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Abstract

Our past contributions JCTVC-B031 [2], JCTVC-C021 [3] and JCTVC-D054 [4] proposed the high-level syntax and semantics for very low delay coding based on the vertical intra MB line refresh scheme. JCTVC-E061[1] stated that the proposed high-level syntax and semantics are needed to satisfy the requirement for the real-time video transmission applications with the minimal loss of coding efficiency.
This contribution proposes the enhancement of Tile [5] proposed at the 5th JCT-VC meeting. Since both our proposal and Tile are categorized in picture partitioning, harmonization of two schemes is beneficial to extend the application area of HEVC.
1 Background

The scheme proposed in JCTVC-B031 [2], JCTVC-C021 [3] and JCTVC-D054 [4] (see Appendix for details) realizes very low delay coding using the vertical intra MB line refresh scheme with minimal loss of coding efficiency. The scheme consists of the following high-level syntax and semantics.

· The high-level syntax describes the position of the area boundary between an area refreshed by an intra MB line and a non-refreshed area in a picture.
· The high-level semantics prohibits the reference to a CU in the non-refreshed area from a CU in the refreshed area in order to guarantee the correct reconstruction of pixels in the refreshed area. This restriction is not applied to the entropy coding process in order not to reduce the coding efficiency of the entropy coding.
In parallel with our proposal, Tile [5] was proposed at the 4th and the 5th JCTVC meeting. The Tile scheme realizes the parallel processing at the encoder side by dividing a picture into tiles and introducing the semantics which controls the dependency among the tiles. Unlike the slice scheme in conventional coding standards, each tile does not need its header information in a bitstream. Thus the loss of coding efficiency in the tile based parallel processing is minimized.
The Tile scheme and our scheme have a common feature in terms of sub-division of a picture. We think harmonization of the two schemes is beneficial because two important applications, parallel processing and very low delay coding, are supported in a unified framework.
The Tile scheme is suitable as the basis of the unified framework because the tile scheme can describe a sub-picture in a more flexible way. However, the Tile specification proposed at the last meeting is not suitable for very low delay coding due to the following reasons.

· The processing order of each LCU is the raster-scan order within a Tile. When a picture is divided vertically in multiple tiles, the delay from the input of the first line of an input picture to the output of the first bit of the first tile in the picture becomes larger than one frame period. In this case, very low delay coding of less than one frame period is impossible.
· The reference from a CU inside the non-refreshed area to a CU inside a refreshed picture shall be allowed because it does not cause the incorrect reconstruction of the refreshed area and it improves coding efficiency to some extent. However, the current Tile specification does not specify such an  asymmetric restriction on reference.

This contribution proposes the enhancement of the Tile scheme in order to support very low delay coding. Specifically the following modification is proposed.

1. One flag in SPS/PPS is added. The flag signals the decoding order of the LCUs. When the flag is equal to 0 (default), the processing order of each LCU is the raster-scan order within a Tile. Otherwise, when the flag is equal to 1 (optional),  the processing order of each LCU is the raster-scan order within a picture.

2. Each tile is associated with an index signaled in SPS/PPS. The restriction on reference between CUs is defined according to indices of their belonging tiles.
2 Proposed enhancement of Tile
2.1 Syntax
2.1.1 Sequence Parameter Set
	seq_parameter_set_rbsp( ) {
	Descriptor

	....
	

	
tile_boundary_independence_idr
	ue(v)

	
uniform_spacing_idr
	u(1)

	
if (uniform_spacing_idr == 1) {
	

	

column_width_minus1
	ue(v)

	

row_height_minus1
	ue(v)

	
}
	

	
else {
	

	

num_columns_minus1
	ue(v)

	

num_rows_minus1
	ue(v)

	

for (i=0; i < num_columns_minus1; i++)
	

	


column_width[i]
	ue(v)

	

for (i=0; i < num_rows_minus1; i++)
	

	


row_height[i]
	ue(v)

	
} 
	

	
if (tile_boundary_independence_idr == 2) {
	

	

for ( i = 0; i < ( num_columns_minus1 + 1 ) * ( num_rows_minus1 + 1 ); i++ ) {
	

	


tile_idx_diff
	se(v)

	

}
	

	
}
	

	
processing_order_idx
	u(1)

	
rbsp_trailing_bits( )
	

	}
	


2.1.2 Picure Parameter Set

	pic_parameter_set_rbsp( ) {
	Descriptor

	....
	

	
column_row_info_present
	u(1)

	
if (column_row_info_present == 1) {
	

	

tile_boundary_independence_idr
	ue(v)

	

uniform_spacing_idr
	u(1)

	

if (uniform_spacing_idr == 1) {
	

	


column_width_minus1
	ue(v)

	


row_height_minus1
	ue(v)

	

}
	

	

else {
	

	


num_columns_minus1
	ue(v)

	


num_rows_minus1
	ue(v)

	


for (i=0; i < num_columns_minus1; i++)
	

	



column_width[i]
	ue(v)

	


for (i=0; i < num_rows_minus1; i++)
	

	



row_height[i]
	ue(v)

	

}
	

	

if (tile_boundary_independence_idr == 2) {
	

	


for ( i = 0; i < ( num_columns_minus1 + 1 ) * ( num_rows_minus1 + 1 ); i++ ) {
	

	



tile_idx_diff
	se(v)

	


}
	

	

}
	

	

processing_order_idx
	u(1)

	
}
	

	
rbsp_trailing_bits( )
	

	}
	


2.2 Semantics
2.2.1 Sequence Parameter Set and Picture Parameter Set
tile_boundary_independence_idr when tile_boundary_independence_idr equals 1, all column and row boundaries break prediction mechanisms (e.g., intra prediction and motion vector prediction). Otherwise, when tile_boundary_independence_idr equals 0, row and column boundaries in pictures associated with the picture parameter set do not break prediction mechanisms. Otherwise, when tile_boundary_independence_idr equals to 2, prediction mechanism of each column and row boundaries is determined according to the value of TileIdx.
tile_idx_diff specifies the variable TileIdx of each tile.
TileIdx of N-th tile in the raster-scan order within a picture is calculated as follows:

TileIdx = TileIdx' + tile_idx_diff

, where TileIdx' equal to TileIdx of (N-1)-th tile in the raster-scan order within a picture. When N is equal to 0, TileIdx' is inferred as 0.
processing_order_idx specifies the decoding order of each LCU within a picture. When processing_order_idx equals to 0, the decoding order of each LCU is the raster-scan order within a tile. Otherwise, when processing_order_idx equals to 1, the decoding order of each LCU is the raster-scan order within a picture.
2.2.2 Prediction mechanism of column and row boundaries

Prediction mechanism at the column boundaries and row boundaries of a tile TileCurr with TileIdx equals to tileIdxCurr is defined in this subclause.
Let tileIdxNeighbor be TileIdx of a neighboring tile TileNeighbor. Any LCUs in TileNeighbor is inferred as "not available" for any LCUs in TileCurr when tileIdxNeighbor is less than tileIdxCurr.
3 Conclusion
The Tile scheme realizes the parallel process at the encoder side with the minimal loss in coding efficiency. We think the adoption of the Tile proposal is beneficial to HEVC because it extends the application area of HEVC further. However, the current Tile specification is not suitable for very low delay coding even though The tile scheme has the similar property of sub-picture partitioning as our high-level syntax and semantics for very low delay coding.
We propose the enhancement of the Tile specification, especially the additional operation mode in which the raster-scan LCU decoding order within a picture is allowed.
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Appendix: Intra MB Line Refresh Scheme
4.1 Background
Applications such as TV conference, video chat, ENG (Electric News Gathering) and Wireless Display are delay-sensitive. Those applications require the codec delay of less than one hundred milliseconds, which is the maximal delay that the user of real-time video transmission can permit. Some video transmission equipments which support low-delay coding less than or around one hundred milliseconds appear in the market.

The codec delay consists of the delay inside an encoder and decoder (including the reordering of pictures), and the transmission delay caused by bitstream buffers both inside the encoder and the decoder.

The delay caused by the bitstream buffers increases in proportion to the maximum amount of bits of a picture under the fixed bitrate condition. The usage of I-Picture is not suitable for achieving the codec delay of less than one hundred milliseconds because the amount of bits for I-Picture tends to be much larger than the average bits per picture. The typical delay of the bitstream buffers is around five hundred milliseconds.

4.2 Intra MB Line Refresh Scheme
The intra MB line refresh scheme is often used in order to minimize the delay caused by the bitstream buffers and to realize the correct reconstruction of pictures when the decoding process starting from a recovery point. 

The intra MB line refresh scheme generally encodes all pictures (except the first picture of a bitstream) as P-Picture (or B-Picture) instead of inserting I-Picture periodically. The group of intra-coded MBs (or intra-coded CUs in HEVC) is inserted in each picture. The group of intra-coded MBs moves, for example, from the top to the bottom of a picture so that the area in which all MBs are correctly reconstructed (hereafter referred to as a refreshed area) extends from the top to the bottom of a picture. When the group of intra-coded MBs reaches the bottom of a picture, whole area of the picture is refreshed. The duration of the circulation of the group of intra-coded MBs is called a refresh period.

The area which is outside a refreshed area is referred to as a non-refreshed area. Pixels inside the non-refreshed area are typically coded by inter prediction mode, and are not correctly reconstructed unless the whole pixels of a reference picture are correctly reconstructed (i.e. after decoding the second picture marked as the recovery point).
Figure 1 and Figure 2 show the two typical structures of the intra MB line refresh scheme.

The horizontal intra MB line refresh scheme inserts an intra MB line horizontally in each picture and circulates it vertically from picture to picture so that all pixels are refreshed (i.e. intra coded once at least) at the end of a refresh cycle. The horizontal intra MB line refresh scheme can average the amount of bits for each picture. Thus the size of the bitstream buffer can be reduced to the average number of bits per picture.
The vertical intra MB line refresh scheme inserts an intra MB line vertically in each picture and circulates it horizontally from picture to picture. The vertical intra MB line refresh scheme minimizes the fluctuation of the number of bits per MB line because intra MBs are distributed uniformly in each MB line (See Figure 3). Thus the size of the bitstream buffer can be reduced to the average number of bits per MB line. 

The vertical intra MB line refresh scheme is essential in order to achieve very low delay because the delay of bitstream buffer can be lower than a picture period. In the HDTV(1080p60) case, the delay of bitstream buffer can be reduced to 0.2 ms for AVC.
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Figure 1  Horizontal intra MB line refresh scheme
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Figure 2  Vertical intra MB line refresh scheme
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Figure 3  Number of bits of each MB line in vertical intra MB line refresh scheme

When a decoder starts the decoding process from a recovery point, simply inserting the group of intra MBs in each picture does not guarantee the correct reconstruction of all pixels in the picture. Several restrictions should be added to the bitstream or to the encoding process because the correct reconstruction of pixels in the non-refreshed area is not guaranteed.
1. Decoded pixels in the non-refreshed area should not be used for the intra prediction process of CU in the refreshed area. (See Figure 4)
2. The motion vector of a CU inside the refreshed area should not point to the area which contains pixels inside the non-refreshed area of a reference picture (See Figure 5).

3. The in-loop filtering process should not be applied to the CU boundary where the boundary between the refreshed area and the non-refreshed area (hereafter referred to as an area boundary) co-locates in order to avoid the contamination of pixels inside the refreshed area from pixels inside the non-refreshed area through the filtering process (See Figure 6).
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Figure 4  Restriction on direction of intra prediction
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Figure 5  Restriction on motion vector
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Figure 6  Restriction on in-loop filtering

The first restriction and the second restriction are only applied to the encoding process. For the first restriction, the encoding process for a CU in the refreshed area shall not choose the direction of intra prediction which uses pixels in the non-refreshed area as the reference pixels. For the second restriction, the search area of the motion estimation process for a CU in the refreshed area shall be limited to the refreshed area of the reference picture.
On the other hand, for the third restriction, both the encoder and the decoder shall behave the same. There are two possible methods to achieve such restriction. The first method is to disable the in-loop filtering process in a whole picture. The second method is to disable the in-loop filtering process only at (or around) the area boundary. The second method needs to transmit information that tells the decoder where such area boundary lies. From the coding efficiency point of view, the second method is more suitable.
4.3 Problem in Use of Intra MB Line Refresh Scheme in AVC

In AVC, a slice boundary shall be inserted at the area boundary in order to realize the third restriction (i.e. disabling the in-loop filtering process at the area boundary). 

The number of slices to be inserted depends on the direction of the intra MB line. If the horizontal intra MB line scheme is used, only one slice header shall be inserted in a picture..On the other hand, if the vertical intra MB line is used, one slice header shall be inserted at each MB row (see Figure 7 and Figure 8).
Generally the insertion of slices leads to the increment of bits of a coded picture. The first reason is that a slice header shall be coded additionally when a new slice is inserted in a picture. Secondly, the coding efficiency of CABAC decreases because the context of CABAC shall be initialized at the beginning of a new slice. Thirdly, the efficiency of prediction of a motion vector and of intra prediction also decreases because the reference to a neighboring block at a different slice is not permitted. Thus Additional insertion of slices decreases the coding efficiency. The more slices are inserted, the more the coding efficiency decreases. Coding loss caused by slice header insertion in the vertical intra MB line refresh scheme is reported in JCTVC-C021.
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Figure 7  Number of additional slices in horizontal intra MB line refresh scheme
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Figure 8  Number of additional slices in vertical intra MB line refresh scheme

4.4 Use of Vertical Intra MB Line Refresh Scheme with Tile

At least two tiles are inserted in each picture (excluding the last picture before a recovery point). See Figure 9.
In order to avoid the contamination of refreshed pixels from non-refreshed pixels through the in-loop filtering process, tile_boundary_independence_idr is set to 0 (or 2 in our proposal) for disabling the in-loop filtering process at the tile boundary.
Moreover, processing_order_idx is set to 1 in order to perform the entropy coding process in the raster-scan order within a picture. 
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Figure 9  Use of vertical intra MB line refresh scheme with Tile
Each tile in a picture can be further divided into smaller tiles in order to increase the degree of parallelization for the encoding process excluding the entropy coding. In this case, tile_boundary_independence_idr shall be set to 2 and tile_idx_diff of each tile shall be set to proper value so that the in-loop filtering process is only disabled at the tile boundaries which co-locate with the area boundary.
4.5 New buffer mode for very low delay coding

The vertical intra MB line refresh scheme theoretically reduces the size of the bitstream buffer to the number of bits per MB line (e.g. 0.2 ms for 1080p60 sequence).

But the HRD specification in AVC only defines the decoding time of a picture. This means that a decoder shall have a bitstream buffer whose size is larger than the number of bits per picture (e.g. 16ms for 1080p60 sequence) because a decoder has to store all the bits of a picture in the bitstream buffer until the decoding time of the picture. Thus the codec delay becomes larger than the interval of a picture if a decoder follows the AVC specification.

In reality, there are several codec apparatus of 10ms delay in the market. But those apparatus need off-band, proprietary protocol for 10ms delay operation. 

Interoperable very low delay coding of less than one frame period among apparatus of different vendors is practically impossible.
Therefore, we have proposed the new buffer model which can support the interoperable very low delay coding. Please also refer to JCTVC-D053.
The new buffer model specifies the following timing of coded group of LUCs removal.

· A group of LCU g( m ) is the m-th group in a coded picture. The number of groups of LCUs is equal to ( num_groups_in_picture_minus1 + 1 ). num_groups_in_picture_minus1 is signaled in SPS.
· Each group of LCU contains equal number of LCUs NumLCUs. NumLCUs is equal to ( PicSizeInLCUs / ( num_groups_in_picture_minus1 + 1 ) ). g( m ) contains LCUs whose addresses are from (NumLCUs * m) to ( (NumLCUs * (m + 1) - 1 )).

· The nominal removal time of the m-th group of LCUs in the n-th access unit, tr,n( n, m ), is defined as follows. (tr,n ( n ) is the nominal removal time of the n-th access unit.)
· tr,n ( n, m ) = tr,n ( n - 1 ) + (tr,n ( n ) - tr,n ( n - 1 ) ) * m / ( num_groups_in_picture_minus1 + 1 )
· The last bit of coded g( m ) shall arrive at the CPB of a decoder before tr,n ( n, m ).
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