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Introduction
ITU-T VCEG (Q6/16) and ISO/IEC MPEG (JTC 1/SC 29/WG 11) are jointly studying the potential for standardization of video coding technology with a compression capability that significantly exceeds that of the HEVC standard (Rec. ITU-T H.265 | ISO/IEC 23008-2) and its current extensions. Such future standardization could take the form of additional extension(s) of HEVC or an entirely new standard.
To better coordinate this study, VCEG and MPEG created the Joint Video Exploration Team (JVET) as an informal collaboration. The scope of the JVET activity includes consideration of a variety of video sources and video applications. Example sources include camera-view content, screen content, consumer generated content, virtual reality/360º omnidirectional content, and high dynamic range content, while example applications include broadcast (with live or pre-authored content), real-time video conferencing, video chat, on-demand viewing, storage-based media replay, and surveillance with fixed or moving cameras [4][5].
At the JVET meeting in Hobart, Australia, in April 2017, a Call for Evidence (CfE) was issued jointly as part of this study [1]. The CfE requested information regarding video compression technology that has compression performance beyond that of HEVC. Companies and organizations who have developed compression technology that they believe to have compression capability better than that of the Main 10 Profile of the HEVC standard were kindly invited to bring such information to the JVET in response to this Call for Evidence. Additionally, contributions were solicited regarding technology that better supports newly emerging application areas of video coding. The received responses to the CfE were evaluated at the July 2017 meeting.
Description of the test setup
Submitters were encouraged but not required to submit results for all test cases. However, submitters were required to provide results for all sequences in a given class.
Three test classes were defined, including a standard dynamic range (SDR) test class with 8 UHD sequences and 5 HD sequences, a high dynamic range (HDR) test class with 5 HD sequences, and a 360° video category with 5 test sequences at 8K input resolution and with standard dynamic range.
A Random Access (RA) scenario was used for evaluation and followed the JVET common test conditions and software reference configurations [8]. The intra refresh period was configured to be dependent on the frame rate of the source and the GOP size in use: a value 32 was used for sequences with a frame rate equal to 24fps, 25fps or 30fps, 48 for 50fps, 64 for 60fps, and 96 for 100fps.
HEVC anchors were generated using the HM16.15 software package [12][13]. A static quantization parameter (QP) setting was applied for generation of the SDR and 360° video anchors, while a QP setting that adjusted the QP within a frame as a function of the local, average luma value was applied for the generation of the HDR anchors. In all test classes, a one-time change of the quantization parameter from value QP to value QP+1 was permitted to be applied in order to meet the defined target bit rates.
As a second comparison point, Joint Exploration Test Model (JEM) anchor bitstream were generated using the JEM 6.0 software package [12][13]. The JVET maintains the JEM software package, which contains coding tools that are developed or studied in a coordinated test model [6].
Test sequences and target bit rates
SDR
Table 1: SDR test sequences
	Sequence ID
	Sequence name
	Resolution
	Frame count
	Frame rate
	Chroma format
	Bit depth

	UHD1
	Crosswalk1
	4096×2160
	470
	60
	4:2:0
	10

	UHD2
	FoodMarket3
	4096×2160
	720
	60
	4:2:0
	10

	UHD3
	Tango1
	4096×2160
	600
	60
	4:2:0
	10

	UHD4
	CatRobot1
	3840×2160
	600
	60
	4:2:0
	10

	UHD5
	DaylightRoad1
	3840×2160
	600
	60
	4:2:0
	10

	UHD6
	BuildingHall1
	3840×2160
	500
	50
	4:2:0
	10

	UHD7
	ParkRunning2
	3840×2160
	500
	50
	4:2:0
	10

	UHD8
	CampfireParty
	3840×2160
	300
	30
	4:2:0
	10

	HD1
	BQTerrace
	1920×1080
	600
	60
	4:2:0
	8

	HD2
	RitualDance
	1920×1080
	600
	60
	4:2:0
	10

	HD3
	Timelapse
	1920×1080
	600
	60
	4:2:0
	10

	HD4
	BasketballDrive
	1920×1080
	500
	50
	4:2:0
	8

	HD5
	Cactus
	1920×1080
	500
	50
	4:2:0
	8


Table 2: SDR target bit rates
	
	Target bit rates [kbit/s]

	Sequences
	Rate 1
	Rate 2
	Rate 3
	Rate 4

	UHD1, UHD2 
	1000
	1500
	2400
	4000

	UHD3, UHD4, UHD5
	1500
	2400
	4000
	7000

	UHD6
	800
	1200
	2000
	3300

	UHD7, UHD8
	2000
	3300
	6000
	10000

	HD1
	400
	600
	1000
	1700

	HD2
	900
	1500
	2600
	4300

	HD3
	180
	280
	480
	800

	HD4
	800
	1200
	2000
	3500

	HD5
	500
	800
	1200
	2000


In addition to the above bit rates, the following four rate points were generated for HM anchors.

	
	Target bit rates [kbit/s]

	Sequences
	1.5
	2.5
	4.5
	4.5

	UHD1, UHD2 
	1250
	1950
	3200
	5200

	UHD3, UHD4, UHD5
	1950
	3200
	5500
	9100

	UHD6
	1000
	1600
	2650
	4300

	UHD7, UHD8
	2650
	4650
	8000
	13000

	HD1
	500
	800
	1350
	2300

	HD2
	1200
	2050
	2950
	5600

	HD3
	230
	380
	640
	1050

	HD4
	1000
	1600
	2750
	4600

	HD5
	650
	1000
	1600
	2750


HDR
Table 3: HDR test sequences
	Sequence ID
	Sequence name
	Resolution
	Frame count
	Frame rate
	Chroma format
	Bit depth

	HDR1
	Market3
	1920×1080
	400
	50
	4:2:0
	10

	HDR2
	ShowGirl2
	1920×1080
	339
	25
	4:2:0
	10

	HDR3
	Hurdles
	1920×1080
	500
	50
	4:2:0
	10

	HDR4
	Starting
	1920×1080
	500
	50
	4:2:0
	10

	HDR5
	Cosmos1
	1920×856
	240
	24
	4:2:0
	10


Note: The capture frame rate of the HDR3 (Hurdles) and HDR4 (Starting) sequences was 100fps. However, these sequences were treated as 50fps sequences in the context of the CfE.
Table 4: HDR target bit rates
	
	Target bit rates [kbit/s]

	Sequences
	Rate 1
	Rate 2
	Rate 3
	Rate 4

	HDR1
	750
	1100
	1500
	2400

	HDR2
	380
	550
	900
	1500

	HDR3
	450
	700
	1500
	2000

	HDR4
	450
	600
	1000
	1700

	HDR5
	500
	900
	1500
	3000


360° Video
Table 5: 360º video test sequences
	Seq. ID
	Sequence name
	Input
resolution
	Anchor resolution
	Coded luma sample count of anchors
	Frame count
	Frame rate
	Chroma format
	Bit depth

	VR1
	SkateBoardInLot
	8192×4096
	4096×2048
	8388608
	300
	30
	4:2:0
	10

	VR2
	ChairliftRide
	8192×4096
	4096×2048
	8388608
	300
	30
	4:2:0
	10

	VR3
	KiteFlite
	8192×4096
	4096×2048
	8388608
	300
	30
	4:2:0
	8

	VR4
	Harbor
	8192×4096
	4096×2048
	8388608
	300
	30
	4:2:0
	8

	VR5
	Trolley
	8192×4096
	4096×2048
	8388608
	300
	30
	4:2:0
	8


Note: The sequences are omnidirectional 360º × 180º degree video and are stored in an equirectangular projection (ERP) format. The number of coded luma samples in the anchor is lower than the resolution of the input sequence.
Table 6: Target bit rates for 360° video test sequences
	
	Target bit rates [kbit/s]

	Sequences
	Rate 1
	Rate 2
	Rate 3
	Rate 4

	SkateboardInLot
	1200 
	2000
	3300
	6000

	Chairlift
	1500
	2400
	4000
	7000

	KiteFlite
	1200
	2400
	4000
	7000

	Harbor 
	700
	1200
	2000
	3300

	Trolley
	1500
	2400
	4000
	7000


Coding conditions
SDR
Submissions to the Call for Evidence were required to obey the following rules: 
· Encoded to within +/−2% of the target bit rates defined for the test case 
· Allowed for random access at intervals not larger than the intra refresh period of the respective anchor
· Quantization settings were kept static. When a change of quantization was used it shall be described 
· [bookmark: _GoBack]A one-time change of the quantization settings to meet the target bit rate was allowed and must be documented
· No use of pre-processing 
· No use of post-filtering, unless it is part of the decoding process
HDR
Submissions to the Call for Evidence were required to obey the constraints defined for the SDR sequences with the following exception:
· The quantization settings were not required to be kept static. Instead, the quantization settings could be adjusted within a frame as a function of the local, average luma value and/or the local, average chroma value. If local adjustment was used, a description of the adjustment scheme was requested in the descriptive document submission.
360º Video
Submissions to the Call for Evidence were required to obey the constraints defined for the SDR sequences with the following exceptions:
· The quantization settings were not required to be kept static. Instead, the quantization settings could be adjusted within a frame as a function of the geometric position. If local adjustment was used, a description of the adjustment scheme was requested in the descriptive document submission.
· Pre-processing could be used to perform a projection mapping operation, and post-filtering could be used to perform an inverse projection mapping operation. The projection mapping algorithms could allow dynamic changes within a sequence if an automatic selection algorithm was used. The same projection mapping operation and inverse projection mapping operation was to be used for all test sequences in the test case. If a projection mapping was used, a description of the projection mapping technique was to be provided in the descriptive document submission. Respondents were asked to provide information regarding at least: (i) the coded resolution of the projection map, (ii) the use of padding and blending, (iii) the use of global rotation, (iv) the use of multi-pass projection mapping, and (v) PSNR values comparing each test sequence to the result of applying the projection mapping algorithm and then converting this result back to the equirectangular projection format without compression.
Responses to the CfE
There were 8 responses to the CfE, as listed below. Two responses were received in the SDR category, two responses in the HDR category, and four responses were received in the 360° Video category. One of the responses to the 360° video category, JVET-G0026, was not included in the subjective tests, as that response did not include the submission of bitstreams for viewing.
SDR
	Document number
	Title and Authors

	JVET-G0028
	InterDigital’s Response to the SDR Category in Joint Call for Evidence on Video Compression with Capability beyond HEVC [X. Xiu, Y. He, Y. Ye (InterDigital)]
This response is based on the Joint Exploration Model (JEM) 6.0 reference platform with simplifications on the bi-directional optical flow (BIO) coding tool.

	JVET-G0029
	Samsung's response to Joint CfE on Video Compression with Capability beyond HEVC (SDR category) [E. Alshina, K. Choi (Samsung)]
The primary goal of this contribution is to demonstrate the possibility of achieving higher performance gain using smaller number of coding tools compared to JEM 6.0. 


HDR
	Document number
	Title and Authors

	JVET-G0021
	FastVDO Response to JVET CfE for HDR [P. Topiwala, M. Krishnan, W. Dai (FastVDO)]
The proposed approach is based on applying data-adaptive transfer functions to the input video. The approach reverts the non-linear light input video to linear light, and automatically adapts the transfer function on the basis of luminosity. 

	JVET-G0022
	CfE response to the HDR category from Technicolor [E. François, F. Le Leannec (Technicolor)]
The proposed technology is based on reshaping with luma-dependent chroma scaling. The proposed mapping, applying directly to the input YCbCr 4:2:0 BT.2100 PQ content, is based on a single scaling table used both for luma and chroma. 


360° Video
	Document number
	Title and Authors

	JVET-G0023
	Qualcomm’s response to Joint CfE in 360-degree video category [M. Coban, G. Van der Auwera, M. Karczewicz (Qualcomm)]
An adjusted cubemap projection (ACP) with padding is used, with unmodified HM 16.15 encoding. ACP is an enhancement of cubemap projection (CMP) by adjusting the sampling on the cube faces to be nearly uniform.

	JVET-G0024
	InterDigital’s Response to the 360° Video Category in Joint Call for Evidence on Video Compression with Capability beyond HEVC [P. Hanhart, X. Xiu, F. Duanmu, Y. He, Y. Ye (InterDigital)]
The hybrid cubemap projection format is used, which generalizes the CMP and ACP formats. The following modifications to the JEM were used: intra prediction using face continuity; inter prediction with geometry padding; and in-loop filtering using face continuity.

	JVET-G0025
	Samsung's response to Joint CfE on Video Compression with Capability beyond HEVC (360° category) [E. Alshina, K. Choi, V. Zakharchenko, S. N. Akula, A. Dsouza, C. Pujara, K. K. Ramkumaar, A. Singh]
A new layout for Compact Icosahedral Projection is used. The JEM was modified as described in JVET-G0029 (CfE response in SDR category), and doesn’t include any 360 video-specific changes at block level.

	JVET-G0026
	Polyphase subsampling applied to 360-degree video sequences in the context of the Joint Call for Evidence on Video Compression [A. Gabriel, E. Thomas (TNO)]
Polyphase subsampling decomposes the input video sequence into lower resolution descriptions which are multiplexed into the same video bitstream, and coded using the HM. Bitstreams were not provided.


Description of the subjective evaluation procedure and objective measures
Objective evaluation
Respondents to all test classes were asked to make submissions including bitstreams, binary decoders, PSNR values (at least an average of the frame PSNRs for each test sequence and encoding point, separate for luma and chroma components), as well as Bjøntegaard Delta-Rate and Delta-PSNR [2][3] compared to the anchors.
In addition to the evaluation methodology described above, respondents to the Call for Evidence for HDR content were further asked to make submissions including the following metrics: weighted PSNR values (at least an average of the frame wPSNRs for each sequence and encoding point, separate for luma and chroma components), tPSNR-Y, deltaE100 and PSNR-L100, as well as to provide the Bjøntegaard Delta-Rate and Delta-PSNR for each metric. Metric definitions are provided in the JVET common test conditions and evaluation procedures for HDR/WCG video [9].
Alternatively, respondents to the Call for Evidence for 360º video content were further requested to make submissions including the following metrics: E2E WS-PSNR, E2E CPP-PSNR, E2E S-PSNR-I, E2E S-PSNR-NN, WS-PSNR, as described in [7]. Reporting of the CPP-PSNR, S-PSNR-I, and S-PSNR-NN metrics was further encouraged.
Subjective evaluation and testing procedure
The evaluation of the submissions to the Call for Evidence for SDR content was done by assessing decoded video sequences from the submitted bitstreams. The expert viewing protocol (EVP) [11] was used with a five-grade impairment scale. A panel of ten experts per test session was selected among the available volunteers to participate in the evaluations during the meeting. The testing area was a section of a meeting room obscured by external light and far from external noise. 
The SDR and the 360 test sessions were shown on a 55” OLED LG 55B6V TV (2017 model), running the MUP video player on a personal computer equipped with a 5 Terabyte raid disk including 5 SSD hard drives, I7 Intel CPU, 32 Gigabyte RAM, and a NVidia Quadro M2000 video board.
The HDR test sessions were shown on two BVM-X300 Sony OLED studio monitors, driven by two UDR-N50a UHD HDR video servers.
For subjective evaluation of the 360° video test sequences, dynamic viewports of size 1816×1816 luma samples were rendered on the 2D display. The paths were defined with multiple corner points specifically selected for each of the 360° video sequences. The paths were provided by JVET experts who were non-proponents and were provided only at the beginning of the meeting and after submission of the bitstreams [15]. As an observation drawn from the tests, it was recommended to constrain the speed of the dynamic viewpaths for future subjective evaluations.
Results of the subjective evaluation
Subjective evaluation was planned for all bit rate points for the bitstreams submitted in response to the CfE. Within the available time of the meeting, it was not possible to complete the tests for all sequences and rate points. Results of the completed tests are provided below. In the figures, the MOS values measured during the subjective evaluation are plotted over the corresponding bit rate of the respective bitstreams. A MOS value of 5 corresponds to transparency (no impairment), a MOS value of 1 corresponds to very annoying impairments. In the figures, the anchors are labeled by the corresponding software names “HM” and “JEM”, while the labels “PA”, “PB”, “PC” denote evaluated responses to the CfE. 
SDR Subjective Evaluation Results
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Figure 1: S04 CatRobot1
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Figure 2: S05 DaylightRoad1
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Figure 3: S06 BuildingHall1
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Figure 4: S07 ParkRunning2
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Figure 5: S08 CampfireParty
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Figure 6: S11 BQTerrace
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Figure 7: S12 RitualDance
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Figure 8: S13 Timelapse
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Figure 9: S14 BasketBallDrive

HDR Subjective Evaluation Results 
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Figure 10: S21 Market3
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Figure 11: S22 ShowGirl2
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Figure 12: S23 Hurdles
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Figure 13: S24 Starting
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Figure 14: S25 Cosmos1

360° Video Subjective Evaluation Results
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Figure 15: S32 ChairliftRide
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Figure 16: S33 KiteFlite
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Figure 17: S34 Harbor
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Figure 18: S35 Trolley

Conclusions
The results indicate that significant gain compared to HEVC was achieved for a considerable number of test cases. Comparable subjective quality (i.e. a comparable MOS value) was observed at 40–50% less bit rate than HEVC for the the SDR and HDR test cases. Moreover, even higher bit rate savings was observed for some test sequences. For the 360° video sequences, somewhat lower gains were observed. This might be partially attributed to the viewpaths used in the tests.
As a result of the evaluation of submitted evidence, it has been concluded that evidence exists of the existence of technology that is likely to significantly outperform the compression capability of the HEVC standard after further development and standardization. As a consequence, it has been agreed to proceed with preparing and issuing a formal Call for Proposals, with responses expected to be evaluated at meetings in April 2018.
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