
	39.04 
	4863.48 
	37.19 
	38.71 
	41.04 

	7975.53 
	39.75 
	39.96 
	40.25 
	7891.16 
	38.96 
	39.69 
	42.03 

	13981.65 
	41.29 
	41.06 
	41.59 
	13780.54 
	40.70 
	40.92 
	43.32 
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	Class A
	S02
	PeopleOnStreet_2560x1600_30_crop

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	2497.67 
	27.54 
	39.82 
	38.84 
	2457.61 
	26.44 
	38.16 
	38.88 

	3488.26 
	29.25 
	40.52 
	39.23 
	3482.94 
	28.22 
	39.08 
	39.75 

	4992.25 
	31.05 
	41.30 
	40.01 
	4938.25 
	30.11 
	39.77 
	40.48 

	7945.67 
	33.34 
	42.32 
	41.15 
	7844.84 
	32.55 
	40.74 
	41.40 

	13958.43 
	36.04 
	43.47 
	42.29 
	13745.59 
	35.32 
	42.05 
	42.58 
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B. Class B

	Class B1
	S03
	Kimono_1920x1080_24

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	993.22 
	36.18 
	39.88 
	40.92 
	997.34 
	34.68 
	40.11 
	41.13 

	1598.55 
	37.93 
	40.87 
	41.96 
	1588.50 
	36.64 
	40.93 
	41.96 

	2480.56 
	39.46 
	41.70 
	42.88 
	2493.93 
	38.34 
	41.80 
	42.92 

	3812.30 
	40.70 
	42.52 
	43.87 
	3999.56 
	39.99 
	42.62 
	43.93 

	5996.15 
	41.68 
	43.24 
	44.79 
	5980.18 
	41.00 
	43.27 
	44.77 
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	Class B1
	S04
	ParkScene_1920x1080_24

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	962.37 
	32.49 
	37.08 
	38.65 
	989.23 
	31.76 
	37.24 
	38.82 

	1594.68 
	34.26 
	38.06 
	39.32 
	1589.84 
	33.53 
	38.09 
	39.45 

	2495.67 
	35.86 
	39.01 
	39.99 
	2480.19 
	35.21 
	39.01 
	40.12 

	3996.20 
	37.47 
	40.10 
	41.00 
	3987.78 
	37.01 
	39.97 
	40.97 

	5938.14 
	38.74 
	41.11 
	42.06 
	5986.46 
	38.36 
	40.84 
	41.84 

	[image: image189.wmf]31

32

33

34

35

36

37

38

39

40

0

1000

2000

3000

4000

5000

6000

7000

Y

P

S

N

R

BitRate(Kbit/s)

Proposed

Alpha Anchor


	[image: image190.wmf]36

37

38

39

40

41

42

0

1000

2000

3000

4000

5000

6000

7000

U

P

S

N

R

BitRate(Kbit/s)

Proposed

Alpha Anchor


	[image: image191.wmf]38

39

40

41

42

43

0

1000

2000

3000

4000

5000

6000

7000

V

P

S

N

R

BitRate(Kbit/s)

Proposed

Alpha Anchor




	Class B2
	S05
	Cactus_1920x1080_50

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	1993.30 
	33.16 
	37.07 
	38.42 
	1997.66 
	32.18 
	35.16 
	36.29 

	2998.28 
	34.56 
	37.72 
	39.45 
	2997.26 
	33.72 
	36.17 
	37.36 

	4492.80 
	35.75 
	38.27 
	40.34 
	4494.99 
	35.06 
	36.94 
	38.18 

	6976.85 
	36.78 
	38.82 
	41.28 
	6979.80 
	36.29 
	38.43 
	39.68 

	9971.24 
	37.43 
	39.17 
	41.93 
	9977.41 
	37.04 
	40.68 
	41.81 
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	Class B2
	S06
	BasketballDrive_1920x1080_50

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	1999.57 
	33.62 
	39.22 
	38.66 
	1993.55 
	32.20 
	39.23 
	38.29 

	2856.19 
	34.83 
	40.05 
	39.74 
	2980.56 
	33.86 
	40.14 
	39.63 

	4477.77 
	36.17 
	40.89 
	40.91 
	4490.39 
	35.30 
	41.03 
	40.90 

	6629.58 
	37.12 
	41.77 
	42.05 
	6967.81 
	36.59 
	41.85 
	42.11 

	9356.00 
	37.82 
	42.34 
	42.85 
	9966.30 
	37.43 
	42.38 
	42.93 
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	Class B2
	S07
	BQTerrace_1920x1080_60

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	1993.71 
	33.03 
	38.67 
	41.28 
	1979.59 
	32.03 
	38.61 
	41.15 

	2799.39 
	33.72 
	39.17 
	41.71 
	2972.94 
	33.10 
	39.16 
	41.74 

	4367.43 
	34.45 
	39.71 
	42.14 
	4452.56 
	33.89 
	39.62 
	42.18 

	6914.53 
	35.01 
	40.15 
	42.52 
	6940.69 
	34.52 
	40.02 
	42.54 

	9795.28 
	35.35 
	40.49 
	42.79 
	9943.72 
	34.92 
	40.30 
	42.76 
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C. Class C

	Class C
	S08
	BasketballDrill_832x480_50

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	383.64 
	30.42 
	34.71 
	33.98 
	382.94 
	29.16 
	34.41 
	33.55 

	511.78 
	31.60 
	35.47 
	35.12 
	510.98 
	30.41 
	35.27 
	34.66 

	767.94 
	33.21 
	36.69 
	36.59 
	766.84 
	32.10 
	36.49 
	36.17 

	1199.53 
	34.90 
	38.15 
	38.16 
	1196.35 
	33.85 
	37.93 
	37.74 

	1997.32 
	36.88 
	39.75 
	39.93 
	1999.13 
	35.92 
	39.61 
	39.57 
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	Class C
	S09
	BQMall_832x480_60

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	383.28 
	30.19 
	36.65 
	37.24 
	383.47 
	28.54 
	36.93 
	37.24 

	512.00 
	31.55 
	37.35 
	38.00 
	511.80 
	30.17 
	37.64 
	38.20 

	765.11 
	33.29 
	38.27 
	39.01 
	766.54 
	32.16 
	38.59 
	39.28 

	1199.57 
	35.23 
	39.52 
	40.40 
	1197.24 
	34.23 
	39.59 
	40.44 

	1994.64 
	37.26 
	40.72 
	41.74 
	1996.41 
	36.47 
	40.79 
	41.82 
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	Class C
	S10
	PartyScene_832x480_50

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	381.76 
	25.97 
	33.42 
	34.12 
	382.87 
	25.11 
	33.70 
	34.47 

	511.96 
	26.96 
	33.90 
	34.59 
	510.31 
	25.93 
	34.08 
	34.88 

	765.37 
	28.35 
	34.60 
	35.27 
	767.50 
	27.44 
	34.80 
	35.58 

	1197.16 
	30.04 
	35.49 
	36.21 
	1199.76 
	29.05 
	35.57 
	36.35 

	1997.46 
	32.05 
	36.69 
	37.46 
	1997.68 
	31.04 
	36.62 
	37.45 

	[image: image207.wmf]25

26

27

28

29

30

31

32

33

0

500

1000

1500

2000

2500

Y

P

S

N

R

BitRate(Kbit/s)

Proposed

Alpha Anchor


	[image: image208.wmf]33

34

35

36

37

0

500

1000

1500

2000

2500

U

P

S

N

R

BitRate(Kbit/s)

Proposed

Alpha Anchor


	[image: image209.wmf]33

34

35

36

37

38

0

500

1000

1500

2000

2500

V

P

S

N

R

BitRate(Kbit/s)

Proposed

Alpha Anchor




	Class C
	S11
	RaceHorses_832x480_30

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	382.85 
	28.98 
	34.20 
	35.78 
	383.30 
	27.59 
	33.81 
	35.20 

	511.13 
	29.97 
	34.75 
	36.40 
	509.69 
	28.72 
	34.52 
	36.05 

	767.97 
	31.49 
	35.63 
	37.38 
	765.84 
	30.41 
	35.60 
	37.26 

	1197.47 
	33.22 
	36.62 
	38.38 
	1198.58 
	32.18 
	36.53 
	38.32 

	1995.38 
	35.16 
	37.94 
	39.62 
	1996.27 
	34.42 
	37.89 
	39.68 
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D. Class D

	Class D
	S12
	BasketballPass_416x240_50

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	249.34 
	30.94 
	36.45 
	34.82 
	255.86 
	30.11 
	36.94 
	34.83 

	371.68 
	32.60 
	37.47 
	35.99 
	383.32 
	31.84 
	37.99 
	36.10 

	493.15 
	33.86 
	38.29 
	36.95 
	511.73 
	33.16 
	38.75 
	37.02 

	836.59 
	36.29 
	39.84 
	38.79 
	849.40 
	35.65 
	40.21 
	38.84 

	1499.94 
	39.34 
	42.00 
	41.25 
	1496.82 
	38.77 
	42.24 
	41.28 
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	Class D
	S13
	BQSquare_416x240_60

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.48 
	30.40 
	38.37 
	38.87 
	255.52 
	29.16 
	38.86 
	39.47 

	383.38 
	31.87 
	38.99 
	39.74 
	383.42 
	30.59 
	39.31 
	39.99 

	511.84 
	32.87 
	39.47 
	40.36 
	511.51 
	31.56 
	39.66 
	40.40 

	849.83 
	34.53 
	40.40 
	41.33 
	848.94 
	33.33 
	40.24 
	41.04 

	1458.33 
	36.25 
	41.25 
	42.21 
	1498.19 
	35.51 
	41.14 
	42.00 
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	Class D
	S14
	BlowingBubbles_416x240_50

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.71 
	29.70 
	34.87 
	35.35 
	255.00 
	28.97 
	35.01 
	35.65 

	373.17 
	31.12 
	35.79 
	36.31 
	382.49 
	30.49 
	35.85 
	36.48 

	511.32 
	32.43 
	36.67 
	37.24 
	511.69 
	31.64 
	36.55 
	37.19 

	839.34 
	34.41 
	37.86 
	38.47 
	847.60 
	33.64 
	37.76 
	38.38 

	1499.61 
	36.91 
	39.79 
	40.50 
	1498.78 
	36.11 
	39.39 
	40.07 
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	Class D
	S15
	RaceHorses_416x240_30

	Proposed
	Alpha Anchor

	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.42 
	31.05 
	35.09 
	36.21 
	255.82 
	30.25 
	35.16 
	36.29 

	376.00 
	32.71 
	36.09 
	37.28 
	383.16 
	32.01 
	36.17 
	37.36 

	507.13 
	34.08 
	36.96 
	38.15 
	509.68 
	33.36 
	36.94 
	38.18 

	849.13 
	36.63 
	38.78 
	39.94 
	845.71 
	35.94 
	38.43 
	39.68 

	1499.71 
	39.66 
	40.97 
	41.98 
	1493.18 
	39.07 
	40.68 
	41.81 
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E. Overall

This section summarizes our overall coding gain relative to Alpha anchor for test cases in constraint set 1, in terms of BD-PSNR and BD-Rate criteria [9]. Since the computation of these two measures takes only 4 rate points, we divide the 5 rate points of each test sequence into two overlapped rate segments, one from R1 to R4 and the other from R2 to R5, and calculate their BD-PSNR and BD-Rate separately. In the tables below, the results of the first segment (R1-R4) are denoted as BD Low and those of the second one (R2-R5) as BD High.
Careful examination of these two tables reveals that the proposed scheme has an average BD-Rate saving of 21-23% and a corresponding BD-PSNR gain of 0.84-0.96dB. It achieves the highest rate saving (31-33%) in S07 (BQTerrace, Class B) and the lowest (13-15%) in S15 (RaceHorses, Class D). Accordingly, the highest PSNR gain (1.19-1.28dB) is observed in S13 (BQSquare, Class D) and the lowest (0.55-0.66dB) in S04 (ParkScene, Class B). The average performance in Class B and Class C is slightly better than that in Class A and Class D. Remarkably, there is not too much gain for chrominance components. In S01 (Traffic, Class A), one can even observe a nearly 2dB loss.
	Constraint 1- BD Low

	Sequence
	Compared to Alpha Anchor

	
	BD-BitRate(%)
	BD-YPSNR(dB)
	BD-UPSNR(dB)
	BD-VPSNR(dB)

	Class A
	S01
	-23.19 
	0.99 
	0.19 
	-1.99 

	
	S02
	-16.18 
	0.91 
	1.51 
	-0.41 

	
	Avg.
	-19.69 
	0.95 
	0.85 
	-1.20 

	Class B
	S03
	-28.23 
	1.21 
	-0.09 
	-0.04 

	
	S04
	-16.69 
	0.66 
	-0.02 
	-0.12 

	
	S05
	-21.64 
	0.76 
	1.36 
	2.06 

	
	S06
	-26.50 
	1.01 
	-0.05 
	0.14 

	
	S07
	-31.27 
	0.67 
	0.10 
	0.01 

	
	Avg.
	-24.86 
	0.86 
	0.26 
	0.41 

	Class C
	S08
	-24.53 
	1.13 
	0.21 
	0.42 

	
	S09
	-23.12 
	1.24 
	-0.28 
	-0.19 

	
	S10
	-23.37 
	0.95 
	-0.18 
	-0.28 

	
	S11
	-24.94 
	1.14 
	0.12 
	0.22 

	
	Avg.
	-23.99 
	1.12 
	-0.03 
	0.04 

	 Class D 
	S12
	-17.27 
	0.86 
	-0.38 
	0.03 

	
	S13
	-31.19 
	1.28 
	-0.21 
	-0.12 

	
	S14
	-17.69 
	0.77 
	0.05 
	-0.03 

	
	S15
	-14.69 
	0.75 
	0.05 
	0.01 

	
	Avg.
	-20.21 
	0.91 
	-0.12 
	-0.03 

	Total Avg.
	-22.70 
	0.96 
	0.16 
	-0.02 


	Constraint 1- BD High

	Sequence
	Compared to Alpha Anchor

	
	BD-BitRate(%)
	BD-YPSNR(dB)
	BD-UPSNR(dB)
	BD-VPSNR(dB)

	Class A
	S01
	-21.67 
	0.81 
	0.21 
	-1.89 

	
	S02
	-14.38 
	0.79 
	1.51 
	-0.36 

	
	Avg.
	-18.03 
	0.80 
	0.86 
	-1.13 

	 Class B 
	S03
	-27.19 
	0.99 
	-0.05 
	0.00 

	
	S04
	-14.20 
	0.55 
	0.07 
	-0.04 

	
	S05
	-20.77 
	0.60 
	0.71 
	1.73 

	
	S06
	-25.05 
	0.80 
	-0.05 
	0.06 

	
	S07
	-32.96 
	0.56 
	0.13 
	-0.01 

	
	Avg.
	-24.04 
	0.70 
	0.16 
	0.35 

	 Class C 
	S08
	-23.83 
	1.07 
	0.20 
	0.41 

	
	S09
	-21.10 
	1.06 
	-0.18 
	-0.13 

	
	S10
	-23.05 
	0.98 
	-0.11 
	-0.18 

	
	S11
	-22.85 
	1.03 
	0.08 
	0.10 

	
	Avg.
	-22.71 
	1.03 
	0.00 
	0.05 

	 Class D 
	S12
	-13.92 
	0.75 
	-0.34 
	0.01 

	
	S13
	-29.19 
	1.19 
	0.03 
	0.16 

	
	S14
	-17.75 
	0.80 
	0.15 
	0.12 

	
	S15
	-12.57 
	0.69 
	0.22 
	0.15 

	
	Avg.
	-18.36 
	0.85 
	0.02 
	0.11 

	Total Avg.
	-21.37 
	0.84 
	0.17 
	0.01 


3.3 Constraint set 2 configuration relative to Beta and Gamma anchors
Our encoder configuration for constraint set 2 follows most of the settings for Beta anchor except the following:
· Set all P frames as reference frames
· Use Default quantization matrix rather than Flat matrix
· Extend the RDOQ range to QP±2
· Disable weighted prediction
Relative to Gamma anchor, the differences include:
· Apply the nested QP assignment used for Beta anchor

· Enable CABAC, 8x8 transforms 

· Extend the RDOQ range to QP±2 

· Disable weighted prediction 
· Allow up to 4 reference frames
· Enable frame-level multi-pass optimizations for POBMC, EAIF, and QALF
Although all P frames are turned into reference frames, we still follow the nested QP assignment used in Beta anchor. For clarification, Figure 6 depicts our QP setting. 
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Figure 6 GOP structure and QP setting for test cases in constraint set 2. Capital “P” indicates a reference P frame.
When it is necessary to change QP in order to fit target bit rates, we apply one of the following QP-change patterns. 
1. No change
2. QPI+1, QPP+1 after a specified frame in display order
The table below records the changes of QP for all test cases in constraint set 2. The following sections provide the R-D comparisons between the proposed scheme and Beta/Gamma anchors.
	Change QP Settings - Constraint 2

	Rate Point
	R1
	R2
	R3
	R4
	R5

	Sequence
	Init. QPI
	Change 
frame
	Method
	Init. 
QPI
	Change 
frame
	Method
	Init. 
QPI
	Change 
frame
	Method
	Init. 
QPI
	Change 
frame
	Method
	Init. 
QPI
	Change 
frame
	Method

	Class B
	S03
	34
	230
	2
	30
	96
	2
	27
	210
	2
	23
	80
	2
	20
	32
	2

	
	S04
	34
	132
	2
	31
	100
	2
	28
	15
	2
	26
	0
	1
	23
	65
	2

	
	S05
	34
	84
	2
	32
	0
	1
	29
	318
	2
	26
	249
	2
	24
	250
	2

	
	S06
	36
	40
	2
	33
	118
	2
	30
	150
	2
	27
	259
	2
	25
	416
	2

	
	S07
	33
	553
	2
	30
	9
	2
	29
	500
	2
	27
	355
	2
	26
	350
	2

	Class C
	S08
	38
	1
	2
	36
	75
	2
	33
	42
	2
	30
	175
	2
	26
	15
	2

	
	S09
	39
	180
	2
	37
	475
	2
	34
	515
	2
	30
	57
	2
	27
	532
	2

	
	S10
	40
	166
	2
	38
	19
	2
	36
	115
	2
	34
	362
	2
	31
	348
	2

	
	S11
	38
	59
	2
	36
	11
	2
	34
	126
	2
	31
	97
	2
	28
	147
	2

	Class D
	S12
	36
	252
	2
	33
	196
	2
	31
	269
	2
	27
	188
	2
	23
	357
	2

	
	S13
	34
	27
	2
	32
	70
	2
	30
	297
	2
	27
	21
	2
	24
	444
	2

	
	S14
	34
	347
	2
	32
	498
	2
	30
	294
	2
	27
	341
	2
	23
	40
	2

	
	S15
	33
	32
	2
	31
	241
	2
	29
	215
	2
	25
	107
	2
	21
	196
	2

	Class E
	S16
	35
	433
	2
	32
	589
	2
	29
	96
	2
	26
	412
	2
	23
	557
	2

	
	S17
	36
	280
	2
	33
	381
	2
	31
	528
	2
	27
	257
	2
	24
	390
	2

	
	S18
	34
	95
	2
	31
	240
	2
	29
	257
	2
	26
	372
	2
	23
	305
	2


A. Class B

	Class B1
	S03
	Kimono_1920x1080_24

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	999.69 
	35.68 
	39.30 
	40.38 
	995.88 
	33.95 
	39.59 
	40.73 
	999.36 
	33.01 
	39.27 
	40.32 

	1599.37 
	37.56 
	40.12 
	41.22 
	1598.18 
	35.94 
	40.47 
	41.50 
	1599.00 
	34.93 
	40.08 
	41.04 

	2499.50 
	39.26 
	41.08 
	42.13 
	2499.91 
	37.66 
	41.29 
	42.31 
	2499.20 
	36.69 
	40.97 
	41.89 

	3998.56 
	40.67 
	42.08 
	43.24 
	3997.71 
	39.41 
	42.13 
	43.27 
	3996.58 
	38.42 
	41.83 
	42.87 

	5994.84 
	41.65 
	42.95 
	44.29 
	5998.53 
	40.63 
	42.92 
	44.28 
	5998.76 
	39.79 
	42.47 
	43.66 
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	Class B1
	S04
	ParkScene_1920x1080_24

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	995.71 
	32.26 
	36.68 
	38.30 
	998.44 
	31.38 
	37.11 
	38.71 
	996.81 
	30.22 
	36.64 
	38.28 

	1590.46 
	33.79 
	37.47 
	38.87 
	1598.96 
	33.11 
	37.90 
	39.33 
	1599.88 
	32.02 
	37.33 
	38.88 

	2467.59 
	35.26 
	38.43 
	39.56 
	2499.44 
	34.73 
	38.67 
	39.93 
	2497.77 
	33.69 
	38.04 
	39.43 

	3992.83 
	36.91 
	39.36 
	40.33 
	3987.26 
	36.40 
	39.51 
	40.59 
	3997.85 
	35.48 
	39.06 
	40.22 

	5913.92 
	38.18 
	40.27 
	41.17 
	5999.99 
	37.74 
	40.34 
	41.34 
	5998.31 
	36.97 
	39.83 
	40.82 
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	Class B2
	S05
	Cactus_1920x1080_50

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	1997.55 
	32.89 
	36.76 
	37.76 
	1998.87 
	31.67 
	36.84 
	37.89 
	1999.70 
	30.76 
	36.52 
	37.15 

	2993.80 
	34.12 
	37.29 
	38.58 
	2999.54 
	33.23 
	37.48 
	38.92 
	2998.40 
	32.12 
	37.08 
	38.12 

	4494.87 
	35.28 
	37.96 
	39.69 
	4498.71 
	34.51 
	37.96 
	39.76 
	4498.70 
	33.53 
	37.66 
	39.12 

	6994.24 
	36.42 
	38.55 
	40.69 
	6998.63 
	35.80 
	38.60 
	40.83 
	6999.17 
	34.93 
	38.22 
	40.11 

	9976.32 
	37.17 
	38.96 
	41.43 
	9999.55 
	36.68 
	38.96 
	41.52 
	9997.46 
	36.08 
	38.69 
	40.93 
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	Class B2
	S06
	BasketballDrive_1920x1080_50

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	1996.84 
	33.07 
	38.26 
	37.72 
	1998.18 
	31.37 
	38.37 
	37.58 
	1998.53 
	30.16 
	37.33 
	36.69 

	2999.63 
	34.31 
	39.12 
	38.77 
	2997.26 
	33.09 
	39.37 
	38.82 
	2999.34 
	32.07 
	38.67 
	38.12 

	4478.21 
	35.73 
	40.08 
	40.02 
	4498.51 
	34.59 
	40.29 
	40.05 
	4499.19 
	33.72 
	39.66 
	39.33 

	6998.75 
	36.92 
	41.00 
	41.22 
	6997.97 
	35.97 
	41.18 
	41.30 
	6998.37 
	35.25 
	40.62 
	40.63 

	9994.40 
	37.75 
	41.76 
	42.24 
	9999.82 
	36.94 
	41.81 
	42.21 
	9999.84 
	36.30 
	41.46 
	41.76 
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	Class B2
	S07
	BQTerrace_1920x1080_60

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	1988.29 
	32.48 
	37.88 
	40.62 
	1997.94 
	31.35 
	38.43 
	41.18 
	1999.98 
	29.58 
	37.60 
	40.19 

	2990.21 
	33.36 
	38.44 
	41.03 
	2998.66 
	32.42 
	38.87 
	41.66 
	2997.93 
	31.01 
	38.18 
	40.79 

	4478.30 
	34.05 
	39.00 
	41.56 
	4498.87 
	33.35 
	39.24 
	41.96 
	4499.10 
	32.22 
	38.71 
	41.38 

	6982.69 
	34.69 
	39.38 
	41.90 
	6998.40 
	34.08 
	39.69 
	42.39 
	6995.12 
	33.31 
	39.17 
	41.84 

	9354.30 
	35.04 
	39.67 
	42.14 
	9997.31 
	34.53 
	39.95 
	42.59 
	9997.93 
	34.09 
	39.60 
	42.24 
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B. Class C

	Class C
	S08
	BasketballDrill_832x480_50

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	383.52 
	30.06 
	34.21 
	33.79 
	382.16 
	28.92 
	34.26 
	33.61 
	383.44 
	27.82 
	33.30 
	32.92 

	510.16 
	30.87 
	34.67 
	34.18 
	509.38 
	30.13 
	34.98 
	34.42 
	511.98 
	28.97 
	34.23 
	33.80 

	767.65 
	32.70 
	35.86 
	35.75 
	764.57 
	31.74 
	35.96 
	35.60 
	767.82 
	30.58 
	35.27 
	34.83 

	1199.85 
	34.35 
	37.08 
	37.17 
	1194.36 
	33.41 
	37.11 
	36.96 
	1199.32 
	32.26 
	36.33 
	36.08 

	1999.19 
	36.25 
	38.67 
	38.86 
	1991.56 
	35.39 
	38.73 
	38.75 
	1999.59 
	34.17 
	37.74 
	37.65 
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	Class C
	S09
	BQMall_832x480_60

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	382.93 
	29.19 
	35.89 
	36.38 
	381.58 
	27.78 
	36.28 
	36.76 
	383.75 
	26.58 
	35.32 
	35.67 

	511.88 
	30.58 
	36.50 
	37.06 
	509.35 
	29.35 
	37.04 
	37.68 
	511.68 
	28.20 
	36.22 
	36.83 

	767.21 
	32.39 
	37.44 
	38.16 
	762.98 
	31.29 
	37.84 
	38.61 
	767.73 
	30.19 
	37.27 
	38.03 

	1198.37 
	34.29 
	38.52 
	39.32 
	1193.48 
	33.42 
	38.96 
	39.82 
	1198.85 
	32.37 
	38.38 
	39.24 

	1999.16 
	36.49 
	39.82 
	40.71 
	1991.35 
	35.67 
	40.17 
	41.14 
	1999.31 
	34.65 
	39.58 
	40.52 
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	Class C
	S10
	PartyScene_832x480_50

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	383.75 
	24.96 
	32.83 
	33.56 
	382.71 
	24.26 
	33.13 
	34.11 
	383.80 
	23.22 
	32.35 
	33.29 

	511.29 
	25.88 
	33.27 
	33.96 
	511.34 
	25.16 
	33.51 
	34.49 
	511.58 
	24.15 
	32.96 
	33.92 

	767.51 
	27.13 
	33.86 
	34.54 
	766.94 
	26.61 
	34.26 
	35.18 
	767.92 
	25.37 
	33.65 
	34.59 

	1198.83 
	28.72 
	34.63 
	35.31 
	1194.83 
	28.20 
	34.98 
	35.84 
	1199.12 
	26.87 
	34.32 
	35.23 

	1998.19 
	30.70 
	35.59 
	36.25 
	1997.48 
	30.29 
	35.96 
	36.73 
	1999.38 
	28.76 
	35.19 
	36.01 
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	Class C
	S11
	RaceHorses_832x480_30

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	383.89 
	28.78 
	34.11 
	35.57 
	382.27 
	27.86 
	33.93 
	35.37 
	383.57 
	27.50 
	33.62 
	34.90 

	510.98 
	29.80 
	34.64 
	36.16 
	511.64 
	28.93 
	34.67 
	36.20 
	511.94 
	28.47 
	34.35 
	35.80 

	767.82 
	31.25 
	35.28 
	36.93 
	761.93 
	30.46 
	35.42 
	37.08 
	767.55 
	29.98 
	35.23 
	36.80 

	1199.15 
	33.00 
	36.14 
	37.84 
	1190.98 
	32.19 
	36.32 
	38.07 
	1199.79 
	31.73 
	36.16 
	37.90 

	1999.18 
	34.95 
	37.29 
	38.96 
	1989.74 
	34.22 
	37.43 
	39.23 
	1999.00 
	33.78 
	37.22 
	39.04 
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C. Class D

	Class D
	S12
	BasketballPass_416x240_50

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.93 
	30.56 
	36.04 
	34.68 
	255.98 
	29.78 
	36.46 
	34.57 
	255.59 
	29.17 
	36.10 
	34.20 

	383.91 
	32.27 
	36.95 
	35.79 
	383.61 
	31.45 
	37.33 
	35.72 
	383.97 
	30.82 
	36.99 
	35.36 

	511.65 
	33.58 
	37.64 
	36.57 
	510.56 
	32.68 
	38.04 
	36.63 
	512.00 
	32.02 
	37.61 
	36.23 

	849.42 
	36.07 
	39.13 
	38.31 
	847.23 
	35.11 
	39.43 
	38.38 
	849.85 
	34.32 
	38.99 
	38.01 

	1499.23 
	39.04 
	41.29 
	40.71 
	1494.99 
	38.15 
	41.40 
	40.69 
	1499.93 
	37.32 
	40.84 
	40.25 
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	Class D
	S13
	BQSquare_416x240_60

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.52 
	29.12 
	37.77 
	38.12 
	255.29 
	28.52 
	38.63 
	38.85 
	255.36 
	26.76 
	38.11 
	38.14 

	383.63 
	30.37 
	38.20 
	38.63 
	383.26 
	29.91 
	39.05 
	39.46 
	383.87 
	27.99 
	38.43 
	38.55 

	511.98 
	31.23 
	38.58 
	39.12 
	510.78 
	30.85 
	39.25 
	39.68 
	511.87 
	28.82 
	38.66 
	38.89 

	849.68 
	32.81 
	39.13 
	39.83 
	847.70 
	32.53 
	39.82 
	40.52 
	849.52 
	30.38 
	38.96 
	39.37 

	1499.61 
	34.71 
	39.97 
	40.79 
	1494.97 
	34.49 
	40.38 
	41.26 
	1499.18 
	32.43 
	39.56 
	40.22 
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	Class D
	S14
	BlowingBubbles_416x240_50

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.54 
	28.61 
	34.09 
	34.51 
	254.86 
	28.31 
	34.50 
	35.10 
	255.90 
	27.11 
	33.88 
	34.51 

	383.79 
	30.04 
	34.75 
	35.15 
	383.55 
	29.71 
	35.20 
	35.79 
	383.95 
	28.50 
	34.56 
	35.12 

	511.51 
	31.14 
	35.49 
	35.93 
	510.65 
	30.94 
	35.80 
	36.31 
	511.64 
	29.58 
	35.17 
	35.71 

	849.76 
	33.25 
	36.63 
	37.09 
	848.74 
	32.99 
	37.16 
	37.66 
	849.55 
	31.53 
	36.21 
	36.67 

	1499.84 
	35.67 
	38.37 
	38.85 
	1496.67 
	35.34 
	38.61 
	39.15 
	1499.71 
	34.04 
	37.61 
	38.07 
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	Class D
	S15
	RaceHorses_416x240_30

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.98 
	30.74 
	34.76 
	35.82 
	254.34 
	30.15 
	34.77 
	35.92 
	255.87 
	29.83 
	34.61 
	35.71 

	383.21 
	32.44 
	35.67 
	36.75 
	383.48 
	31.88 
	35.77 
	36.97 
	383.97 
	31.38 
	35.61 
	36.78 

	511.99 
	33.76 
	36.49 
	37.59 
	510.52 
	33.17 
	36.51 
	37.70 
	511.69 
	32.68 
	36.29 
	37.48 

	849.66 
	36.33 
	38.03 
	39.11 
	843.48 
	35.70 
	38.08 
	39.26 
	849.70 
	35.27 
	37.92 
	39.11 

	1499.56 
	39.49 
	40.27 
	41.27 
	1498.13 
	38.78 
	40.25 
	41.39 
	1499.83 
	38.47 
	40.11 
	41.31 
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D. Class E
	Class E
	S16
	vidyo1_720p_60(1280x720)

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.57 
	36.36 
	42.04 
	42.02 
	233.72 
	33.67 
	41.78 
	41.65 
	255.96 
	32.56 
	41.17 
	40.65 

	383.92 
	38.08 
	43.16 
	43.31 
	365.92 
	35.84 
	42.91 
	43.16 
	383.91 
	34.81 
	42.35 
	42.28 

	511.35 
	39.22 
	43.91 
	44.22 
	460.85 
	37.00 
	43.64 
	43.87 
	511.83 
	36.30 
	43.26 
	43.36 

	848.23 
	40.85 
	44.82 
	45.37 
	776.35 
	39.09 
	44.80 
	45.19 
	849.11 
	38.37 
	44.37 
	44.55 

	1499.87 
	42.25 
	45.76 
	46.51 
	1430.89 
	41.13 
	45.62 
	46.33 
	1499.95 
	40.42 
	45.27 
	45.84 
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	Class E
	S17
	vidyo3_720p_60(1280x720)

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.85 
	34.87 
	43.48 
	42.09 
	228.93 
	32.80 
	42.91 
	41.29 
	255.56 
	31.85 
	42.51 
	40.82 

	383.89 
	36.76 
	44.40 
	42.78 
	335.70 
	34.66 
	44.41 
	42.21 
	383.79 
	33.95 
	43.54 
	41.82 

	511.23 
	38.00 
	45.01 
	43.34 
	503.12 
	36.56 
	45.11 
	43.24 
	511.84 
	35.30 
	44.23 
	42.57 

	849.20 
	39.85 
	46.21 
	44.91 
	765.88 
	38.33 
	45.93 
	44.30 
	849.98 
	37.60 
	45.63 
	43.92 

	1496.16 
	41.41 
	46.97 
	45.98 
	1472.80 
	40.45 
	46.95 
	45.71 
	1498.56 
	39.71 
	46.58 
	45.11 
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	Class E
	S18
	vidyo4_720p_60(1280x720)

	Proposed
	Beta Anchor
	Gamma Anchor

	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR
	BitRate
(Kb/s)
	YPSNR
	UPSNR
	VPSNR

	255.59 
	36.16 
	43.48 
	42.09 
	249.94 
	34.03 
	42.33 
	42.08 
	255.95 
	32.55 
	41.25 
	40.46 

	383.72 
	37.82 
	44.40 
	42.78 
	346.25 
	35.72 
	43.41 
	42.85 
	383.46 
	34.84 
	42.67 
	42.08 

	511.31 
	38.84 
	45.01 
	43.34 
	494.11 
	37.28 
	44.42 
	44.19 
	511.77 
	36.21 
	43.75 
	43.38 

	848.69 
	40.43 
	46.21 
	44.91 
	747.20 
	38.90 
	45.52 
	45.53 
	849.39 
	38.14 
	45.05 
	44.84 

	1497.12 
	41.76 
	46.97 
	45.98 
	1470.11 
	40.89 
	46.71 
	46.68 
	1499.68 
	40.07 
	46.19 
	46.13 

	[image: image271.wmf]32

33

34

35

36

37

38

39

40

41

42

43

0

200

400

600

800

1000

1200

1400

1600

Y

P

S

N

R

BitRate(Kbit/s)

Proposed

Beta Anchor

Gamma Anchor


	[image: image272.wmf]40

41

42

43

44

45

46

47

48

0

200

400

600

800

1000

1200

1400

1600

U

P

S

N

R

BitRate(Kbit/s)

Proposed

Beta Anchor

Gamma Anchor


	[image: image273.wmf]40

41

42

43

44

45

46

47

48

0

200

400

600

800

1000

1200

1400

1600

V

P

S

N

R

BitRate(Kbit/s)

Proposed

Beta Anchor

Gamma Anchor




E. Overall

This section summarizes our overall coding performance relative to Beta and Gamma anchors for the test cases in constraint set 2, in terms of BD-PSNR and BD-Rate criteria [9]. Again, we divide the 5 rate points of each test sequence into two overlapped rate segments, R1-R4 (BD Low) and R2-R5 (BD High), and compute their BD-PSNR and BD-Rate separately. From the results, we made the following observations: 
As compared with Beta anchor, our scheme has
· An average BD-Rate saving of 21-22% and an average BD-PSNR gain of 0.85-0.97dB.
· The highest rate saving (35-36%) in S16 (vidyo1, Class E) and the lowest (6%) in S14 (BlowingBubbles, Class D).
· The highest PSNR gain (1.52-1.87dB) in S16 (vidyo1, Class E) and the lowest (0.25dB) in S14 (BlowingBubbles, Class D).
As compared with Gamma anchor, we have
· An average BD-Rate saving of 41-42% and an average BD-PSNR gain of 1.9-2.1dB.
· The highest rate saving (56-59%) in S07 (BQTerrace, Class B) and the lowest (18-20%) in S15 (RaceHorses, Class D).
· The highest PSNR gain (2.57-3.07dB) in S16 (vidyo1, Class E) and the lowest (1.05db) in S15 (RaceHorses, Class D).
In addition, the average performance in Class B and Class E is significantly better than that in Class C and Class D, regardless of which anchor is used as baseline. 
	Constraint 2- BD Low

	Sequence
	Compared to Beta Anchor
	Compared to Gamma Anchor

	
	BD-BitRate
(%)
	BD-YPSNR
(dB)
	BD-UPSNR
(dB)
	BD-VPSNR
(dB)
	BD-BitRate
(%)
	BD-YPSNR
(dB)
	BD-UPSNR
(dB)
	BD-VPSNR
(dB)

	Class B 
	S03
	-34.20 
	1.58 
	-0.25 
	-0.22 
	-48.87 
	2.57 
	0.09 
	0.21 

	
	S04
	-16.80 
	0.65 
	-0.31 
	-0.38 
	-37.84 
	1.71 
	0.25 
	0.07 

	
	S05
	-24.05 
	0.85 
	-0.08 
	-0.17 
	-44.72 
	1.85 
	0.27 
	0.55 

	
	S06
	-29.24 
	1.22 
	-0.21 
	-0.02 
	-44.20 
	2.16 
	0.49 
	0.71 

	
	S07
	-34.35 
	0.83 
	-0.35 
	-0.50 
	-59.37 
	2.09 
	0.27 
	0.22 

	
	Avg.
	-27.73 
	1.03 
	-0.24 
	-0.26 
	-47.00 
	2.08 
	0.28 
	0.35 

	Class C 
	S08
	-19.58 
	0.90 
	-0.15 
	0.05 
	-39.42 
	2.07 
	0.61 
	0.80 

	
	S09
	-21.25 
	1.12 
	-0.45 
	-0.51 
	-38.15 
	2.26 
	0.24 
	0.21 

	
	S10
	-15.72 
	0.59 
	-0.34 
	-0.59 
	-42.96 
	1.76 
	0.28 
	0.03 

	
	S11
	-19.27 
	0.81 
	-0.09 
	-0.10 
	-29.31 
	1.29 
	0.15 
	0.22 

	
	Avg.
	-18.95 
	0.85 
	-0.26 
	-0.29 
	-37.46 
	1.84 
	0.32 
	0.31 

	Class D 
	S12
	-17.43 
	0.86 
	-0.39 
	-0.01 
	-29.31 
	1.54 
	0.02 
	0.38 

	
	S13
	-11.85 
	0.41 
	-0.75 
	-0.67 
	-55.20 
	2.40 
	-0.12 
	0.19 

	
	S14
	-5.90 
	0.25 
	-0.39 
	-0.50 
	-33.79 
	1.57 
	0.29 
	0.18 

	
	S15
	-11.65 
	0.58 
	-0.05 
	-0.15 
	-20.33 
	1.05 
	0.15 
	0.06 

	
	Avg.
	-11.71 
	0.52 
	-0.39 
	-0.33 
	-34.66 
	1.64 
	0.08 
	0.20 

	Class E 
	S16
	-35.43 
	1.87 
	0.02 
	0.03 
	-50.46 
	3.07 
	0.69 
	0.97 

	
	S17
	-27.17 
	1.40 
	-0.15 
	0.22 
	-45.43 
	2.71 
	0.80 
	0.93 

	
	S18
	-32.06 
	1.55 
	0.63 
	-0.64 
	-49.87 
	2.81 
	1.50 
	0.40 

	
	Avg.
	-31.55 
	1.61 
	0.17 
	-0.13 
	-48.59 
	2.86 
	1.00 
	0.77 

	Total Avg.
	-22.25 
	0.97 
	-0.21 
	-0.26 
	-41.83 
	2.06 
	0.37 
	0.38 


	Constraint 2- BD High

	Sequence
	Compared to Beta Anchor
	Compared to Gamma Anchor

	
	BD-BitRate
(%)
	BD-YPSNR
(dB)
	BD-UPSNR
(dB)
	BD-VPSNR
(dB)
	BD-BitRate
(%)
	BD-YPSNR
(dB)
	BD-UPSNR
(dB)
	BD-VPSNR
(dB)

	Class B 
	S03
	-34.55 
	1.41 
	-0.14 
	-0.12 
	-50.51 
	2.38 
	0.19 
	0.32 

	
	S04
	-14.80 
	0.56 
	-0.20 
	-0.31 
	-34.66 
	1.53 
	0.35 
	0.14 

	
	S05
	-22.67 
	0.70 
	-0.04 
	-0.13 
	-42.62 
	1.62 
	0.30 
	0.56 

	
	S06
	-29.90 
	1.05 
	-0.18 
	-0.04 
	-44.82 
	1.86 
	0.40 
	0.63 

	
	S07
	-34.82 
	0.70 
	-0.28 
	-0.46 
	-56.26 
	1.68 
	0.25 
	0.14 

	
	Avg.
	-27.35 
	0.88 
	-0.17 
	-0.21 
	-45.78 
	1.82 
	0.30 
	0.36 

	Class C 
	S08
	-21.10 
	0.90 
	-0.10 
	0.11 
	-42.20 
	2.07 
	0.69 
	0.97 

	
	S09
	-19.01 
	0.96 
	-0.44 
	-0.50 
	-36.25 
	2.05 
	0.18 
	0.13 

	
	S10
	-13.21 
	0.52 
	-0.36 
	-0.56 
	-40.54 
	1.82 
	0.29 
	0.06 

	
	S11
	-18.18 
	0.78 
	-0.16 
	-0.20 
	-27.76 
	1.26 
	0.05 
	0.05 

	
	Avg.
	-17.87 
	0.79 
	-0.26 
	-0.29 
	-36.69 
	1.80 
	0.30 
	0.30 

	Class D 
	S12
	-16.88 
	0.91 
	-0.31 
	-0.05 
	-29.36 
	1.68 
	0.14 
	0.35 

	
	S13
	-8.70 
	0.30 
	-0.66 
	-0.65 
	-52.47 
	2.39 
	0.11 
	0.39 

	
	S14
	-6.05 
	0.26 
	-0.43 
	-0.50 
	-33.41 
	1.65 
	0.42 
	0.39 

	
	S15
	-11.01 
	0.60 
	-0.06 
	-0.16 
	-18.35 
	1.06 
	0.13 
	0.02 

	
	Avg.
	-10.66 
	0.52 
	-0.37 
	-0.34 
	-33.40 
	1.70 
	0.20 
	0.29 

	Class E 
	S16
	-36.05 
	1.52 
	-0.05 
	0.02 
	-51.91 
	2.57 
	0.54 
	0.83 

	
	S17
	-28.00 
	1.19 
	0.00 
	0.27 
	-45.50 
	2.33 
	0.63 
	0.92 

	
	S18
	-30.78 
	1.19 
	0.43 
	-0.87 
	-50.72 
	2.35 
	1.19 
	0.08 

	
	Avg.
	-31.61 
	1.30 
	0.13 
	-0.20 
	-49.38 
	2.42 
	0.79 
	0.61 

	Total Avg.
	-21.61 
	0.85 
	-0.19 
	-0.26 
	-41.08 
	1.90 
	0.37 
	0.37 


4 Complexity analysis

4.1 Encoding time and measurement methodology

To measure the encoding time (in seconds) for each test case, we use PTime
 [10], which is a program timer often used for benchmark purposes. For measurement, test cases are encoded one by one on the same platform with the following command:
ptime lencod -f [configuration files] -p [arguments]
According to the results below, the time required for encoding one test case varies from 2 hours to 100 hours (~4 days), depending on the sequence, encoder configuration, bit rate, etc. At a cursory glance, the encoding times for test cases in Classes A, B1, E are about the same level, and they are approximately 2-9 times those for test cases in Classes C, D. Among all the test cases, those in Class B2 have the longest encoding times. An interesting fact to be noted is that test cases in constraint set 2 (with IPPP structure) takes slightly longer encoding time than their counterparts in constraint set 1 (with IbBbB…P structure). This may be attributed to the dramatic increase of SKIP MBs when the constraint set 1 configuration is in use. These figures, however, are the results without any software optimizations and thus may weakly correlate with the algorithmic complexity of our encoder.
	　
	Constraint set 1
	Constraint set 2

	
	R1
	R2
	R3
	R4
	R5
	Avg.
H:M:S
	R1
	R2
	R3
	R4
	R5
	Avg.
H:M:S

	Class A
	S01
	127834 
	126259 
	127266 
	133245 
	145962 
	36:41:53
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	
	S02
	130831 
	124712 
	126032 
	130681 
	145298 
	36:31:50
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Class B
	S03
	100172 
	102399 
	105124 
	110766 
	118025 
	29:48:17
	125597 
	128657 
	134908 
	142425 
	152489 
	38:0:15

	
	S04
	104593 
	98488 
	99483 
	105506 
	113442 
	28:58:22
	121955 
	128859 
	137864 
	150538 
	162659 
	38:59:35

	
	S05
	221887 
	215109 
	215832 
	225147 
	239335 
	62:4:21
	264280 
	278506 
	291125 
	308548 
	324254 
	81:29:2

	
	S06
	250730 
	244931 
	249048 
	256465 
	263851 
	70:16:44
	275108 
	285967 
	296805 
	310811 
	325761 
	83:1:30

	
	S07
	295587 
	290502 
	293031 
	300342 
	312001 
	82:51:32
	296583 
	310237 
	326415 
	346693 
	362430 
	91:14:31

	Class C
	S08
	42376 
	41644 
	39863 
	40551 
	43349 
	11:32:36
	43725 
	46014 
	48621 
	51865 
	56984 
	13:44:1

	
	S09
	55225 
	55243 
	54145 
	54019 
	55838 
	15:14:53
	56230 
	56889 
	59324 
	63843 
	68014 
	16:54:20

	
	S10
	43009 
	42714 
	41942 
	41680 
	43668 
	11:50:2
	46605 
	47591 
	50249 
	53834 
	58945 
	14:17:24

	
	S11
	24377 
	25264 
	24510 
	25988 
	28474 
	7:8:42
	31680 
	33230 
	35057 
	37746 
	40940 
	9:55:30

	Class D
	S12
	11949 
	11967 
	12081 
	14967 
	14147 
	3:37:1
	13812 
	14610 
	15173 
	16275 
	17650 
	4:18:24

	
	S13
	15590 
	15955 
	16362 
	16992 
	17148 
	4:33:29
	16138 
	17246 
	18141 
	19782 
	21723 
	5:10:6

	
	S14
	11915 
	14086 
	14350 
	15263 
	16880 
	4:1:38
	15469 
	16573 
	18330 
	19575 
	22008 
	5:6:31

	
	S15
	8296 
	8540 
	8942 
	9853 
	11165 
	2:35:59
	11239 
	12061 
	12774 
	13849 
	15190 
	3:37:2

	Class E
	S16
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	111683 
	114741 
	116194 
	120462 
	126656 
	32:45:47

	
	S17
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	112479 
	115473 
	117486 
	121486 
	126817 
	32:59:8

	
	S18
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	112066 
	114494 
	116056 
	119849 
	124860 
	32:37:44


4.2 Decoding time and measurement methodology and comparison vs. anchor bitstreams decoded by JM 17.0
To measure the decoding time (in seconds), we use NTimer
 [11] and record its returned ETime, the total process elapsed time. Similar to measuring the encoding time, submitted bitstreams are decoded sequentially on the same platform with the following command:
ntimer ldecod –i [input bit stream] –o [output YUV file]  
The same procedure (and platform) is applied to measure the decoding times of anchor bitstreams with JM 17.0. Two sets of data have been collected: one with YUV output enabled, as required by the CfP document, and the other with YUV output disabled, as per the discussions on the reflector. To better assess our decoder’s complexity, we additionally report the decoding time without the first round of decoding. As mentioned previously, it is just for implementation expediency and is not really needed from algorithm perspective. Note that in all measurements, reference input is disabled. We summarize below the main results.
With YUV output enabled
· The decoding times of our scheme increase linearly with the increasing bit rate, whereas those of JM 17.0 are more static.
· For bitstreams in constraint set 1, the decoding time ratios of our scheme to Alpha anchor are about 26-101:1. These ratios decrease to 21-92:1 if we ignore the time required for the first round of decoding.
· For bitstreams in constraint set 2, the decoding time ratios of our scheme to Beta anchor are about 20-186:1 and to Gamma anchor about 26-163:1. These ratios decrease to 15-161:1 with Beta anchor and to 19-141:1 with Gamma anchor if we ignore the time required for the first round of decoding.
· The decoding times for Gamma anchor are slightly longer than that for Beta anchor.
With YUV output disabled
· The decoding times of our scheme increase linearly with the increasing bit rate, whereas those of JM 17.0 are more static.
· For bitstreams in constraint set 1, the decoding time ratios of our scheme to Alpha anchor are about 54-138:1. These ratios decrease to 44-120:1 if we ignore the time required for the first round of decoding.
· For bitstreams in constraint set 2, the decoding time ratios of our scheme to Beta anchor are about 92-186:1 and to Gamma anchor about 104-200:1. These ratios decrease to 78-161:1 with Beta anchor and to 96-173:1 with Gamma anchor if we ignore the time required for the first round of decoding.
· Interestingly, the decoding times for Gamma anchor become slightly shorter than that for Beta anchor.
Again, we want to emphasize that the figures shown are the results without any software optimizations and therefore may not truly reflect the algorithmic complexity of our decoder.
	Summary of no reference decoding time

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	Class A
	S01
	Time
	41.1 
	2610.9 
	2248.6 
	N/A
	N/A
	N/A
	N/A

	
	
	Ratio
	1.0 
	63.5 
	54.7 
	N/A
	N/A
	N/A
	N/A

	
	S02
	Time
	39.4 
	2216.0 
	1932.7 
	N/A
	N/A
	N/A
	N/A

	
	
	Ratio
	1.0 
	56.2 
	49.0 
	N/A
	N/A
	N/A
	N/A

	
	Avg. ratio
	1.0 
	59.9 
	51.9 
	N/A
	N/A
	N/A
	N/A

	Class B
	S03
	Time
	37.0 
	1888.9 
	1634.4 
	33.4 
	38.9 
	2838.2 
	2500.4 

	
	
	Ratio
	1.0 
	51.0 
	44.2 
	1.0 
	1.2 
	85.1 
	74.9 

	
	S04
	Time
	59.4 
	1662.8 
	1410.9 
	32.8 
	34.3 
	2503.9 
	2132.7 

	
	
	Ratio
	1.0 
	28.0 
	23.8 
	1.0 
	1.0 
	76.4 
	65.1 

	
	S05
	Time
	97.5 
	2488.7 
	2081.9 
	61.8 
	65.7 
	3260.8 
	2711.9 

	
	
	Ratio
	1.0 
	25.5 
	21.4 
	1.0 
	1.1 
	52.7 
	43.9 

	
	S06
	Time
	71.4 
	3000.6 
	2508.2 
	67.1 
	67.5 
	4188.7 
	3456.5 

	
	
	Ratio
	1.0 
	42.0 
	35.1 
	1.0 
	1.0 
	62.4 
	51.5 

	
	S07
	Time
	88.0 
	3199.7 
	2563.0 
	80.0 
	79.7 
	5153.2 
	4293.5 

	
	
	Ratio
	1.0 
	36.3 
	29.1 
	1.0 
	1.0 
	64.4 
	53.6 

	
	Avg. ratio
	1.0 
	36.6 
	30.7 
	1.0 
	1.1 
	68.2 
	57.8 

	Class C
	S08
	Time
	13.5 
	492.3 
	403.4 
	11.9 
	13.9 
	581.5 
	464.6 

	
	
	Ratio
	1.0 
	36.4 
	29.8 
	1.0 
	1.2 
	48.9 
	39.1 

	
	S09
	Time
	15.6 
	562.4 
	467.4 
	15.5 
	18.7 
	839.7 
	696.0 

	
	
	Ratio
	1.0 
	36.0 
	29.9 
	1.0 
	1.2 
	54.1 
	44.9 

	
	S10
	Time
	12.4 
	576.8 
	491.2 
	12.5 
	13.2 
	869.9 
	732.7 

	
	
	Ratio
	1.0 
	46.7 
	39.7 
	1.0 
	1.1 
	69.8 
	58.8 

	
	S11
	Time
	6.6 
	432.4 
	379.7 
	5.9 
	6.5 
	552.7 
	466.4 

	
	
	Ratio
	1.0 
	65.9 
	57.8 
	1.0 
	1.1 
	94.2 
	79.5 

	
	Avg. ratio
	1.0 
	46.2 
	39.3 
	1.0 
	1.1 
	66.7 
	55.5 

	Class D
	S12
	Time
	2.0 
	159.4 
	141.5 
	1.6 
	1.7 
	194.5 
	163.1 

	
	
	Ratio
	1.0 
	80.5 
	71.4 
	1.0 
	1.1 
	119.7 
	100.4 

	
	S13
	Time
	2.4 
	212.4 
	182.7 
	1.8 
	2.1 
	343.1 
	296.3 

	
	
	Ratio
	1.0 
	88.2 
	75.8 
	1.0 
	1.1 
	186.1 
	160.7 

	
	S14
	Time
	1.7 
	164.2 
	145.4 
	1.7 
	1.5 
	236.4 
	203.5 

	
	
	Ratio
	1.0 
	95.5 
	84.6 
	1.0 
	0.9 
	136.1 
	117.1 

	
	S15
	Time
	1.6 
	156.9 
	143.8 
	1.4 
	1.3 
	176.5 
	153.2 

	
	
	Ratio
	1.0 
	100.6 
	92.2 
	1.0 
	0.9 
	126.3 
	109.7 

	
	Avg. ratio
	1.0 
	91.2 
	81.0 
	1.0 
	1.0 
	142.0 
	122.0 

	Class E
	S16
	Time
	N/A
	N/A
	N/A
	34.9 
	37.9 
	980.8 
	742.0 

	
	
	Ratio
	N/A
	N/A
	N/A
	1.0 
	1.1 
	28.1 
	21.3 

	
	S17
	Time
	N/A
	N/A
	N/A
	35.1 
	38.3 
	936.9 
	703.6 

	
	
	Ratio
	N/A
	N/A
	N/A
	1.0 
	1.1 
	26.7 
	20.0 

	
	S18
	Time
	N/A
	N/A
	N/A
	49.6 
	37.7 
	969.9 
	729.2 

	
	
	Ratio
	N/A
	N/A
	N/A
	1.0 
	0.8 
	19.6 
	14.7 

	
	Avg. ratio
	N/A
	N/A
	N/A
	1.0 
	1.0 
	24.8 
	18.7 

	Total avg. ratio
	1.0 
	58.5 
	50.7 
	1.0 
	1.0 
	75.4 
	63.5 


	Summary of no YUV output decoding time

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	Class A 
	S01
	Time
	18.5 
	2558.2 
	2225.6 
	N/A
	N/A
	N/A
	N/A

	
	
	Ratio
	1.0 
	138.3 
	120.3 
	N/A
	N/A
	N/A
	N/A

	
	S02
	Time
	21.1 
	2166.0 
	1909.3 
	N/A
	N/A
	N/A
	N/A

	
	
	Ratio
	1.0 
	102.5 
	90.3 
	N/A
	N/A
	N/A
	N/A

	
	Avg. ratio
	1.0 
	120.4 
	105.3 
	N/A
	N/A
	N/A
	N/A

	Class B 
	S03
	Time
	24.1 
	1848.4 
	1614.6 
	18.3 
	18.1 
	2767.0 
	2437.8 

	
	
	Ratio
	1.0 
	76.6 
	66.9 
	1.0 
	1.0 
	151.1 
	133.2 

	
	S04
	Time
	23.7 
	1614.3 
	1394.4 
	18.1 
	18.1 
	2429.6 
	2082.8 

	
	
	Ratio
	1.0 
	68.2 
	58.9 
	1.0 
	1.0 
	133.9 
	114.8 

	
	S05
	Time
	39.1 
	2408.2 
	2056.5 
	34.5 
	30.8 
	3193.4 
	2690.7 

	
	
	Ratio
	1.0 
	61.7 
	52.7 
	1.0 
	0.9 
	92.4 
	77.9 

	
	S06
	Time
	48.9 
	2919.7 
	2468.0 
	38.5 
	34.9 
	4083.2 
	3381.2 

	
	
	Ratio
	1.0 
	59.7 
	50.5 
	1.0 
	0.9 
	106.0 
	87.7 

	
	S07
	Time
	57.6 
	3102.6 
	2510.5 
	40.9 
	40.2 
	5023.7 
	4209.4 

	
	
	Ratio
	1.0 
	53.9 
	43.6 
	1.0 
	1.0 
	122.9 
	103.0 

	
	Avg. ratio
	1.0 
	64.0 
	54.5 
	1.0 
	1.0 
	121.3 
	103.3 

	Class C 
	S08
	Time
	5.0 
	460.9 
	399.4 
	4.4 
	3.8 
	550.3 
	456.5 

	
	
	Ratio
	1.0 
	91.8 
	79.6 
	1.0 
	0.9 
	125.1 
	103.8 

	
	S09
	Time
	7.1 
	539.2 
	462.1 
	5.4 
	5.1 
	821.2 
	688.5 

	
	
	Ratio
	1.0 
	76.3 
	65.4 
	1.0 
	0.9 
	151.5 
	127.1 

	
	S10
	Time
	6.1 
	547.6 
	473.8 
	5.1 
	4.6 
	844.6 
	728.6 

	
	
	Ratio
	1.0 
	89.3 
	77.3 
	1.0 
	0.9 
	167.1 
	144.2 

	
	S11
	Time
	4.5 
	420.3 
	376.4 
	3.9 
	3.4 
	543.6 
	462.2 

	
	
	Ratio
	1.0 
	94.2 
	84.4 
	1.0 
	0.9 
	138.2 
	117.5 

	
	Avg. ratio
	1.0 
	87.9 
	76.7 
	1.0 
	0.9 
	145.5 
	123.1 

	Class D 
	S12
	Time
	1.7 
	156.7 
	140.4 
	1.8 
	1.5 
	190.7 
	161.1 

	
	
	Ratio
	1.0 
	90.2 
	80.8 
	1.0 
	0.8 
	107.3 
	90.6 

	
	S13
	Time
	2.2 
	208.8 
	181.2 
	1.8 
	1.7 
	339.7 
	294.8 

	
	
	Ratio
	1.0 
	93.0 
	80.7 
	1.0 
	0.9 
	185.5 
	161.0 

	
	S14
	Time
	1.8 
	161.3 
	144.0 
	1.6 
	1.4 
	232.8 
	201.9 

	
	
	Ratio
	1.0 
	90.2 
	80.6 
	1.0 
	0.9 
	149.0 
	129.2 

	
	S15
	Time
	1.5 
	155.3 
	143.1 
	1.3 
	1.2 
	174.8 
	152.5 

	
	
	Ratio
	1.0 
	103.1 
	95.0 
	1.0 
	0.9 
	135.0 
	117.9 

	
	Avg. ratio
	1.0 
	94.1 
	84.3 
	1.0 
	0.9 
	144.2 
	124.7 

	Class E 
	S16
	Time
	N/A
	N/A
	N/A
	8.1 
	8.1 
	911.1 
	719.7 

	
	
	Ratio
	N/A
	N/A
	N/A
	1.0 
	1.0 
	112.2 
	88.6 

	
	S17
	Time
	N/A
	N/A
	N/A
	8.8 
	8.0 
	875.0 
	686.5 

	
	
	Ratio
	N/A
	N/A
	N/A
	1.0 
	0.9 
	99.5 
	78.1 

	
	S18
	Time
	N/A
	N/A
	N/A
	8.2 
	8.2 
	906.1 
	708.8 

	
	
	Ratio
	N/A
	N/A
	N/A
	1.0 
	1.0 
	110.3 
	86.3 

	
	Avg. ratio
	N/A
	N/A
	N/A
	1.0 
	1.0 
	107.3 
	84.3 

	Total avg. ratio
	1.0 
	86.2 
	75.6 
	1.0 
	0.9 
	128.2 
	107.4 


A. Decoding time with YUV output enabled 
	
	Class A
	S01
	Traffic_2560x1600_30_crop

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	38.7 
	1776.0 
	1384.9 
	N/A
	N/A
	N/A
	N/A

	R2
	42.5 
	2135.8 
	1760.3 
	
	
	
	

	R3
	41.9 
	2447.1 
	2081.5 
	
	
	
	

	R4
	42.6 
	2994.3 
	2645.9 
	
	
	
	

	R5
	39.9 
	3701.4 
	3370.5 
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	N/A


	
	Class A
	S02
	PeopleOnStreet_2560x1600_30_crop

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	38.4 
	1319.6 
	1061.4 
	N/A
	N/A
	N/A
	N/A

	R2
	35.1 
	1846.6 
	1552.6 
	
	
	
	

	R3
	39.1 
	2121.2 
	1839.0 
	
	
	
	

	R4
	39.3 
	2534.3 
	2244.7 
	
	
	
	

	R5
	45.2 
	3258.5 
	2965.7 
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	N/A


	
	Class B1
	S03
	Kimono_1920x1080_24

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	33.0 
	1076.3 
	840.1 
	33.7
	37.7
	1609.8
	1296.8

	R2
	36.0 
	1430.3 
	1184.9 
	30.7
	37.4
	2423.6
	2099.6

	R3
	35.3 
	1736.7 
	1481.3 
	30.8
	39.9
	3058.0
	2722.5

	R4
	43.0 
	2313.2 
	2046.4 
	32.7
	37.6
	3299.1
	2949.9

	R5
	37.8 
	2887.9 
	2619.2 
	38.9
	41.8
	3800.6
	3433.0
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	Class B1
	S04
	ParkScene_1920x1080_24

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	37.8 
	871.1 
	661.9 
	28.5
	35.6
	1516.9
	1195.3

	R2
	72.2 
	1224.7 
	992.2 
	33.1
	37.4
	1914.3
	1578.5

	R3
	88.9 
	1641.4 
	1393.2 
	30.0
	30.9
	2419.6
	2033.5

	R4
	41.9 
	2100.6 
	1846.1 
	37.7
	33.0
	3225.6
	2831.3

	R5
	56.0 
	2476.1 
	2160.9 
	34.6
	34.8
	3443.1
	3024.7
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	Class B2
	S05
	Cactus_1920x1080_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	79.4 
	1692.7 
	1275.1 
	59.2
	62.8
	2367.8
	1875.2

	R2
	113.8 
	2002.0 
	1623.9 
	61.0
	66.1
	2979.5
	2461.7

	R3
	102.3 
	2465.8 
	2074.1 
	65.0
	66.9
	3442.2
	2833.8

	R4
	120.0 
	2879.7 
	2470.9 
	60.3
	65.2
	3618.2
	3061.7

	R5
	72.0 
	3403.2 
	2965.5 
	63.7
	67.7
	3896.3
	3327.1
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	Class B2
	S06
	BasketballDrive_1920x1080_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	65.2 
	2042.4 
	1589.5 
	63.6
	64.5
	2744.9
	2077.9

	R2
	69.9 
	2405.7 
	1932.4 
	60.1
	67.4
	3388.4
	2683.8

	R3
	73.8 
	3066.1 
	2564.4 
	68.4
	65.0
	4117.0
	3372.5

	R4
	73.6 
	3540.5 
	3027.4 
	70.3
	70.9
	4976.2
	4212.0

	R5
	74.4 
	3948.5 
	3427.2 
	73.3
	69.5
	5717.1
	4936.3
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	Class B2
	S07
	BQTerrace_1920x1080_60

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	83.2 
	2329.2 
	1715.2 
	71.4
	77.1
	3707.4
	2987.3

	R2
	79.5 
	2649.7 
	2016.3 
	79.3
	79.0
	4557.3
	3717.8

	R3
	78.8 
	3118.1 
	2475.9 
	85.5
	78.0
	5197.9
	4354.1

	R4
	82.6 
	3715.1 
	3068.0 
	82.9
	79.0
	5951.0
	5040.3

	R5
	116.1 
	4186.6 
	3539.7 
	81.1
	85.5
	6352.1
	5367.9
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	Class C
	S08
	BasketballDrill_832x480_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	14.3 
	314.0 
	243.2 
	12.3
	15.2
	392.9
	297.4

	R2
	12.9 
	376.1 
	301.9 
	12.0
	11.8
	450.2
	352.2

	R3
	15.3 
	442.7 
	367.0 
	12.2
	14.1
	613.9
	447.6

	R4
	12.4 
	561.7 
	482.6 
	11.5
	13.4
	652.3
	543.2

	R5
	12.7 
	766.7 
	622.2 
	11.4
	14.9
	798.2
	682.8
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	Class C
	S09
	BQMall_832x480_60

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	16.0 
	356.0 
	266.7 
	15.7
	16.6
	553.4
	428.1

	R2
	15.3 
	424.2 
	335.3 
	14.8
	23.3
	654.8
	523.6

	R3
	15.0 
	526.6 
	432.8 
	15.7
	18.1
	820.0
	678.9

	R4
	16.2 
	667.2 
	568.1 
	16.1
	17.2
	985.4
	828.8

	R5
	15.7 
	838.0 
	733.9 
	15.3
	18.5
	1185.1
	1020.8
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	Class C
	S10
	PartyScene_832x480_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	12.6 
	348.1 
	271.8 
	12.3
	13.1
	502.2
	391.4

	R2
	11.8 
	476.7 
	396.5 
	11.7
	13.3
	676.8
	504.0

	R3
	12.9 
	512.4 
	427.4 
	11.7
	12.5
	794.3
	673.5

	R4
	11.6 
	677.7 
	587.0 
	14.3
	13.3
	1069.1
	933.8

	R5
	12.9 
	869.2 
	773.2 
	12.3
	13.7
	1306.9
	1161.0
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	Class C
	S11
	RaceHorses_832x480_30

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	5.9 
	316.9 
	269.4 
	5.4
	6.7
	385.1
	309.9

	R2
	9.5 
	356.5 
	308.6 
	4.6
	5.4
	459.3
	378.0

	R3
	6.1 
	408.9 
	358.5 
	5.8
	5.0
	551.4
	466.4

	R4
	5.6 
	513.3 
	456.3 
	6.6
	9.6
	643.8
	551.1

	R5
	5.7 
	566.2 
	505.7 
	6.9
	6.0
	723.8
	626.5
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	Class D
	S12
	BasketballPass_416x240_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	1.4 
	111.8 
	97.0 
	1.2
	1.1
	157.5
	127.1

	R2
	2.2 
	145.9 
	128.2 
	1.3
	1.3
	182.1
	151.2

	R3
	1.7 
	155.1 
	137.8 
	1.5
	1.4
	192.3
	161.2

	R4
	1.9 
	181.2 
	161.9 
	1.9
	2.1
	208.4
	177.5

	R5
	2.8 
	202.9 
	182.5 
	2.3
	2.7
	232.0
	198.7
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	Class D
	S13
	BQSquare_416x240_60

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	1.8 
	142.5 
	114.5 
	1.4
	1.8
	264.7
	225.8

	R2
	1.9 
	181.4 
	152.4 
	1.5
	1.5
	306.7
	262.1

	R3
	2.3 
	213.1 
	182.1 
	1.7
	2.3
	340.5
	291.3

	R4
	2.3 
	252.3 
	221.2 
	2.0
	1.9
	386.6
	334.9

	R5
	3.8 
	272.9 
	243.1 
	2.5
	2.9
	417.2
	367.6
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	Class D
	S14
	BlowingBubbles_416x240_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	1.3 
	110.3 
	94.1 
	1.2
	1.0
	173.5
	144.9

	R2
	1.5 
	142.1 
	124.1 
	1.3
	1.4
	214.9
	183.9

	R3
	1.5 
	148.6 
	129.6 
	1.5
	1.4
	233.6
	201.2

	R4
	2.0 
	198.8 
	178.8 
	2.4
	1.6
	276.4
	239.8

	R5
	2.2 
	221.0 
	200.2 
	2.3
	2.1
	283.7
	247.7
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	Class D
	S15
	RaceHorses_416x240_30

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	1.1 
	122.9 
	111.5 
	1.0
	1.1
	155.6
	132.2

	R2
	1.2 
	140.4 
	128.3 
	1.1
	1.0
	175.3
	150.0

	R3
	2.1 
	149.8 
	136.6 
	1.3
	1.3
	175.2
	152.0

	R4
	1.5 
	174.6 
	160.7 
	1.5
	1.3
	177.2
	154.8

	R5
	1.9 
	197.0 
	181.9 
	2.1
	1.7
	199.4
	177.2
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	Class E
	S16
	vidyo1_720p_60(1280x720)

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	N/A
	N/A
	N/A
	34.9
	38.0
	642.9
	446.4

	R2
	
	
	
	34.6
	37.4
	794.6
	587.4

	R3
	
	
	
	34.3
	39.3
	920.9
	701.6

	R4
	
	
	
	34.5
	36.4
	1187.0
	887.5

	R5
	
	
	
	36.1
	38.5
	1358.4
	1087.0

	N/A
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	Class E
	S17
	vidyo3_720p_60(1280x720)

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	N/A
	N/A
	N/A
	34.5
	37.6
	665.7
	470.2

	R2
	
	
	
	34.8
	38.5
	854.8
	587.5

	R3
	
	
	
	36.2
	38.2
	889.1
	669.6

	R4
	
	
	
	34.6
	39.0
	1050.4
	815.2

	R5
	
	
	
	35.5
	37.9
	1224.2
	975.4

	N/A
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	Class E
	S18
	vidyo4_720p_60(1280x720)

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	N/A

	N/A
	N/A
	37.4
	38.5
	647.9
	440.8

	R2
	
	
	
	35.9
	39.0
	850.5
	571.9

	R3
	
	
	
	56.5
	36.8
	903.1
	677.0

	R4
	
	
	
	50.3
	38.2
	1088.4
	850.9

	R5
	
	
	
	67.8
	35.8
	1359.8
	1105.6

	N/A
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B. Decoding time with YUV output disabled
	
	Class A
	S01
	Traffic_2560x1600_30_crop

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	15.8 
	1719.6 
	1369.1 
	N/A
	N/A
	N/A
	N/A

	R2
	16.8 
	2086.0 
	1739.6 
	
	
	
	

	R3
	17.9 
	2399.3 
	2059.7 
	
	
	
	

	R4
	19.2 
	2942.2 
	2620.6 
	
	
	
	

	R5
	22.8 
	3643.9 
	3338.7 
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	N/A


	
	Class A
	S02
	PeopleOnStreet_2560x1600_30_crop

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	18.3 
	1272.8 
	1041.1 
	N/A
	N/A
	N/A
	N/A

	R2
	17.1 
	1795.4 
	1531.3 
	
	
	
	

	R3
	24.9 
	2072.7 
	1816.2 
	
	
	
	

	R4
	20.3 
	2480.5 
	2217.5 
	
	
	
	

	R5
	25.1 
	3208.6 
	2940.2 
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	N/A


	
	Class B1
	S03
	Kimono_1920x1080_24

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	25.0 
	1033.7 
	824.1 
	14.3
	14.7
	1560.7
	1263.8

	R2
	21.8 
	1393.6 
	1168.7 
	16.0
	15.4
	2551.4
	2245.9

	R3
	23.3 
	1697.4 
	1462.6 
	18.1
	19.0
	2778.7
	2420.8

	R4
	24.0 
	2270.7 
	2022.3 
	20.1
	20.3
	3226.3
	2892.0

	R5
	26.5 
	2846.5 
	2595.2 
	23.1
	21.3
	3717.8
	3366.3
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	Class B1
	S04
	ParkScene_1920x1080_24

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	18.5 
	833.2 
	647.2 
	14.0
	13.1
	1488.8
	1185.3

	R2
	25.4 
	1187.2 
	974.9 
	19.0
	14.5
	1885.1
	1566.3

	R3
	23.3 
	1605.6 
	1377.5 
	17.4
	21.0
	2355.8
	2019.2

	R4
	23.9 
	2066.0 
	1829.6 
	19.8
	21.0
	3018.3
	2640.6

	R5
	27.3 
	2379.3 
	2142.9 
	20.5
	20.8
	3399.8
	3002.5
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	Class B2
	S05
	Cactus_1920x1080_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	33.2 
	1561.4 
	1250.9 
	28.2
	26.6
	2297.4
	1843.9

	R2
	33.5 
	1935.0 
	1600.0 
	31.3
	29.1
	3041.5
	2563.3

	R3
	36.5 
	2397.5 
	2048.6 
	36.2
	29.1
	3300.2
	2785.6

	R4
	43.4 
	2811.6 
	2445.5 
	34.8
	31.5
	3538.7
	3006.6

	R5
	48.7 
	3335.8 
	2937.7 
	42.2
	37.5
	3789.3
	3254.0
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	Class B2
	S06
	BasketballDrive_1920x1080_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	45.7 
	1964.7 
	1558.7 
	31.4
	28.0
	2658.7
	2026.4

	R2
	46.2 
	2331.9 
	1897.6 
	35.1
	33.2
	3297.1
	2625.7

	R3
	42.0 
	2986.2 
	2526.4 
	41.1
	35.0
	4011.3
	3297.4

	R4
	51.8 
	3456.1 
	2981.5 
	38.5
	38.5
	4859.0
	4116.5

	R5
	58.8 
	3859.5 
	3375.8 
	46.7
	39.9
	5590.0
	4840.1
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	Class B2
	S07
	BQTerrace_1920x1080_60

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	48.3 
	2244.8 
	1674.9 
	34.3
	37.7
	3672.2
	2932.1

	R2
	62.5 
	2559.0 
	1970.6 
	36.8
	37.5
	4392.7
	3650.6

	R3
	57.7 
	3024.7 
	2426.6 
	44.8
	38.6
	5076.2
	4271.5

	R4
	65.3 
	3607.9 
	3007.0 
	42.8
	41.8
	5803.8
	4932.6

	R5
	54.1 
	4076.6 
	3473.4 
	45.7
	45.6
	6173.6
	5260.5
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	Class C
	S08
	BasketballDrill_832x480_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	4.1 
	292.8 
	239.6 
	3.0
	3.4
	374.2
	292.2

	R2
	4.8 
	354.9 
	298.0 
	3.3
	3.3
	433.2
	346.1

	R3
	4.7 
	422.1 
	361.9 
	4.4
	3.4
	534.6
	440.4

	R4
	5.2 
	544.4 
	478.9 
	4.4
	4.1
	631.9
	532.0

	R5
	6.2 
	690.0 
	618.8 
	6.8
	4.8
	777.5
	671.9
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	Class C
	S09
	BQMall_832x480_60

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	7.2 
	326.8 
	262.0 
	4.4
	3.8
	530.2
	417.2

	R2
	6.0 
	401.3 
	331.1 
	5.2
	4.3
	638.5
	518.5

	R3
	6.6 
	503.7 
	427.6 
	5.3
	4.6
	802.8
	671.4

	R4
	7.8 
	644.8 
	561.3 
	5.7
	6.9
	965.9
	822.5

	R5
	7.8 
	819.5 
	728.8 
	6.5
	5.8
	1168.6
	1012.9

	[image: image319.wmf]0

100

200

300

400

500

600

700

800

900

R1

R2

R3

R4

R5

T

o

t

a

l

 

T

i

m

e

(

s

e

c

0

Rate Point

Alpha Anchor

Proposed_Total

Proposed_Pass2


	[image: image320.wmf]0

200

400

600

800

1000

1200

1400

R1

R2

R3

R4

R5

T

o

t

a

l

 

T

i

m

e

(

s

e

c

0

Rate Point

Beta Anchor

Gamma Anchor

Proposed_Total

Proposed_Pass2




	
	Class C
	S10
	PartyScene_832x480_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	5.2 
	327.2 
	264.7 
	3.8
	3.2
	489.7
	387.8

	R2
	7.2 
	397.7 
	330.4 
	4.2
	3.5
	603.9
	500.9

	R3
	5.5 
	495.0 
	421.1 
	4.4
	4.9
	781.6
	669.3

	R4
	6.1 
	662.9 
	582.9 
	5.8
	5.0
	1053.3
	929.4

	R5
	6.7 
	855.3 
	770.0 
	7.2
	6.3
	1294.4
	1155.7
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	Class C
	S11
	RaceHorses_832x480_30

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	4.0 
	302.7 
	266.0 
	2.7
	2.4
	377.3
	307.7

	R2
	4.1 
	344.7 
	305.9 
	3.0
	3.1
	452.5
	375.9

	R3
	4.0 
	398.3 
	355.7 
	3.4
	3.4
	543.0
	463.0

	R4
	4.5 
	502.1 
	452.8 
	5.7
	3.7
	634.5
	546.0

	R5
	5.7 
	553.5 
	501.6 
	5.0
	4.2
	711.0
	618.2
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	Class D
	S12
	BasketballPass_416x240_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	1.3 
	109.9 
	95.8 
	1.6
	1.0
	154.2
	125.6

	R2
	1.5 
	143.1 
	127.3 
	1.7
	1.2
	177.8
	148.6

	R3
	1.7 
	152.8 
	136.7 
	1.5
	1.7
	189.2
	159.5

	R4
	1.8 
	178.3 
	160.9 
	1.7
	1.6
	205.0
	175.5

	R5
	2.3 
	199.3 
	181.2 
	2.4
	1.9
	227.6
	196.4
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	Class D
	S13
	BQSquare_416x240_60

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	1.7 
	138.5 
	112.8 
	1.7
	1.3
	261.9
	225.0

	R2
	1.8 
	179.2 
	151.3 
	1.5
	1.5
	302.9
	260.7

	R3
	1.9 
	208.1 
	180.2 
	1.6
	1.5
	337.2
	289.7

	R4
	2.2 
	248.1 
	219.9 
	2.0
	2.0
	383.2
	333.0

	R5
	3.7 
	269.9 
	241.8 
	2.4
	2.2
	413.4
	365.4
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	Class D
	S14
	BlowingBubbles_416x240_50

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	1.2 
	108.0 
	93.3 
	1.1
	1.0
	169.0
	142.2

	R2
	1.4 
	138.9 
	122.7 
	1.3
	1.2
	211.9
	182.7

	R3
	1.7 
	145.5 
	128.6 
	1.4
	1.4
	230.7
	200.1

	R4
	1.8 
	196.8 
	178.0 
	1.8
	1.6
	272.5
	238.3

	R5
	2.8 
	217.1 
	197.6 
	2.2
	2.0
	279.9
	246.1
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	Class D
	S15
	RaceHorses_416x240_30

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	1.0 
	121.2 
	110.8 
	0.9
	0.8
	154.2
	131.5

	R2
	1.1 
	138.8 
	127.5 
	1.1
	1.0
	172.8
	149.4

	R3
	1.5 
	148.1 
	136.0 
	1.2
	1.1
	173.8
	151.3

	R4
	2.1 
	173.2 
	159.8 
	1.5
	1.5
	175.6
	154.1

	R5
	1.8 
	195.3 
	181.3 
	1.8
	1.6
	197.4
	176.3

	[image: image331.wmf]0

50

100

150

200

250

R1

R2

R3

R4

R5

T

o

t

a

l

 

T

i

m

e

(

s

e

c

0

Rate Point

Alpha Anchor

Proposed_Total

Proposed_Pass2


	[image: image332.wmf]0

50

100

150

200

250

R1

R2

R3

R4

R5

T

o

t

a

l

 

T

i

m

e

(

s

e

c

0

Rate Point

Beta Anchor

Gamma Anchor

Proposed_Total

Proposed_Pass2




	
	Class E
	S16
	vidyo1_720p_60(1280x720)

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	N/A
	N/A
	N/A
	6.9
	6.4
	587.5
	434.8

	R2
	
	
	
	7.2
	6.8
	715.1
	546.3

	R3
	
	
	
	8.0
	9.1
	859.9
	673.8

	R4
	
	
	
	8.1
	9.0
	1085.7
	873.1

	R5
	
	
	
	10.4
	9.3
	1307.2
	1070.4

	N/A
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	Class E
	S17
	vidyo3_720p_60(1280x720)

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	N/A
	N/A
	N/A
	7.5
	6.7
	613.5
	454.9

	R2
	
	
	
	7.2
	7.3
	748.9
	574.1

	R3
	
	
	
	9.1
	8.3
	836.4
	653.0

	R4
	
	
	
	10.6
	8.9
	999.1
	796.6

	R5
	
	
	
	9.5
	9.0
	1177.2
	953.6

	N/A
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	Class E
	S18
	vidyo4_720p_60(1280x720)

	
	Constraint set 1
	Constraint set 2

	
	Alpha Anchor
	Proposed_Total
	Proposed_Pass2
	Beta Anchor
	Gamma Anchor
	Proposed_Total
	Proposed_Pass2

	R1
	N/A
	N/A
	N/A
	7.7
	6.5
	590.4
	421.7

	R2
	
	
	
	7.2
	7.9
	734.4
	551.4

	R3
	
	
	
	8.5
	8.1
	845.5
	651.6

	R4
	
	
	
	8.2
	8.7
	1043.4
	833.5

	R5
	
	
	
	9.5
	9.5
	1316.7
	1085.7

	N/A
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4.3 Description of computing platform used to determine encoding and decoding times reported in sections 4.1 and 4.2
The C implementations of our encoder and decoder are compiled with Microsoft Visual Studio .NET 2005 as 32-bit executables. When measuring the encoding/decoding time for each test case, we run the executables on one single processor core without parallel encodings/decodings. The hardware and software details are as follows:
· Intel Core i7-860 CPU 2926MHz, 8 GBytes DDR3 memory, 7200rpm SATA2 hard drive. 
· Windows Vista 64-bit SP1 with Microsoft .NET framework 2.0.
4.4 Expected memory usage of encoder

  The memory usage of our encoder implementation mainly includes: 
· Frame buffer for storing reference frames
The size of frame buffer increases linearly with the number of reference frames and their resolutions. We have 4 reference frames for all test cases, so the peak memory usage occurs when Class A sequences are encoded. Storing a reference frame of size 2560x1600 takes ~6MBytes memory space. To ease the implementation, the EAIF causes a 16x expansion of memory usage for storing all the sub-pel versions of a reference frame. We thus have about ~384MBytes (6x16x4) memory space consumed for frame buffering in the worst case.  
· Motion buffer for storing uncompressed motion information of the entire slice for POBMC 
For POBMC, the motion information of the entire slice must be stored. To describe a search range of [image: image337.png]+128



 pixels in quarter-pel precision, the representation of a motion vector takes 10x2 bits to store both its x and y components. In the worst case where all MBs are coded with 4x4 bi-prediction, we need a buffer size of about 1.2MBytes (2x20x2560x1600/16/8) to store the motion information for a 2560x1600 frame. As compared with the size of frame buffer, this is just a minor overhead.
· Buffers for storing control signals such as global parameters, coded streams, etc. 
4.5 Expected memory usage of decoder

  The memory usage of our decoder implementation is similar to that of our encoder, except that the size of frame buffer is reduced by a factor of 16. This is because the decoder performs sub-pel interpolation only when necessary. There is no need to generate all the sub-pel versions of a reference frame. 
4.6 Complexity characteristics of encoder motion estimation and motion segmentation selection
Both the complexity of motion segmentation selection and that of ME increase due to the inclusion of EMB and TMP-Skip. The latter, however, brings only little computational overhead since it performs ME in a small search range of MVP±1.
4.7 Complexity characteristics of decoder motion compensation
The complexity of decoder-side motion compensation increases because of the use of POBMC, EAIF, and TMP-Skip. POBMC is a multi-hypothesis motion compensation scheme. The memory bandwidth needed for motion compensation increases with the increasing hypothesis number, i.e. the number of MVs involved for POBMC. In addition, POBMC introduces additional computational complexity due to the need to perform Wiener filtering, and so does EAIF. As for TMP-Skip, its overhead on computational complexity is minor, as mentioned previously. 
4.8 Complexity characteristics of encoder intra-frame prediction type selection

Our intra prediction scheme is the same as that in AVC.
4.9 Complexity characteristics of decoder intra-frame prediction operation

Our intra prediction scheme is the same as that in AVC.
4.10 Complexity characteristics of encoder transforms and transform type selection

Both the complexity of encoder transforms and that of transform type selection increase due to the inclusion of MDDT and 16x16 transform. Both transforms have similar complexity characteristics as the 4x4/8x8 integer transforms in AVC. 
4.11 Complexity characteristics of decoder inverse transform operation

The complexity of decoder inverse transform operation increases due to the inclusion of MDDT and 16x16 transform. The operations of their inverse transforms have similar complexity characteristics as the inverse 4x4/8x8 integer transforms in AVC. 
4.12 Complexity characteristics of encoder quantization and quantization type selection

Our quantizer is the same as that (the Default matrix) in AVC. However, the complexity of quantization type selection increases due to the use of RDOQ. It invokes RDO mode decision repeatedly in search for a QP value that produces the best R-D performance. Note that RDO mode decision is computationally demanding because it needs to collect the R-D data associated with different coding options. For this reason, the QP fine-tuning is restricted to the range of QP±2, where QP denotes the initial QP value for a MB. 
4.13 Complexity characteristics of decoder inverse quantization

The decoder inverse quantization is the same as that in AVC. 
4.14 Complexity characteristics of encoder in-loop filtering type selection

QALF is additionally applied to the reconstructed frame after the usual deblocking filtering. It requires a filter training process and a quad-tree based determination of filter application. The former is based on the least-squares method, while the later is conducted with an R-D criterion. Both require computation intensive operations.
4.15 Complexity characteristics of decoder in-loop filtering operation

  QALF is additionally applied to the reconstructed frame after the usual deblocking filtering. At the decoder side, it introduces additional computational complexity due to the need to perform Wiener filtering.
4.16 Complexity characteristics of encoder entropy coding type selection

There is no entropy coding type selection. Only CABAC is enabled.
4.17 Complexity characteristics of decoder entropy decoding operation

Our entropy decoding uses CABAD in AVC. 
4.18 Degree of capability for encoder parallel processing
Our encoding flow involves four iterations of slice-level encoding. Both the second and the fourth iterations must rely on the data produced in their previous iteration. Besides, the third iteration needs the motion information of the first one for EAIF training. With these data dependencies in mind, a possible pipelining of slice-level encoding would be as Figure 7. In this particular example, five threads can be run in parallel. One can, of course, further adjust the pipeline depth to trade-off among throughput, synchronization and pipeline overheads, and imbalance among pipeline stages.
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Figure 7 Pipelining of slice-level encoding.
4.19 Degree of capability for decoder parallel processing
Unlike the encoding flow, the decoding flow is more straightforward and has no iterative computations. Parallel processing techniques that can apply to AVC decoder may be equally applicable to our decoder. 
5 Algorithmic characteristics

5.1 Random access characteristics

For the test cases in constraint set 1, our GOP structure is the same as that for Alpha anchor. Specifically, to access any frame, the decoder may have to decode all its previous frames (including B-frames), starting from the nearest previous I-frame. Since Intra pictures appear every 24, 32, 48 and 64 pictures for 24fps, 30fps, 50fps and 60fps sequences, the random access interval for all sequences are guaranteed to be within 1.1 seconds. 
For the test cases in constraint set 2, I-frame only appears once in the beginning. Thus, to access any frame, the decoder must decode all its previous frames, starting from the first I-frame. 
5.2 Delay characteristics

Our GOP structures for the test cases in both constraint sets are the same as those for anchors. For the test cases in constraint set 1, we have an encoding/decoding structural delay of 7 frames due to the application of hierarchical bi-prediction with GOP size equal to 8; for those in constraint set 2, the delay is zero because of using IPPP coding structure.
As for the encoding and decoding delays, please refer to Sections 4.18 and 4.19.
6 Software implementation description

The C implementations of our encoder and decoder are compiled with Microsoft Visual Studio .NET 2005 as 32-bit executables. They can be run on Windows 7 64bit or Windows Vista 64bit SP1 with Microsoft .NET framework 2.0 or higher. The suggested system requirements of our codec are 
· Dual core CPU with clock rate more than 2.0GHz, 8GBytes main memory, SATA2 hard drive
· Windows Vista 64bit SP1 with Microsoft .NET framework 2.0 or higher
7 Highlighted aspects discussion

As shown in Figure 5, POBMC is a multi-hypothesis motion compensation scheme, which is well known to have both high prediction efficiency and error resilience capability. Moreover, it helps to equalize prediction errors across a prediction block, alleviating blocking artifacts incurred by block-based motion compensation. Our preliminary study shows that it offers a comparable coding gain to EAIF [4] and can be easily combined with EAIF to double its performance.
8 Closing remarks

Summarizing, in this contribution, we propose a Parametric Overlapped Block Motion Compensation (POBMC) scheme that enables OBMC to make use of variable block-size motion estimates. Based on a motion model, we solve for the optimal weights as a function of the distances between the predicted pixel and its nearby block centers. With the formula, the prediction weights and the prediction order can be adapted on a pixel-to-pixel basis, leading to a spatially-variant linear prediction. The POBMC, when combined with EAIF, RDOQ, QALF, EMB, MDDT, and TMP-Skip, offers significant BD-Rate savings and BD-PSNR gains. 
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� Motion-compensated prediction can be viewed as consisting of sparse motion sampling followed by the reconstruction of a temporal predictor. In this context, block-based motion estimation acts as a motion sampler taking samples at block centers. With variable block-size motion estimation, the resulting sampling grid is irregular.


� We did not use NTimer because its counter overflows when the encoding time exceeds 24 hours.


� We have no problem using NTimer to measure the decoding time as it never exceeds 24 hours. 
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