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1 Introduction

A summary of core experiment 8 (CE8) on non-deblocking loop filtering is reported. There are eight Subtests in CE8, Subtest a: Block level filter adaptation with directional feature (three proposals plus two non-CE proposals), Subtest b: Sub-frame delay adaptive loop filter (one proposal), Subtest c: Line Memory reduction in ALF and SAO decoding (five proposals plus two non-CE proposals), Subtest d: Filter shapes and coefficient constraints, for both luma and chroma (three proposals), Subtest e: Prediction of filter coefficients (one proposal), Subtest f: Filter switching reduction at LCU boundary for LCU friendly decoding (withdrawn), Subtest g: Chroma filter control (one proposal) and Subtest h: Other in-loop filters (one proposal). These are evaluated based on the common test conditions in JCTVC-F900 and additional conditions in JCTVC-F908. All mandatory results are verified by cross-checkers.
According to the cross-checkers’ comments and further study such as unification and harmonization in some subtests (i.e., CE8.a and CE8.c), it is suggested to consider those unification and harmonization to regard them as additional CE contributions.  As for CE8.c, CE8 is planning to conduct an informal subjective viewing (at least for CE8.c.5, Non-CE8.c.6 and Non-CE8.c.7) at a room on the gound floor of the ITU-T building.
  Detailed information will be announced on the JCT-VC reflector.
An informal subjective viewing was conducted during the meeting (from 16:50 to 17:30 on Nov. 25) to assess the subjective picture quality of CE8.c.5 and CE8.c.7-Tool1.  Summary is attached (in ppt file).
2 Document list and cross-check assignment
· Summary document (this document)

· JCTVC-G038 [CE coordinators] CE8: Summary report of Core Experiment on non-deblocking loop filtering
· Proponent's and verification/study documents
Subtest a: Block level filter adaptation with directional feature
· JCTVC-G316 [Sharp] CE8.a.1: 2-D mergeable syntax
· Cross-check: JCTVC-G649 [Samsung]

· JCTVC-G609 [Toshiba/MediaTek/Qualcomm/Sharp] CE8.a.2: Directional feature calculation on subset of pixels
· Cross-check: JCTVC-G464 [Mitsubishi], JCTVC-G650 [Samsung]
· JCTVC-G647 [Samsung] CE8 Subtest a, Tool 3: Block-based filter adaptation with 8 initial filter classes (HV8)
· Cross-check: JCTVC-G611 [Qualcomm]
· JCTVC-G691 [Toshiba/MediaTek/Qualcomm/Sharp] Non-CE8: Combination of CE8.a.1 and CE8.a.2
· Cross-check: JCTVC-G653 [Samsung]
· JCTVC-G656 [Samsung] Non-CE8 Subtest a: Harmonization of CE8a Tool 2 Shape-dependent BA (SDBA) and Tool 3 Block-based filter adaptation with 8 initial filter classes (HV8)
· Cross-check: JCTVC-G338 [Sharp]
Note: One proposal (JCTVC-F179) in CE8 description was withdrawn.
Note: Non-CE proposal JCTVC-G691 combines JCTVC-G609 with JCTVC-G316, sinceJCTVC-G316 and JCTVC-G609 are orthogonal. 
Note: Non-CE proposal JCTVC-G656 harmonizes JCTVC-G609 with JCTVC-G647, to achieve coding efficiency as well as complexity reduction.
Subtest b: Sub-frame delay adaptive loop filter
· JCTVC-G498 [Cisco] CE8.b.1: ALF with low latency and reduced complexity
· Cross-check: JCTVC-G371 [Sony], JCTVC-G864 [Qualcomm]

Note: JCTVC-G499 reports further improvement of JCTVC-G498 that was not reminded to the CE8 coordinators during the editing period of this CE8 summary report.  The software of JCTVC-G499 has been uploaded on Nov. 22 to the JCT-VC site.
Note: One proposal (JCTVC-F285) in CE8 description was withdrawn.

Subtest c: Line Memory reduction in ALF and SAO decoding
· JCTVC-G564 [Panasonic] CE8.c.1: Line Memory reduction in ALF and SAO decoding
· Cross-check: JCTVC-G479 [MediaTek], JCTVC-G051 [ETRI]
· JCTVC-G204 [MediaTek] CE8.c.2: Single-source SAO and ALF virtual boundary processing
· Cross-check: JCTVC-G614 [Qualcomm], JCTVC-G559 [Panasonic]
· JCTVC-G205 [MediaTek/Panasonic] CE8.c.3: Multi-source SAO and ALF virtual boundary processing
· Cross-check: JCTVC-G234 [NTT]

· JCTVC-G206 [MediaTek/Panasonic] CE8.c.4: SAO and ALF virtual boundary processing with cross9x9
· Cross-check: JCTVC-G433 [Toshiba] (both CE8.c.4-1 and CE8.c.4-2)
· JCTVC-G207 [MediaTek/TI] CE8.c.5: Non-cross-slices SAO
· Cross-check: JCTVC-G414 [Toshiba]
· JCTVC-G211 [MediaTek/Panasonic/Qualcomm] Non-CE8.c.6: Multi-source SAO and ALF virtual boundary processing with cross9x9
· Cross-check: JCTVC-G477 [Toshiba]

· JCTVC-G212 [MediaTek/Panasonic/Qualcomm] Non-CE8.c.7: Single-source SAO and ALF virtual boundary processing with cross9x9
· Cross-check: JCTVC-G654 [Samsung] (Non-CE8.c.7-1)
· Cross-check: JCTVC-G337 [Sharp] (Non-CE8.c.7-2)
Note: Two proposals (JCTVC-F232 and JCTVC-F093) in CE8 description were merged into one proposal (CE8.c.5) since they are essentially equivalent. Although they are studied in CE8.c, the purpose of these proposals is not to reduce line buffers. The purpose was to improve the subjective quality at LCU boundaries where SAO may be skipped in HM-3.0. Since the SAO skipping at LCU boundaries is removed in HM-4.0, the original problem to be solved does not exist anymore. Now the purpose of CE8.c.5 is to reduce potential undesirable visual artifacts at slice boundaries when non-cross-slices SAO is enabled.
Note: JCTVC-G211 (Non-CE8.c.6) software was released on October 11 and is an improved version of JCTVC-G206 (CE8.c.4-2). JCTVC-G212 includes two software packages (Non-CE8.c.7-1 & Non-CE8.c.7-2), which were released on October 26 and are two improved versions of JCTVC-G206 (CE8.c.4-1). Although they passed the CE8 software release deadline (September 13) and should be regarded as non-CE proposals, they are highly related to all other line buffer reduction proposals in CE8.c with essentially the same concept and minor differences in details. That is, Non-CE8.c.6, Non-CE8.c.7-1, and Non-CE8.c.7-2 are fully compatible with the CE8 description except the deadline was not met. Therefore, it is strongly suggested to study and consider these non-CE proposals together.
Subtest d: Filter shapes and coefficient constraints
· JCTVC-G208 [MediaTek/Qualcomm/Toshiba] CE8.d.1: Snowflake5x5 and cross9x9 for luma and chroma ALF shapes
· Cross-check: JCTVC-G133 [TI]

· JCTVC-G648 [Samsung/eBrisk] CE8 Subtest d, Tool 2: ALF filters with 9 coefficients and up to vertical-size 7
· Cross-check: JCTVC-G613 [Qualcomm]

· JCTVC-G130 [TI] CE8 Subtest d - Chroma ALF with reduced vertical filter size
· Cross-check: JCTVC-G652 [Samsung]
Subtest e: Prediction of filter coefficients
· No document uploaded [Toshiba/Qualcomm/MediaTek] CE8.e.1: Reusing fixed set of coefficients in APS and APS control
· Will be studied in the next CE8 due to the significant delay of HM-4.1 release
· No document uploaded [PKU] CE8.e.2: Adaptive Loop Filter Merge in Temporal Domain
· Will be studied in the next CE8 due to the significant delay of HM-4.1 release
· JCTVC-G665 [Ericsson] CE8.e.3: ALF coefficient prediction
· Cross-check: JCTVC-G928 [Toshiba]
Note: Since CE8.e.1 and CE8.e.2 need to be tested on top of APS that is adopted in HM4.1 released on Nov. 11, it is suggested to further study in the next CE8.

Subtest f: Filter switching reduction at LCU boundary for LCU friendly decoding

Note: One proposal (JCTVC-F271) in CE8 description was withdrawn.

Subtest g: Chroma filter control
· JCTVC-G056 [eBrisk] CE8 Subtest G: Adaptive Loop Filtering of Chrominance Samples Using Luma Map
· Cross-check: JCTVC-G480 [MediaTek]

Subtest h: Other in-loop filters
· JCTVC-G235 [NTT] CE8.h.1: CU-based ALF with non-local means filter
· Cross-check: JCTVC-G482 [MediaTek], JCTVC-G299 [Intel]
3 Experimental results

Based on the common test conditions in JCTVC-F900, CE8 specified test conditions as described in JCTVC-F908. Results of the CE will be evaluated on the basis of BD-measures and/or complexity.
3.1 Subtest 0: Number of passes for designing ALF coefficients
Note: These results are for High Efficiency cases.

Table 1  Results of HM4.0 14-pass ALF vs 1-pass/2-pass
	
	14-pass vs 1-pass
	14-pass vs 2-pass

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	Class A
	0.0%
	0.1%
	
	
	0.0%
	0.0%
	
	

	
	Class B
	0.0%
	0.1%
	0.3%
	0.5%
	0.0%
	0.1%
	0.2%
	0.4%

	
	Class C
	0.0%
	0.2%
	0.2%
	0.4%
	0.0%
	0.1%
	0.1%
	0.3%

	
	Class D
	0.0%
	0.2%
	0.2%
	0.2%
	0.0%
	0.1%
	0.1%
	0.2%

	
	Class E
	0.0%
	
	0.6%
	0.8%
	0.0%
	
	0.4%
	0.6%

	
	Overall
	0.0%
	0.2%
	0.3%
	0.5%
	0.0%
	0.1%
	0.2%
	0.3%

	Enc. time
	94%
	99%
	100%
	99%
	95%
	99%
	100%
	99%

	Dec. time
	101%
	101%
	101%
	101%
	101%
	101%
	101%
	102%


Table 2  Results of HM4.0 14-pass ALF vs modified 1-pass/2-pass (JCTVC-G1023)
	
	14-pass vs 1-pass
	14-pass vs 2-pass

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	Class A
	0.0%
	0.2%
	
	
	0.0%
	0.1%
	
	

	
	Class B
	0.0%
	0.2%
	0.2%
	0.4%
	0.0%
	0.1%
	0.1%
	0.2%

	
	Class C
	0.0%
	0.2%
	0.2%
	0.3%
	0.0%
	0.1%
	0.0%
	0.1%

	
	Class D
	0.0%
	0.2%
	0.1%
	0.2%
	0.0%
	0.1%
	0.1%
	0.2%

	
	Class E
	0.0%
	
	0.2%
	0.3%
	0.0%
	
	0.0%
	-0.1%

	
	Overall
	0.0%
	0.2%
	0.2%
	0.3%
	0.0%
	0.1%
	0.1%
	0.1%

	Enc. time
	95%
	99%
	99%
	99%
	95%
	99%
	99%
	99%

	Dec. time
	101%
	99%
	99%
	99%
	101%
	99%
	99%
	99%


Note: Results of the modified version were checked by Qualcomm and Toshiba.  (Qualcomm’s decoder runtime was 2% fastet than Toshiba’s.)  Source code was provided to CE8 participants on Nov. 2, and also uploaded to the JCT-VC site on Nov. 25 as JCTVC-G1023.
Table 3  Results of HM4.0 14-pass ALF vs JCTVC-G146
	
	14-pass vs ALF_NUM_OF_REDESIGN 1
	14-pass vs ALF_NUM_OF_REDESIGN 2

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	Overall
	0.0%
	0.1%
	0.2%
	0.2%
	0.0%
	0.0%
	0.1%
	0.1%

	Enc. time
	83%
	95%
	96%
	95%
	91%
	97%
	98%
	97%

	Dec. time
	99%
	100%
	100%
	100%
	99%
	100%
	100%
	100%


Note: Resutls of JCTVC-G146 was cross-checked by JCTVC-G339 and JCTVC-G919.
3.2 Subtest a: Block level filter adaptation with directional feature
Note: These results are for High Efficiency cases.

Table 4  Results against HM4.0 High Efficiency anchor

	
	JCTVC-G316
Sharp/Qualcomm

/MediaTek/Toshiba
CE8.a.1
	JCTVC-G609 (3)
Qualcomm/MediaTek
/Toshiba/Sharp
CE8.a.2
	JCTVC-G647
Samsung
CE8.a.3

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	0.0
	-0.1
	-0.1
	-0.1
	-0.1
	-0.2
	-0.2
	-0.4
	0.1
	0.1
	0.1
	0.2

	Enc. time
	99
	99
	100
	100
	101
	101
	102
	100
	99
	100
	100
	100

	Dec. time
	100
	100
	101
	100
	100
	100
	99
	99
	99
	100
	100
	100

	Vertical taps
	5
	5
	5

	
	JCTVC-G691
Sharp/Qualcomm

/MediaTek/Toshiba
CE8.a.1+ CE8.a.2
	JCTVC-G656
Samsung
CE8.a.2+CE8.a.3

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	-0.2
	-0.3
	-0.3
	-0.4
	-0.1
	-0.1
	-0.1
	-0.2

	Enc. time
	100
	100
	100
	100
	101
	100
	100
	100

	Dec. time
	100
	101
	101
	100
	102
	101
	101
	101

	Vertical taps
	5
	5


3.2.1 Modification points
JCTVC-G316 (Sharp/Qualcomm/MediaTek/Toshiba):

In the current HM4.0 BA mode, each 4x4 block is classfied into one of the classes using 2D features (i.e., direction and activity). And then merging operation is done to make the subset of the classes share the same filters. But now merging operation is done in 1D based indexing even though classes are derived from 2D based features as shown in the following figure. 
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Therefore, “2-D mergeable syntax” is proposed. The following figure shows an example of 2-D merging. Classes with the same colors are regarded as merged region where a set of corresponding coefficients is sent.
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JCTVC-G609 (Qualcomm/MediaTek/Toshiba/Sharp):

Test 3 of this contribution proposes that BA mode computation uses 8 points as illustrated below.
Compared to original BA mode computation, it reduces the vertical line memory requirements from 5 to 4. Note that the increase in number of additions is minor (1.25 additions/pixel compared to 1 addition/pixel) due to reuse of the computation even though we increase the number points needed for BA mode computation from 4 to 8.

[image: image3.emf]
Furthermore, depending on the filter shapes, BA mode direction computation can be changed. Cross shape inherently follows vertical/horizontal (BA) direction. And star shape can follow either vertical/horizontal or diagonal direction. Therefore filter shapes are tied with directionality of BA modes.
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JCTVC-G647 (Samsung):

As compared to HM4.0, unified and reduced number of initial filter classes for both block-based and region-based filter adaptations (BA and RA) is achieved with the changes summarized as below:

1. For BA, directional feature computation of HB and VB has been modified as:
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2. For BA, directional classification is simplified as:
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3. RA is also modified to partition a frame into 8 regions, as illustrated below.
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8 RA regions in this contribution
JCTVC-G691 (Toshiba/MediaTek/Qualcomm/Sharp)
This contribution is a combination of CE8.a.1 and CE8.a.2 that is not originally planned to be tested in CE8. However, after reviewing CE8.a.1 and CE8.a.2, it would be preferable to study the combined results since they are orthogonal proposals.
JCTVC-G656 (Samsung)
This contribution is a harmonization of CE8.a.2 and CE8.a.3 that is not originally planned to be tested in CE8. However, after reviewing CE8.a.2 and CE8.a.3, it would be preferable to study the harmonized results since they are easily harmonized.
3.2.2 Comments from cross-checkers
To JCTVC-G316 (Sharp/Qualcomm/MediaTek/Toshiba):

JCTVC-G649 (Samsung) :

Rate-PSNR numbers match exactly to the proponent’s results. Differences in the recorded enc / dec time between proponent and cross-checkers measurements are within the normal variations of Linux cluster based simulations.

The software provides an exemplary encoder method to perform merging of two non-consecutive class labels, with a looping procedure to evaluate of different 2-D merging options based on rate-distortion. 
To JCTVC-G609 (Qualcomm/MediaTek/Toshiba/Sharp):

JCTVC-G464 (Mitsubishi) :

Reported performance results were obtained by building and running the provided software on 64bit Linux platform. It has been confirmed that objective R-D performance produced in this work perfectly matches the results from the proponent. Similar tendency on encoding and decoding time was also observed.
JCTVC-G650 (Samsung) :

Four cases were tested in this report: (1) Use center 4 pixels, (2) Use 8 pixels on the center two rows, (3) Use 8 pixels on the center two rows + shape-dependent BA mode, and a supplementary set “Use center 4 pixels + shape-dependent BA mode. 

Rate-PSNR numbers match exactly to the proponent’s results. As for software study, due to the coupling of BA modes with filter shapes, there is no additional syntax, and there are the same numbers of “classification + shape combinations” to be evaluated at encoder side, as compared to HM4.0.
To JCTVC-G647 (Samsung):

JCTVC-G611 (Qualcomm) :

Coding efficiency results are confirmed.  No mismatch between encoder and decoder is observed.  Relative encoding and decoding time have some degree of deviation.  Considering the difference of operating the environments, results are confirmed.

This proposal reduced the number of classes for region/block-based classification from 16 to 8, which may reduce the complexity of encoder in filtering merging process.
To JCTVC-G691 (Toshiba/MediaTek/Qualcomm/Sharp):
JCTVC-G653 (Samsung) :

Rate-PSNR numbers match exactly to the proponent’s results. Run-time measurements are within 2% difference. The software is confirmed to be a straightforward direct integration of CE8a Tool 1 and Tool 2 since they are orthogonal.
To JCTVC-G656 (Samsung):
JCTVC-G338 (Sharp) :

It is confirmed that the bitrate and PNSR values completely match with those provided by the proponents. The evaluation technique’s purpose is to balance complexity and coding performance.

With smaller maximum filters, the technique’s bdrate reduction was reported 0.1% to 0.2% gain. The enc time and dec time was reported about the same as HM4.0.
3.3 Subtest b: Sub-frame delay adaptive loop filter
Note: Results for both High Efficiency and Low Complexity cases are reported. In High Efficiency cases, anchor adopts ALF. In Low Complexity cases, anchor does not adopt ALF.

Table 5  Results against HM4.0 anchor

	
	JCTVC-G498
Cisco

	
	High Efficiency
	Low Complexity

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	0.5
	1.1
	1.0
	0.7
	-1.4
	-2.3
	-2.0
	-3.7

	Enc. Time
	66
	91
	94
	90
	106
	101
	101
	101

	Dec. time
	88
	89
	91
	90
	110
	108
	108
	110

	Number of coefficients
	7 (6 coefficients are signaled.)

	Vertical taps
	5 (5x5 diamond)


3.3.1 Modification points
JCTVC-G498 (Cisco):

Units for performing ALF

ALF is performed on smaller units. In particular, 64x64 and 64x128 luma pixels have been used for low and high resolutions respectively. Only luma signals are filtered.
Pixel matrix

The 5x5 diamond shaped pixel matrix has been used.

Pixel classifications

No pixel classification based on variance classes has been used.

Calculating ALF coefficients

Calculation of covariance data and solving for optimal coefficients are performed in a similar way to HM 4.0.  One difference is that no dc adjustment is used.

Quantization of ALF coefficients

The ALF coefficients are quantized more coarsely than in HM 4.0. For the 5x5 diamond shape structure 7 distinct ALF coefficients are calculated. Only 6 out of 7 coefficients are quantized and transmitted. The last coefficient – representing the center position of the filter is calculated to give a final DC response of 1.

Coding of ALF coefficients

The coefficients are encoded using structured CAVLC tables for the magnitude and sign jointly. In addition, the following techniques are used:

· One bit to enable/disable the ALF for an ALF unit.

· One bit to enable/disable the ALF for one row of LCUs.

· Spatial prediction between the coefficients of the current ALF unit and the coefficients of the previous ALF unit being enabled in raster scan order.

· One bit to signal no change in ALF coefficients between current ALF unit and the previous ALF unit having ALF enabled.

Overall procedure of the ALF process

Calculation and quantization of a set of filter coefficient is performed for an ALF-unit. Then an RD test is made to decide if the filter shall be used. 1 bit is used to signal whether the ALF is enabled or disabled. If the outcome of the RD test is positive, filtering is performed with dequantized filter coefficients. No further switch between filters is performed.

3.3.2 Comments from cross-checkers
To JCTVC-G498 (Cisco):

JCTVC-G371 (Sony) :

Studying of software shows that implementation matches with description in JCTVC-G498. Simulation results match with results from proponents. Timing information is available from proponents and the timing results are confirmed taking into account the differences in computing environment.  Software was checked and it follows the description provided in JCTVC-G498.
JCTVC-G864 (Qualcomm) :

Coding efficiency results are confirmed.  No mismatch between encoder and decoder is observed.  Relative encoding and decoding time have some degree of deviation.  Considering the difference of operating the environments, results are confirmed.
3.4 Subtest c: Line Memory reduction in ALF and SAO decoding
Note: Results for both High Efficiency and Low Complexity cases are reported. In Low Complexity cases, the proposed modification is effective only on SAO (since no ALF is performed). Among all these pixel line buffer reduction proposals, considering the results in Table 5 and Table 6, it is suggested that non-CE8.c.7-2 is the best choice for adoption, followed by non-CE8.c.7-1 and then non-CE8.c.6, if the visual qualities are confirmed after the subjective viewing sessions in Geneva.
Note: CE8.c.5 can improve the visual quality when non-cross-slices SAO is applied. It is suggested to adopt CE8.c.5 if the visual quality improvement is confirmed after the subjective viewing sessions in Geneva.
Table 6  Results against HM4.0 High Efficiency anchor

	
	JCTVC-G564
Panasonic
CE8.c.1
	JCTVC-G204
MediaTek
CE8.c.2
	JCTVC-G205
MediaTek/Panasonic
CE8.c.3

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	0.0
	0.0
	0.0
	0.0
	0.1
	0.2
	0.3
	0.4
	0.1
	0.1
	0.1
	0.2

	Enc. time
	102
	100
	104
	107
	101
	101
	98
	99
	99
	100
	100
	100

	Dec. time
	103
	102
	102
	104
	100
	100
	98
	99
	102
	103
	103
	102

	Subjective quality
	Best, same as HM4
	Close to HM4
	Very close to HM4

	Number of coefs.
	10/9 (same as HM4)
	10/9 (same as HM4)
	10/9 (same as HM4)

	Vertical taps
	5
	5
	5

	Line memory with LCU-based decoding
	No line memory required for SAO, 1 luma line and 2 chroma lines for ALF
	No line memory required for SAO and ALF
	No line memory required for SAO and ALF

	Input source data
	Multi-source SAO/ALF
	Single-source SAO/ALF
	Multi-source SAO/ALF


	
	JCTVC-G206
MediaTek
CE8.c.4-1
	JCTVC-G206
MediaTek/Panasonic
CE8.c.4-2
	JCTVC-G211
MediaTek/Panasonic/Qual.
Non-CE8.c.6

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	0.0
	-0.2
	-0.3
	0.1
	0.0
	-0.2
	-0.4
	-0.1
	0.0
	-0.2
	-0.5
	-0.2

	Enc. time
	100
	98
	101
	97
	97
	99
	100
	99
	99
	100
	101
	100

	Dec. time
	100
	98
	101
	96
	102
	102
	102
	104
	102
	102
	104
	104

	Subjective quality
	Close to HM4
	Very close to HM4
	Best, same as HM4

	Number of coefs.
	10
	10
	10

	Vertical taps
	9
	9
	9

	Line memory with LCU-based decoding
	No line memory required for SAO and ALF
	No line memory required for SAO and ALF
	No line memory required for SAO and ALF

	Input source data
	Single-source SAO/ALF
	Multi-source SAO/ALF
	Multi-source SAO/ALF


	
	JCTVC-G212
MediaTek/Panasonic/Qual.

Non-CE8.c.7-1
	JCTVC-G212
MediaTek/Panasonic/Qual.

Non-CE8.c.7-2

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	0.0
	-0.1
	-0.3
	-0.1
	0.0
	-0.1
	-0.3
	0.0

	Enc. time
	99
	100
	100
	100
	99
	100
	100
	100

	Dec. time
	100
	100
	100
	100
	100
	99
	100
	100

	Subjective quality
	Best, same as HM4
	Best, same as HM4

	Number of coefs.
	10
	10

	Vertical taps
	9
	9

	Line memory with LCU-based decoding
	0.2 luma line and 0.2 chroma line for SAO, no line memory required for ALF
	0.1 luma line and 0.1 chroma line for SAO, no line memory required for ALF

	Input source data
	Single-source SAO/ALF
	Single-source SAO/ALF


Note: The line memory requirement with LCU-based decoding for HM-4.0 is 0.2 luma line and 0.2 chroma line for SAO, 4.1 luma lines and 4 chroma lines for ALF.
	
	JCTVC-G207
MediaTek/TI

	
	AI
	RA
	LDB
	LDP

	BD-rate
	0.0
	0.0
	0.0
	0.0

	Enc. time
	100
	100
	100
	100

	Dec. time
	101
	99
	101
	100


Table 7  Results against HM4.0 Low Complexity anchor

	
	JCTVC-G564
Panasonic
CE8.c.1
	JCTVC-G204
MediaTek
CE8.c.2
	JCTVC-G205
MediaTek/Panasonic
CE8.c.3

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.1
	0.0
	0.0
	0.0
	0.1

	Enc. time
	98
	100
	99
	98
	99
	100
	101
	99
	99
	100
	100
	100

	Dec. time
	102
	106
	103
	103
	100
	99
	100
	101
	102
	103
	102
	103

	Subjective quality
	Same as HM4
	Same as HM4
	Same as HM4

	Line memory with LCU-based decoding
	No line memory required for SAO
	No line memory required for SAO
	No line memory required for SAO

	Input source data
	Multi-source SAO
	Single-source SAO
	Multi-source SAO


	
	JCTVC-G206
MediaTek
CE8.c.4-1
	JCTVC-G206
MediaTek/Panasonic
CE8.c.4-2
	JCTVC-G211
MediaTek/Panasonic/Qual.

Non-CE8.c.6

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	0.0
	0.0
	0.0
	0.1
	0.0
	0.0
	0.0
	0.1
	0.0
	0.0
	0.0
	0.0

	Enc. time
	99
	100
	101
	99
	99
	100
	100
	100
	100
	100
	104
	98

	Dec. time
	100
	99
	100
	101
	102
	103
	102
	103
	101
	102
	106
	99

	Subjective quality
	Same as HM4
	Same as HM4
	Same as HM4

	Line memory with LCU-based decoding
	No line memory required for SAO
	No line memory required for SAO
	No line memory required for SAO

	Input source data
	Single-source SAO
	Multi-source SAO
	Multi-source SAO


	
	JCTVC-G212
MediaTek/Panasonic/Qual.

Non-CE8.c.7-1
	JCTVC-G212
MediaTek/Panasonic/Qual.

Non-CE8.c.7-2

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Enc. Time
	100
	100
	100
	100
	99
	100
	100
	100

	Dec. time
	100
	100
	100
	100
	100
	101
	100
	100

	Subjective quality
	Same as HM4
	Same as HM4

	Line memory with LCU-based decoding
	0.25 luma line and 0.25 chroma line required for SAO
	0.125 luma line and 0.125 chroma line required for SAO

	Input source data
	Single-source SAO
	Single-source SAO


Note: The line memory requirement with LCU-based decoding for HM-4.0 is 0.25 luma line and 0.25 chroma line for SAO.
	
	JCTVC-G207
CE8.c.5

MediaTek/TI

	
	AI
	RA
	LDB
	LDP

	BD-rate
	0.0
	0.0
	0.0
	0.0

	Enc. time
	100
	100
	100
	100

	Dec. time
	101
	101
	100
	101


3.4.1 Modification points
Table 8  Modification points of line buffer reduction proposals
	Virtual boundary (VB) processing
	CE8.c.
1
	CE8.c.
2
	CE8.c.
3
	CE8.c.
4-1
	CE8.c.
4-2
	Non-CE8.c.
6
	Non-CE8.c.
7-1
	Non-CE8.c.
7-2

	VB location: L/C pixels above the luma/chroma horizontal LCU boundary
	L=3

C=1
	L=4

C=2
	L=4

C=2
	L=4

C=2
	L=4

C=2
	L=3

C=1
	L=4

C=2
	L=4

C=2

	ALF cross shape size
	11x5
	11x5
	11x5
	9x9
	9x9
	9x9
	9x9
	9x9

	SAO pixel classification above VB
	Change source pixels
	Use padding
	Change source pixels
	Use padding
	Change source pixels
	Change source pixels
	Same as HM-4.0
	Same as HM-4.0

	ALF snowflake filtering above VB
	Change source pixels
	Use padding
	Change source pixels
	Use padding
	Change source pixels
	Change source pixels
	Use padding
	Use padding

	ALF cross filtering above VB
	Change source pixels
	Use padding
	Change source pixels
	Use padding
	Change source pixels
	Change source pixels and filter shape
	Use padding
	Use padding

	SAO pixel classification below VB
	Same as HM-4.0
	Use padding
	Use padding
	Use padding
	Use padding
	Same as HM-4.0
	Same as HM-4.0
	Use reduced partial results

	ALF snowflake filtering below VB
	Change source pixels
	Use padding
	Use padding
	Use padding
	Use padding
	Change source pixels and use padding
	Use padding
	Use padding

	ALF cross filtering below VB
	Change source pixels
	Use padding
	Use padding
	Use padding
	Change filter shape
	Change source pixels and fitler shape
	Change filter shape
	Change filter shape


JCTVC-G564 (CE8.c.1, Panasonic):

The principle applied throughout the whole proposal is “substituting input samples that are not available in the instant of processing with available counterparts in the memory (i.e., pre-DF pixels)”. This principle is applied to both SAO and ALF. As a result, all 3 filters (DF, SAO and ALF) are able to process all the samples in an LCU till the 3rd line from the bottom border of LCU for luma. As for chroma, DF and SAO are able to process all samples in an LCU till the 1st line from the bottom border of LCU, and ALF is able to process all samples in an LCU till the 2nd line from the bottom border of LCU.
JCTVC-G204 (CE8.c.2, MediaTek):

The concept of the proposed virtual boundary (VB) processing for SAO is to use the offset from a neighboring pixel according to the EO type direction with a sanity check when the neighboring pixel is similar to the current to-be-processed pixel and to use zero offsets in the rest cases that originally need cross-VB data access
In ALF decoding, there are two major procedures: block property calculation and filtering. During block property calculation, when cross-VB data access is needed in the original block property calculation process, vertically repetitive padding is used to replace pixels on the other side of the VB by pixels of the first line on the same side of the VB. During filtering, the filter shapes are modified when cross-VB data access is needed in the original filtering process.
JCTVC-G205 (CE8.c.3, MediaTek/Panasonic):

This is a combination of JCTVC-G564 (CE8.c.1, Panasonic) and JCTVC-G204 (CE8.c.2, MediaTek). For to-be-processed pixels above the VB, the below-VB pixels, which are originally required by SAO and ALF in HM-4.0 and are in the current LCU, can be replaced by pre-DF pixels, which are available before the lower LCU comes.
JCTVC-G206 (CE8.c.4-1, MediaTek; CE8.c.4-2, MediaTek/Panasonic):

CE8.c.4-1 combines CE8.c.2 and CE8.d.1. The virtual boundary (VB) processing for SAO is exactly the same as that of CE8.c.2 in JCTVC-G204. The VB processing for ALF using snowflake5x5 is also the same as that of CE8.c.2. The VB processing for ALF using cross9x9 is similar to that for ALF using cross11x5, where the first and second lines beside the VB use padding and averaging, which can be referred in Section 3.3 of JCTVC-G204 (CE8.c.2), and the third and fourth lines beside the VB use padding without averaging.
CE8.c.4-2 combines CE8.c.3 and CE8.d.1. The VB processing for SAO is exactly the same as that of CE8.c.3 in JCTVC-G205. The VB processing for ALF using snowflake5x5 is different. As applied in JCTVC-G205 (CE8.c.3), the first line below the VB skips filtering; however, the second line below the VB uses the modified filtering (padding and averaging) described in Section 3.3 of JCTVC-G204 (CE8.c.2). The VB processing for ALF using cross9x9 is similar to that for ALF using cross11x5, where the first, second, third, and fourth lines beside the VB all use the partial filtering described in Section 3.3 of JCTVC-G205 (CE8.c.3).
JCTVC-G207 (CE8.c.5, MediaTek/TI):

The general concept of non-cross-slices SAO is to avoid using any the pixel from any other slice. A directional padding technique according to the direction of EO type is proposed. When the two diagonally neighboring pixels are both outside the current slice, the upper or the lower pixel will be used as a padding pixel.
JCTVC-G211 (Non-CE8.c.6, MediaTek/Panasonic/Qualcomm)
Non-CE8.c.6 further improves CE8.c.4-2 and belongs to multi-source SAO and ALF. The luma VB is three pixels above the horizontal LCU boundary. The luma VB processing for both SAO and ALF uses up to three lines of pre-DF pixels below the VB for to-be-processed pixels above the VB and uses up to one line of DF output pixels above the VB for to-be-processed pixels below the VB. The chroma VB is one pixel above the horizontal LCU boundary. The chroma VB processing for both SAO and ALF uses up to one line of pre-DF pixels below the VB for to-be-processed pixels above the VB and uses up to one line of DF output pixels above the VB for to-be-processed pixels below the VB.
JCTVC-G212 (Non-CE8.c.7-1 & Non-CE8.c.7-2, MediaTek/Panasonic/Qualcomm)
Non-CE8.c.7-1 and Non-CE8.c.7-2 further improve CE8.c.4-1 and belong to single-source SAO and ALF. The luma VB is four pixels above the horizontal LCU boundary. The chroma VB is two pixels above the horizontal LCU boundary. In both Non-CE8.c.7-1 and Non-CE8.c.7-2, ALF uses skipping or padding for snowflake5x5 and partial filtering for cross9x9. In Non-CE8.c.7-1, SAO gives up VB processing, so the SAO line buffers are unchanged. In Non-CE8.c.7-2, SAO partial results of comparing two neighboring lines are reduced by half, and therefore 50% of the SAO line buffers are reduced.
3.4.2 Comments from cross-checkers
To JCTVC-G564 (CE8.c.1, Panasonic):

JCTVC-G479 (MediaTek) :

The verification task was done successfully, and the results match exactly those provided by Panasonic except for decoder run times.
JCTVC-G051 (ETRI) :

There is no mismatch between reference results and test result. Encoding and decoding time have some degree of deviation under the difference of operating the environments, results are confirmed.
To JCTVC-G204 (CE8.c.2, MediaTek):

JCTVC-G614 (Qualcomm) :

Coding efficiency results are confirmed.  No mismatch between encoder and decoder is observed.  Relative encoding and decoding time have some degree of deviation.  Considering the difference of operating the environments, results are confirmed. Source codes are reviewed, which confirms that codes follow the description of CE8.c.2. The visual quality seems to be close to anchor (HM4.0).
JCTVC-G559 (Panasonic) :

According to the cross-check investigation that has been carried out, the bitrate and runtime measurements reported by the proponents have been verified. Moreover it was found out that the provided source code complies with the description of the tool in the CE8 description JCTVC-F908.
To JCTVC-G205 (CE8.c.3, MediaTek/Panasonic):

JCTVC-G234 (NTT) :

Coding efficiency results matched completely. No mismatch between encoder’s local decoded picture and decoder’s output is observed. Relative encoding and decoding time are also confirmed. Source code was reviewed.
To JCTVC-G206 (CE8.c.4-1, MediaTek; CE8.c.4-2 MediaTek/Panasonic):

JCTVC-G433 (Toshiba) :

Coding efficiency results are exactly matched.  Source code was reviewed and confirmed the code was consistent with the description in JCTVC-G206.  Since CE8.c.4-1 and CE8.c.4-2 are not as good as JCTVC-G211 (Non-CE8.c.6) and JCTVC-G212 (Non-CE8.c.7-1 and Non-CE8.c.7-2) in terms of visual quality, it is suggested to include JCTVC-G211 and JCTVC-G212 for an informal subjective viewing in order to consider them for adoption.
To JCTVC-G207 (CE8.c.5, MediaTek/TI):

JCTVC-G414 (Toshiba) :

This contribution was originally proposed by TI and MediaTek, independently.  However, since the padding technique for SAO non-cross-slice boundaries processing is essentially rquivalent, two proposals are merged into a single proposal.  Coding efficiency results are exactly matched.  Source code was reviewed and confirmed the code was consistent with the description in JCTVC-G207.
To JCTVC-G211 (Non-CE8.c.6, MediaTek/Panasonic/Qualcomm):
JCTVC-G477 (Toshiba) :

JCTVC-G211 is further improvement of CE8.c.4-2 and belongs to multi-source SAO and ALF.  Coding efficiency results are matched except one test point, which would be affected by operating environments.  Source code was reviewed and confirmed the code was consistent with the description in JCTVC-G211.  Since this contribution is an improvement of CE8.c.4-2, it is suggested to include this improved contribution for an informal subjective viewing and consider it for adoption.
To JCTVC-G212 (Non-CE8.c.7-1 & Non-CE8.c.7-2, MediaTek/Panasonic/Qualcomm):
JCTVC-G654 (Samsung) :

Rate-PSNR numbers match exactly to the proponent’s results for Tool-1.  The encoding / decoding time measurements are within normal variations (3%) for cluster-based simulations.  Currently we are still conducting visual evaluation and will update with any finding.
JCTVC-G337 (Sharp) :

It is confirmed that the bitrate and PNSR values completely match with those provided by the proponents for Tool-2.  The decoding of single-source SAO and ALF (Non-CE8.c.7-2) is faster than multi-source SAO and ALF (JCTVC-G211).  The cross checker didn’t observe any subjective artifacts related to the proposal such as virtual boundary line. Because this technique eliminates line buffers/data transfers and benefits the DF and SAO and ALF’s one pass processing, it is suggested to discuss this technique’s adoption.
JCTVC-G477 (Toshiba) :
Non-CE8.c.7-1 and Non-CE8.c.7-2 can be considered for adoption.

3.5 Subtest d: Filter shapes and coefficient constraints
Note: These results are for High Efficiency cases. Considering the results in Table 8, it is suggested that CE8.d.1 is the best choice for adoption if a line buffer reduction proposal in CE8.c combined with CE8.d.1 (i.e. CE8.c.4-1, CE8.c.4-2, Non-CE8.c.6, Non-CE8.c.7-1, or Non-CE8.c.7-2) is also adopted.
Table 9  Results against HM4.0 High Efficiency anchor
	
	JCTVC-G208
MediaTek/Qualcomm/Toshiba
CE8.d.1
	JCTVC-G648
eBrisk/Samsung
CE8.d.2
	JCTVC-G130
TI
CE8.d.3

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate (Y)
	-0.1
	-0.4
	-0.6
	-0.3
	-0.1
	-0.2
	-0.3
	-0.2
	0.0
	0.0
	0.0
	0.0

	BD-rate (U)
	-0.1
	-0.2
	-0.4
	-0.3
	0.0
	-0.2
	-0.4
	-0.2
	0.4
	0.8
	0.7
	0.7

	BD-rate (V)
	-0.1
	-0.3
	-0.5
	-0.5
	-0.1
	-0.5
	-0.3
	-0.4
	0.5
	0.5
	0.5
	0.4

	Enc. time
	100
	100
	100
	100
	103
	101
	101
	101
	104
	100
	101
	100

	Dec. time
	101
	102
	102
	101
	101
	102
	101
	101
	105
	101
	102
	100

	Vertical taps (Y)
	9
	7
	5

	Vertical taps (C)
	9
	7
	3

	Number of
coeff. (Y)
	9 (+DC)
	9 (+DC)
	9/8 (+DC)

	Number of
coeff. (C)
	9 (+DC)
	9 (+DC)
	9 (+DC)


3.5.1 Modification points
JCTVC-G208 (MediaTek/Qualcomm/Toshiba):

The proposed filter shapes for ALF (luma and chroma) are snowflake5x5 and cross9x9.
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The proposed filter shapes can be easily combined with ALF line buffer removal techniques, and the test results are shown in JCTVC-G206 (CE8.c.4) and JCTVC-G211 (CE8.c.6) / JCTVC-G212 (CE8.c.7-1 & CE8.c.7-2).
JCTVC-G648 (eBrisk/Samsung):

The proposed filter shapes for ALF (luma and chroma) are star-5x5 Shape and new cross-11x7.
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JCTVC-G130 (TI):

The proposed filter shapes for ALF (chroma) are diamond-7x3 and 11x3 cross with 3x3 center.
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3.5.2 Comments from cross-checkers
To JCTVC-G208 (CE8.d.1, MediaTek/Qualcomm/Toshiba):

JCTVC-G133 (TI) :

The PSNR/bit-rate numbers obtained were compared to those provided by proponents and a match was observed. The worst case number of operations for the proposed filter sets and HM-4.0 filter sets are observed to be the same. However, cross9x9 has larger vertical filter size (9 v/s 5) which could result in significant line buffer/memory bandwidth increase. This aspect should be considered while discussing this proposal.
To JCTVC-G648 (CE8.d.2, eBrisk/Samsung):

JCTVC-G613 (Qualcomm) :

Coding efficiency results are confirmed.  No mismatch between encoder and decoder is observed.  Relative encoding and decoding time have some degree of deviation.  Considering the difference of operating the environments, results are confirmed.  Source code follows the description of JCTVC-G648.
To JCTVC-G130 (CE8.d.3, TI):

JCTVC-G652 (Samsung) :

Rate-PSNR numbers match exactly to the proponent’s results. The 1% or 2% enc / dec time increases (compared to HM40 anchor) in the cross-checker’s measurements are within the normal variations of Linux cluster based simulations.  The code changes are consistent with the two vertical-size-3 filters as proposed, with 9 coefficients.
3.6 Subtest e: Prediction of filter coefficients
Note: These results are for High Efficiency cases.

Table 10  Results against HM4.0 High Efficiency anchor
	
	JCTVC-Gxxx
Toshiba/Qualcomm/MediaTek
	JCTVC-Gxxx
PKU
	JCTVC-G665
Ericsson

	
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP
	AI
	RA
	LDB
	LDP

	BD-rate
	
	
	
	
	
	
	
	
	0.0%
	0.0%
	-0.1%
	-0.1%

	Enc. time
	
	
	
	
	
	
	
	
	98%
(100%)
	91%
(100%)
	84%
(100%)
	97%
(100%)

	Dec. time
	
	
	
	
	
	
	
	
	101%
(100%)
	88%
(100%)
	80%
(101%)
	101%
(100%)


Note: Encoding/decoding time of cross-checker’s should be accurate since they are obtained individual PCs (not a cluster).
3.6.1 Modification points
JCTVC-G665 (Ericsson):

Prediction of ALF filter coefficients in spatial domain is proposed.
3.6.2 Comments from cross-checkers
To JCTVC-G665 (Ericsson):

JCTVC-G928 (Toshiba) :

Coding results are exaclty matched.  Encoding/decoding time have discrepancy between proponent’s and corss-checker’s.  This is due to the environment (i.e., the proponent used a cluster and the cross-checker used individual PCs.)
3.7 Subtest f: Filter switching reduction at LCU boundary for LCU friendly decoding
Withdrawn.

3.8 Subtest g: Chroma filter control
Note: These results are for High Efficiency cases.

Table 11  Results against HM4.0 High Efficiency anchor

	
	JCTVC-G056
eBrisk

	
	AI
	RA
	LDB
	LDP

	BD-rate (Y)
	0.0
	0.0
	0.0
	0.0

	BD-rate (U)
	-0.1
	-0.2
	-0.3
	-0.3

	BD-rate (V)
	-0.1
	-0.1
	-0.2
	-0.4

	Enc. time
	101
	101
	100
	100

	Dec. time
	100
	99
	99
	98


3.8.1 Modification points
JCTVC-G056 (eBrisk):

In the proposed technique, either frame-based or CU-based ALF for chrominance samples is applied as follows:
1. If ALF is not applied to the luminance samples, (a) it is also not applied to the chrominance samples.
2. If frame-based ALF is applied to the luminance samples, either (b) ALF is not applied at all, or (c) frame-based ALF is also applied to the chrominance samples.

3. If CU-based ALF is applied to the luminance samples, either (d) ALF is not applied at all, or (e) frame-based ALF is applied, or (f) CU-based ALF is also applied to the chrominance samples. When CU-based ALF is applied to the chrominance samples, we apply the same CU filter map generated for the luminance samples.
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3.8.2 Comments from cross-checkers
To JCTVC-G056 (eBrisk):

JCTVC-G480 (MediaTek) :

The adaptive loop filtering of chrominance samples using luma map is tested.  The BD-rates from our experimental results match exactly those provided by eBrisk. The encoding time and decoding time are roughly the same as those provided by JCTVC-G056.
3.9 Subtest h: Other in-loop filters
Note: These results are for High Efficiency cases.

Table 12  Results against HM4.0 High Efficiency anchor

	
	JCTVC-G235
NTT

	
	AI
	RA
	LDB
	LDP

	BD-rate (Y)
	-0.1
	-0.2
	-0.3
	-0.5

	Enc. time
	112
	105
	104
	107

	Dec. time
	104
	102
	104
	105


3.9.1 Modification points
JCTVC-G235 (NTT):

The proposed method selects the filter pattern from ALF and NLM filter for each CU as shown in the figure below. NLM filter derives the filter coefficients of each neighboring samples on-the-fly though ALF derives them explicitly.
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3.9.2 Comments from cross-checkers
To JCTVC-G235 (NTT):

JCTVC-G482 (MediaTek) :

Waiting for this report to be available.
JCTVC-G299 (Intel) :

The BD rate results match exactly to the data provided by the proponent, and the differences of enc/dec time are within normal variations.  Algorithm was also studied.
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