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Abstract
[bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK537][bookmark: OLE_LINK538][bookmark: OLE_LINK535][bookmark: OLE_LINK536]In a typical pipelined hardware decoder architecture, the data is pipelined with NxN luma blocks and MxM chroma blocks, where NxN and MxM are the same as the maximum luma transform block (TB) size and the maximum chroma TB size. In VTM-1.0, the maximum luma and chroma TB sizes are 64x64 and 32x32. In separate tree partitioning, for each coding tree unit (CTU), the luma coding tree block (CTB) is first signaled, then the chroma CTBs are signaled, which makes hardware decoder architecture to change from maximum TB pipelining to CTU pipelining (i.e., the data is pipelined with luma CTBs and chroma CTBs). In VTM-1.0, the luma CTB size is 128x128, and the chroma CTB size is 64x64. The number of samples for a decoder pipeline stage to support CTU-level separate tree partitioning is four times of that without separate tree partitioning, which will lead to significant increase of hardware areas for pipeline stages. In this contribution, it is proposed to start separate tree partitioning starting at 64x64-luma/32x32-chroma units instead of CTU. In the proposed method, each intra-slice CTU is first implicitly split into 64x64-luma/32x32-chroma units. Then the coding tree under each 64x64-luma/32x32-chroma unit is separated, and luma syntax is signaled before chroma syntax within each 64x64-luma/32x32-chroma unit. It is claimed that the proposed method can be easily supported by hardware decoder architecture of data pipelining with 64x64 luma blocks and 32x32 chroma blocks. Compared against the CTU-level separate tree partitioning, simulation results reportedly show negligible BD-rate differences for the 64x64-luma/32x32-chroma unit-level separate tree partitioning. It is also reported that the 64x64-luma/32x32-chroma unit-level separate tree partitioning with multiple intra chroma direct modes (multi-DMs) can achieve -0.99% and -0.81% Y BD-rates, -11.24% and -9.80% U BD-rates, -11.20% and -9.80% V BD-rates, 17% and 40% encoding time decreases for VTM-1.0-AI and BMS-1.0-AI, respectively, when both the anchor and the test include linear model (LM) chroma mode and the 65 intra angular modes. The impact on decoding time seems negligible.

Introduction
For hardware design of video decoding, a pipelined architecture is usually utilized to improve the processing throughput. In a pipelined architecture, the to-be-processed data unit of each pipeline stage is the key to achieve a high processing throughput with a low hardware cost. The data unit of each pipeline stage should be similar and as small as possible in order to reduce the required buffers between different pipeline stages. For example, a pipelined HEVC decoder architecture is shown in Figure 1. In each pipeline stage except the entropy decoder, the hardware is designed to process a 32x32-luma/16x16-chroma unit because the maximum luma TB size is 32x32 and the maximum chroma TB size is 16x16.





Figure 1.  An example of pipelined HEVC video decoder architecture


In VTM-1.0, the maximum luma TB size is 64x64 and the maximum chroma TB size is 32x32, so the suggested hardware decoder architecture is to apply data pipelining with 64x64 luma blocks and 32x32 chroma blocks.
In JEM-7.0 separate tree partitioning, for each coding tree unit (CTU), the luma coding tree block (CTB) is first signaled, then the chroma CTBs are signaled, which makes hardware decoder architecture to change from maximum TB pipelining to CTU pipelining (i.e., the data is pipelined with luma CTBs and chroma CTBs). In VTM-1.0, the luma CTB size is 128x128, and the chroma CTB size is 64x64. The number of samples for a decoder pipeline stage to support CTU-level separate tree partitioning is four times of that without separate tree partitioning, which will lead to significant increase of hardware areas for pipeline stages

Proposed method
Figure 2 shows the luma and chroma component data in a CTU. In JEM-7.0 separate tree partitioning, the syntax and data processing order is shown in Figure 3, where the units are processed from left to right. Four 64x64 luma blocks are first coded (as numbered 0, 1, 2, and 3) and processed, and then eight 32x32 chroma blocks are coded and processed (as numbered 4, 5, 6, and 7, where each of these 4 numbers correspond to processing one 32x32 Cb block and one 32x32 Cr block).



Figure 2.  Luma and chroma component data in a CTU



Figure 3.  Syntax and data processing order of separate tree partitioning; blocks are sent/received and processed from left to right.

To avoid processing a 128x128 luma block and its corresponding 64x64 chroma blocks for a pipelined stage, the separate tree partitioning is modified as follows. Each intra-slice CTU is first implicitly split into 64x64-luma/32x32-chroma units. Then the coding tree under each 64x64-luma/32x32-chroma unit is separated, and luma syntax is signaled before chroma syntax within each 64x64-luma/32x32-chroma unit. The syntax and data processing order of the proposed separate tree partitioning is shown in Figure 4. The data can be easily grouped into a 64x64 luma block and two 32x32 chroma blocks. Therefore, the proposed method can be easily supported by hardware decoder architecture of data pipelining with 64x64 luma blocks and 32x32 chroma blocks.



Figure 4.  Syntax and data processing order of the proposed separate tree partitioning; blocks are sent/received and processed from left to right.

Simulation results
The proposed method is implemented on BMS-1.0 [1]. The simulations were performed following the JVET common test conditions [2]. Table 1 shows the results of the proposed separate tree partitioning with multi-DMs (by setting the “DualTree : 1” and “MDMS : 1” in configure file). The anchor is the default VTM-1.0/BMS-1.0 configuration.
Table 2 shows the results of the proposed separate tree partitioning with mult-DMs, LM chroma mode, and 65 intra angular modes (by setting the “LMChroma : 4” and “Intra65Ang : 1” in configure file). Since BMS-1.0 already enables the LM chroma mode and the 65 intra angular modes, the results of BMS part are the same as those in Table 1. The anchor is the default VTM-1.0/BMS-1.0 configuration.
Table 3 shows the results of the proposed separate tree partitioning with multi-DMs, LM chroma mode, 65 intra angular modes. The anchor is the default VTM-1.0/BMS-1.0 configuration with enabling LM chroma mode and the 65 intra angular modes.
Table 4 shows the results of comparing the proposed separate tree partitioning against the JEM-7.0 separate tree partitioning when multi-DMs are enabled.
Table 5 shows the results of comparing the proposed separate tree partitioning against the JEM-7.0 separate tree partitioning when multi-DMs, LM chroma mode, and 65 intra angular modes are enabled.
Table 6 shows the results of enabling intra 128x128 CU. In current VTM-1.0/BMS-1.0, the intra 128x128 is disabled by an encoder-only constraint. The results reportedly show that the coding gain of intra 128x128 is very minor.
Table 7 shows the results of comparing the proposed separate tree partitioning against the JEM-7.0 separate tree partitioning when multi-DMs, LM chroma mode, 65 intra angular modes, chroma QP modification in CE7.3.3 are enabled. In the test, the chroma QP is increased by 1 in AI-case.


Table 1.  Results of the proposed separate tree partitioning with multi-DMs
	
	All Intra Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.73%
	-6.20%
	-5.11%
	89%
	99%
	-1.28%
	-11.06%
	-5.05%
	54%
	102%

	Class A2
	0.50%
	-6.99%
	-4.69%
	93%
	103%
	-0.28%
	-9.82%
	-4.81%
	59%
	104%

	Class B
	-0.11%
	-7.18%
	-10.59%
	88%
	93%
	-0.83%
	-9.32%
	-13.98%
	59%
	99%

	Class C
	-0.13%
	-5.17%
	-7.58%
	95%
	101%
	-1.22%
	-8.69%
	-9.44%
	65%
	97%

	Class E
	-0.12%
	-11.60%
	-14.00%
	87%
	98%
	-0.26%
	-10.80%
	-13.05%
	61%
	99%

	Overall 
	0.13%
	-7.28%
	-8.59%
	90%
	98%
	-0.81%
	-9.80%
	-9.80%
	60%
	100%

	Class D
	-0.05%
	-4.21%
	-5.96%
	97%
	102%
	-0.61%
	-7.60%
	-7.37%
	67%
	97%

	Class F (optional)
	-0.57%
	-3.85%
	-3.52%
	92%
	99%
	-2.81%
	-11.73%
	-12.76%
	64%
	95%

	
	
	
	
	
	
	
	
	
	
	

	
	Random Access Main 10

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.10%
	-2.21%
	-1.72%
	101%
	97%
	-0.07%
	-3.48%
	-2.13%
	96%
	99%

	Class A2
	0.10%
	-3.32%
	-1.62%
	100%
	100%
	-0.09%
	-6.51%
	-2.60%
	96%
	100%

	Class B
	-0.09%
	-4.53%
	-7.62%
	100%
	102%
	-0.22%
	-7.22%
	-9.78%
	96%
	100%

	Class C
	-0.14%
	-2.26%
	-3.84%
	100%
	99%
	-0.31%
	-4.83%
	-4.92%
	95%
	100%

	Class E
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Overall
	-0.03%
	-3.22%
	-4.23%
	100%
	100%
	-0.19%
	-5.69%
	-5.52%
	96%
	100%

	Class D
	-0.08%
	-2.26%
	-3.58%
	100%
	99%
	-0.14%
	-5.76%
	-5.56%
	93%
	100%

	Class F (optional)
	-0.54%
	-2.07%
	-2.01%
	98%
	100%
	-1.42%
	-7.48%
	-7.60%
	91%
	102%

	
	
	
	
	
	
	
	
	
	
	

	
	Low delay B Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Class A2
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Class B
	-0.07%
	-0.59%
	-1.61%
	102%
	99%
	-0.05%
	-2.02%
	-2.48%
	100%
	102%

	Class C
	0.01%
	-0.16%
	-0.54%
	100%
	103%
	0.00%
	-1.06%
	-1.36%
	99%
	100%

	Class E
	-0.26%
	-6.27%
	-7.67%
	99%
	100%
	-0.50%
	-5.94%
	-5.37%
	98%
	100%

	Overall
	-0.09%
	-1.87%
	-2.77%
	101%
	100%
	-0.15%
	-2.68%
	-2.83%
	99%
	101%

	Class D
	-0.02%
	-0.97%
	-1.64%
	100%
	99%
	0.02%
	-1.91%
	-2.59%
	101%
	102%

	Class F (optional)
	-0.33%
	-0.15%
	0.09%
	99%
	101%
	-0.34%
	-2.42%
	-1.63%
	101%
	104%





Table 2.  Results of the proposed separate tree partitioning with multi-DMs, LM chroma mode, 65 intra angular modes
	
	All Intra Main10 

	
	Over VTM-1.0
	Over BMS-1.0 (LM and 65-intra-angular on)

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-6.90%
	-32.98%
	-28.21%
	120%
	106%
	-1.28%
	-11.06%
	-5.05%
	54%
	102%

	Class A2
	-3.58%
	-20.21%
	-13.13%
	134%
	108%
	-0.28%
	-9.82%
	-4.81%
	59%
	104%

	Class B
	-3.08%
	-18.83%
	-25.70%
	125%
	100%
	-0.83%
	-9.32%
	-13.98%
	59%
	99%

	Class C
	-3.80%
	-18.83%
	-21.84%
	136%
	108%
	-1.22%
	-8.69%
	-9.44%
	65%
	97%

	Class E
	-2.64%
	-18.25%
	-21.33%
	124%
	102%
	-0.26%
	-10.80%
	-13.05%
	61%
	99%

	Overall 
	-3.88%
	-21.32%
	-22.44%
	128%
	104%
	-0.81%
	-9.80%
	-9.80%
	60%
	100%

	Class D
	-2.21%
	-15.52%
	-16.79%
	138%
	109%
	-0.61%
	-7.60%
	-7.37%
	67%
	97%

	Class F (optional)
	-6.80%
	-21.47%
	-23.75%
	127%
	103%
	-2.81%
	-11.73%
	-12.76%
	64%
	95%

	
	
	
	
	
	
	
	
	
	
	

	
	Random Access Main 10

	
	Over VTM-1.0
	Over BMS-1.0 (LM and 65-intra-angular on)

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-3.65%
	-24.18%
	-26.18%
	109%
	90%
	-0.07%
	-3.48%
	-2.13%
	96%
	99%

	Class A2
	-1.53%
	-16.41%
	-8.09%
	107%
	94%
	-0.09%
	-6.51%
	-2.60%
	96%
	100%

	Class B
	-1.27%
	-18.43%
	-22.57%
	107%
	91%
	-0.22%
	-7.22%
	-9.78%
	96%
	100%

	Class C
	-1.33%
	-14.11%
	-15.86%
	107%
	103%
	-0.31%
	-4.83%
	-4.92%
	95%
	100%

	Class E
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Overall
	-1.82%
	-18.02%
	-18.61%
	107%
	94%
	-0.19%
	-5.69%
	-5.52%
	96%
	100%

	Class D
	-0.79%
	-13.10%
	-14.05%
	107%
	103%
	-0.14%
	-5.76%
	-5.56%
	93%
	100%

	Class F (optional)
	-3.73%
	-16.22%
	-16.56%
	111%
	108%
	-1.42%
	-7.48%
	-7.60%
	91%
	102%

	
	
	
	
	
	
	
	
	
	
	

	
	Low delay B Main10 

	
	Over VTM-1.0
	Over BMS-1.0 (LM and 65-intra-angular on)

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Class A2
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Class B
	-0.37%
	-6.39%
	-8.00%
	106%
	99%
	-0.05%
	-2.02%
	-2.48%
	100%
	102%

	Class C
	-0.22%
	-4.73%
	-5.48%
	105%
	100%
	0.00%
	-1.06%
	-1.36%
	99%
	100%

	Class E
	-0.42%
	-9.74%
	-12.61%
	102%
	101%
	-0.50%
	-5.94%
	-5.37%
	98%
	100%

	Overall
	-0.33%
	-6.67%
	-8.31%
	105%
	100%
	-0.15%
	-2.68%
	-2.83%
	99%
	101%

	Class D
	-0.12%
	-4.91%
	-5.30%
	105%
	105%
	0.02%
	-1.91%
	-2.59%
	101%
	102%

	Class F (optional)
	-1.42%
	-9.01%
	-8.82%
	105%
	101%
	-0.34%
	-2.42%
	-1.63%
	101%
	104%






Table 3.  Results of the proposed separate tree partitioning with multi-DMs, LM chroma mode, 65 intra angular modes. The LM chroma mode and intra 65 angular mode are enabled in anchors.
	
	All Intra Main10 

	
	Over VTM-1.0 with LM and 65-intra-angular on
	Over BMS-1.0 (LM and 65-intra-angular on)

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-1.64%
	-11.73%
	-7.12%
	78%
	106%
	-1.28%
	-11.06%
	-5.05%
	54%
	102%

	Class A2
	-0.72%
	-11.27%
	-6.84%
	86%
	110%
	-0.28%
	-9.82%
	-4.81%
	59%
	104%

	Class B
	-0.90%
	-10.70%
	-15.02%
	81%
	102%
	-0.83%
	-9.32%
	-13.98%
	59%
	99%

	Class C
	-1.28%
	-9.69%
	-10.27%
	89%
	100%
	-1.22%
	-8.69%
	-9.44%
	65%
	97%

	Class E
	-0.35%
	-13.44%
	-14.76%
	80%
	98%
	-0.26%
	-10.80%
	-13.05%
	61%
	99%

	Overall 
	-0.99%
	-11.20%
	-11.24%
	83%
	103%
	-0.81%
	-9.80%
	-9.80%
	60%
	100%

	Class D
	-0.78%
	-8.37%
	-8.13%
	91%
	100%
	-0.61%
	-7.60%
	-7.37%
	67%
	97%

	Class F (optional)
	-2.76%
	-11.37%
	-12.34%
	82%
	93%
	-2.81%
	-11.73%
	-12.76%
	64%
	95%

	
	
	
	
	
	
	
	
	
	
	

	
	Random Access Main 10

	
	Over VTM-1.0 with LM and 65-intra-angular on
	Over BMS-1.0 (LM and 65-intra-angular on)

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.16%
	-3.53%
	-2.49%
	100%
	88%
	-0.07%
	-3.48%
	-2.13%
	96%
	99%

	Class A2
	-0.19%
	-6.71%
	-3.08%
	101%
	93%
	-0.09%
	-6.51%
	-2.60%
	96%
	100%

	Class B
	-0.23%
	-7.53%
	-9.74%
	100%
	92%
	-0.22%
	-7.22%
	-9.78%
	96%
	100%

	Class C
	-0.32%
	-5.05%
	-5.03%
	99%
	102%
	-0.31%
	-4.83%
	-4.92%
	95%
	100%

	Class E
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Overall
	-0.23%
	-5.91%
	-5.70%
	100%
	94%
	-0.19%
	-5.69%
	-5.52%
	96%
	100%

	Class D
	-0.22%
	-5.64%
	-5.57%
	101%
	103%
	-0.14%
	-5.76%
	-5.56%
	93%
	100%

	Class F (optional)
	-1.40%
	-7.11%
	-7.12%
	99%
	106%
	-1.42%
	-7.48%
	-7.60%
	91%
	102%

	
	
	
	
	
	
	
	
	
	
	

	
	Low delay B Main10 

	
	Over VTM-1.0 with LM and 65-intra-angular on
	Over BMS-1.0 (LM and 65-intra-angular on)

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Class A2
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Class B
	-0.03%
	-2.00%
	-2.82%
	101%
	100%
	-0.05%
	-2.02%
	-2.48%
	100%
	102%

	Class C
	0.00%
	-1.48%
	-1.60%
	100%
	99%
	0.00%
	-1.06%
	-1.36%
	99%
	100%

	Class E
	-0.22%
	-7.42%
	-8.06%
	97%
	94%
	-0.50%
	-5.94%
	-5.37%
	98%
	100%

	Overall
	-0.07%
	-3.18%
	-3.73%
	99%
	99%
	-0.15%
	-2.68%
	-2.83%
	99%
	101%

	Class D
	0.03%
	-2.35%
	-2.41%
	102%
	105%
	0.02%
	-1.91%
	-2.59%
	101%
	102%

	Class F (optional)
	-0.29%
	-2.75%
	-1.67%
	99%
	101%
	-0.34%
	-2.42%
	-1.63%
	101%
	104%





Table 4.  Results of comparing the proposed separate tree partitioning against the JEM-7.0 separate tree partitioning when multi-DMs are enabled.
	
	All Intra Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.03%
	-0.01%
	-0.07%
	100%
	101%
	-0.04%
	0.01%
	0.02%
	101%
	106%

	Class A2
	-0.01%
	-0.07%
	-0.02%
	100%
	102%
	-0.01%
	-0.02%
	-0.03%
	101%
	103%

	Class B
	-0.02%
	0.02%
	-0.02%
	101%
	100%
	-0.01%
	-0.04%
	0.00%
	99%
	105%

	Class C
	-0.02%
	0.04%
	0.05%
	102%
	103%
	0.00%
	-0.02%
	-0.08%
	99%
	99%

	Class E
	-0.04%
	-0.08%
	-0.08%
	100%
	101%
	-0.03%
	-0.13%
	-0.08%
	102%
	104%

	Overall 
	-0.02%
	-0.01%
	-0.02%
	101%
	101%
	-0.02%
	-0.04%
	-0.03%
	100%
	103%

	Class D
	-0.01%
	0.11%
	-0.04%
	101%
	101%
	0.01%
	0.01%
	0.02%
	101%
	103%

	Class F (optional)
	-0.02%
	0.02%
	0.08%
	102%
	101%
	0.00%
	-0.11%
	0.24%
	98%
	101%

	
	
	
	
	
	
	
	
	
	
	

	
	Random Access Main 10

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.00%
	-0.14%
	-0.13%
	100%
	100%
	-0.01%
	-0.10%
	-0.11%
	100%
	100%

	Class A2
	-0.02%
	0.03%
	0.01%
	100%
	98%
	0.00%
	0.00%
	-0.12%
	101%
	99%

	Class B
	-0.01%
	0.05%
	0.02%
	100%
	102%
	0.05%
	0.06%
	0.13%
	101%
	100%

	Class C
	0.01%
	-0.03%
	0.10%
	100%
	100%
	0.00%
	-0.20%
	-0.01%
	99%
	98%

	Class E
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Overall
	0.00%
	-0.01%
	0.01%
	100%
	100%
	0.02%
	-0.05%
	-0.01%
	100%
	99%

	Class D
	0.03%
	0.26%
	0.10%
	100%
	99%
	0.04%
	-0.11%
	0.06%
	100%
	101%

	Class F (optional)
	-0.02%
	0.12%
	0.06%
	100%
	100%
	0.01%
	-0.18%
	-0.13%
	101%
	103%

	
	
	
	
	
	
	
	
	
	
	

	
	Low delay B Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Class A2
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Class B
	-0.03%
	-0.04%
	-0.34%
	101%
	101%
	-0.01%
	0.07%
	0.23%
	100%
	98%

	Class C
	0.02%
	0.05%
	-0.03%
	99%
	99%
	0.03%
	0.27%
	0.22%
	101%
	102%

	Class E
	-0.08%
	-0.01%
	-0.13%
	101%
	101%
	0.06%
	-1.06%
	1.00%
	98%
	98%

	Overall
	-0.03%
	0.00%
	-0.18%
	100%
	101%
	0.02%
	-0.15%
	0.42%
	100%
	99%

	Class D
	0.01%
	-0.14%
	-0.11%
	101%
	99%
	0.01%
	-0.30%
	-0.70%
	102%
	104%

	Class F (optional)
	-0.06%
	0.06%
	0.33%
	102%
	104%
	0.01%
	-0.03%
	-0.12%
	103%
	104%





Table 5.  Results of comparing the proposed separate tree partitioning against the JEM-7.0 separate tree partitioning when multi-DMs, LM chroma mode, and 65 intra angular modes are enabled.
	
	All Intra Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.03%
	0.02%
	0.00%
	102%
	106%
	-0.04%
	0.01%
	0.02%
	101%
	106%

	Class A2
	-0.02%
	-0.06%
	-0.01%
	101%
	107%
	-0.01%
	-0.02%
	-0.03%
	101%
	103%

	Class B
	-0.02%
	0.05%
	0.04%
	102%
	103%
	-0.01%
	-0.04%
	0.00%
	99%
	105%

	Class C
	0.00%
	-0.06%
	0.00%
	101%
	102%
	0.00%
	-0.02%
	-0.08%
	99%
	99%

	Class E
	-0.04%
	-0.14%
	-0.01%
	101%
	102%
	-0.03%
	-0.13%
	-0.08%
	102%
	104%

	Overall 
	-0.02%
	-0.03%
	0.01%
	101%
	104%
	-0.02%
	-0.04%
	-0.03%
	100%
	103%

	Class D
	0.01%
	-0.04%
	-0.04%
	101%
	100%
	0.01%
	0.01%
	0.02%
	101%
	103%

	Class F (optional)
	0.01%
	0.02%
	-0.06%
	101%
	100%
	0.00%
	-0.11%
	0.24%
	98%
	101%

	
	
	
	
	
	
	
	
	
	
	

	
	Random Access Main 10

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.02%
	-0.09%
	0.01%
	101%
	88%
	-0.01%
	-0.10%
	-0.11%
	100%
	100%

	Class A2
	-0.02%
	0.08%
	0.05%
	101%
	91%
	0.00%
	0.00%
	-0.12%
	101%
	99%

	Class B
	0.00%
	0.03%
	-0.15%
	101%
	89%
	0.05%
	0.06%
	0.13%
	101%
	100%

	Class C
	0.03%
	0.04%
	0.24%
	101%
	103%
	0.00%
	-0.20%
	-0.01%
	99%
	98%

	Class E
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Overall
	0.00%
	0.02%
	0.03%
	101%
	93%
	0.02%
	-0.05%
	-0.01%
	100%
	99%

	Class D
	-0.02%
	-0.15%
	0.27%
	101%
	100%
	0.04%
	-0.11%
	0.06%
	100%
	101%

	Class F (optional)
	0.01%
	0.25%
	0.24%
	102%
	108%
	0.01%
	-0.18%
	-0.13%
	101%
	103%

	
	
	
	
	
	
	
	
	
	
	

	
	Low delay B Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Class A2
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Class B
	0.00%
	-0.09%
	-0.23%
	101%
	101%
	-0.01%
	0.07%
	0.23%
	100%
	98%

	Class C
	0.02%
	-0.27%
	-0.07%
	99%
	97%
	0.03%
	0.27%
	0.22%
	101%
	102%

	Class E
	-0.04%
	0.18%
	0.12%
	101%
	99%
	0.06%
	-1.06%
	1.00%
	98%
	98%

	Overall
	-0.01%
	-0.08%
	-0.09%
	101%
	99%
	0.02%
	-0.15%
	0.42%
	100%
	99%

	Class D
	0.04%
	0.45%
	0.33%
	101%
	104%
	0.01%
	-0.30%
	-0.70%
	102%
	104%

	Class F (optional)
	-0.02%
	-0.25%
	-0.26%
	99%
	99%
	0.01%
	-0.03%
	-0.12%
	103%
	104%





Table 6.  Results of enabling intra 128x128 CU
	
	All Intra Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.01%
	-0.03%
	0.00%
	102%
	107%
	-0.02%
	-0.05%
	-0.07%
	101%
	107%

	Class A2
	0.01%
	-0.05%
	-0.05%
	98%
	103%
	0.00%
	-0.02%
	-0.04%
	102%
	106%

	Class B
	0.00%
	0.02%
	0.01%
	98%
	104%
	0.00%
	0.02%
	0.00%
	103%
	108%

	Class C
	0.00%
	0.00%
	0.00%
	100%
	99%
	0.00%
	0.00%
	0.00%
	102%
	106%

	Class E
	-0.01%
	-0.01%
	-0.01%
	100%
	100%
	0.00%
	-0.08%
	-0.19%
	102%
	105%

	Overall 
	0.00%
	-0.01%
	-0.01%
	99%
	102%
	0.00%
	-0.02%
	-0.05%
	102%
	106%

	Class D
	0.00%
	0.00%
	0.00%
	100%
	98%
	0.00%
	0.00%
	0.00%
	104%
	110%

	Class F (optional)
	0.33%
	-0.03%
	-0.04%
	100%
	95%
	0.33%
	0.07%
	-0.19%
	102%
	104%

	
	
	
	
	
	
	
	
	
	
	

	
	Random Access Main 10

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.00%
	-0.19%
	-0.09%
	99%
	106%
	0.00%
	-0.23%
	-0.13%
	102%
	88%

	Class A2
	-0.02%
	-0.06%
	-0.11%
	96%
	104%
	0.02%
	0.08%
	0.03%
	103%
	87%

	Class B
	0.01%
	0.05%
	-0.01%
	99%
	104%
	0.00%
	0.00%
	0.00%
	103%
	88%

	Class C
	0.00%
	0.00%
	0.00%
	99%
	98%
	0.00%
	0.00%
	0.00%
	103%
	106%

	Class E
	　
	
	　
	　
	
	　
	
	　
	　
	　

	Overall
	0.00%
	-0.03%
	-0.04%
	98%
	103%
	0.00%
	-0.03%
	-0.02%
	103%
	92%

	Class D
	0.00%
	0.00%
	0.00%
	100%
	97%
	0.00%
	0.00%
	0.00%
	103%
	108%

	Class F (optional)
	0.00%
	0.02%
	0.05%
	100%
	97%
	-0.04%
	-0.07%
	-0.03%
	103%
	106%

	
	
	
	
	
	
	
	
	
	
	

	
	Low delay B Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	　
	　
	　
	　
	　
	　
	　
	　
	　
	　

	Class A2
	　
	
	　
	　
	
	　
	
	　
	　
	　

	Class B
	0.00%
	-0.07%
	0.37%
	95%
	94%
	-0.04%
	-0.38%
	0.24%
	103%
	105%

	Class C
	0.00%
	0.00%
	0.00%
	94%
	94%
	0.00%
	0.00%
	0.00%
	102%
	105%

	Class E
	-0.06%
	-0.22%
	-0.43%
	99%
	97%
	-0.20%
	-0.29%
	-0.56%
	103%
	106%

	Overall
	-0.02%
	-0.08%
	0.05%
	96%
	95%
	-0.07%
	-0.23%
	-0.04%
	103%
	105%

	Class D
	0.00%
	0.00%
	0.00%
	94%
	85%
	0.00%
	0.00%
	0.00%
	103%
	110%

	Class F (optional)
	-0.11%
	-0.17%
	0.40%
	101%
	100%
	0.10%
	0.31%
	0.16%
	103%
	105%





Table 7.  Results of comparing the proposed separate tree partitioning against the JEM-7.0 separate tree partitioning when multi-DMs, LM chroma mode, 65 intra angular modes, chroma QP modification in CE7.3.3 are enabled; the chroma QP is increased by 1 in AI-case.
	
	All Intra Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-4.04%
	2.00%
	5.22%
	75%
	105%
	-3.66%
	2.85%
	7.67%
	52%
	104%

	Class A2
	-4.64%
	1.59%
	6.99%
	83%
	106%
	-4.24%
	3.39%
	9.40%
	57%
	106%

	Class B
	-2.38%
	3.05%
	-1.20%
	78%
	103%
	-2.32%
	4.62%
	-0.03%
	59%
	102%

	Class C
	-2.89%
	2.22%
	1.60%
	86%
	97%
	-2.83%
	3.02%
	2.54%
	64%
	96%

	Class E
	-1.57%
	-1.83%
	-2.81%
	77%
	96%
	-1.51%
	0.83%
	-1.24%
	59%
	95%

	Overall 
	-3.01%
	1.63%
	1.59%
	80%
	101%
	-2.84%
	3.13%
	3.19%
	59%
	100%

	Class D
	-2.32%
	2.92%
	3.73%
	89%
	100%
	-2.14%
	3.68%
	4.33%
	66%
	95%

	Class F (optional)
	-3.90%
	-3.58%
	-4.76%
	80%
	93%
	-3.94%
	-3.94%
	-5.60%
	65%
	94%

	
	
	
	
	
	
	
	
	
	
	

	
	Random Access Main 10

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-3.20%
	1.06%
	0.27%
	99%
	94%
	-3.08%
	1.08%
	0.56%
	92%
	111%

	Class A2
	-1.90%
	-4.33%
	-0.61%
	98%
	95%
	-1.78%
	-4.24%
	-0.16%
	93%
	114%

	Class B
	-0.76%
	-4.43%
	-6.17%
	99%
	100%
	-0.76%
	-4.14%
	-6.22%
	95%
	112%

	Class C
	-0.99%
	-1.85%
	-1.21%
	99%
	100%
	-0.98%
	-1.69%
	-1.15%
	93%
	95%

	Class E
	　
	
	　
	　
	
	　
	
	　
	　
	　

	Overall
	-1.54%
	-2.62%
	-2.45%
	99%
	98%
	-1.48%
	-2.46%
	-2.30%
	93%
	107%

	Class D
	-0.71%
	-3.06%
	-2.55%
	100%
	103%
	-0.58%
	-3.20%
	-2.63%
	94%
	101%

	Class F (optional)
	-1.85%
	-5.25%
	-4.97%
	97%
	96%
	-1.88%
	-5.66%
	-5.41%
	90%
	99%

	
	
	
	
	
	
	
	
	
	
	

	
	Low delay B Main10 

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	　
	　
	　
	　
	　
	　
	　
	　
	　
	　

	Class A2
	　
	
	　
	　
	
	　
	
	　
	　
	　

	Class B
	-0.40%
	1.23%
	0.61%
	98%
	98%
	-0.38%
	1.10%
	1.03%
	97%
	98%

	Class C
	-0.44%
	1.79%
	2.15%
	100%
	100%
	-0.46%
	2.41%
	2.46%
	97%
	93%

	Class E
	-0.40%
	-6.11%
	-6.66%
	95%
	94%
	-0.69%
	-4.55%
	-4.01%
	97%
	95%

	Overall
	-0.41%
	-0.42%
	-0.70%
	98%
	97%
	-0.49%
	0.13%
	0.24%
	97%
	96%

	Class D
	-0.37%
	0.37%
	0.62%
	101%
	100%
	-0.26%
	0.41%
	0.55%
	102%
	103%

	Class F (optional)
	-0.78%
	-0.53%
	0.97%
	100%
	102%
	-0.69%
	-0.15%
	0.93%
	99%
	100%






[bookmark: _GoBack]Conclusions
The CTU-level separate tree partitioning in JEM-7.0 is expensive for hardware implementation. In this contribution, 64x64-luma/32x32-chroma unit-level separate tree partitioning is proposed. The proposed separate tree partitioning has almost no impact on BD-rate and can reduce the hardware cost significantly compared with the JEM-7.0 separate tree partitioning. In addition, the proposed separate tree partitioning with multi-DMs can achieve -0.99% and -0.81% Y BD-rates, -11.24% and -9.80% U BD-rates, -11.20% and -9.80% V BD-rates, 17% and 40% encoding time decreases for VTM-1.0-AI and BMS-1.0-AI, respectively, when both the anchor and the test include linear model (LM) chroma mode and the 65 intra angular modes. The decoding time changes are very minor. It is proposed to adopt the proposed separate tree partitioning with multi-DMs into the VVC standard.
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