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Abstract
This contribution presents an implementation of HEVC style encoder-side constraints for temporal motion‑constrained tiles in VVC. The modifications are implemented based on the VTM-3.0 reference software. Additionally, this contribution discusses further aspects related to motion-constrained tiles for VVC and suggests directions for future development of motion-constrained tiles for VVC. In particular, it is proposed to
· Adopt the presented encoder-side motion constraints into VTM
· Adjust the 360° video CTC in a way to accommodate testing of motion constrained tiles
· Accommodate work on signalling, extraction and conformance of motion constrained tiles
Revision 1 of this document adds initial results and a software patch.
Introduction
This document accompanies a software contribution for VVC encoding with temporal motion constrained tiles. The implementation is carried out in a similar manner than for HEVC Temporal motion-constrained tiles sets (MCTS) with the syntax element mc_all_tiles_exact_sample_value_match_flag equal to 1 in the Temporal motion-constrained tiles sets SEI message.
Software changes
The software builds on top of the VVC reference software VTM-3.0 and the encoder additions are marked with the MCTS_ENC_CONSTRAINT macro. Decoder changes are marked with the MCTS_DEC_CHECK macro.

Usage
For the VTM encoder, the configuration parameter MCTSEncConstraint controls the motion vector constraints for all tile boundaries within the picture. ALF and Bio are disabled for MCTS.
Note that currently there is no bitstream syntax in VVC to indicate that the motion vector constraints are enabled on encoder side. Hence, the encoder produces the bitstream following the constraints but the constraints are not indicated in the bitstream.
For the VTM decoder, a check of the constraints can be enabled with the parameter "--MCTSCheck=1".
Preliminary results
The following are preliminary results of the presented MCTS implementation. Test was carried out for 49 frames using the 360° CTC sequences with CMP projection format and a 6x4 uniform tile grid, i.e. 2x2 tiles per cube face. The anchor is regular VTM3.0 without tiles. The following is a sequence-wise overview of the attached result sheets.

Random Access Configuration
	
	YBD-Rate
	UBD-Rate
	VBD-Rate
	EncTime
	DecTime

	Balboa
	17.53%
	21.29%
	18.84%
	95.62%
	71.22%

	BranCastle2
	9.04%
	9.16%
	9.21%
	101.26%
	82.32%

	Broadway
	16.53%
	18.60%
	17.91%
	98.60%
	72.74%

	Chairlift
	15.07%
	17.64%
	14.04%
	98.62%
	74.45%

	GasLamp
	4.80%
	7.08%
	6.10%
	100.06%
	71.56%

	Harbor
	5.47%
	5.04%
	4.26%
	96.67%
	70.50%

	KiteFlite
	4.77%
	9.86%
	9.12%
	95.49%
	81.52%

	Landing2
	15.17%
	20.82%
	19.30%
	97.80%
	77.11%

	SkateboardInLot
	13.62%
	21.98%
	20.84%
	93.39%
	76.54%

	Trolley
	2.95%
	6.86%
	5.36%
	101.56%
	76.10%

	Average
	10.49%
	13.83%
	12.50%
	97.91%
	75.41%



Low Delay Configuration
	
	YBD-Rate
	UBD-Rate
	VBD-Rate
	EncTime
	DecTime

	Balboa
	14.39%
	19.16%
	16.66%
	101.71%
	77.60%

	BranCastle2
	7.65%
	11.58%
	12.88%
	104.44%
	89.95%

	Broadway
	12.94%
	17.61%
	14.10%
	103.13%
	80.33%

	Chairlift
	13.07%
	12.57%
	13.12%
	102.69%
	78.35%

	GasLamp
	7.09%
	11.66%
	8.80%
	99.94%
	79.17%

	Harbor
	6.51%
	7.92%
	6.05%
	99.83%
	77.35%

	KiteFlite
	4.66%
	12.79%
	13.08%
	101.20%
	81.61%

	Landing2
	15.20%
	23.16%
	21.31%
	105.20%
	84.35%

	SkateboardInLot
	18.27%
	18.06%
	16.00%
	104.84%
	79.56%

	Trolley
	4.12%
	9.03%
	7.29%
	103.47%
	79.83%

	Average
	10.39%
	14.35%
	12.93%
	102.64%
	80.81%


[bookmark: _GoBack]
Discussion
The software implementation provided with this contribution is considered as a first step and a baseline that can be used for comparison. The provided implementation consists of encoder constraints and as such, it introduces losses in coding efficiency with respect to an unconstrained encoder. 
It would be desirable if these losses could be reduced. Section 2.1 suggests to discuss the groups opinion on further reducing the coding efficiency impact through normative changes to the VVC specification.
Section 2.2 discusses CTC aspects to be used in evaluating future contributions that reduce the mentioned loss in coding efficiency.
In addition, as discussed in section 2.3, it would be desirable to specify conformance points for motion-constrained tiles. 
Normative motion constraints
In HEVC, encoder-side constraints are used to provide MCTS, which come at the cost of a severe coding efficiency loss, e.g. e.g. by avoiding the use of specific motion vector merge candidates. Another example for the HEVC-style constraints include constraining motion vectors to point inside the respective tile through signaling MV differences. 
It is asserted that more efficient ways through normative motion constraints to prevent dependencies between tiles of a coded video exist. Examples for such technologies have already been presented, e.g. in JVET-J0026. Such normative changes can be evaluated based on the presented MCTS implementation for VVC. 
Therefore, we propose to adopt the presented implementation into VTM and evaluate future contribution with normative motion constraints with respect to the presented implementation.
On 360° video CTC
HEVC Temporal motion-constrained tile sets have shown to play an important role in 360° video applications. For instance, the HEVC viewport-dependent baseline profile of MPEG OMAF uses MCTS in some of its configurations. Herein, MCTS encoded tiles are recombined into a common bitstream on client side using the ISO base media file format. By depicting regions within an omnidirectional video at varying fidelity, this technique allows to create a client dependent HEVC bitstream with a preferred viewing direction. Such bitstreams allow better utilization of decoder and network resources in typical VR video applications.
It is expected that a similar approach is used for bitstreams encoded using VVC. Therefore, it is suggested to consider the following typical configurations used for 360° video applications with CMP for evaluation of proposals for motion-constrained tiles for integration into the 360° video CTC.
Typical configurations:
· Cubemap Projection (CMP) 2x2 tiles per cube face. 
· Cubemap Projection (CMP) 4x4 tiles per cube face.
The 360° sequences are listed in the common test conditions for 360° video in document JVET-L1012 which specifies a picture size of 3840x2560 for CMP in Table 3. Assuming a tiling configuration of 2x2 tiles per cube face, this would lead to tiles of 640x640 samples which is divisible by a maximum CTU size of 128 samples. However, finer tiling, e.g. 3x3 or 4x4 per cube face, leads to tile sizes which are not divisible by a maximum CTU size of 128 samples. 
If flexible tiles with partial CTUs are adopted, other tiling than 2x2 per cube face are possible at the given resolution of 3840x2560. Otherwise, a more suitable resolution such as 4608x3072 for CMP should be considered for inclusion into the 360° video CTC.
Also, it is suggested for the 360 CTC to specifically regard high-motion 360° video sequences, i.e. moving camera shots and the like, as these pose per definition the highest burden on coding efficiency performance in this context.
On temporal motion-constrained tiles conformance
When the Temporal motion-constrained tile sets SEI message was first specified for HEVC no conformance points were defined for the constrained tile sets although level signalling per MCTS was provided. Later, further SEI messages were introduced that enabled a bitstream extraction process that allowed defining bitstream conformance of the bitstreams corresponding to the Temporal motion-constrained tile sets separately.
Although, this proposal does not provide concrete text or SEI messages that would allow a bitstream extraction process similar to how it is defined for HEVC, it is suggested that the group facilitates efforts towards enabling signalling of motion-constrained tiles, defining extraction of motion-constrained tiles and its bitstream conformance.
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