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Abstract
In this contribution, methods are proposed to make the existing design of bi-directional optical flow (BIO) tool in BMS-2.1 more implementation friendly. To control the size of the multipliers in BIO, one bit-width control method is applied to ensure BIO can be implemented with at most 15-bit multiplier and the intermediate values are within the 32-bit range. Further, three solutions are provided to reduce the BIO worst-case computational complexity by reducing or avoiding the interpolation of the prediction samples in the extended area of one BIO CU. Additionally, in all three solutions, the BIO is disabled if either of the following is true: 1) the CU has height equal to 4 or the CUs is in size of 4×8, or 2) the CU is coded with sub-block modes. Compared to VTM-2.1 anchor, the performances of the proposed BIO simplifications are summarized as follows:
The existing BIO in the BMS-2.1: 
{Y, U, V} BD-rate saving {1.41%, 0.58%, 0.40%}, EncT=103%, DecT=119%
The bit-width control method + complexity reduction solution one: 
{Y, U, V} BD-rate saving {1.29%, 0.53%, 0.35%}, EncT=100%, DecT=105%
The bit-width control method + complexity reduction solution two: 
{Y, U, V} BD-rate saving {1.24%, 0.48%, 0.37%}, EncT=100%, DecT=102%
The bit-width control method + complexity reduction solution three: 
{Y, U, V} BD-rate saving {1.17%, 0.47%, 0.32%}, EncT=101%, DecT=103%
Based on the simulation results, it is asserted that with the proposed simplification methods, BIO becomes an implementable tool with desirable performance vs. complexity trade-off.
1. [bookmark: _Ref525075319]Introduction
At the 11th JVET meeting, bi-directional optical flow (BIO) was included in the BMS-2.1 reference software [1]. BIO provides motion refinements for 4×4 sub-blocks within one bi-predicted CU that has both forward and backward prediction signals. Although it significantly improves the bi-prediction efficiency, two complexity issues are identified as follows for the existing BIO design:
1) As pointed out by JVET-L0256 [2], the existing BIO requires 33-bit multiplier and has the maximal bit-width of 43-bit for intermediate parameters. In practice, such high bit-width usages, especially the multiplier with large bit-width, are very expensive for both hardware and software implementations.
2) For the existing BIO in the BMS-2.1 [1], two additional rows/columns of prediction samples need to be interpolated in one extended region around one CU for the BIO derivation. The interpolation of those additional sample could result in a significant increase of the worst-case computational complexity of the BIO. Specifically, the peak complexity of the current BIO happens at 4x4 bi-predicted CUs, where the total number of prediction samples that are needed by the BIO is equal to (4+4)x(4+4), i.e., 400% of the number of prediction samples for regular 4x4 bi-prediction.
2. Proposed methods
To address the above complexity issues, in this contribution, one combined solution based on JVET-L0256 [2] and JVET-L099 [3] is proposed to reduce the BIO complexity. Specifically, the following modifications are applied on top of the existing BIO design in the BMS-2.1 [1].
2.1 BIO bit-width control
In the proposed solution, the bit-width control method proposed in [2] is used to reduce the bit-width required by the BIO. Specifically, to reduce the overall bit-width of intermediate parameters, additional right shifts are firstly introduced when calculating the sum of L0 and L1 horizontal/vertical gradients and the different between L0 and L1 prediction samples, which are indicated as:
	


	(1)


where  are the sample value at coordinate  of the prediction signal in list , ;  and  are the horizontal and vertical gradients of the sample. 
Additionally, the original internal bit-width increase used in the BMS-2.1 BIO is completely removed such that the BIO correlation parameters are calculated by
	                                         ,    
                                             
                                                  
	(2)


Moreover, the calculation of the motion refinement  for each 4x4 block is also simplified by removing the redundant regulation parameters in the original BIO design, i.e., 
	

	(3)


Where  , , and .
At last, the final bi-prediction samples of the current CU are generated by
	

	(4)


where  and  are the offset and right shift that are applied to combine the L0 and L1 prediction signals for bi-prediction, which are equal to  and , respectively;  is rounding function. As shown in [2], the above bit-width control method can guarantee that the BIO can be implemented with 15-bit multiplier and the intermediate parameters within 32-bit.
2.2 BIO computational complexity reduction
As discussed earlier, the complexity due to interpolating additional samples in the extended region is currently the bottleneck of the BIO complexity. Based on such observation, three solutions are proposed in this section to reduce the worst-case complexity of generating the extended samples of one BIO CU.
· Solution One:
In the first solution, it is proposed to reduce the number of extended samples used by the BIO from two rows/columns to one single row/column on each CU boundary, i.e., the extended region is reduced from (W+4)x(H+4) to (W+2)x(H+2). The same default 8-tap interpolation filters that are used to generate the prediction samples within the CU are applied for interpolating the extended samples. Additionally, to compensate for the reduced extended region, the method sets both the sample values and the gradients of the positions outside the CU area (as indicated by the blank squares in Figure 1) to the values of their nearest neighbors on CU boundaries. Figure 1 illustrates the idea of the proposed BIO derivation method.


[bookmark: _Ref525140122]Figure 1 Illustration of the BIO simplification method (Method one)
To further reduce the BIO worst-case complexity, BIO is disabled for all the CUs with height equal to 4 and 4×8 CUs. Additionally, BIO is also disabled for all the CUs that are predicted with alternative temporal motion vector prediction (ATMVP). Table 1 and Table 2 show the numbers of multiplications and additions per samples that are performed after solution one is applied. In the tables, the shadow rows represent the CU sizes that enable the BIO and the blank rows represent the CU sizes that disable the BIO. Therefore, for those blank rows, the corresponding BIO-related operations are equal to 0 and their respective complexity are the same as regular bi-prediction of the CUs with equal size. As can been seen, with solution one, the BIO worst-case complexity happens at 8x8 CUs, where the number of multiplications and additions in worst-case are 129% and 154% of the worst-case complexity of regular 4x4 bi-prediction.


[bookmark: _Ref525903977]Table 1 The number of multiplications per sample performed by solution one
	CU size (W×H)
	
	BIO
	Percentage to 4x4 bi-pred

	
	L0/L1 Pred
	Gradient
	Correlation
	Summation
	Motion refinement
	Final bi-prediction
	Early Skip
	Total
	

	4×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×8
	46.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	46.0
	77%

	8×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×16
	64.5
	0.0
	8.4
	0.0
	0.1
	2.0
	0.0
	75.0
	125%

	16×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×32
	56.3
	0.0
	8.0
	0.0
	0.1
	2.0
	0.0
	66.3
	110%

	32×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×64
	52.1
	0.0
	7.7
	0.0
	0.1
	2.0
	0.0
	61.9
	103%

	64×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×128
	50.1
	0.0
	7.6
	0.0
	0.1
	2.0
	0.0
	59.7
	100%

	128×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	8×8
	67.5
	0.0
	7.8
	0.0
	0.1
	2.0
	0.0
	77.4
	129%


[bookmark: _Ref525903980]Table 2 The number of additions per sample performed by solution one
	CU size (W×H)
	
	BIO
	Percentage to 4x4 bi-pred

	
	L0/L1 Pred
	Gradient
	Correlation
	Summation
	Motion refinement
	Final bi-prediction
	Early Skip
	Total
	

	4×4
	60.0
	0.0
	0.0
	0.0
	0.0
	2.0
	0.0
	62.0
	100%

	4×8
	46.0
	0.0
	0.0
	0.0
	0.0
	2.0
	0.0
	48.0
	77%

	8×4
	60.0
	0.0
	0.0
	0.0
	0.0
	2.0
	0.0
	62.0
	100%

	4×16
	64.5
	4.0
	5.1
	11.3
	0.2
	6.0
	2.0
	93.0
	150%

	16×4
	60.0
	0.0
	0.0
	0.0
	0.0
	2.0
	0.0
	62.0
	100%

	4×32
	56.3
	4.0
	4.8
	11.3
	0.2
	6.0
	2.0
	84.5
	136%

	32×4
	60.0
	0.0
	0.0
	0.0
	0.0
	2.0
	0.0
	62.0
	100%

	4×64
	52.1
	4.0
	4.6
	11.3
	0.2
	6.0
	2.0
	80.2
	129%

	64×4
	60.0
	0.0
	0.0
	0.0
	0.0
	2.0
	0.0
	62.0
	100%

	4×128
	50.1
	4.0
	4.6
	11.3
	0.2
	6.0
	2.0
	78.1
	126%

	128×4
	60.0
	0.0
	0.0
	0.0
	0.0
	2.0
	0.0
	62.0
	100%

	8×8
	67.5
	4.0
	4.7
	11.3
	0.2
	6.0
	2.0
	95.6
	154%


· Solution Two:
Although the first solution reduces the size of the extended region to (W+2)×(H+2), it still needs to interpolate additional samples beyond the CU boundaries. To further reduce the complexity, in the second solution, it is proposed to directly use integer reference samples (without interpolation) as the extended samples (as indicated by the blank squares in Figure 1) in the extension region (W+2)×(H+2) for the BIO derivation. Additionally, as the same as the first solution, the second solution pads both the samples and gradients of the position in the extended region from their nearest neighbors on CU boundaries and disable BIO when either of the following is true: 1) the CU has height equal to 4 or the CUs is in size of 4×8, or 2) the CU is coded with sub-block modes. Table 3 and Table 4 show the numbers of operations per samples that are performed after the solution two is applied. As shown in the two tables, due to the skipped interpolation of extended samples, solution two can reduce the worst-case number of multiplications to be the same as that of regular bi-prediction while only increasing the worst-case number of additions by 20%.
[bookmark: _Ref526160883]Table 3 The number of multiplications per sample performed by solution two
	CU size (W×H)
	
	BIO
	Percentage to 4x4 bi-pred

	
	L0/L1 Pred
	Gradient
	Correlation
	Summation
	Motion refinement
	Final bi-prediction
	Early Skip
	Total
	

	4×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×8
	46.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	46.0
	77%

	8×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×16
	39.0
	0.0
	8.4
	0.0
	0.1
	2.0
	0.0
	49.5
	83%

	16×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×32
	35.5
	0.0
	8.0
	0.0
	0.1
	2.0
	0.0
	45.5
	76%

	32×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×64
	33.8
	0.0
	7.7
	0.0
	0.1
	2.0
	0.0
	43.5
	73%

	64×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×128
	32.9
	0.0
	7.6
	0.0
	0.1
	2.0
	0.0
	42.6
	71%

	128×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	8×8
	46.0
	0.0
	7.8
	0.0
	0.1
	2.0
	0.0
	55.9
	93%


[bookmark: _Ref526160887]Table 4 The number of additions per sample performed by solution two
	CU size (W×H)
	
	BIO
	Percentage to 4x4 bi-pred

	
	L0/L1 Pred
	Gradient
	Correlation
	Summation
	Motion refinement
	Final bi-prediction
	Early Skip
	Total
	

	4×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×8
	46.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	46.0
	74%

	8×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×16
	39.0
	4.0
	5.1
	11.3
	0.2
	6.0
	2.0
	67.5
	109%

	16×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×32
	35.5
	4.0
	4.8
	11.3
	0.2
	6.0
	2.0
	63.7
	103%

	32×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×64
	33.8
	4.0
	4.6
	11.3
	0.2
	6.0
	2.0
	61.8
	100%

	64×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×128
	32.9
	4.0
	4.6
	11.3
	0.2
	6.0
	2.0
	60.9
	98%

	128×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	8×8
	46.0
	4.0
	4.7
	11.3
	0.2
	6.0
	2.0
	74.1
	120%


· Solution Three:
In the third solution, to avoid the interpolation of the prediction samples in the extended area, it is proposed to only use the prediction samples that are inside the current CU (as indicated by the shadow squares in Figure 1) for the BIO derivation. However, based on the current BIO in the BMS-2.1 [1], the calculation for each sample’s gradients needs both the sample values of its left and right neighbors for horizontal gradients or top and bottom neighbors for vertical gradients. Therefore, with such change, the proposed method cannot calculate the gradients for the samples on the CU boundaries. To solve the problem, one different method is applied to derive the gradients of samples on the CU boundaries as the difference between the current CU boundary sample and its nearest neighbor inside the CU. Specifically, with the proposed method, the horizontal and vertical gradients used by the BIO are calculated as
	
	[bookmark: _Ref524516609](5)

	
	(6)


where ,  and  are the sample values, the horizontal and vertical gradients of the sample at coordinate  of the prediction signal in list , .
Meanwhile, as the same as the other two solutions, the third solution pads the samples and gradients of the position on the CU boundaries to the extended region to derive the BIO refinement of the current CU. Additionally, to control the worst-case complexity, the BIO is also disabled when either of the following is true: 1) the CU has height equal to 4 or the CUs is in size of 4×8, or 2) the CU is coded with sub-block modes.
[bookmark: _Ref526163694]Table 5 and Table 6 show the numbers of multiplications and additions per sample that are performed by the BIO with the third solution being applied. As can be seen, because the interpolations of the extended samples are not needed, the third solution has the same worst-case computational complexity as that of the second solution. Specifically, the number of multiplications and additions in worst-case are 100% and 120% of the worst-case complexity of regular 4x4 bi-prediction.
Table 5 The number of multiplications per sample performed by solution three
	CU size (W×H)
	
	BIO
	Percentage to 4x4 bi-pred

	
	L0/L1 Pred
	Gradient
	Correlation
	Summation
	Motion refinement
	Final bi-prediction
	Early Skip
	Total
	

	4×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×8
	46.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	46.0
	77%

	8×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×16
	39.0
	0.0
	8.4
	0.0
	0.1
	2.0
	0.0
	49.5
	83%

	16×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×32
	35.5
	0.0
	8.0
	0.0
	0.1
	2.0
	0.0
	45.5
	76%

	32×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×64
	33.8
	0.0
	7.7
	0.0
	0.1
	2.0
	0.0
	43.5
	73%

	64×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	4×128
	32.9
	0.0
	7.6
	0.0
	0.1
	2.0
	0.0
	42.6
	71%

	128×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	100%

	8×8
	46.0
	0.0
	7.8
	0.0
	0.1
	2.0
	0.0
	55.9
	93%


[bookmark: _Ref526163698]


Table 6 The number of additions per sample performed by solution three
	CU size (W×H)
	
	BIO
	Percentage to 4x4 bi-pred

	
	L0/L1 Pred
	Gradient
	Correlation
	Summation
	Motion refinement
	Final bi-prediction
	Early Skip
	Total
	

	4×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×8
	46.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	46.0
	74%

	8×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×16
	39.0
	4.0
	5.1
	11.3
	0.2
	6.0
	2.0
	67.5
	109%

	16×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×32
	35.5
	4.0
	4.8
	11.3
	0.2
	6.0
	2.0
	63.7
	103%

	32×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×64
	33.8
	4.0
	4.6
	11.3
	0.2
	6.0
	2.0
	61.8
	100%

	64×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	4×128
	32.9
	4.0
	4.6
	11.3
	0.2
	6.0
	2.0
	60.9
	98%

	128×4
	60.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	60.0
	97%

	8×8
	46.0
	4.0
	4.7
	11.3
	0.2
	6.0
	2.0
	74.1
	120%


3. [bookmark: _Ref525427774]Simulation results
The proposed solution is implemented based on the BMS-2.1 reference software [1] and tested using the VTM configuration. The test condition and evaluation criteria used in core experiment (CE) 9 [4] are applied.
3.1 Performance of the BIO in the BMS-2.1
	
	Random Access Main 10

	
	Over VTM-2.1

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-1.00%
	-0.42%
	-0.18%
	102%
	118%

	Class A2
	-1.83%
	-0.53%
	-0.23%
	102%
	114%

	Class B
	-1.30%
	-0.48%
	-0.42%
	103%
	121%

	Class C
	-1.52%
	-0.87%
	-0.66%
	104%
	120%

	Class E
	 
	
	 
	 
	 

	Overall
	-1.41%
	-0.58%
	-0.40%
	103%
	119%

	Class D
	-2.28%
	-1.40%
	-1.17%
	104%
	122%



3.2 Performance of the BIO bit-width control and complexity reduction Solution One
	
	Random Access Main 10

	
	Over VTM-2.1

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.92%
	-0.41%
	-0.08%
	102%
	105%

	Class A2
	-1.71%
	-0.47%
	-0.22%
	101%
	103%

	Class B
	-1.20%
	-0.44%
	-0.38%
	101%
	107%

	Class C
	-1.38%
	-0.77%
	-0.62%
	96%
	105%

	Class E
	 
	
	 
	 
	 

	Overall
	-1.29%
	-0.53%
	-0.35%
	100%
	105%

	Class D
	-2.04%
	-1.23%
	-1.12%
	96%
	103%


3.3 Performance of the BIO bit-width control and complexity reduction Solution Two
	
	Random Access Main 10

	
	Over VTM-2.1

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.90%
	-0.35%
	-0.13%
	98%
	102%

	Class A2
	-1.68%
	-0.44%
	-0.24%
	97%
	98%

	Class B
	-1.14%
	-0.42%
	-0.38%
	101%
	103%

	Class C
	-1.28%
	-0.69%
	-0.63%
	102%
	103%

	Class E
	 
	
	 
	 
	 

	Overall
	-1.24%
	-0.48%
	-0.37%
	100%
	102%

	Class D
	-1.84%
	-1.17%
	-1.05%
	101%
	100%


3.4 Performance of the BIO bi-width control and complexity reduction Solution Three
	
	Random Access Main 10

	
	Over VTM-2.1

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.89%
	-0.35%
	-0.13%
	99%
	104%

	Class A2
	-1.61%
	-0.42%
	-0.20%
	98%
	100%

	Class B
	-1.08%
	-0.39%
	-0.33%
	102%
	103%

	Class C
	-1.16%
	-0.69%
	-0.55%
	102%
	103%

	Class E
	 
	
	 
	 
	 

	Overall
	-1.17%
	-0.47%
	-0.32%
	101%
	103%

	Class D
	-1.62%
	-1.02%
	-0.91%
	102%
	99%
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