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1 Summary
Introduction of improved entropy coding of intra prediction modes is proposed in this contribution. There have been discussions on the need of advanced 4:4:4 profile in recent JVT meetings [1]. In some proposals, independent intra prediction for each color component is adopted, which can improve prediction efficiency but leads increase of overhead bits to code additional intra prediction modes [2,3]. Even though the ratio of overhead bits compared with coefficients information can be small for higher bitrates, we found that the coding gain of independent intra prediction for 4:4:4 intra picture coding mainly comes from reduction of coded bits for coefficients thanks to prediction performance improvement, but the increase of coded bits for intra prediction modes cannot be ignored compared with the amount of reduced bits for coefficients. Based on this observation, we will focus on the efficiency of entropy coding for intra prediction modes for the case that independent intra prediction per each color component is employed. We evaluated two types of entropy coding modifications to achieve further coding gain. First one is the modification to the process of predictor determination for coding intra NxN pred modes. The other is a direct CABAC application to the intra NxN pred mode syntax. In this document, we will provide a set of preliminary experimental results for these methods and propose JVT to take this issue into account for advanced 4:4:4 coding work. 
2 Intra coding efficiency for advanced 4:4:4 coding
In recent JVT meetings, several contributions have addressed that introducing independent prediction for each color component can increase coding efficiency of 4:4:4 contents [2-4]. We did a coding performance comparison between independent 4:0:0 coding for each color component and the existing High 4:4:4 profile for intra-only coding of XYZ-space digital cinema content [4], and pointed out that the rate-distortion performance of the independent 4:0:0 coding for all color components is generally superior to that of the High 4:4:4 profile at around relatively high bitrates. We also have investigated the same comparisons for other common test sequences (HDTV, RGB input) with common test conditions discussed in 4:4:4 AHG [5]. In general, the similar observations have been confirmed through these experiments. Rate-distortion curves for these materials and detailed discussions can be found in the other contribution at this meeting [6]. 

One issue to be pointed out here is that the macroblock-level overhead bits can be significant factor for independent prediction scheme especially around middle-to-low bitrate configurations. Figure 1 shows examples of this phenomenon for independent 4:0:0 coding case. Horizontal axis represents bitrate range, and vertical axis shows ratio of coded bits per major bit budget categories. This can intuitively be understood since the rate factor is dominant for R-D optimized mode decision at lower bitrates and thus the intra prediction mode that can be coded with fewer bits, such as INTRA16x16 mode, tends to be chosen more frequently. If the coded bits for intra NxN prediction modes can effectively reduced, overall coding performance can further be improved. Note that this document does not only intend to improve R-D trade-off for middle-to-low bitrate configurations, but also to evaluate the effectiveness of improved entropy coding for higher bitrates since increase of overhead bits cannot be ignored compared with the amount of reduced bits for coefficients at around higher bitrates.
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Figure 1  Example of bits per MB-level data for independent 4:0:0 coding case (“Rolling Tomato”)
3 Improved entropy coding for intra prediction modes

Based on the observation in section 2, we re-visited the entropy coding design for intra prediction mode [7]. In this document, we will propose two types of modifications to the coding of the current intra NxN pred mode.
3.1 Method 1
Our proposed method 1 is to improve predictor derivation for the coding of intra NxN pred mode. The current AVC/H.264 first evaluates the predictor for the target prediction mode, which is simply determined by picking up smaller mode number from the left and upper NxN blocks. If the current prediction mode equals to this predictor, only one-bit indication flag “prev_intraNxN_pred_mode_flag” is encoded. Otherwise, the current prediction mode is directly encoded as “rem_intraNxN_pred_mode” in addition to the “prev_intraNxN_pred_mode_flag”. Moreover, no CABAC context adaptation specific for these syntax elements are utilized. Thus, its coding efficiency highly depends on the probability that the current prediction mode equals to the predictor. Considering that 4:4:4 coding is applied to high resolution video contents, a 4x4 or 8x8 block captures quite a small image region, which means the correlation on texture pattern between adjacent intra prediction blocks should be higher than lower resolution contents. The current MIN operation using the left and upper blocks for predictor derivation does not take this view into account sufficiently, thus its optimality would be a matter of discussion. 
As the method 1, we propose a new adaptive predictor derivation method that can fit to local statistics of the intra-frame video signal. We still use the left(L) and upper(U) NxN blocks and the same rule for determining availability of L and U . In addition to that, the conditional occurrence histogram of the intra prediction mode X, HL,U(X) , is updated during encoding (decoding) process. The value p (0<=p<9) where HL,U(p) provides maximum value for given L and U is selected as the predictor to code intra prediction mode of each NxN block. For the initial predictor decision, we employed a pre-defined initial predictor table M[U][L], which is experimentally determined. To reduce the computations required for histogram normalization during encoding (decoding) process, each component of HL,U(X) has 16-bit range and is evaluated only once at the end of macroblock encoding (decoding) process whether it is close to pre-defined upper limit of 16-bit range K or not. If any component of HL,U(X) for given L and U is close to upper limit K, then HL,U(i) (0<=i<9) for given L and U are all divided by 16 (i.e., just an 4-bit right shift operation). 

This method can effectively incorporate content-dependent local statistics regarding intra prediction mode distribution with very few additional memory and calculations. Note that this method does not require any syntax change but only requires the semantics change to the “prev_intra8x8_pred_mode_flag” and predictor derivation process for intraNxN prediction modes.
3.2 Method 2

The method 2 is to apply direct CABAC to the raw value of intra NxN pred mode. Considering that the current AVC/H.264 does not introduce any context adaptation mechanism for the coding of intra NxN pred mode syntax, we designed a new binarization scheme and a context modelling that takes conditional occurrence probability of intra NxN pred mode into account. Table 1 shows our proposed binarization table, where the first bin represents whether the intra NxN pred mode is DC_PRED or not, and the second bin means if the intra NxN pred mode suggests existence of horizontal or vertical texture pattern. The remaining bins obey just a simple binarization rule considering occurrence probability. For the first bin, we use the following context CbinIdx=0:
CbinIdx=0 = (ML == DC_PRED ?0 : 1) + (MU == DC_PRED? 0 : 1);
For the second bin, the following context CbinIdx=1 is applied, 

CbinIdx=1 = (ML == HORIZONAL_MODE? 0 : 1) + (MU == HORIZONAL_MODE? 0 : 1);  
where ML and MU  mean intra prediction mode for the left block and upper block, respectively. We categorized the mode 1,4,6,8 as horizontal modes and mode 0,2,3,5,7 as vertical modes. The initial probability table corresponding to each context value has been derived experimentally. 
Table 1  Proposed binarization for intra NxN pred mode

	IntraNxNPredMode value
	Bins

	2
	0
	
	
	
	

	0
	1
	0
	0
	
	

	1
	1
	1
	0
	
	

	3
	1
	0
	1
	0
	

	4
	1
	1
	1
	0
	

	5
	1
	0
	1
	1
	0

	6
	1
	1
	1
	1
	0

	7
	1
	0
	1
	1
	1

	8
	1
	1
	1
	1
	1


Similar to the method 1, this method 2 can also effectively incorporate content-dependent local statistics regarding intra prediction mode distribution. Even though this method requires essential changes for the intra NxN pred mode syntax and can only be used for CABAC mode, further coding gain can be expected for CABAC based profiles, which would be essential for advanced 4:4:4 coding. 
3.3 Test Conditions
We conducted experiments to evaluate the performance of the proposed method, which obey test conditions that are agreed in 4:4:4 AHG [5]. Additional tests was done for very high and low bitrates (Qp=6 and 42). JM9.6 was used as the base code, and we implemented the proposed method to 4:0:0 monochrome coding. Five HDTV test contents belonging to the recommended set of test sequences were used for our test.
3.4 Experimental Results
Table 2 shows the detailed experimental results on R-D trade-off for the proposed method 1. PSNR value is the averaged value for R,G, and B planes, and coded bits are measured as the sum of three color components. Overall coding performance does not drastically changed; however, significant bit saving effect can be seen in some sequences at lower bitrate conditions. Coded bits for coefficients can be reduced due to relevant mode decision in many cases. We also found that the current R-D optimization in the JM encoder does tricky overhead rate counting for intra 8x8 prediction modes and the coding performance can be drastically varied by modifying it. This means that we may need more careful consideration on the performance of the proposed method together with the current JM encoding strategy.
	Table 2  Experimental results on the method 1
　Sequence + QpValue
	PSNR gain [dB]
	total bit reduction [%]
	coeff bit reduction [%]
	ipmode bit reduction[%]

	Card Toss_QP6
	0.00 
	-0.02%
	-0.01%
	0.24%

	Card Toss_QP12
	0.00 
	0.01%
	-0.01%
	0.42%

	Card Toss_QP18
	0.00 
	0.01%
	-0.01%
	0.44%

	Card Toss_QP24
	0.00 
	0.07%
	0.01%
	0.69%

	Card Toss_QP30
	0.00 
	0.09%
	0.05%
	0.30%

	Card Toss_QP42
	-0.01 
	-1.24%
	-0.91%
	-3.52%

	Dinner Table_QP6
	0.00 
	-0.02%
	0.00%
	0.01%

	Dinner Table_QP12
	0.00 
	0.00%
	0.00%
	0.06%

	Dinner Table_QP18
	0.00 
	0.01%
	-0.02%
	0.41%

	Dinner Table_QP24
	0.00 
	0.02%
	-0.03%
	0.52%

	Dinner Table_QP30
	0.00 
	0.16%
	-0.09%
	1.22%

	Dinner Table_QP42
	0.03 
	0.60%
	-0.55%
	1.94%

	Rolling Tomato_QP6
	-0.01 
	-0.06%
	-0.01%
	-1.53%

	Rolling Tomato_QP12
	-0.01 
	-0.11%
	-0.03%
	-2.33%

	Rolling Tomato_QP18
	0.00 
	-0.22%
	-0.04%
	-2.98%

	Rolling Tomato_QP24
	0.00 
	-0.08%
	-0.16%
	0.17%

	Rolling Tomato_QP30
	0.00 
	-0.57%
	-0.56%
	-1.39%

	Rolling Tomato_QP42
	-0.06 
	-2.74%
	-1.80%
	-7.84%

	Waves_QP6
	0.00 
	-0.05%
	0.05%
	-1.69%

	Waves_QP12
	0.00 
	0.00%
	0.12%
	-2.29%

	Waves_QP18
	0.01 
	0.12%
	0.00%
	1.91%

	Waves_QP24
	0.01 
	0.72%
	-0.15%
	8.09%

	Waves_QP30
	0.00 
	0.93%
	-0.44%
	8.64%

	Waves_QP42
	0.00 
	0.15%
	1.58%
	-5.66%

	Plane_QP6
	0.01 
	0.02%
	-0.02%
	1.98%

	Plane _QP12
	0.01 
	0.03%
	0.06%
	-0.47%

	Plane _QP18
	0.00 
	0.07%
	0.06%
	0.26%

	Plane _QP24
	0.00 
	0.18%
	0.08%
	1.11%

	Plane _QP30
	0.00 
	0.27%
	0.00%
	1.97%

	Plane _QP42
	0.00 
	0.27%
	-0.03%
	2.08%


Table 3 presents the experimental results on R-D trade-off for the proposed method 2. It should be noted that a potential of much more performance improvement than that of the method 1 can be found from Table 3, even though its design could further be optimized. Up to about 4% bit savings while maintaining PSNR can be seen. Further optimization study results will be reported at the next meeting.
Table 3  Experimental results on the method 2
	　Sequence + QpValue
	PSNR gain [dB]
	total bit reduction [%]
	coeff bit reduction [%]
	ipmode bit reduction[%]

	Card Toss_QP6
	-0.01 
	0.07%
	0.05%
	-1.68%

	Card Toss_QP12
	-0.01 
	-0.01%
	0.03%
	-0.79%

	Card Toss_QP18
	-0.01 
	-0.01%
	0.03%
	-0.42%

	Card Toss_QP24
	-0.01 
	0.08%
	0.14%
	-0.34%

	Card Toss_QP30
	0.00 
	0.30%
	0.47%
	-0.06%

	Card Toss_QP42
	0.09 
	2.60%
	1.62%
	5.92%

	Dinner Table_QP6
	-0.01 
	0.06%
	0.05%
	-1.47%

	Dinner Table_QP12
	-0.01 
	-0.01%
	0.06%
	-1.38%

	Dinner Table_QP18
	0.00 
	0.01%
	0.10%
	-1.28%

	Dinner Table_QP24
	0.00 
	0.04%
	0.31%
	-1.96%

	Dinner Table_QP30
	-0.01 
	-0.19%
	0.86%
	-4.81%

	Dinner Table_QP42
	0.00 
	-1.91%
	5.84%
	-12.64%

	Rolling Tomato_QP6
	-0.02 
	-0.10%
	-0.01%
	-3.19%

	Rolling Tomato_QP12
	-0.02 
	-0.19%
	-0.05%
	-4.03%

	Rolling Tomato_QP18
	-0.03
	-0.58%
	-0.15%
	-6.41%

	Rolling Tomato_QP24
	-0.02
	-1.58%
	0.64%
	-12.00%

	Rolling Tomato_QP30
	-0.02
	-4.37%
	7.39%
	-29.83%

	Rolling Tomato_QP42
	0.06
	1.65%
	11.95%
	-18.29%

	Waves_QP6
	-0.03
	-1.21%
	-0.26%
	-21.90%

	Waves_QP12
	0.00
	-0.88%
	-0.79%
	-2.08%

	Waves_QP18
	-0.01
	-0.96%
	-0.19%
	-9.68%

	Waves_QP24
	0.00
	-0.52%
	-0.30%
	-2.38%

	Waves_QP30
	0.00
	-0.73%
	-1.36%
	1.97%

	Waves_QP42
	0.12
	-2.07%
	-8.80%
	6.93%

	Plane_QP6
	-0.01
	-0.69%
	-0.33%
	-10.37%

	Plane _QP12
	0.00
	-0.54%
	-0.29%
	-4.71%

	Plane _QP18
	0.00
	-0.47%
	0.10%
	-7.34%

	Plane _QP24
	0.00
	-0.37%
	0.23%
	-6.37%

	Plane _QP30
	0.01
	-0.71%
	0.56%
	-7.98%

	Plane _QP42
	0.06
	-2.51%
	0.45%
	-14.23%


4 Conclusion

Two types of improved entropy coding method for intra prediction modes have been evaluated for advanced 4:4:4 applications. In 4:4:4 coding, overhead bits would increase to incorporate powerful prediction scheme that is applied to each color component independently. From our experimental results, potential coding gain can be expected by careful design of coding syntax for intra prediction modes. We propose that the issue addressed in this contribution is considered for the new advanced 4:4:4 coding standardization work.
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