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Abstract
This contribution presents the experimental results of the direction based angular intra prediction for Core Experiment 6 (CE6) Subset d. The method was proposed to increase the efficiency of intra prediction in the contribution of JCTVC-F122 at the JCT-VC Torino meeting. Two techniques are included: the gradient based prediction and bi-boundary based prediction. In the first one, the predictor is compensated with the gradient along the direction of intra prediction, which is calculated with the reference samples with the neighboring reference samples. In the second one, the proposed method generates the predictor with a weighted sum of two reference samples at both ends of the direction. It is reported that the proposed method can achieve an average bit-rate reduction of 0.7% for both high efficiency all-intra (HE-AI) and low complexity all-intra (LC-AI). The running time is reported to be similar to HM4.0. Besides, this contribution describes the harmonization of F122 and other contributions within CE6.d. The results of the combinations are also given. 
1 Introduction
In HM4.0, the intra prediction mode of a prediction unit (PU) is selected from up to 33 angular modes, DC mode and Planar mode by encoder and signaled in the bitstream. Figure 1 presents the intra prediction modes with different directions for PU sizes of 8x8~32x32. In the figure, v and h denote vertical and horizontal intra prediction mode, respectively, and other prediction modes are represented as v±i (1≤i≤8) and h±i (1≤i≤8) with reference to the vertical and horizontal modes accordingly. Besides DC and Planar, only 16 and 2 angular modes are allowed for 4x4 and 64x64 PU, respectively. The angular intra prediction derives the predictor from one line of neighboring reference samples (the above row or the left column of the current block). Specifically, for a certain angle, the predictor is generated only using the neighboring samples in one end of the direction. In order to utilize more directional information to improve the prediction efficiency, we proposed a direction based intra prediction method in JCTVC-F122 [1], which is described in Section 2 in details. 

At the JCT-VC Torino meeting, three contributions F172 [2], F358 [3] and F456 [4], also proposed to investigate the intra prediction with the secondary boundary. They are tested in CE6.d as well. The harmonization of four contributions has been performed and is elaborated in Section 3.   
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Figure 1. 33 angular intra prediction modes (v: vertical; h: horizontal). 
2 Algorithm Description

The basic idea of the proposed method is to further exploit the direction related information e.g. the gradient along the direction and the reference samples at the other end of the direction, for some prediction modes. We mainly focus on the angular intra prediction modes from v to v+8 and from h to h+8 (highlighted with red color in Figure 1). Based on their prediction angles, these intra prediction modes are classified into two sets: VH (from v to v+3 and from h to h+3) and DGL (from v+4 to v+8 and from h+4 to h+8), which are highlighted with blue and green colors respectively in Figure 2. Two techniques, namely gradient based prediction and bi-boundary based prediction, are applied on these two sets respectively. Specifically, gradient information along the direction is utilized to improve the intra prediction of VH set, and reference samples at the other end of the direction are used for DGL set. These two techniques are described in the following sub-sections.
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Figure 2. Two sets of intra prediction modes (blue: VH set; green: DGL set).

2.1 Gradient based prediction
[image: image12.png]


The gradient information between neighboring reference samples along the intra prediction direction is used to improve the quality of intra prediction modes in VH set, which are highlighted with blue color in Figure 2. Figure 3 presents an example of gradient based prediction for vertical prediction. Pij denotes the predicted values at (i,j) using angular intra prediction in HM4.0. AL represents the reference sample at the left-above corner of the current block. Li represents the reference sample in the left column of the current block, and Aj represents the reference sample in the above row. 
Figure 3. Intra prediction with gradient along the vertical direction.
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Figure 4. Intra Prediction with gradient along one direction from v+1 to v+3.
As illustrated in Figure 3, the final predictor of vertical mode, P’ij, is calculated as
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Using the same method, the predictor P’ij of horizontal mode is calculated as 
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Due to the weak correlation, the predictor of vertical (horizontal) mode with j (i) larger than 2 will just stick to the angular predictor Pij.
As for the angular modes v+1~v+3 and h+1~h+3, Li or Aj first obtains its corresponding reference sample RLi or RAj along the direction of intra prediction. When RLi or RAj is not located at the position of integer samples, they are produced by interpolation of integer samples in the above row or the left column of the current block. As shown in Figure 4, the predictor P’ij of modes v+1~v+3 is calculated as
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and the predictor P’ij of modes h+1~h+3 is calculated as
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In this case, the proposed method is only applied to the column with j=0 for modes v+1~v+3 and the row with i=0 for modes h+1~h+3, while other predictors just use the angular predictor Pij. 
2.2 Bi-boundary based prediction
The reference samples at both ends of the direction is used here to improve the quality of intra prediction with modes in DGL set, which are highlighted with green color in Figure 2. For the v+4~v+8 modes, as illustrated in Figure 5, Pij is taken from the reference samples of above row and has a corresponding reference sample Fij in the left column along the prediction direction. For the h+4~h+8 modes, Pij is taken from the reference samples of left column and has a corresponding reference sample Fij in the above row along the prediction direction. If Fij is not located at the position of integer sample, it can be generated with the interpolation of integer samples. Then the predictor P’ij is calculated as the weighted sum of Pij and Fij as 
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In order to achieve a simpler scheme, the generation of Fij can be modified by using approximate positions in interpolation. Denote d as the distance between Li (or Aj) and Fij, which is shown in Fig. 5. With the definitions of intra prediction modes and the use of 1/32 interpolation in HM4.0, the accurate values of d for v+4~v+8 and h+4~h+8 are given in Table 1. With the accurate values of d, 1/32 interpolation is required. The approximate values of d are used instead to simplify the interpolation. Table 1 also gives some approximate values for ¼ interpolation. 
Then a weighted sum of Pij and Fij is calculated as equation (5) to achieve a predictor P’ij. α is a fraction between 0 and 1. As d get larger, the correlation between the sample at (i,j) and Fij gets weaker. Thus, the proposed method is applied to four lines of predictors for v+8 and h+8 modes while applied to only one line of predictors for v+4~v+7 and h+4~h+7 modes. α is selected according to j and i for v+8 mode and h+8 mode respectively. Specifically, α=1/2 when j(i) = 0, α=1/4 when j(i)=1, α=1/8 when j(i)=2, and α=1/16 when j(i)=3. That’s because the correlation between the vertical the sample at (i,j) and the left column of the current block is decreased as j is increased for v+8 mode. Similar to that, the correlation between the sample at (i,j) and the above row of the current block is decreased as i is increased for h+8 mode. Due to their weak correlation, the predictor of v+8 (h+8) mode with j (i) larger than 3 will remain the same as the angular predictor Pij. From v+7(h+7) to v+4(h+4), as d gets larger and the correlation between the sample at (i,j) and Fij gets weaker, the selected α is decreased. For v+7 and h+7 modes, α=1/2, and for v+4~v+6 and h+4~h+6 modes, α=1/4.
Table 1. Values of d for v+4~v+8 and h+4~h+8 modes.
	
	v+4 /h+4
	v+5 /h+5
	v+6/h+6 
	v+7/h+7 
	v+8/h+8

	d= 
	32/13 
	32/17 
	32/21 
	32/26 
	1

	d≈ 
	9/4 
	7/4 
	3/2 
	5/4 
	1
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Figure 5. Bi-boundary based prediction (v+4~v+8 modes)
3 Harmonization in CE6.d

In Category 1 of CE6.d, two contributions F122 and F172 are included. F172 only applies the gradient based method to Pi0 of vertical prediction and P0j of horizontal prediction. The combination of F122 and F172 in Category 1 modifies the intra prediction of the modes v/h, v/h+1, v/h+2. And only two lines of vertical or horizontal prediction are compensated with the gradient.
Category 2 of CE6.d includes three contributions. F358 generates the intra prediction of the modes v/h+1~v/h+8 using the reference samples at both ends of the direction. F456 involves the reference samples at the other end of the direction in the intra prediction of the modes v/h+4~v/h+8 and v/h-4~v/h-8. In both F358 and F456, the method is applied to only one pixel line. In Category 2, the achieved combination is shown in Figure 6. The bi-boundary method from F122 is applied to four lines of intra prediction of the modes v/h+8. The modes v/h+4~v/h+7 are taken care by the common part of F358 and F456 while the modes v/h-4~v/h-8 adopt the method of F456.
Two above combinations and the filtering of planar prediction are further integrated in Category 4 of CE6.d.
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Figure 6. The combination for Category 2 in CE6.d (Green: F122; Red: the common part of F358 and F456; Blue: F456)
4 Simulation Results
4.1 Results of Section 2
Simulations are based on HM4.0 and the recommended test conditions in JCTVC-F900 [5]. As required in CE6 subset d, the experimental results using the techniques in Section 2.1 and Section 2.2 are reported separately. Table 2 gives the coding performance of Section 2.1 for Category 1 in CE6.d, in which the gradient based prediction is only applied to the modes in VH set. Table 3 presents the performance of Section 2.2 for Category 2 in CE6.d, in which the bi-boundary based prediction is only applied to the modes in DGL set. And Table 4 gives the coding performance and running time of using both of the two techniques. Average BD-Rate reductions of 0.4% and 0.3% are achieved for Category 1 and Category 2 respectively. When both of two techniques are used, an average BD-Rate reduction of 0.7% is achieved. It can be seen that the coding gains of the two techniques are additive. Moreover, there is almost no running time increase. 
Table 2. Coding performance of Category 1
	
	All Intra HE
	All Intra LC

	
	Y
	U
	V
	Y
	U
	V

	Class A
	-0.58%
	-0.57%
	-0.60%
	-0.52%
	-0.60%
	-0.64%

	Class B
	-0.41%
	-0.39%
	-0.38%
	-0.41%
	-0.48%
	-0.47%

	Class C
	-0.37%
	-0.36%
	-0.38%
	-0.40%
	-0.43%
	-0.41%

	Class D
	-0.35%
	-0.33%
	-0.40%
	-0.40%
	-0.37%
	-0.38%

	Class E
	-0.55%
	-0.58%
	-0.64%
	-0.50%
	-0.64%
	-0.68%

	Class F
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!

	Overall
	-0.44%
	-0.44%
	-0.47%
	-0.44%
	-0.50%
	-0.51%

	 
	-0.44%
	-0.44%
	-0.48%
	-0.44%
	-0.50%
	-0.52%

	Enc Time[%]
	101%
	101%

	Dec Time[%]
	100%
	101%


Table 3. Coding performance of Category 2
	
	All Intra HE
	All Intra LC

	
	Y
	U
	V
	Y
	U
	V

	Class A
	-0.36%
	-0.32%
	-0.30%
	-0.33%
	-0.36%
	-0.42%

	Class B
	-0.27%
	-0.20%
	-0.12%
	-0.28%
	-0.31%
	-0.26%

	Class C
	-0.31%
	-0.23%
	-0.23%
	-0.31%
	-0.32%
	-0.29%

	Class D
	-0.34%
	-0.24%
	-0.24%
	-0.35%
	-0.29%
	-0.31%

	Class E
	-0.33%
	-0.30%
	-0.36%
	-0.32%
	-0.35%
	-0.32%

	Class F
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!

	Overall
	-0.32%
	-0.25%
	-0.24%
	-0.31%
	-0.33%
	-0.31%

	 
	-0.32%
	-0.25%
	-0.25%
	-0.31%
	-0.32%
	-0.32%

	Enc Time[%]
	101%
	101%

	Dec Time[%]
	100%
	101%


Table 4. Coding performance of the combination of Category 1 and 2
	
	All Intra HE
	All Intra LC

	
	Y
	U
	V
	Y
	U
	V

	Class A
	-0.83%
	-0.79%
	-0.73%
	-0.75%
	-0.85%
	-0.97%

	Class B
	-0.61%
	-0.53%
	-0.47%
	-0.60%
	-0.69%
	-0.68%

	Class C
	-0.59%
	-0.57%
	-0.55%
	-0.64%
	-0.69%
	-0.62%

	Class D
	-0.61%
	-0.54%
	-0.53%
	-0.64%
	-0.58%
	-0.60%

	Class E
	-0.76%
	-0.74%
	-0.89%
	-0.70%
	-0.83%
	-0.86%

	Class F
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!

	Overall
	-0.67%
	-0.62%
	-0.61%
	-0.66%
	-0.72%
	-0.74%

	 
	-0.67%
	-0.63%
	-0.62%
	-0.66%
	-0.72%
	-0.74%

	Enc Time[%]
	101%
	102%

	Dec Time[%]
	100%
	100%


4.2 Results of Section 3
The proposed method is harmonized with other contributions within CE6.d as described in Section 3. The simulation results of the harmonization in Category 1, 2, and 4 of CE6.d are given in Table 5~7. In Category 1, when one or three lines of vertical and horizontal prediction are compensated with the gradient, the coding efficiency is also shown in Table 5.
Table 5. The harmonization of F122 and F172 in Category 1 

	Three lines
	All Intra HE
	All Intra LC

	
	Y
	U
	V
	Y
	U
	V

	Class A
	-0.54%
	-0.52%
	-0.52%
	-0.49%
	-0.52%
	-0.59%

	Class B
	-0.40%
	-0.40%
	-0.33%
	-0.40%
	-0.45%
	-0.45%

	Class C
	-0.36%
	-0.33%
	-0.34%
	-0.39%
	-0.42%
	-0.38%

	Class D
	-0.35%
	-0.32%
	-0.36%
	-0.38%
	-0.36%
	-0.34%

	Class E
	-0.52%
	-0.50%
	-0.61%
	-0.48%
	-0.59%
	-0.60%

	Class F
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!

	Overall
	-0.43%
	-0.41%
	-0.42%
	-0.42%
	-0.46%
	-0.46%

	 
	-0.43%
	-0.42%
	-0.43%
	-0.42%
	-0.46%
	-0.47%

	Enc Time[%]
	100%
	100%

	Dec Time[%]
	100%
	102%

	Two lines
	All Intra HE
	All Intra LC

	
	Y
	U
	V
	Y
	U
	V

	Class A
	-0.52%
	-0.45%
	-0.46%
	-0.47%
	-0.48%
	-0.57%

	Class B
	-0.34%
	-0.33%
	-0.31%
	-0.35%
	-0.42%
	-0.40%

	Class C
	-0.35%
	-0.30%
	-0.33%
	-0.38%
	-0.40%
	-0.38%

	Class D
	-0.33%
	-0.35%
	-0.39%
	-0.36%
	-0.30%
	-0.36%

	Class E
	-0.49%
	-0.54%
	-0.56%
	-0.46%
	-0.54%
	-0.55%

	Class F
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!

	Overall
	-0.40%
	-0.38%
	-0.40%
	-0.40%
	-0.42%
	-0.45%

	 
	-0.40%
	-0.38%
	-0.41%
	-0.40%
	-0.42%
	-0.45%

	Enc Time[%]
	100%
	100%

	Dec Time[%]
	101%
	97%

	One line
	All Intra HE
	All Intra LC

	
	Y
	U
	V
	Y
	U
	V

	Class A
	-0.42%
	-0.34%
	-0.35%
	-0.37%
	-0.39%
	-0.47%

	Class B
	-0.31%
	-0.27%
	-0.26%
	-0.32%
	-0.36%
	-0.34%

	Class C
	-0.34%
	-0.29%
	-0.29%
	-0.37%
	-0.38%
	-0.35%

	Class D
	-0.34%
	-0.36%
	-0.33%
	-0.37%
	-0.33%
	-0.33%

	Class E
	-0.44%
	-0.30%
	-0.39%
	-0.44%
	-0.39%
	-0.42%

	Class F
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!

	Overall
	-0.37%
	-0.31%
	-0.32%
	-0.37%
	-0.37%
	-0.38%

	 
	-0.37%
	-0.31%
	-0.32%
	-0.37%
	-0.37%
	-0.38%

	Enc Time[%]
	100%
	101%

	Dec Time[%]
	96%
	99%


Table 6. The harmonization of F122, F358, and F456 in Category 2

	
	All Intra HE
	All Intra LC

	
	Y
	U
	V
	Y
	U
	V

	Class A
	-0.40%
	-0.46%
	-0.39%
	-0.38%
	-0.41%
	-0.47%

	Class B
	-0.27%
	-0.19%
	-0.17%
	-0.28%
	-0.32%
	-0.30%

	Class C
	-0.33%
	-0.26%
	-0.27%
	-0.34%
	-0.35%
	-0.31%

	Class D
	-0.33%
	-0.28%
	-0.28%
	-0.34%
	-0.27%
	-0.27%

	Class E
	-0.33%
	-0.33%
	-0.38%
	-0.33%
	-0.39%
	-0.38%

	Class F
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!

	Overall
	-0.33%
	-0.29%
	-0.29%
	-0.33%
	-0.35%
	-0.34%

	 
	-0.33%
	-0.30%
	-0.29%
	-0.33%
	-0.35%
	-0.34%

	Enc Time[%]
	101%
	100%

	Dec Time[%]
	99%
	101%


Table 7. The harmonization of F122, F172, F358, and F456 in Category 4
	
	All Intra HE
	All Intra LC

	
	Y
	U
	V
	Y
	U
	V

	Class A
	-0.93%
	-0.82%
	-0.86%
	-0.83%
	-0.98%
	-1.12%

	Class B
	-0.63%
	-0.60%
	-0.59%
	-0.57%
	-0.78%
	-0.78%

	Class C
	-0.64%
	-0.65%
	-0.66%
	-0.68%
	-0.77%
	-0.73%

	Class D
	-0.66%
	-0.64%
	-0.65%
	-0.70%
	-0.69%
	-0.73%

	Class E
	-0.80%
	-0.70%
	-0.87%
	-0.75%
	-0.88%
	-0.92%

	Class F
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!
	#VALUE!

	Overall
	-0.72%
	-0.68%
	-0.71%
	-0.70%
	-0.82%
	-0.85%

	 
	-0.73%
	-0.69%
	-0.71%
	-0.70%
	-0.82%
	-0.85%

	Enc Time[%]
	101%
	101%

	Dec Time[%]
	101%
	101%


5 Conclusion
This contribution presented the results of intra prediction with the secondary boundary for CE6 subset d. An average BD-Rate reduction of 0.4% and 0.3% can be achieved for Category 1 and Category 2 in CE6.d respectively. When two techniques are combined together, an average BD-Rate reduction of 0.7% for high efficiency all-intra (HE-AI) and low complexity all-intra (LC-AI) is achieved without significant increase of the running time. Our proposed method is also harmonized with other contributions within CE6.d. 
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