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Abstract
This contribution proposes one combined bi-directional optical flow (BIO) method based on CE9.5.2 test 1 with a simpler gradient filter {-1, 0, 1} and CE9.5.3 with two-stage BIO early termination. Simulation results show that compared to VTM-1.0, the proposed scheme provides on average {Y, U, V} BD-rate savings of {2.80%, 0.94%, 0.68%} for RA with average encoding and decoding time of 108% and 123%.
Introduction
Bi-directional optical flow (BIO) is one coding tool that is included in joint exploration model (JEM)-7.0 [1]. The BIO tool was designed to enhance the conventional motion compensation by improving both the granularity and the accuracy of the motion vectors (MVs) that are used at the motion compensation stage. Although the BIO can improve the coding efficiency, it also introduces significant complexity increase to both encoder and decoder.
This contribution proposes a combination of CE9.5.2 test 1 [2] and CE9.5.3 [3] to reduce the BIO complexity. Specifically, in this combination, the following modifications are applied on top of the existing BIO design in JEM-7.0.
CE9.5.2 test 1 for simplified gradient derivation:
1. The number of local gradients that are used to derive the BIO motion refinement of one 4x4 block is reduced from 8x8 in JEM-7.0 to 6x6 in [2].
2. [bookmark: _GoBack]The BIO gradients in both horizontal and vertical directions are directly calculated based on the motion compensated samples using a simpler filter {-1, 0, 1}, compared to the BIO gradient derivation in JEM-7.0 where the combination of one 6-tap gradient filter and one 6-tap interpolation filter is applied and the selection of the used filters depends on fractional sample positions.
3. Reference sample padding is applied to ensure that the number of reference samples that need to be accessed by BIO CUs is kept the same as that of regular bi-predicted CUs.
CE9.5.3 for BIO early termination:
One two-stage early termination method is used to conditionally disable the BIO operations depending on the similarity between the two prediction signals. The early termination is first applied at the CU-level and then at the sub-CU-level. Specifically, the SAD between the L0 and L1 luma prediction signals is first calculated at the CU level. If the CU-level SAD is no larger than a predefined threshold, the BIO process is completely disabled for the whole CU. The CU-level threshold is set to . If the BIO process is not disabled at the CU level, and if the current CU contains multiple sub-CUs, the SAD of each sub-CU inside the CU will be calculated. Then, the decision on whether to enable or disable the BIO process is made at the sub-CU-level based on a predefined sub-CU-level SAD threshold which is set to . 
Simulation results
To evaluate the performance/complexity impact, the proposed scheme is implemented based on the BMS-1.0 reference software [1] and tested using both VTM and BMS configurations. The test condition and evaluation criteria that are used in CE9 [4] are applied. Specifically, the proposed method is compared with two anchors: for the VTM test, the anchor is the BD-rate performance of VTM-1.0; for the BMS test, the anchor is the BD-rate performance of BMS-1.0.
Coding performance and complexity of the proposed BIO scheme
	
	Random Access Main 10

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-1.64%
	-0.78%
	-0.48%
	108%
	122%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class A2
	-4.35%
	-0.90%
	-0.43%
	107%
	127%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class B
	-2.80%
	-0.96%
	-0.70%
	109%
	123%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class C
	-2.49%
	-1.06%
	-0.99%
	109%
	123%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class E
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Overall
	-2.80%
	-0.94%
	-0.68%
	108%
	123%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class D
	-4.03%
	-1.86%
	-1.70%
	109%
	125%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!


Complexity analysis
Based on the complexity analysis used for CE9 [4], the main performance/complexity features of the proposed BIO scheme are summarized in the table below. 
	 
	Proposed BIO

	Coding gains
	-2.80%

	Enc time
	108%

	Dec time
	123%

	Motion search method
	Not applicable

	Cost function
	SAD

	Max number of cost function calculation
	1

	Memory bandwidth
	(W+7)x(H+7)


Additional results of the proposed BIO using different early-termination threshold
In the table below, additional performance/complexity results of the proposed BIO scheme are provided by using different thresholds for the BIO early-termination. Specifically, in this test, the CU-level threshold is set to  and the sub-level threshold is set to .
	
	Random Access Main 10

	
	Over VTM-1.0
	Over BMS-1.0

	
	Y
	U
	V
	EncT
	DecT
	Y
	U
	V
	EncT
	DecT

	Class A1
	-1.68%
	-0.82%
	-0.48%
	108%
	125%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class A2
	-4.45%
	-0.89%
	-0.43%
	107%
	132%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class B
	-2.86%
	-0.94%
	-0.67%
	109%
	132%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class C
	-2.52%
	-1.04%
	-0.93%
	109%
	132%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class E
	 
	
	 
	 
	
	 
	
	 
	 
	 

	Overall
	-2.85%
	-0.93%
	-0.65%
	108%
	130%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!

	Class D
	-4.05%
	-1.78%
	-1.66%
	109%
	129%
	#VALUE!
	#VALUE!
	#VALUE!
	#REF!
	#REF!
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