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Abstract
The tools in the scope of this CE include bi-directional optical flow (BDOF) and decoder side motion vector refinement (DMVR).
The core experiment summary report is organized into 2 sub-tests as follows: 
· CE9.1: BDOF design (3 tests)
· CE9.2: DMVR design (24 tests)
This report summarises the status of each experiment. Crosscheck results are integrated in the report.
Introduction / Problem Statement / …
The description of Core Experiment 9 (CE9) on Decoder Side Motion Vector Derivation [1] has been finalized on Nov. 2nd, 2018. A total 11 tests are defined in CE9 description. After the finalization of the CE description document, 3 tests were withdrawn by proponent, therefore results of 8 tests are reported in the summary report.  The goal of this Core Experiment (CE) is to further investigate the techniques of decoder side motion vector derivation techniques. Tested solutions in the CE9 were evaluated according to BD-rate gain, runtime and complexity assessment.
Experimental Conditions and Evaluation
[bookmark: _Toc261348555] Software
The VTM-3.0 software has been used (SHA-1: ae9412fc2ef56a20bef0a481ff72b5eaeaa5a350) in the CE9. Additionally, the combination of the techniques described in JVET-L0029 and the techniques described in JVET-L0173 with additional CU size constraints of disabling DMVR described in JVET-L0098 is used as the software base for the CE tests in the DMVR category.
 Anchors
· VTM-3.0 is used as the anchors of the CE9
[bookmark: _Toc261348556] Test Sequences, Bit Rates and Coding Conditions
CTC as described in [2].
 Reporting of the Results
All test results and crosscheck results were uploaded to git servers and included in the CE9 summary report. The BD-rate, the encoding and decoding with the same SIMD setting for both anchor and test are evaluated.
[bookmark: _Toc261348557] Additional evaluation of DMVR tests
The following requirements and the complexity characteristics are analyzed as part of DMVR tests in the CE summary report. 
Requirements
· Reference block pre-fetches shall be guaranteed at least for a region of 128x128 
· Refined motion vectors of left 128x128 CTU shall not be used for reference data pre-fetch by the DMVR of the current CTU
· Reconstructed samples of neighboring blocks (except for the top CTU boundary neighboring blocks) shall not be used for template matching of the DMVR
· Wavefront parallelism shall be possible. Refined motion vectors or reconstructed samples from the wavefront diagonal or from the right of the wavefront diagonal shall not be used (in particular the top-right CTU shall not be used).
Worst case latency characteristics
1. Description of processing steps (parallel/sequential)
1. Description of data dependency within a 128x128 region of DMVR
Memory storage
· Intermediate buffers
· Description of the usage of refined motion vectors after consumed by MC
Complexity in terms of operations
· Number of multiplies and additions
· Number of comparisons
· Number of on-chip memory accesses  
Memory BW increase
· Description of reference block sizes 
CE9.1: BDOF design
Test specifications
	#
	Description
	Tester
	Cross-checker

	CE9.1.1.a

	1. use 8-tap DCTIF filters to generate the prediction samples in extended region and inside CU
2. padding for reference samples outside [w+7, h+7] for final MC (DCTIF)
	Xiu, Xiaoyu
	H. Liu

	CE9.1.1.b 
	1. use bilinear integer filters to generate the prediction samples in extended region 
2. use 8-tap DCTIF filters to generate the prediction samples inside CU
	Xiu, Xiaoyu
	H. Liu

	CE9.1.1.c
	1. apply different gradient calculation method for prediciton samples on the CU boundaries and inside CU
	Xiu, Xiaoyu
	H. Liu


Summary of results
	
	
	 
	VTM
	Crosscheck

	Test
	Document
	Crosschecker
	Y
	U
	V
	EncT
	DecT
	EncT
	DecT

	CE9.1.1 a
	JVET-M0487 
	H. Liu
	-0.01%
	0.03%
	0.02%
	103%
	102%
	105%
	104%

	CE9.1.1 b
	
	H. Liu
	0.05%
	0.02%
	0.02%
	99%
	98%
	99%
	100%

	CE9.1.1 c
	
	H. Liu
	0.10%
	0.03%
	0.01%
	99%
	98%
	100%
	100%


Related Contributions

	Doc. #
	Related test #
	Title

	JVET-M0487 
	CE9.1.1
	CE9: Simplifications on bi-directional optical flow (BDOF) (test 9.1.1)



CE9.1: DMVR design
Test specifications
	#
	Description
	Document

	CE9.2.1 a
DMVR base s/w

	1. padding for reference samples outside [w+7, h+7] for final MC (DCTIF)
2. use bi-linear filter to generate prediction samples [w+4, h+4] for motion refinement
3a. MRSAD is used as metric for motion refinement
3b. MRSAD calculation on every other row 
4. error surface based sub-pixel refinement
5a. DMVR early termination based on MV distance
5b. DMVR early termination based on sample difference
Block size criteria: CUs with height >= 8 and size > 64  and CUs with size <= 1024
Refined MV: MC, DBF, TMVP, spatial MV prediction from top and top-left CTU
	JVET-M0147 (S. Sethuraman)

	CE9.2.1 b0
	CE9.2.1a + Integer DMVR, SAD, and refined MV used only for MC 
	

	CE9.2.1 b
	CE9.2.1b0 +  Enable 32x32 forced split + enable DMVR for w*h > 1024 + Replace CU level early termination to Sub-PU level
	

	CE9.2.1 c
	CE9.2.1b + Replace SAD with MR-SAD
	

	CE9.2.1 d
	CE9.2.1c + Replace Integer DMVR with Bilinear MC
	

	CE9.2.1 e
	CE9.2.1d + use of refined MV for deblocking, TMVP and for spatial MV prediction from top/top-left CTU neighbors
	

	CE9.2.1 f
	CE9.2.1e + use of refined MV also within CTU row from VPDUs that were processed 2 VPDUs behind current VPDU
	

	CE9.2.1 f1
	CE9.2.1f + MC restricted to use samples within (64+7)*(64+7) for VPDU of CUs larger than 64x64
	

	CE9.2.1 g
	CE9.2.1e + replace sub-PU size to 16x16 from 32x32
	

	CE9.2.2 c
	CE9.2.1g + replace MR-SAD with PR-MR-SAD
	JVET-M0147 (S. Sethuraman)


	CE9.2.2 d
	CE9.2.2c + Change sub-CU level early termination threshold (3 times) to know DecT impact
	

	*CE9.2.2 f
	Results for CE9.2.2c when BDOF is disabled in both VTM3.0 and with DMVR + DMVR is enabled for ATMVP and MMVD
	

	CE9.2.2 f1
	Disabling refined MV usage for anything other than MC in CE9.2.2c
	

	CE9.2.2 f2
	Replacing PR-MR-SAD with SAD in CE9.2.2c
	

	CE9.2.3 a
	No diagonal direction checking when all cross points' cost value not less than center point cost value
	JVET-M0306 (X.Chen)


	CE9.2.3 b
	Down sampling for MRSAD's mean value calculation
	

	CE9.2.3 c
	Replacing MRSAD with SAD in CE9.2.1a
	

	CE9.2.4 a
	CE9.2.1a + allow inter reconstruction to be used as intra reference
	JVET-M0447 (M. Xu)

	CE9.2.4 b
	CE9.2.1a + don't allow inter reconstruction to be used as intra reference
	

	CE9.2.4 c
	CE9.2.1a + don't allow DMVR reconstruction to be used as intra reference
	

	CE9.2.5 a
	CE9.2.1a is changed as follows:
minCost equal to zero replaces minCost less than (w*h*(1<<(Max(2, 14 – Bit Depth) + (Bit Depth-8)+0))
	JVET-M0062 (T. Chujoh )

	CE9.2.5 b
	CE9.2.1a is changed as follows:
minCost equal to zero replaces minCost less than (w*h*(1<<(Max(2, 14 – Bit Depth) + (Bit Depth-8)-1))
	

	CE9.2.6
	CE9.2.1a is changed as follows:
Disable DMVR for CUs with size > 4096
	JVET-M0076 (K. Unno)

	CE9.2.7
	CE9.2.1a is changed as follows:
Bilinear filter is replaced by no interpolation (rounding to nearest integer sample)
	JVET-M0287 (S. Esenlik)


* CE9.2.2.f result is reported compared to BDOF off anchor. 
Summary of results
	
	 
	VTM

	Test
	CrosscheckerDescription
	Y
	U
	V
	EncT
	DecT

	CE9.2.1 a
DMVR base s/w
	1. padding for reference samples outside [w+7, h+7] for final MC (DCTIF)
2. use bi-linear filter to generate prediction samples [w+4, h+4] for motion refinement
3a. MRSAD is used as metric for motion refinement
3b. MRSAD calculation on every other row 
4. error surface based sub-pixel refinement
5a. DMVR early termination based on MV distance
5b. DMVR early termination based on sample difference
Block size criteria: CUs with height >= 8 and size > 64  and CUs with size <= 1024
Refined MV: MC, DBF, TMVP, spatial MV prediction from top and top-left CTUJ. Li
	-0.71%
	-0.81%
	-0.87%
	110%
	118%

	CE9.2.1 b0
	CE9.2.1a + Integer DMVR, SAD, and refined MV used only for MC C.-C. Chen
	-0.30%
	-0.39%
	-0.40%
	101%
	103%

	CE9.2.1 b
	CE9.2.1b0 +  Enable 32x32 forced split + enable DMVR for w*h > 1024 + Replace CU level early termination to Sub-PU levelC.-C. Chen
	-0.58%
	-0.86%
	-0.86%
	102%
	106%

	CE9.2.1 c
	CE9.2.1b + Replace SAD with MR-SADJ. Li
	-0.66%
	-0.88%
	-0.92%
	102%
	108%

	CE9.2.1 d
	CE9.2.1c + Replace Integer DMVR with Bilinear MCJ. Li
	-0.74%
	-1.02%
	-1.07%
	102%
	111%

	CE9.2.1 e
	CE9.2.1d + use of refined MV for deblocking, TMVP and for spatial MV prediction from top/top-left CTU neighborsC.-C. Chen
	-1.12%
	-1.25%
	-1.30%
	103%
	114%

	CE9.2.1 f
	CE9.2.1e + use of refined MV also within CTU row from VPDUs that were processed 2 VPDUs behind current VPDUC.-C. Chen
	-1.25%
	-1.33%
	-1.43%
	103%
	114%

	CE9.2.1 f1
	CE9.2.1f + MC restricted to use samples within (64+7)*(64+7) for VPDU of CUs larger than 64x64C.-C. Chen
	-1.25%
	-1.33%
	-1.42%
	103%
	114%

	CE9.2.1 g
	CE9.2.1e + replace sub-PU size to 16x16 from 32x32C.-C. Chen
	-1.13%
	-1.33%
	-1.44%
	103%
	118%

	CE9.2.2 c
	CE9.2.1g + replace MR-SAD with PR-MR-SADT. Chujoh
	-1.07%
	-1.27%
	-1.36%
	103%
	118%

	CE9.2.2 d
	CE9.2.2c + Change sub-CU level early termination threshold (3 times) to know DecT impactT. Chujoh
	-1.04%
	-1.27%
	-1.36%
	103%
	117%

	*CE9.2.2 f
	Results for CE9.2.2c when BDOF is disabled in both VTM3.0 and with DMVR + DMVR is enabled for ATMVP and MMVDT. Chujoh
	-1.51%
	-1.58%
	-1.59%
	116%
	126%

	CE99.2.2 f1
	Disabling refined MV usage for anything other than MC in CE9.2.2cT. Chujoh
	-0.72%
	-1.05%
	-1.11%
	102%
	115%

	CE9.2.2 f2
	Replacing PR-MR-SAD with SAD in CE9.2.2cT. Chujoh
	-1.02%
	-1.29%
	-1.35%
	103%
	115%

	CE9.2.3 a
	No diagonal direction checking when all cross points' cost value not less than center point cost valueT. Ikai
	-0.71%
	-0.84%
	-0.90%
	108%
	116%

	CE9.2.3 b
	Down sampling for MRSAD's mean value calculationT. Ikai
	-0.68%
	-0.84%
	-0.89%
	108%
	115%

	CE9.2.3 c
	Replacing MRSAD with SAD in CE9.2.1aT. Ikai
	-0.60%
	-0.78%
	-0.84%
	107%
	115%

	CE9.2.4 a
	CE9.2.1a + allow inter reconstruction to be used as intra referenceJ. Ma
	-0.71%
	-0.81%
	-0.87%
	108%
	115%

	CE9.2.4 b
	CE9.2.1a + don't allow inter reconstruction to be used as intra referenceJ. Ma
	3.87%
	8.82%
	9.62%
	103%
	113%

	CE9.2.4 c
	CE9.2.1a + don't allow DMVR reconstruction to be used as intra referenceJ. Ma
	-0.46%
	-0.34%
	-0.36%
	108%
	115%

	CE9.2.5 a
	CE9.2.1a is changed as follows:
minCost equal to zero replaces minCost less than (w*h*(1<<(Max(2, 14 – Bit Depth) + (Bit Depth-8)+0))K. Unno
	-0.67%
	-0.80%
	-0.86%
	109%
	118%

	CE9.2.5 b
	CE9.2.1a is changed as follows:
minCost equal to zero replaces minCost less than (w*h*(1<<(Max(2, 14 – Bit Depth) + (Bit Depth-8)-1))K. Unno
	-0.70%
	-0.81%
	-0.87%
	109%
	119%

	CE9.2.6
	CE9.2.1a is changed as follows:
Disable DMVR for CUs with size > 4096T. Chujoh
	-0.89%
	-0.99%
	-1.08%
	111%
	119%

	CE9.2.7
	CE9.2.1a is changed as follows:
Bilinear filter is replaced by no interpolation (rounding to nearest integer sample)T. Chujoh
	-0.58%
	-0.69%
	-0.74%
	109%
	115%


* CE9.2.2.f result is reported compared to BDOF off anchor. 
Complexity evaluation
	Test
	Cost function
	Usage of refined motion vectors 
	# of operations for Interpolation (for 8x8 reference block)
	# of operations for SAD/MRSAD (for 8x8 reference block)
	Additional operations
(for 8x8 reference block)
	Block size criteria

	CE9.2.1 a
	MRSAD
	Motion compensation,
from neighbor Cus in top left and top CTUs for merge list and AMVP,
Deblocking and temporal MV prediction
	Adds: 4272(includes rounding)
Mult: 4144
	Adds: 1760
	(1) 5 comparisons for early termination based on MV distance
(2) 13 comparisons for cost 
(3) 128 addition 1 comparison for early termination based on sample
(4) 20Additions,14 shifts and 18 conditions for error surface
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.1 b0
	SAD
	Motion compensation
	Adds: 3072
Mult: 2944
	Adds: 832
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.1 b
	SAD
	Motion compensation
	Adds: 3072
Mult: 2944
	Adds: 832
	(1) 5 comparisons for early termination based on MV distance
(2) 13 comparisons for cost 
(3)  20Additions,14 shifts and 18 conditions for error surface
	CUs with height >= 8 and size > 64
32x32 Sub-PU

	CE9.2.1 c
	MRSAD
	Motion compensation
	Adds: 3072
Mult: 2944
	Adds: 1760
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
32x32 Sub-PU

	CE9.2.1 d
	MRSAD
	Motion compensation
	Adds: 4272
Mult: 4144
	Adds: 1760
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
32x32 Sub-PU

	CE9.2.1 e
	MRSAD
	same as base 9.2.1a at VPDU level instead of CTU level
	Adds: 4272
Mult: 4144
	Adds: 1760
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
32x32 Sub-PU

	CE9.2.1 f
	MRSAD
	same as base 9.2.1a at VPDU level instead of CTU level
	Adds: 4272
Mult: 4144
	Adds: 1760
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
32x32 Sub-PU

	CE9.2.1 f1
	MRSAD
	same as base 9.2.1a
	Adds: 4272
Mult: 4144
	Adds: 1760
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
32x32 Sub-PU

	CE9.2.1 g
	MRSAD
	same as base 9.2.1a
	Adds: 4272
Mult: 4144
	Adds: 1760
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
16x16 Sub-PU

	CE9.2.2 c
	PR-MRSAD
	same as base 9.2.1a
	Adds: 4272
Mult: 4144
	Adds: 1632
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
16x16 Sub-PU

	CE9.2.2 d
	PR-MRSAD
	same as base 9.2.1a
	Adds: 4272
Mult: 4144
	Adds: 1632
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
16x16 Sub-PU

	*CE9.2.2 f
	PR-MRSAD
	same as base 9.2.1a
	Adds: 4272
Mult: 4144
	Adds: 1632
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
16x16 Sub-PU

	CE9.2.2 f1
	PR-MRSAD
	same as base 9.2.1a
	Adds: 4272
Mult: 4144
	Adds: 1632
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
16x16 Sub-PU

	CE9.2.2 f2
	SAD
	same as base 9.2.1a
	Adds: 4272
Mult: 4144
	Adds: 832
	same as CE9.2.1b
	CUs with height >= 8 and size > 64
16x16 Sub-PU

	CE9.2.3 a
	MRSAD
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	Cost value comparison between cross point and center point
	 CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.3 b
	MRSAD
	same as base 9.2.1a
	same as base 9.2.1a
	Adds: 1296
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.3 c
	 SAD
	same as base 9.2.1a
	same as base 9.2.1a
	Adds: 832
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.4 a
	MRSAD
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.4 b
	MRSAD
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.4 c
	MRSAD
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.5 a
	MRSAD
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.5 b
	MRSAD
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024

	CE9.2.6
	MRSAD
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
CUs with size <= 4096

	CE9.2.7
	MRSAD
	same as base 9.2.1a
	Adds: 2576
Mult: 2944 (same as bi-prediction)
	same as base 9.2.1a
	same as base 9.2.1a
	CUs with height >= 8 and size > 64 
 CUs with size <= 1024


Crosscheck Results
	
	
	 
	Tester
	Crosscheck

	Test
	Document
	Crosschecker
	EncT
	DecT
	EncT
	DecT

	9.2.1 a
DMVR base s/w
	JVET-M0147
	J. Li
	110%
	118%
	111%
	120%

	9.2.1 b0
	
	C.-C. Chen
	101%
	103%
	103%
	105%

	9.2.1 b
	
	C.-C. Chen
	102%
	106%
	103%
	109%

	9.2.1 c
	
	J. Li
	102%
	108%
	102%
	110%

	9.2.1 d
	
	J. Li
	102%
	111%
	102%
	112%

	9.2.1 e
	
	C.-C. Chen
	103%
	114%
	104%
	116%

	9.2.1 f
	
	C.-C. Chen
	103%
	114%
	104%
	117%

	9.2.1 f1
	
	C.-C. Chen
	103%
	114%
	103%
	116%

	9.2.1 g
	
	C.-C. Chen
	103%
	118%
	104%
	121%

	9.2.2 c
	
	T. Chujoh
	103%
	118%
	103%
	123%

	9.2.2 d
	
	T. Chujoh
	103%
	117%
	103%
	123%

	*9.2.2 f
	
	T. Chujoh
	116%
	126%
	116%
	134%

	9.2.2 f1
	
	T. Chujoh
	102%
	115%
	102%
	122%

	9.2.2 f2
	
	T. Chujoh
	103%
	115%
	103%
	121%

	9.2.3 a
	JVET-M0306

	T. Ikai
	108%
	116%
	109%
	118%

	9.2.3 b
	
	T. Ikai
	108%
	115%
	109%
	118%

	9.2.3 c
	
	T. Ikai
	107%
	115%
	108%
	115%

	9.2.4 a
	JVET-M0447
	J. Ma
	108%
	115%
	109%
	118%

	9.2.4 b
	
	J. Ma
	103%
	113%
	104%
	117%

	9.2.4 c
	
	J. Ma
	108%
	115%
	109%
	117%

	9.2.5 a
	JVET-M0062
	K. Unno
	109%
	118%
	109%
	116%

	9.2.5 b
	
	K. Unno
	109%
	119%
	109%
	117%

	9.2.6
	JVET-M0076
	T. Chujoh
	111%
	119%
	110%
	122%

	9.2.7
	JVET-M0287
	T. Chujoh
	109%
	115%
	106%
	116%



Related Contributions

	Doc. #
	Related test #
	Title

	JVET-M0147
	CE9.2.1 and CE9.2.2
	CE9: Results of DMVR related Tests CE9.2.1 and CE9.2.2

	JVET-M0306
	CE9.2.3
	CE9: DMVR Simplifications (Test 9.2.3)

	JVET-M0447
	CE9.2.4
	CE9: Constrained intra prediction with DMVR (test 9.2.4)

	JVET-M0062
	CE9.2.5
	CE9: An early termination of DMVR (Test 9.2.5)

	JVET-M0076
	CE9.2.6
	CE9: Block size restriction for DMVR (test 9.2.6)

	JVET-M0287
	CE9.2.7
	CE9: Integer DMVR (Test 9.2.7)



Recommendations
· Review all CE tests’ contributions and cross-checks.
· Make decisions on each part on technology under consideration by reviewing CE results.
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